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ABSTRACT 

This technical report describes a theoretical and experimental  in- 
vestigation of factors affecting the performance of toroidal inductors 
with ferrite cores and windings of coaxial cable.    Design procedures 
are developed and described for toroidal cable chokes which provide a 
specified minimum amount of rf isolation over a band of frequencies. 
It is shown how one may maximize the width of the frequency band for a 
given rf isolation impedance.    In fact it is shown that the entire band, 
from 2 to 30 Mc, may be covered by a set of only three individual cable 
chokes, providing an rf isolation of better than 5,000 ohms. 
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FcRRITE CABLE CHOKES 

IiNTaODUCTIOW 

The employment of ferrites in HF and VHP äntennas2 Is being exten- 
sively explored as part of the current research effort undertaken by 
personnel of the Institute for Exploratory Research Division C. In 
particular, one requirement is the wideband rf-isolation of an antenna 
fro^ its feed system and transmitting equipment. That is, it is neces- 
sary to suppress the flow of rf antenna currents On the outer conduc- 
tor of the coaxial feed cable. The presence of such currents affects 
unpredictably the readings of measuring equipment at the driving end 
of the feed cable. These currents also radiate electromagnetic energy, 
thus altering the overall radiation characteristics of the antenna. In 
addition, these currents cause additional losses in the antenna and 
therpby decrease antenna efficiency. 

These currents can be suppressed to a large extent by the proper 
design of rf cable chokes placed between the antenna 2nd the driven end 
of the coaxial feed oöbl?. Tha purpose of these chokes fs to provide 
a hinh rf impedance over a broad frequency band between opposite ends of 
the braided outer conductor of the coaxial cable with which the choke is 
wound. 

I.  PERFORMANCE FACTORS 

The purpose of the investigation described in this section was to 
design cable chokes covering the HF frequency range in a small number of 
bands and providing a minimum of 5,000 ohms of rf isolation. As a re- 
sult of this initial investigation those factors which affect the per- 
formance of toroidal cable chokes are established. 

As illustrated in Figure 1, the isolation is to appear between ter- 
minals a and a' of an inductor which consists of a toroidal ferrite core 
wound with N turns of RG-l^? miniature coaxial cable. The equivalent 
circuit of Figure 2 was chosen to interpret the measured performance of 
the choke. It will be shown that this circuit describes the electrical 
performance of the choke with sufficient accuracy. The capacitance C 
includes the capacitance of the container in addition to the capaci- 
tance between turns of the winding. The conductance G includes the con- 
ductor loss and the frequency-dependent electric and magnetic losses in 
the ferrite. The choke susceptance can be measured as a function of fre- 
quency. L and C may then be evaluated from the data using a graphical 
method described by Czerwinski, *^ 

During the initial phase of this investigation, the 2- to 20- Mc 
frequency range was covered in five "bands" with a ferrite cable choke 
for each band. £ach choke was designed to be self-resonant at a fre- Ti 
quency f near the center of each band when mounted inside a container. 
The objective was to make each choke wideband. 
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In designing each choke, the following steps were taken:  l) the 
self-capacity of the container was measured! 2) the equivalent capaci- 
tance between turns of the choke was estimated on the basis of past 
experiencet 3) the inductance required to resonate the contained choke 
at a given frequency f0 was then computed: and i)  the number of turns 
necessary to produce the calculated inductance was calculated from the 
relation between the inductance and the dimensions of a toroid: 

.00^6 n H log, ftQD 10rS (1) 

where       L = inductance in ^h 

l* = initial permeability 

H = height of toroid in cm 

OD = outside diameter of toroid 

ID = inside diameter of toroid . 

After winding the toroid it was placed in the container. The admittance 
was then measured in a band of frequencies on either side cr the self- 
resonant frequency. The magnitude of the admittance was plotted versus 
frequency. 

As an example, Figure 3 shows the data for a nine turn cable choke. 
The "bandwidtn" indicated is the frequency range for which the absolute 
value of the admittance is smaller than 0.2 millimhos. This definition 
of bandwidth is used throughout. It is arbitrary, of course, but ade- 
quate for comparison purposes. The exact values of L, C, and f0 for 
the nine turn choke were determined from the measured data as shown in 
Figure A»    Figure 5 is a composite arrangement of the individual cha- 
racteristics of each cable choke designed for each of the five fre- 
quency bands. 

The following pertinent facts were noted: 

1. Use of "H" ferrite (General Ceramics) resulted in a conductance 
higher than considered tolerable. The conductance for a nine turn "H" 
ferrite toroid was between .2 and .3 millimhos, in the '}-i-\c  wide band, 
from 5 to 1 'Ac. 

2. The ferrite designated ^3^3 (General Ceramics) resulted in too 
high a conductance in the TCl-Of cup core arrangement. Pcirt of the 
problenfi was that no ;nor? than six turns of RG-l^" coaxial cable could be 
conveniently wound en the cup. The conductance for six turns varied 
between .A and .5 r:iil limbos, in the l-tc  wide band, from ^ to ] ^ Mc. 
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j.     It was found Vat the  conductance exceeded the limit of  .2 
nillimhos when the height of the toroid was decreased to approximately 
the thickness (difference between outside and inside rddii) of the 
toroid.    The results of this investigation suggest keeping the height 
at least four or five times the thickness of the toroid. 

A.    Whenever a many-turn toroid was rewound with only a few turns, 
the conductance increased greatly.    This phenomenon cannot be explained 
solely on the grounds, for example, that the self-resonant frequency 
changed,  because of the great Increase in conductance.    Two A373 ferrlte 
chokes, one wound with nine turns and the other with five turns exhibited 
a difference of a factor of three in conductance when the chokes were 
compared at the self-resonant frequency of each of them. 

5.    Because of this phenomenon the ^373 ferrite was not found usefu? 
above 5 Mc since the conductance exceeded the limit considered tolerable. 

The dependence of conductance upon the number of turns and height of 
the toroid can be explained by considering the equivalent circuit of 
Figure 6.    The resistance R   represents both the conductor losses and 
magnetic losses in the ferrlte.    The inductance L   represents the hypo- 
thetical  inductance of the choke in the absence of capacitance!  the 
resistance Rp represents the electric losses in the ferrlte.    This modi- 
fied equivalent circuit is a more accurate description of the electrical 
properties of the choke than that of Figure 2. 

The inductance L is theoretically related to the parameters of 
Figure 6 by the following expression: 

L=-£ S_   , (2) 

As long as the quality factor Q ■ wL /R is sufficiently large, this 
expression reduces to L = L . The capacitance C measured between the ter- 
minals a and a1 shown in Figure 2, is exactly the C of Figure 6. 

The measured conductance G, pictorially represented In Figure 2, Is 
related to the parameters of the equivalent circuit of Figure 6 byt 

Assuming that one operates In the frequency range where the magnetic 
losses predominate and that the quality factor Q Is sufficiently large, 
the expression for G simplifies to: 
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The resistance R can be considered the sum of two components; R1^ 
which represents conductor losses, and RM which represents magnetic ! 

losses. 

The conductor losses are given byt 

R,     =   A(^p-p))^/T (5) 
s a 

where d is the O.D. of the braided outer conductor and A is a constant 
factor. The magnetic losses may be expressed as 

H"  =  u)L tan 6 (4) 
s m 

where    6    is the magnetic loss tangent.    Substituting into (4.)  expres- 
sions for R'   , R1'   , and L fron. ^5), (6),  and (l) respectively, one 
writes 

r      A 2H-K)D-ID (        „ 
tan 6m  ,^x G = A mt ?7ai^f  +    Bf1?HmogOD (7) 

This equation indicates the strong dependence of G upon both N' and 
H.     If either the number of turns or height of the toroid is decreased, 
the conductance will correspondingly increase.    This explains the ob- 
served increase of G with a decrease  in height,  and the very rapid in- 
crease of G with a reductio.. of the number of turns.    Thus, one may 
conclud? that the equivalent circuit of Figure 2 suffices to describe 
the actual susceptance by ascribing frequency-independent values to L 
and C.    However,  in order to «xplain the variation of G, one must refer 
to the equivalent circuit of Figure 6 and (7). 

II.    PARAMETRIC VARIATION 

An experimental  investigation was undertaken to determine the manner 
in which the inductance and s?lf-capacitance of a ferrite cable choke 
varied as a  function of the number of turns when the windim consis+ed of 
RG-196 coaxial cable and different winding geometries were employed.    The 
theory, measurement,  and employment of these inductors nave been co.ir<idered 
in the nr*cedina section. 

Th» measured  inductanc?, normalized to thm  square of the  numb*r of 
turns, plotted as a  function of th* numb-r of   turns is  shown in Figur* 7. 



Th»  first    nd Id^t turns v<»r* k*p+   .ipirt.    Th« looo consisting of th»  two 
l»öds conn-ctrd  to the rneasnring «qulpin-nt was counted as a  turn. 

If all tJrns w«r* linked nagnetically IO^A,  all of th« •xperlmental 
points would hav* the saiie ordinatp, corr?5pOi.ding to a constant ratio 
of L/.^.    In the pres*nce of  strdy magnetic flux, the equation of th* 
curve joining the measured values  is a constant plus a tern which is in- 
versely proportional to .'i,  ossurning thot the stray flux is proportional 
to N.    The curve of this natur* which best fits the experimental points 
has been drawn in Fig. 7 as ä solid line.    Its equation is given by: 

i. - 0.21 + O.lß ^ 
IP 

The first constant term corresponds to an initial oermeability of *'}, 
It is possible that this unexpectedly low value is due to a frequency 
dependence of the permeability.    The value of permeability derived from 
this curve  is probably closer to the actual permeability of the ferrlte 
than any value derived from a single measurement.    The second term of 
(8) represents the stray Inductance.    It gives a value of 3*6 M- hfor 
twenty turns.    The proportionality factor of 0.18 corresponds to a mag- 
netic coupling factor between turns of 

K - 1 - 2Ä . (9) 
H 

Each choke was measured under two conditions: l) Adjacent turns 
were uniformly spaced around the entire clrctrnference of the torold? and 
2) the first and last turns were separated considerably more than ad- 
jacent turns. The difference In measured Inductance between the two 
conditions was within the limits of experimental error. 

The measured self-capacitance, plotted as a function of the number 
of turns, is shown in Figure 8. It remains fairly constant from two 
to ten turns. For more than ten turns it generally increases at a fairly 
rapid rate. There is a marked decrease in self-capacitance for the se- 
parated condition above nine turns. 

Another opportunity to modify the geometry of the winding lies in 
padding the torold, that is, by adding foam spacers on the outside of 
the toroid in order to wind the coaxial cable a finite distance away 
from the ferrlte. Brueckmann has shown that a maximum of the ratio L/C 
will be obtained if one pads the torold In accordance with the formula 

('    H 

a> - Ln? ^   vx' (w) 
ID 
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where 
od = diameter of winding on outside 

id - diameter of winding on inside 

ÜD = outside diameter of ferrite 
t 

ID = inside diameter of ferrite 

H = relative dielectric constant 

H = relative initial permeability« 

This formula is based on the assumption that the electric displacement 
in air is negligible compared to the displacement in the ferrite. A 
sixteen turn ferrite toroid was padded in accordance with (10). An 
increase in inductance is noted as one observes the primed experimental 
point in Figure 7. As illustrated in Figure 8 the padded sixteen turn 
choke exhibited mo.re th-n a ^0/* reduction in self-capacitance for both 
the evenly spaced ind the separated conditions. The L/C ratio for each 
condition doubled tpon padding the toroid according to (10). The results 
given show that the inductance follows the formula of (l) fairly well, 
especially for large N. Padding the toroid results in a small increase 
in L. The self-capacitance tends to increase with number of turns when 
N is moderately large but is rather unpredictable for a few number of 
turns. Separation of the first and last turns and padding are shown to 
be effective techniques for reducing the capacitance. 

Utilizing a measurement technique based on the formula Q = fo/BW 
and which employs magnetic coupling to the generator and the measurement 
of the 3 db-b^ndwidth by a voltmeter across the inductor, the quality 
factor was medsured as a function of *he number of turns,  AS can be 
seen in Figaxe 9, all the measured Q-values lie between 50 and 120. The 
quality factor was not measured below fourteen turns because of a coupling 
problem caused by too low a self-capacitance. 

The self-resonant frequency was computed from measured data and is 
plotted in Figure 10 as a function of the number of turns. It is appro- 
ximately inversely proportional to N. The choice exhibited higher self- 
resonant frequencies for the winding geometry with first and last turns 
separated because of the lower self-capacitance. Chokes for the purpose 
of isolation with less than thirteen turns are not useful since losses 
become too high at frequencies above 23 Mc. 

\ An unsuccessful attempt was made to verify the value of stray induc- 
tance predicted by (8) for a twenty-turn choke by winding a brass toroid 
of identical dimensions with 20 turns of RG-196 coaxial cable and measu- 
ring the inductance between opposite ends of the braided outer conductor 
with the outer conductor shorted to the brass body at one end. This 
si.nulates a conducting wire over ground with a short circuit at the ter- 
minal end. The theoretical inductance for such a transmission line is 
.-ive". by 'ii 
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0.2JC cosh ^(a  )ln^ (ID 

where 

i   = total  }ength of winding 

D = cistdnc'j  frrn cer.ter of conducting 
wire to   'ground.' 

Tho Vö1"P computed frorr. (ll)  was  .53^ht  the Treasured value was .}\xh. 
öoth these values are very low in comparison to a value of }.6^h ex- 
pected from (S).    It is concluded that much of the stray inductance is 
due to fields which couple  Into the ferrite.    The brass toroid, being 
a good conductor, effectively eliminates the^e fields thereby decreasing 
the value of  ctray inductance. 

III.    ADMITTANCE BAWDWIDTK 

It is the purpose of this section to present a method for quickly 
and accurately determining the frequency band, throughout which the 
adinittance of a ferrite cable choke is below a prescribed value, in the 
case where the conductance is negligible compared to the maximum ac- 
ceptable susceptance B0.    This assumption regarding the conductance is 
valid,  for example, for a Q-l toroidal ferrite choke wound with more 
than six to eight turns of RG-196 coaxial cable with BQ ^.2 millimhos. 
In ignoring the conductance the equivalent circuit of Fig,  2 reduces 
to an inductor of inductance L shunted by a capacitor of capacitance C. 
The frequency limits for which B = ± BQ can be determined by solving 
the equation for the susceptance of the circuit for the frequency ft 

The plus signs apply to the upper frequency limit fj where B =+ BQ, and 
the minus signs to the lower frequency limit fj where B = «BQ.    The 
bandwidth may be computed from the equation 

BW - la   - li  -   *   . (13) 
2TTC 

Therefore the bandwidth is directly proportional to the maximum allowable 
susceptance f.nd is inversely proportional to the self-capacitance of the 
coil« * 

V» -' ^^^^F^, >■ 
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Figure  11 is a graph of measured capacitance versus the inverse of 
the frequency squared for a ferrite toroid wound with sixteen turns of 
RG-196 miniature coaxial cable padded for a maximum L/C ratio.    Arbi- 
trarily setting 30 = 2 x 10"^ mhos and substituting for L and C from the 
graph into il2) one obtains f2 = 25.6 Mc and fi = ^M Mc.    Therefore the 
admittance bandwidth of the choke is If.P Mc.    Throughou. this frequency 
band the susceptance, and therefore the absolute value of the admittance, 
will be below two tenths of a millimho.    Cne may,  in addition to (13) 
compute the ratio f2/fl»    In the above example it is 2,9 which means that 
the bandwidth of the choke is nearly three to one. 

Figure 12 illustrates the change in bandwidth and in the frequency 
limits for the choke as additional  self-capacitance is added, e.g. by 
placing the choke within a container which by itself exhibits a finite 
self-capacitance.    Note that the lower frequency limit decreases slightly 
with increasing capacitance while the upper frequency limit decreases 
rapidly with additional capacitance.    If one wishes to design a choke 
with a specified tolerance that allows for additional  stray capacitance, 
then the effective bandwidth should be calculated by computing f2 with 
the stray capacitance included and fi without the additional  self-capa- 
citance. 

IV.    OONTAIMER DESIGN 

The first section described the employment of ferrite cable chokes 
in antenna isolation units.    These inductors by themselves provide high 
isolation of  the antenna from ground at rf frequencies,   i.e.  sciall values 
of conductance and susceptance between the input and output ends of the 
outer conductor of the coaxial  transmission line that feeds the antenna. 
In order to  avoid degrading this  isolation v.hile protecting the wells 
of the inductor against weather, etc., by enclosing it in a container,  it 
is useful to make the container of non-conducting material.    Another 
consideration bearing on the design of the container is that the capa- 
citance between the input and output terminals, apart from the self- 
capacitance of the inductor,   shouiJ be as low as possible  in value while 
ensuring that it is well defined.    A high capacitance will narrow the 
usable  frequency range and may increase the susceptance beyond the de- 
sired limit,    hence,  if  it is unavoidable for mechanical reasons to make 
the mounting plates for the terminal  connectors of conducting material, 
they should be as small  as practical, and be as far apart as possible 
without making the unit appreciably longer than the choke.    An isolation 
unit has been designed with these  considerations in mind. 

1 This isolator unit is  shown in Figure 13»    The cylindrical body is 
made of  fiberglass tubing.    The  sidewall thickness vvas doubled at either 
end by bonding smaller tubes to the  inside of the main cylindrical tube 
with epoxy resin.    This arrangement provides sufficient wall thickness 
to hold nylon screws which fasten the mounting plates to both ends of the 
cylindrical  body.    The design of these plates  is  shown  in Figures li and 
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15.    The top mountinq plate was designed for use with the center-fed di- 
pole Antenna A5-1729r )/VtC    The bottom plate was designed to be mounted 
in the center of a 15-foot ground plane.    Notice in this connection that 
the unit would mount above the ground plane instead of below, as shown 
in Figure 1.    The isolation would then be provided between the ground 
plane ana the top connecting plate.    Figure 16 shows the design of mount- 
ing plates to be used when the isolation unit is not required to be an 
integral part of the antenna system.    A photograph of the experimental 
isolation unit is shown in Figure 17.    Figure  1^  shows the component 
part«^ of the Isolotion unit including the main cylindrical body, mounting 
plateo,  and a ferrite toroid wound with nine turns of RG-lfiS coaxial 
caLle.    Figure 19 and 20 provide a comparison of the experimental unit 
with tne standard unit .M-GlO^i  )/vac used with Antenna A3-1729(   )/VRC. 
These photoyrophs are  for conpdrison purposes only and a^e not meant to 
iiaply the replace.nsnt of the  standard unit by ths experimental one. 

The capacitance of the unit with the choke removed was measured as 
3.i picofarcds at F = 10 Mc for the configuration of Figure 16.    When the 
aluminum mounting plates were replaced by plates made of Lexan the unit 
capacitance was measured as 1.0 picofarad. 

V.    WIDEBAi© ISOLATION COVERAGE 

The insights gained during the investigation of particular aspects 
of tne parfcrmsnce of HF  toroidal cable chokes with ferrite cores, as 
described in the pr9ceding cams, have been combirad successfully in 
arriving at a final design which provides high isolation from 2 to 30 Mc 
by the use of a set of only three individually designed chokes. 

A self-resonant frequency was determined for each choke by estimating 
the desired bund of  frequencies to be covered by each choke and setting 
f0 near tht center of each band.    The self-capacitance of the winding was 
then estimated on th0 basis of past 3xperience,  taking into account the 
fact that each choke would be padded for maximum L/C ratio and would 
later be placed in a container.    The number of turns was then computed 
from (l)  after calculating the required inductance from the known f0 
and C.    Two of the  three toroids were then padded by foam spacers ac- 
cording to (10).    It was found advantageous to pad the toroid on the 
outside of the ferrite core  since padding it on the inside caused the 
turns of co«xial Cable to be olaced closer together thereby tending to 
increase the self-capacltarce  and neg^ing the objective for padding, 
.jext the toroids were wound viltY tM estimated number of turns of RG- 
196 coaxial cable leaving a moderate separation between the first and 
last turns.    Next the admittance of each choke was measured on a bridge 
and then the data was plotted as in Figure 11,  for example, and L and C 
were then accurately determined.    The frequency limits of the chokes were 
then calculated from (12)   setting B0 equal  to 0.2 millimhos.    The band 
edges were then shifted by adding or subtracting turns, with a subsequent 
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remeasurement of admittance, until the proper band was covered by each 
choke  so that the entire HF band from 2 to 30 Mc was covered.    Next the 
chokes were imbedded In foam in order to secure the windings in place; 
finally molded containers of Lucite were formed for each choke for pro- 
tection. 

A photograph of each of the chokes prior to being imbedded in foam 
is given in Figure 21.    Flguie 22 gives the complete set of design par*- 
meters and measured characteristics for each choke. 

SUMMArtY 

This invastigation has been conducted with the objective of provi- 
ding a high rf impedance between two discrete points on the outer con- 
ductor of riniature coaxiil transmission lines.    Systematic design pro- 
cedures have be»n developed and are described in Jection I for toroidal 
cable chokes that provide this isolation over a bana of frequencies. 
The observeu variation in conductance has been  »xolain-'d by theory. 
Section II relates an exh'ustiv« experimental   investigation to determine 
the variation of inductance,  capacitance,  self-resonant frequency and 
quality factor with the number of turns.    A method for decreasing capa- 
citance and a technique  for  increasing the L/w ratio v/ere presented. 
Finally,  the factors affecting stray inductance have been considered. 
Section III presents simple  formulas for admittanc? bandwidth calcula- 
tions that are applicable when the conductance  is negligible compared to 
the maximum allowable susceptance.    The detrimental  effects of additional 
capacitance upon bandwidth were graphically portrayed.    Section IV docu- 
ments the design of an insulating container suitable  for mounting the 
cable chokes.    Variations in design aimed at specific applications were 
described.    Finally, Section V presented the design for a set of only 
three individual cable chokes which provide better than 5,000 ohms of 
rf isolation from 2 to 30 .Mc.    Note that the isolation requirement has 
only been met by providing a specified amount of rf  isolation over a 
specific  frequency range with a minimum number of cable chokes.    But the 
requirement may be to provide as much isolation as possible over a 
specific  frequency band by a single choke.    Regardless of the isola- 
tion requirement the amount of rf isolation actually required will depend 
upon the application. 

It is concluded that toroidal ferrite cores can be wound with mi- 
niature coaxial cable to. successfully solve wide or narrow band isolation 
problems in the HF range.    Futhermore it is expected that isolation re- 
quirements in the lower VHF range,  from 30 to 20 Mc, will also be met 
with such ferrite cable chokes. 

10 
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It is recommended that in designing toroidal cable choices for iso- 
lation applications in the HF band of frequencies one should l) wind 
then with iiG-196 coaxial cable if powr handling capability is not a 
restriction 2)  pad the toroid for maximum L/C ratio as outlined in Sec- 
tion II, 3} wind the toroids with enough turns so that the conductance 
is negligible and the design procedures of Section III may be utilized, 
and A) design a container with very low container capacity and dielectric 
loss,    wote that all of these suggestions will result in either a broaden* 
ing of the admittance bandwidth, thereby enabling one to cover a broader 
range of frequencies with fewer individual chokes, or provide a larger 
rf  impedance over the same  frequency band. 
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RANGE  (Mc) 

BAND   1 BAND   2 BAND   3 

2-8 8-20 20-30 

FERRITE ' 4373 0- 1 Q - 2 

N 9 17 10 
L     (/ih) 271 63.1 14.8 

C2  (pf ) 5.5 2.5 2.9 

fo   (Mc) 4. 1 12.8 24 

fl   (Mc) 2.2 7.9 19.5 

f2   (Mc) 8.5 20.6 30.5 

BW (Mc ) 6.3 12.7 1 1 

f2/f, 3.9 2.6 1.6 
H (in) 1. .75 .75 

00   (in) .875 1.25 1.875 

ID  (in ) .525 75 .80 

od   (in) 1.37 1 .86 1.895 

id   ( in ) .491 .67 .78 

NOTES; 

I. MANUFACTURED   BY  GENERAL CERAMICS. 
2.INCLUDES   MEASURED   CONTAINER   CAPACITY 

OF   1/2    PICOFARAD. 

FIG.22-WIDEBAND   CHOKE   CHARACTERISTICS 
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APPENDIX 

BRIDGE MEASUREMENT ACCUHACY 

The accuracy of admittance bridge measurements of self-Cdpacitance 
on the Wayne-Kerr Model BfiOl  is of concern especially when measuring 
very low values of oelf-capacitance, e.g.  of the order of l/2 to 1 pi- 
cofarad.    Thus it becomes important to analyze in a general theoretical 
way, and experimentally,  the effect of the copper straps which lead from 
the measuring terminals of the bridge to the device being measured.    The 
effect of these straps is to caus«; the initial balance of the bridge to 
be  inaccurate and/or to cause rrore or les:  self-Cdpacltänce* to be pre- 
sent when making the reading than when the Jevice  is disconnected from 
both terminals of the bridge. 

Consider the measuring set-up photographed in Figure Al and illus- 
trated by Figure A2.    Point A is the "hot'  terminal.    A short copper 
strap is connected to it.    Point D is the ground terminal.    A long copper 
strap is connected to it.    This ''ground"  strap is fastened to the con- 
tainer connector at point C.    It also serves to hold the container in 
place.    The bridge is initially balanced with the strap at point A dis- 
connected from the container connector at point 3.    Then the strap is 
connected and a bridge reading is accomplished. 

Note that there exists a finite capacitance C^ between the strap at 
point A,  and point 3, when the bridge is being initially balanced.     It 
is non-existent when the bridge reading is being made.    Its effect is 
to raise the initial balance level of capacitance:  therefore causing the 
bridge reading to be in error on the low side.    The capacitance C0 is 
the capacitance which is to be measured and consists of the capacitance 
through the container material plus the capacitance  through the air 
space between the two connectors.    Of course the major contribution to 
C0 is through the material of the container.    Note that one is not 
measuring exactly the capacitance solely between the two connectors but 
rather between the connector at p^lnt 3 dnd the connector at C plus the 
qroun^ strap.    The ground strap effectively increases the surface area 
of the connector at Ü  in addition to complicating its configuration 
somewhat.    However,   it has been shown experimentally that thi^ effect 
of  the  ground strap is small  so long as the  copper   strap is not too 
wide.    The  second effect of  the ground strap  is to  Cause a finite value 
of inductance to exist between points D and C.    It has been shown ex- 
perimentally that this effect can be made negligible by making the ground 
strap wide enough.    Note  that it is impossible to 'tune out'  the effect 
of this inductance in the  initial balance of the bridge. 

*    This term refers here to self-capacitance which could not be accounted 
for by the initial balance of the admittance bridge. 
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The capacitdnce C^ is a spurious capacitance which exists between 
the hot strap and ground.  Its effect can be made negligible through the 
initial balance of the bridge so long as the position of the strap at 
point A is not altered radically before and after it is connected to 
point B. The strap at point A is in closest proximity to the ground when 
it is disconnected from point A because the local surface area in the 
plane of terminals A and D is all at ground potential. Therefore a 
slightly lower self capacitance than actually exists will be measured. 

In order to understand more accurately the effects of the ground 
strap inductance and the capacitance C^, consider the approximate equi- 
valent circuit of Figure A3. For the moment ignore the inductance L and 
consider the «ffect of CA on the bridge reading of CQ. The bridge dial 
then reads 

Co - AC, - Si Cn 
cA"K;0 

(i) 

Therefore the copper strap at point A must be  far enough away from point 
B to make CA very small:  yet it must not be so far away that a signifi- 
cant change in C3 is introduced.    It is evident from (l)  that the best 
initial position of the hot strap is that position in which the highest 
self-capacitance is measured. 

Now for the purpose of analyzing the inductive effect of the ground 
strap let us ignore for the moment CA.    Therefore the bridge dial reads 

1 - ufL Cr 
" AC. 

(2) 

Hence it is evident fron (2) that the finite inductance of the ground 
strap tends to cause an error on the high side.    In addition the reading 
becomes frequency dependent.    Therefore,  it becomes imperative to make 
the ground strap wide enough so that the inductance is negligible,  but 
it must not be made so wide that the capacitance CQ itself is increased 
while the measurement is being made. 

By way of experiment,  five different size ground straps were used 
to measure the self-capacitance of the container shown in Figure It  be- 
ginning with a ground strap 1/4." wide up to one which was one inch wide. 
The three ground straps in between the thinnest and widest ones ^11 re- 
sulted in a measured 1.0 picofarad.      The thinnest ground strap and 
widest ground strap both produced very slight increases in measured self- 
capacitance, of the order of 5^.    These measurements which were performed 
dt a fr?c[U9ncy of  10 Mc,  showed that the inductance of the thinnest strap 
was becoming slightly influential in raising the true self-capacitance 
of the container and that the larger surface area of the widest strap 
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was beginning to cause C0 to increase slightly above its actual value 
with both straps disconnected. In order to experimentally verify (l) 
the bridge was initially balanced in a separate measurement with the "hot" 
strap at a very small acute angle with respect to the plane of terminals 
A and D. A decrease in measured self-capacitance of an estimated l/lO 
picofarad was measured. This decrease was solely a change in C3 since 
the initial placement of the strap was such that it was a much greater 
distance away from point D, causing CA to be negligible. 

This information has provided an insight into the problem of how 
copper straps influence bridge measurements. It has been determined how 
one may avoid inaccuracies in measurement by adjusting the size and po- 
sition of the straps properly. Any bridge measurements which take into 
account the foregoing considerations should be accurate to within an 
estimated l/lO picofarad for measurements made in the HF band of fre- 
quencies. 
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B 

S-CLOSED   FOR   BRIDGE   READING 

FIG. A3-APPROXIMATE    EQUIVALENT   CIRCUIT 
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