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ABOMACT

The use of s dissipative dielectric material to effectively

suppress the spurious responses of low-pass and band-pas6 filters

is described. Data describing the frequency behavior of the

at .enuation constant, permeability, and permittivity of a number

of cielectric materials are Dresented. Filter design procedures

inclt ding construction of impedance matching tapers are discussed.

Several examples of the use of dissipative filter techniques are

given.

The use of dielectric materials to reduce the size of

resonators in the IT region is considered. Some measurements of

the relative shielding effectiveness of lossy dielectric materials

are presented.

A technique of rapid insertion loss measurement is outlined.
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1. INTRODUCTION

Tests of communications equipment, made under the spectrum

signature measurements program have revealed a large number of

spurious responses in operational receivers. Similarly,

significant levels of spurious radiation from operational

transmitters have been measured. Low-pass and bandpass filters

offtr a straightforward means of improving the interference

characteristics of these transmitters and receivers. The use of

MW s +uch -- i- a aartic... lr ttractive method of protecting
iE

operational equipments, since the additional interference

rejection they provide can generally be obtained without the

necessity of making extensive modifications to the equipment

being protected.

In many instances, conventional filters have serious spurious

responses. In addition, many of these filters have excessively

large physical dimensions, particularly at FY.

The work to be dC-scribed in this report is primarily

concerned with techniques for producing filters with low spurious

response levels and small physical dimensions. The techniques

developed involve the use of dielectric materials with frequency

sensitive loss characteristics and slow propagation velocities.

I
i1
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2. DISCUSSION

2.1 Control of Filter Spurious Responses

If interference suppressi:n filters are to be completely

effective in supplying the Y'equired interference rejection, it is

necessary thae the attenuation of the filters be high at frcquencies

outside the desired passband. Unfortunately, many conventionaJ

reactive filters comron•L,- used to provide interference rejection do

not neet the high stop-band attenuation requirement. Instead, they

exhibit regions of relatively low attenuation which scmet'Lnes coincide

with a -purious response or spurious emission -f the equipment being

protected. In many instances, the inherent reactance versus frequency

behavior of the elements from which conventional filters are constructed

strongly favors the production of multiple passbands in the filters'

tranefer functions. For example, the inductances and capacitances of

conventional short line coaxial filters are formed by short transmission

line sections of the proper characteristic impedance. Since the

reactance of these transmission lines are periodic functions of

frequency, there is an inherent periodicity in the passband and stop-

band characteristics of such filters. The periodic frequency behavior

of a typical low-pass filter attenuation function is shown in Figure 1.

For many applications, the rapid cutoff slope and the relative-ly wide

stop-band between the first cutoff frequency and the first spurious

passband of such a filter are quite satisfactory, but for RFI applica-

1tions the multiple spurious passbands of such a filtter are tiaccepteble.

2
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One me-shod of avoiding bhese spurious passbands is to employ

I a dissipative .echanism to produce the desired J or-pass character-

istic. The required frequency sensitive attenuation can be provided

by a ccaxial line in which the dielectric space between the center

I a ,d outer conductors has been filled uitb a material whose attenua-

tion constant is an increasing functiun of frequency.

The frequency sensitivity of the attenuation constarn of the

dielectric material arises primarily from the inability of the

elementary electric and magnetic dipoles which make uip the dielectric

material to fzllow instantaneously the electric and magnetic fields

applied to the dielectric. The effect o& the time lag of the electric

and magnetic dipoles with respect tc the applied fields can be

expressed in terms of a complex permeability and complex permittivity

of the dielectric. Hence,

0

and

C = (Er- J) (2)

To illustrate how the complex permittivity can account for a loss

component, consider the impedance of a simple parallel plate capacitor

The impedance, Zc, is

Zc 1= 1 = d (3)c jaC j*l*/ (z. - C:

4
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where A is the area of one of the plates and d is the spacing

between the plates. Rationalizing the denominator gives

A (er) d (E) d

C O C ID + ( E )21 a e _, 2 + ( 6 1) 2] )

This impedance has a resistive component of

(elf) d

R{Z~ [rE, 2 +(E;) 2 ](5

which can account for any dissipation in the dielectric of the

capacitor. Likewise, for an inductance, the impedance is propor-

tional to the permeability of the magnetic medium on which the coil is

wound. Consequently,

Z. = JcL = jawk Jak (pj-jj±") = jacnki +ci" (6)r r r r

where k is a proportionality constant. Again, there is a resistive

term, acqir, which accounts for dissipation in the magnetic medium.
r

The connection between ji and e and the magnetic and electric

dipoles of a dielectric medium is treated in more detail in

Appendix A, where the propagation factor of a TE wave in a medium

with complex permeability and complex permittivity is derived and

the attenuation constant, a, of the TEM vave is shown to be

.I
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a = J(12.85)(10-10) (iiol°

7+ 2)(1 + b2) _ 1 + b 5 db/cm (7)

where f is the frequency in cps, and 8 and 8 are the magnetic

and dielectric loss tangents respectively. The quantities 8 and

8 are defined byC

8= ,a- (8)

and

= tan 1 .jr (9)

The factor f, in Equation (7), indicates a rising attenuation with

increasing frequency as long as the parameters of the dielectric

material remain constant. However, the relative dielectric constant

and relative permeability of most materials are decreasing functions

of frequency, and an overriding increase in the loss tangents must

occur if Equation (7) is to reproduce the experimentally observed

low-pass attenuation fumction. Table I gives some typical values 1

of the constants of a dielectric material formed by suspending an

iron powder in an epoxy binder. If the data of Table 1 is substi-

tuted in Equation (7), the resulting loss versus frequency function

is that shown in Figure 2. Also shown in Figure 2 is the measured

loss of a coaxial line section filled with the iron dielectric

6
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material. Thc experimental and calculated values are in good

agreement at low valuee of attenuation, with the divergence bet teen

measured and calculated values increasing as the attenuation rses.

The divergence cf the two curves of Figure 2 can be ass ,ned,

in part, to errors in the values of the material constants given

in Table 1. in a'ddition, some of the excess of the measured atten-

uaticn over that calculated can be attributed tn the increasingly

poor impedance match at the input to the lossy line section as fre-

quency increases. Since the characteristic impedance of the

coaxia., line is proportional to (p6)l/2 , it can be inferred from

the data of Table 1 that a significant variation of both the inagni-

tude and angle of the characteristic impedance takes place over the

fZequency range 0.1 Gc to 10 Ge, with a resulting increase in the

measured i.sertion loss of the coaxial line due to reflections at

the input and load terminals of the line.

TABLE 1

MATERIAL CONSTANTS

100 mc 0 0.0375 4.7 20.0
1000OO 0 o.o,3 l4.C 19.0

1500 o.16 0.0.4 9..6 1.0

3000 0.2 0.045 3.4 19.0

10000 0.5 0.048 2.2 18.5

8



2.1.1 Loss Characteristics of Dielectric Materials

A large amount of data was collected on a variety of

materials to determine their suitability for use in lossy trans-

mission line filters. A standard test procedure was used to

facilitate the intercomparison of the loss properties of the

materials tested. The standard test was conducted by measuring

the attenuation versus frequency characteristics of a standard

length of coaxial transmission line whose dielectric space had

been filled with the lossy dielectric material. This method of

testing was selected because it closely approximates the configu-

ration in which the lossy dielectric material would be used in

many practical applications. The standard coaxial test section

used consisted of a 7.2 cm long brass outer conductor with an

inside diameter of 0.56 inches and a solid copper center conductor

0.102 inches in diameter. Type N coaxial fittings were placed at

each end of the test section to provide connect.oons to a 50 ohm

insertion loss measuring system, Procedures for the prepaiatlon

of the lossy dielectric material as well as for construction of

the transmission line sectious are treated in more detail in

Section No. 2.1.10.

The loss data obtained on the various materials tested is pre-

sented in the form of attenuation versus fraquency curves. These

curves permit the loss per unit length of transmission line at a

given frequency to be easily calculated by dividing the loss read

from the curves by the length of the test sample. SincCe the gr

9

_7I



and e r are different for the several materials tested, the

characteristic impedance of the standard test sections varies, and

a variable amount of reflection loss is introduced at the inter-

face between the 50 ohm test system and the test specimen. At

frequencies where the dissipation losses in the transmission line

are large, the effect of these reflection losses is relatively

minor and the attenuation constant of the material can be obtained

directly from the curves. However, at frequenciea where the dissi-

pation losses are small, the reflection losses may predominate and

the true propagation constant of the dielecbric material cannot be

determined directly from the standard attenuation curves. in this

case, the correct value of the attenuation constant can be obtained

by subtracting the reflection loss Crom the value shown on the

attenuation curv-e for the material in question. The proper amount

to be subtracted can be obtained from the relation

T= 4~o o1  ~ C 1/2 -10 log10 (4g;/e db . (10/

Equation (10) eccouts for the reflection loss at both the input

end output interiaces of the test sample but does not take into

account the effect of multiple refleztions. For the values of the

attenvation constant encountered in the dielectric .&aterials studied,

the eff.act of multiple reflections is negligible. A derivation of

Equation (10) is given in Apperdix B.

° .

10

___________



2.1.1.1 Carbonyl Iron

The curves shown in Figure 3 summarize the results

obtained for a dielectric materiel composed of carbonyl iron and

epoxy. The ratios given on each curve are the ratios by weight of

iron to epoxy. By varying the iron to epoxy ratio, the attenuation

at a given frequency can be varied over a wide range. The carbonyl

iron material is vell suited for use in lossy filters whose pass-

bands extend to the UHF region since the loss of the lossy trans-

mission can be made low over 1the passband region by using a

sufficiently short line section or by limiting the mix ratio to a

-low value. AlthoLugh the loss increases inr ough proportion to the

amount of iron used, the attenuation is not, in general, a linear

function of the mix ratio, but varies in the manner shown in

Figure 4. From a practical viewpoint, mix ratios in the range

from 2:1 to 6:1 are the most useful because the iron and epoxy

mixture becomes quite thick at high mix ratios, while the epoxy

losses tend to overshadow the iron losses at ratios much below 2:17.

The carbonyl iron powder used in forming the test sections

was Grade "E" and was dbtained from the General Aniline and Fi.m•

Cmrporation. The average particle size of the "E" grade carbonyl

i•'o1 pmder is in the neighborhood of 8 microns. Two other grades

of oa.boyl iron conTaining slightly sma ter particlea &re availz!

Sable. These two grades are designated as Grade SF and Grade TH.

For both these grades: the average particle size is about 4

microns. The use of smaller particles in the lossy dielectric

1*
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n-teriai reduces the att.enuation at lower frequencies for a given

ix- _ratio. buet increases tthe attLenuation slope sne-what-at fre-

quencies where t-he attenuation is high. Although this steeper

attenuation slope is o desirable -property, the slight impravement

gained by use of the smaller particles is outweighed in most

situations by the considerably higher.c~ost of the SF and TH grades

off carbcnyvl iron. Attenuation curves for 6:1 "E" and 6:1 TH test

sections are shown in Figure 5 to illustrate the effect of the

smaller TI grade particles on attenuation.

2.1.1.2 Ferrit-es

Attenuation measurements vere made on lossy dielectric

materials prepared with different grades of ferrite powders. These

grades were General Ceramics, Inc. ferrite -Dowders T-1, 0-3, H,

Q-1 and Q-3. Each powder was formed in a 4:1 ratio by weight with

epoxy and used to fill the dielectric space of a short coaxial

line section. -7he results of attenuation measurements made on

these line sect'.ions ate shown in the cu&rves of Figure 6. Generally,

S~the curves exhibit the same general behavior as that of the car-

• bonyl iron, but with t-fo majoz exceptions. First, ilarge attenuations

f are encountered at much lower frequencies, indicating that the

powdered ferrite materials are suitable for the construction of

lossy sections at much lower freqaencies thatr is practical with

carbonyl iron. soe second distinguishing featuyre of the curves is

the peak of attenuation that occurs in the neighborhood of 6 ga.

S~14
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Though the full peak is shown only for the Q-3 curve, the low values

of attenuation of 0-3 and H materials at frequencies between 9 Gc

and 10 Gc indicate that a peak of attenuation for both materials

occurs in the region near 6 Crc. The data is insufficient to deter-
I

mine if such a peak exists for T-1 and Q-1 materials because the

high values of attenuation exceed the sensitivity of the measuring

equipment. Shorter sections were constructed using the ferrite

materials so that the overall attenuation was lower and the presence

or absence of the attenuation peak could be determined. The data

obtained on the shorter samples verified the existence of a single

attenuation peak for the 0-3 and H materials in the vicinity of 6

Gc with the peak for the T-1 material occurring above 10 Ge.

Fortunately, the attenuation at 10 Gc is still quite high for the

ferrite filled lines and no serious degradation in the ability of

ferrite filters to suppress spurious signals would be expected. If

for some reason the attenuation at frequencies above 6 Gc is not

sufficient to obtain the necessary suppression of spurious signals,

a short section of carbonyl iron dielectric material placed in cas-

cade with the ferrite section could pr•,-ide the necessary increase

in attenuation above 6 Gc without adding any appreciable insertion

loss at low frequencies.

2.11.3i Mill Scale

Another material tested for use as a lossy dielectric

was an iron oxide formed in the processing of wrought iron. This

material is called mill scale and was supplied by the A. M. Byers

17



Steel Company. In powdered form, mill scale is nonconductive arid has

a low frequency dielectric constant of approximately 16 and a

relative permeability of 2. The curve of Figure 7 summarizes the

attenuation data taken on a dielectric material formed with a 4:1

ratio of mill scale to epoxy. The curve shows a fairly steep tran-

sistion frcm low loss to high loss and relatively low losses at

frequencies under 500 Mc. The original mill scale powder as

received from the R. M. Byers Company contained a wide range of

particle sizes. The distribution of particle sizes was determined

by passing the powder through a series of sieves, The results of

th-is screening process are given in Table 2. When these data are

plotted on the standard probability scale of Figure 8, the resulting

straight line plot indicates a normal distribution of particle sizes.

TABLE 2

RESULTS OF SCREENING OF A

I•RGE QUANTITY OF MEL SCALE

Sample No. Sample Weight Size Range

1 247 gms d < 44

2 561 gms 149 a > d > 44

3 !341 gms 500 g > d > 44

4 418 gms 840 g > d > 500

5 228 gins 20 g > d> 50 g

18
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In order to evaluate the effects of particle size on attenuation,

test samples of lossy mill scale material were prepared for each

of the particle size ranges shown in Table 2, and insertion loss

measurements were made on each of the samples. A sample was also

prepared using mill scale with particle diameters in the range of 0

to 10 microns. The small particle material was produced by tumbling

a portion of the sieved material in a ball-mill. The resulting loss

characteristics for six. different particle sizes are shown in

Figures 9 and 10.

2.1.1.4 Non-Ferrous Powders

Lossy line sections were constructed using several non-

ferrous materials in an effort to uncover other materials which

might have loss cl1aracteristica superior to those measured for the

carbonyl i'kur. Tho materials tested were cobalt, nickel, aluminum,

copper and titanium dioxide. All of these materials were obtained

in finely pokdered form, prepared in a 2:1 ratio by weight of

material to epoxy, and suspended in the epoxy binder in the same

fashion as that previously used for the other dielectric materials.

Typical loss curves for the materials tested as well as a loss

curve for a 2:1 mix ratio of carbonyl iron to epoxy are shown in

Figures 11 and 12. The loss curves indicate that the iron material

has a low-pass loss characteristic which is superier to all the

kther materials tested. Not only is the cutoff Attenuation slore

* of the iron higher, but the low frequency attenuation is lower.

21
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The three magnetic materials testc,. shaow a direct dependence of the

attenuation slo-pe on the permeability- of the- mats-rial ind-4catizg

that the steeper loss characteristics may be aftribu'•ed to the

additional magnetic losses.

2.1.1.5 Other Ferrous Materials

Nine different ferrous materials, obtained from the

idden Canpaay IMetals Division, were tested for application as

loss, dielectric materials. These powdered material3 included three

grades of educed iron oxidie and three grades of electrolytic iron

as well as on rade each of carbonyl iron, magnetite and a special

bleiid known by 1hE Glidden ic~entification nmber D-290. The

attenuation versus frequency characteristlcs of these materials

are given ir. Figures 13 through IT. Seve'ral of the materials have

I characteristics similar to those of the carbon4-I iron and the

ferrite materials. For example, the loss of C-lidden material

I, num-berD-29O is auite similar to that of carboyl iron. Also the

loss of lidd.en material numbeaý M•-IO closely matches that of the

"H" grade f I• .. in both cases, -.t appearz that the two Glidden

raterials sh.'uld make satisfactory zeplacements for the carbonyl

iron or ferrite materials.

2.1.2 Measurement of Permnebility and Permittivity

A knowýedge -, -he r.-Tamaters, ir and er of the lou3sy

Sdielectric -s ,A•essa tc m'oqperly select the dimensions of a

transmission ljnŽ flter. An accurate knowledge of these parameters"
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is most important at frequencies in the filter passband if the

passband insertion loss is to be minimized. On the other hand,

detailed knowledge of 'ir and e r at frequencies in the filter stop-

band is of lesser importance since the mismatch losses represent

only a small fraction of the total stop-band loss. Since the pass-

band regions of the filters considered were generally in the

region below 1 Gc, the measurements of ir and er were restricted

in most instances to the region below 2 Gc, although some of the

carbonyl iron mixtures were measured to 4 Gc.
* *

An examination of the literature of g_ and e measurements
r r

indicated that the thin sample technique is widely used for micro-

wave measurements. In this technique. an etctricall.- thin sample

of material is placed in a transmission line; first in a region of

predominantly electric field, and then in a region of predominantly

magnetic field. The sample is positioned in a high electric field

region by terminating the sample with an open circuit. Practically,

this is accomplished by positioning a short circuit x/4 from the

sample. The predominantly magnetic field condition at the sample

position is obtained by terminating the sample with a short circuit.

The input impedance of the sample-filled portior of the transmission

line is measured for both the open and short circuit conditions.

From the impedancý data. ýt and e,, cad be calculated using the

intermediate relations

ic
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t F
andjtanh vi (12)

Zc ia the normalized character3.stic impedance, with respect to 50

ohms, of that portion of the coaxial transmission line containing

the material under test. The quantities, Ase and Zoc are the nor-

malized short and open circuit •nput impedances existing at the
face of the test sample. The propagation constant cf the section

of line contalning the dielectric material, is y and A is the length

of the nomple. The cceiplex relative permeability, pr. and relative

dielectric constant; cr, a2-e evaluated from the relationships

* 7 x. (13)Sr= J-- Z '

[ and YX 0

U * 7x (1)

where X 0 free s_.ace waveiength.

The thin aL&aple technique asoamee that measurements are maRe

of a dielectric sample whose thicmness is much less than the elec-

trical wavelength inside the material. It is difficult to estimate

the wavelength inside the material being teated until some kaowledge
* *

of gr and zs has bean established. The difficulty in eGti-iat.gI the electrical thickness of the sample was avoided by observing
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the shift i• the s'!.ted !i•&e null pattern when the sample was

inserted. A sbhft in the null pttera of 4116 or less, inlicated

bhat the samplee was electrically thou.

8cme iasight into the reasor•ng behind. -he X/16 c-.terion can

be gained 'om Figure 18. The top of the figure shos a standing

wave pattern ilustratine the varlation of the electric and mag-

netic fields, with di3itAne eJomg the transmissiou lIne. The

distance between null points is equaS to onv-half wavelength. It

can be seen that the two on'.-sixteenth vel.Lngths that occlpy the

center regi on between the uells cýf the E fiela are aesentinlly high

B fiel iund Lav H field regiom-. The lower portion of the figure

shows the standing wave pattern (dotz-3 cr'.rve) that exists when

the sample is positloned W 4 from the shorted end oi the trans-

mission line. The dintaace d but'vem the null points ef the two

standing wave patterns indicates the effect of the sample. If the

distance d does not exceed X/16, then the portion of the standing

wave pattern that exists inside the sample is less than X/16, and

the sample remains in an essentially constant o ::ield and an essen-

tially zero H field. Consequently., only the dielectric constant

of the sample is effective in producing a shift of the null pattern.

The sample holder shown in Flgare 19 was constructed fcr useI ith the precision slotted line.. This haIder was designed with i

type M connectors to mate with the slotted line. The movable ahort

is connected at the sample end of the holder and is capable of being

"a positioned ae close as desired to the saple. The short 1i moved by

3
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ISO,

()CUTAWAY VIEW OF SAMPLE 4CLDER.

(b) CUTAWAY VIEW OF MOVABLE SHORT.

Pigare 19. Sam~ple Holder and Movable Short.
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the uee " a thread'C center conductor which mates with the sample

holder. Good electurical contact vwith the short circuit is assured

by providing a pin on the shorting plug which fits tightly in the

center conductor, while contact with the outer conductor is assured

by tightening the plug down with a threaded sleeve on the outer

conductor. The threaded sleeve also pulls the movable short tightly

against the sample holder. Values of VSWR for the unloaded holder

in excess of 100 were measured at frequencies up to 4 Gc, indicating

that the hrider had law losses.

Over 400 different measurements of pr and e aere made using
r

the equipment setup shown in. Figure 20. Representative results of

these tests are presented in Tables 3 through 6. Some of the data

obtained on jr and er was erratic. While some of the data points

could be el•l•nate% on the basis cf errors in the data acquisition,

othfr variations could not be easily explained. At practically every

test frequency, at least two and, when available, three sample

thicknesses were measured, but close agreement between the samples

was not al•.-ys obtained. A particular sample thickness did not

always behave uniformly with frequency. Many of the measurements

were re.eated at widely separatei tims to evaluate the results of

measurement variations. Generally, normeal measurement error did

not explain all the variations observed. The most consistent results1• were obtained with the measurements of the carbinyl iron samples.

Figure 21 shows the characteristic behavloz of gr eud F- of carbonyl

i~ron up to 2 G--.
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The data shows that the dielectric constant values have a

greater variation t.han the ]ermeabilities. Since the measured value

of the c~electric Constent is more seneirive to small gaps between

the sample azA its holder than the relative permeability, the effect

of ezrcrs in sample positioning woald be expected to be greater on

the dielectric c,'nstant measurements than on the permeability

ileasuremer.

Anothei jurce of error is the violation of the thin sample

criterion. The parsmeters of the absoroing mixtures make the

electrical thickness much greater than the physical thickness and

it is the electrical thicknuess wh::ch Luit be thin dith respect to

the wavelength. At the higher test- freq-,ncies, the physical thick-

Sness of the samples must be ver-y sma.U, which creates two additional

problems. One is the lack of physical strength of the sample which

causes both machining and handling to be difficult vithatt breakages.

The other problem is related to the technique usel. to make the

!! samples. Bubbles generate6 in the mixing of the lossy powder and

epoxy are difficult to completely remove fr(m the material before

the hardening process begins so that small voids are created in the

dielectric material. The effect of these voids becomes significant

in verxy thin samples where they may result in hules which extend

completely through the sample.

The reduction of the i-aw data taken -th a slotted -ine or an

Jmpdeam-ce bridge to produce valu-es oif g and e . s a time consuminig

.p process ift-Ich is subject to numrerical errcr. In ordar to speed up

I40



R

IE

this computation process, a computer program was written to produce* .*

values of pr and e from the impedance data. -M-, program evaluated

Equations (1l) and (12) in terms of the slotted line data. These

results were then substituted in Eouations (13) and (14) to produce

the printout in terms of g.r, C', and e"

r r r r-

TABLE 3

PERMEABILITY AN PEBMITTIVITM OF CARBONYL MON MXMIALS

2:1 E 9 rr

100 Mc 2.38 0.00 8.85 0.66
200 2.95 0.00 7.55 o.60

300 2.78 0.15 8.73 0.51

400 2.57 0.10 8.67 0.46

500 2.63 0.23 9.12 o.48

700 2.49 0,32 9.70 o.49

1000 2.45 o.43 9.89 0.38

1200 2.70 0.52 10.22 0.36

1500 2.62 0.69 9.11 0.28

1700 2.58 0.94 6.52 0.20)

2000 2.6o o.76 5.99 0.31
I 4:i E

100 Mc 3.56 0.00 12,81 1.12

200 3.-7 o.oi 10.87 1.00

300 3.TI o.026 11.87 o.82

400 3.53 0.27 11.6o 0.76

500 3.51 0.43 12.27 o-84

700 3.34 0.52 12.96 0.87
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6:1LE 3 (Continued)

lO00 4.05 0.83 1.466 0.68
1200 3.65 1.0 1O]2.39 o. 45

1500 4.25 1.35 13.34 0.31
1700 4.30 1.50 19.58 .549
2000 3-51 1.26 9.56 2.69

6:1 E

0 me 4.93 0.00 19.17 0.96
200 5.21 .20 156.77 0.00
30.0 5.10 2.46 19.48 0.88

400 4.74 0.54 18.97 O.71
500 4.69 0.71 19-26 0.893600 4.658 o.83 19.32 5093

700 4.60 0.93 19.47 .093
800 4.52 0oo5 1.29 o.88

YO 4.53 i.10 19.71 1.53
? 4.24 2.74 15.56 2.67

7500 4.42= 2.o8 15.85 0.25
1700 4.44 2,-25 15.02 0.05

1oo 4.71 o0.0 18.78 1.05
oxi -, 786 oo 151' o.86

4.75 0.26 1S. 822 1.0940 0 .' o,4 '1-7,559 103
9oe 4. ;-8 01 37 T7.94. 1.09
60 4.38 0. 52 18.24 1.o3
r'o 4,42 0. 6'- !8,60 1.09
&DO 4.35 o-73 18-58 1-05

1200 4.6o 1.5,7 16.47 0.38
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TABLE 3 (Continued)

1500 4.68 1.69 18.38 0o96

1700 4. 48 1.171 17T.41 1.181 4.03 1.64 15.97 1.97

6:1 TH

100 Mc 4.60 0.00 16.88 0.73
200 4.70 0.21 .1.4.744 o.66
300 4G47' o.-9 .6."r o.68
400 4.22 0.34 16.29 0.66

500 '.-87 0.53 19.82 0.92

6oo 4.69 0.59 2o.-24 0.93
700 4.72 o.68 20.64 0.881

8mo 4.50 0. 79 20.55 0.84

1000 4.16 1.07 20.41 0.70

TABLE? 4J.PEREGBTf VW PMJITMVTY OF HRIY MA ALS

tit $ 1I

4:1 0-3 r _ _ r

400 Mc 5.70 1.31 7.97 2.44

6o00 5.39 1.6o 7.44 .2.50

800 5.54 -. 75 7.48 2.08

1000 2.44 1-79 7.17 2.08

4:1 Q-1

400 m 3.64 1.00 8.17 0.28
60- A.44 1.19 6.38 0.33
800 3.62 1.27 5.40 0.55

1000 2.66 1.6i0 6.12 0.35

h-
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TABLE 4 (Continued)

4:1 Q-3

400 Mc 2.81 0.89 5-95 0.68

6oo 2.74 1,09 5.27 0.26
800 2.97 1.19 5.37 0.19

1000 2.44 1.29 5.44 o,31

4:1 T-1

4oo Me 4.18 4.ol 16.18 1.16
6oo 4.46 2.41 17.52 1.90

800 .90 5.18 15.05 1.59

2.000 2.81 2.78 16.85 1.84

TABLE 5

PERMEABILITY AND PERMITTWIf OF MITT SCALE MATERILS

l ,, 2 I H"

MS No. 1 r r

100 Me 1.92 0.13 15.00 0.83

600 1.54 0.26 14.11 0.74
800 1.58 0.18 15. 0.78
1000 1..68 0.24 15.16 1.05

MS No. 2

4w00 &c 1.93 0.17 17.50 1.58
600 1.67 0.12 16.59 .-15

800 1.55 0.15 15.52 1.06

1000 -. 68 0.37 11.81 0.81

MS Ro. 3

4oow M-2 2-39 0.211 19531 0.58
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600 2.15 o.o6 15.26 1.52

800 2-.5 0.20 15.46 1.07

1000 2.18 0.31 17.74 1.52

MS No. 4

40M .74 0.32 16.82 1.97
S600 1. 43 0. 35 14.77 1.5r2

800 1.44 0o30 17.72 1.93

1000 1.68 0.44 16.59 2.03

MS No. 5

4o00 Me 1.58 0.42 17.59 !.62
600 1.45 o.43 13.37 1,18

&80o 1.36 0.47 13.31 )..24

1000 1.50 0.39 14.84 1.92

TaL 6

PErMLaBILITY A!• PER41"•IIVIWTY OF NON-IMRROUS MATERIALS

tan 5 el tan 5_...._.____.E

1000 Me 19.6 -0.04
70C 20.9 -0.07

500 17.7 -0.03

Copper

!oo0 Mc- 19.7 -0.03
700 18.ý) -0.02

500 17,5 -0.02
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TIMLE 6 (Continued)

Cobalt

1000 Mc 1-5 -0.19 12.3 -0.04

700 1.5 -0.20 8.9 ..0.04

500 1.6 -0.19 10.5 -0.04

Nickel

700 Mc 1.2 -0.33 14.2 -0.03

500 1.3 -0.31 12.8 -0.03

Titanium Dioxide

1000 Mc 6.6 -0-03

700 8.9 -0.01

500 4.5 -0.03

2.1.- Design of Tapers

Because the gr and e of the dielectric material are in

a different ratio than that of air, it ±a necessary to change the

dimensions of the coaxial line ikiside the dielectric filled region

to avoid. an impedance discontinuity at the boundary between the

air and the dielectric material. The proper values for the dimer-

sions of a 50 ohm coaxial line with a dielectric material betveen

Ithe center and outer conductors can be computed from the relation

r, e 
('5)

where rI and i2 are the radii of the outer and inner conductors

46
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respectively. The values of gr and .r of the cai-boavl -r-m

material vary with frsquen,', 0•nd the charpcteristic impedance of

the lossy line section is not coustzat. The permeability falls

more rapidly with increasing frequency than the dielectric constant

so that the char-aterlutic impedance falli to low values at v•r•

high frequencies.. A ýyical freauen-'y variation of the input VSWR

cf P section. whose dimensions were chosen to produce a low fre-

quency chsracteristfc inpe.dance of 50 ohms is shows in Figure 22(a).

An improvement in the match at high frequencies can be obtained

by employing e shorc linear taper of the dielectric material of the

fcna shown in lgure 22(b) rather than an abrupt change from air to

the lossy dielectric. Notice that the VSWM curve of Figure 22(b)

shows e. ccnsiderable improvement at frequencies above 3 Ge for

this length of taper. The impromemeLt results from the fact that

reflections from the mismatched region where the dielectric

completely fills the coaxial lI.i, are attenuated in the short

tapered section. However, the low frequency passband has a large

VSWR 1)Bcause the diameker of the center conductor in the tapered

section is too small to provide a 50 ohm match in the passband

region. Some improvenmeat in the low frequency VSWR can bu

obtaized by continuing the center conductor through tne taper with

tl-e same diameter tzat was used in the air line. Nevertheless,

appreciable low frequency reflections axe obtained from the tapered

section since the characteristic inpedznce of this sc. Lon is

continua33y changing over the length of the taper. These reflections

I4
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are not dissipated in tCe taper because the losses in the dielectric

material are low at frequencies in the filter passband. The behavior

of the input impedence for the case where the center conductor is

continued through the taper with same diameter as was used in the

air line is illustrated by the VSWR curve of Figure 22(c). It is

possible to maintain both a stop-band and passband match by taper-

ing the diameter of the center conductor over the length of the

taper of the dielectric material. Appendix C outlines a procedure

for determining the center conductor taper required to provide a

passband impedance of 50 ohms at every point along the center con-

ductor over the length of the taper of the dielectric material.

Stop-band impedance matching is 6otained by the dissipation of

reflections in the linear taper of the dielectric material. A

cross sectional view of a taper designed by the procedure of Appendix

C is shown in Figure 23. The VSWR curve of Figure 22(d) illustrates

the considerable improvement in passband impedance match that can

be obtained with such a taper.

The machining of the center conductor taper is a relatively

complicated process and a linear approximation can be used to pro-

duce a more economical design approximating the desirable impedance

characteristics of the more complicated taper. A cross section of

the linear tatar is shown in Figure 24 along with the input VSWR of

Ithe linearly tapered line section as a function of frequency.

Notice that except for the region arouud 10 Gc, results equivalent.

to those obtained with the cowolicated tamer are obtained with the
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v apprc,•ý.=tt n taper, indicatir'g that the linear approximatio,: is

adequatE for most applications.

;I' a large number r,? filters are to be constructed, it would

Spro• &7 be more economical to cast rather than to machine the

Sc•.ter cnductor in the desired shape and to injection-mold the

di(-.7tric tiaterial in the desired taper in the dielectric space

between the center and outer conductors. In this case, it would

pmobabl- be best to construct the molds in the more complicated

tapered shape to get best performance.

2.1.4 Filter Des!gn Procedure

Typical applications of lossy filters might be to

su press a high order harmonic output from a transmitter or to

reject out of band signals appearing near a spurious response of

a receiver. In either case; the filter is required to produce a

certain minimum attenuation zt all frequencies higher than some

given frequency. For example, suppose a minimum attenuation of

50 db was required at 1 Cc to protect - receiver tuned to 100 Mc

from interference generated by a nearby radar transmitter. Refer-

ring to Figure 3, it is determined that the standard 7.2 cm length

of a 6:1 E grade carbonyl iron materisnL will provide 23 db atten-

uation at 1 Gc. The length, X, required for 30 db atýenuation is

then

= (30/23)(72) = 9 4 cu (16)
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The passband insertion loss is also given by Figure 3 as approx-

imately 0.5 db for 7.2 cm. The reflection loss correction is,

from Equation (1O),

1 -R = 4 log,0 (V4.93/l9a7 + 1/2

- 10 loglo [(4)(4.93)/19.17] Z0 (17)

The paseband loss, IB,, of a 9.4 cL length is therefore equal to

=B = (9.-/7.2)(0.5) = 0.65 ib . (18)

If, instead of carbonyl iron, a mill scale material had been

selected, say a 4:1 ratio with No. 4 size particles, the loss of

a 7.2 cm section at 1 Ge is given by Figure 10 as 19.5 db. The

required length i than

9 (30/19-5)(7.2) --11.1 cm (19)

The pezcband reflection loss correction i•s computed using Equation

(10). From Tablce 5, the values for wr aid el at 400 Mc are p=1' r

l.1j4 and Er = 16.8. Since the values of pI and et are relatively

constant below 400 Mc, the 400 Mc values are assumed to hold at 100

Mc. Consequently, the reflection loss correction is
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R 40 loglo(V1.74/16.8 + i2

-10 log10  (4)(1.74)(16.8) 0.4 db . (2Q)

From Figire 10, the loss of the standard section at 100 Mc is 4.0

db. Therefore, the actual passband loss of the standard line under

matched conditions is

4.o - o.4 = 3.6db (21)

for a 11.1 cm length, the total passband loss is

1 P(Totsa) = (-1/7.2)(3.6) = 5.6 db . (2)

The dimensions of the center and outer conductors must be modified

from those used in the standard test section if the passband loss

of 5.6 (b is to be obtained. Using Equation (15) gives

e (5/6)(T16.8/l.7=) (2.59)r==ee 13.4 .(25)

r2

Since the outer conductor of the standard section mates well with

type N fittings, the outer conductor should be held fixed and the

radius of the inner conductor reduced ;until the correct ratio of

dimensions ia obtained. The required inner conductor radius is
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LR 4-0 log lO(lo :7i.74/g6.8 + 1/2)

-10 logo (4)(1.7'4)(16.8) 0 o.4 d . (2)

From Figure 10, the loss of the standard section at 100 Mc is 4.0

db. Therefore, the actual passband loss of the standard line under

matched conditions is

B -' 4.0 - 0.4 = z.6 db (21)

for a 11.1 en length, the total passband loss is

§B(tal) - (11.1/.2)703.6) -= db . .22)

The dimensions of the center and outer conductors must be modified

from those used in the standard test section if the passband loss

of 5.6 db is to be obtained. Using Equation (15) gives

r - e 6.8/1.74) e (259) 134 (23)
r 2

Since the outer conductor of the standard section mates well with

type N fittings, the outer conductor should be held fixed and the

rý'Iius of the inner conductor reduced until the correct ratio of

dimensions is obtained. The required inner conductor radius is
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r2 = 0.28/13.4 = 0.o-08 inches . (24)

T•e necessay� radius is closely approximated by that of a No. 18 .uge

bare copper wire. The resultiag design of a low-pass lossy line

section is sketched in Figure 25.

2.1.5 Cascading Lossy and Reactive Filters

For many low-pass filter applications, attenuation slopes

such as those shown in Figure 3 are not sufficiently steep, and a

conventional reactive filter must be ased in cascade with the lossy

line section to supply a steeper attenuation characteristic. The

ccmbination of the conventional reactive filter and a losdy section can

provide an overall characteristic which has the rapid cutoff slope of

the reactive filter as well as the high stop-band attenuation of the

lossy section. In addition to the desirable stop.-band attenuation

performance, the combined filter also has a stop-band impedance which,

except for the region near the cutoff frequency of the reactive

filter, is set by dissipation in the lossy dielectric material

rather by the reflection coefficient of the reactive filter.

Although in most applications the reactive input impedance or

a filter in the region near cutoff is no particular disadvantage,

it is sometimes necessary that the filter input impedance be resistive

over the entire pass and stop-bands. In such a circumstance, cow.-

Spensation for the mismatch at the input terminals of the reactive

low-pass filter can be obtained by placing a terminated high-pass
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L(iNo. 18 Gauge Copper Wire)

(i4:1 X1I Scale with f 2 Partiles)

Figure 25. Lossy Line Filter Design Example.
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filter in parallel with input *cerminals of the low-pass filter.

It has been ahown2 that the use of a But~erworth attenuation func-

tion in the design of both the low-pass and hiqh-pass reactive- "

filters can produce the required compensation of the reactive com-

ponent of the input impedance of the low-pass filter.

When a lossy line section is used in cascade vith a conven-

tional low-pass filter, the passband insertion loss can be minimized

by the proper choice of the dielectric material. However, there is

always some passband loss introduced by the loss• dielectric. Such

passband losses can be reduced by designing the reactive Ciltir to

have as wide a region as possible between the low-pass cutoff fre-

quency and the first spurious passband, so that a minimum of lossy

material is needed to provide the required stopband attenuation.

An example of the improvement in stop-band attenuation that

can be gained by preceding a reactive filter with a lossy line

section is illustrated in Figure 26. Figure 26(a) shows the per-

formance of a typical reactive low-pass filter constructed with

lumped constant elements. The rapid cutoff at 400 Mc is followed

by a high attenuation region between 400 Mc and 3 Gc, but at

frequencies above `5 Gc, the attenuation Is greatly reduced. If

the same .Low-pass f'-lter is preceded by a 5 cm section of coaxial

line whose dielactric space is filled with a 6:1 ratio of iron to

epoxy dielectric material, the attenuation characteristic is altered

I, to that shown in Figure 26(b). The addition of the lossy section

has increased the passband attenuation only slightly, but the
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stop-band attenuation has been increased to greater than 60 db.

Figure 27 illustrates the application of a lossy line section

to the suppression of spurious responses of a bandpass filter. The

frequency response of a typical single cavity coaxial filter is

shown in Figuire 27(a). Although the main response of the filter

exhibits the desired uarrcw passband, the low attenuation at fre-

quencies above 1 Ge renders the filter almost useless for the

rejection of signals at frequencies in this region. 'When the

cavity filter is combined with a lcw-pass reactive filter and a

shcrt section of lossy line, the required high attenuation at

frequencies outside the desirad pa_;band is obtained, as shown in

Figure 27(b). The reactive low-pass filter is used to suppress the

large response at 600 Mc, since the attenuation slope of the lossy

secion is not sufficiently high to give a,,y appreciable attenia-

[ tion at 600 Mc without producing a significamt increase in the

insertion loss at the tuned frequency of 200 Mc. However, the

reactive low-pass filter alone is not sufficient to suppress the

almost continuous passband of the cavity filter at frequencies

abwe 1 Ge, since the low-pass filter itself has regions of low

attenuation in tne same frequency range. Consequently, the com-

bination of all three filters, i.e., the bandpass filter, the

low-pass filter, and the lossy line section, is necessary to

produce the desired stop-band performance.
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2.1.6 Integrated Filters

In some instances., the cascading of a lossy line section

wtth a conventional reactive tilter results in a filter whose

dimensions may be unwieldy. In these situations, a considerable

reduction in filter size can be obtained by fill'ng the dielectric

space in a conventional coaxial filter with a lossy material. This

dimensional reduction is really twofold. First, because the neces-

sity of prToviding separate lossy and reactive filters i~s avoided,

and second, because the permeability and dielectric constant of the

dielectric material increases the per -iAt inductance dnd capacitance

of the reactive filter sections. Some idea of the size redLction

41 obtained with this te'phnique is shown in the photograph of F'igure

28 which showrs a conventional low-.pass reactive filter and an

ii

integrated filter of slightly lower cutoff frequency. The cutoff

attenuation slopes of the two filters are approximately the seme,

but the shorter filter displays superior stop-band performance.

One disadvantage off cobining the losasy and the reactive

3ections into one integral filter is that the stop-band input

rmped&nce is no lonier set by the dissipation losses in the dielec-

tric material as was the case whfn lhe lossy section was separale

from and predceoed the reactive fIlter. Finstead, the stop-band

input imTpedance s essentially reactive since an input signal

encounters a reactive element of the filter before any appreciable

loss takes pleace. If both smal size and matched stop-band r nput

impedances are important, a compromise is possible in which a short



Figure R38 Reactive and. Lossy Filters.
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tapered section of lossy material is placed . L• d •.e inpatt jcenter

conductor of the filter to provide an adequate stop-bard ,

with additional material being placed around the reactive element3

of the filter to provide high stop-band attenuation. If the

overall passband attenuation of the filter is to be kept as small

as when no lossy material is placed on the input center conductor,

a reduction in the ratio of iron to epoxy is - !cessary in order I:c

provide a smaller passband attenuation per unit length due to the

lossy material.

2.1.7 Balanced Transmission Line Applications

The use of the carbonyl iron-epoxy material to provide a

frequency sensitive attenuation characteristic is reAdily applicable

to balanced as well as to coaxial transmission lines. Several 300

ohm transmission line sections were prepared by placing a section

of 300 ohm "twin lead" in a mold and pouring the lossy mixture

around it. A typical insertion loss curve for a "twin lead" trans-

mission line with 3 inch long and V/8 inch thick coating of 6:1I carbonyl iron lossy material applied is shown in Figure 29(b). A

considerable increase in attenuation per unit length is realizedI if the insulation is removed from the section of "twin lead" that

is to be coated with the lossy material. The effect of removing

the "twin lead" insulation is shown by curve (a) of Figare 29. If

a steeper cutoff attenuation slope than that provided by the lossy

section alone is desired, a reactive filter filled with loss.-
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material may be usedi in a manner similar to that already described

for coaxial systems. A low-pass filter of this type was designed

to b', used as a filter for VHF television sets. The attenuation is

low throughout the VHFf-television baud and rises steeply at fre-

quencies above" 250 Mc. Such a filter can serve to reduce inter-

ference to television sets by high power sources operating near

one of the UHF spurious responses of' a commercial television set.

The insertion loss characteristic of the balanced transmission line

filter constructed -. z shicwr in Figure 30. The necesscry inductance

for the filter was supplied by the two conductors of , e "th n

leall" with the insulation removed. Small mica capacitors were

placed in parallel along the "twin lead" to provide the required

capacitance. The assembly was then placed in a thin plastic box

L which served as a mold and the box was filled with an Iron and

epoxy mixture. This type of filter is attractiva in that it is

simple to construct and uses very few components,

2.1.8 Lossy Filters for HF

Low-pass filters with cutoff frequencies in the HF range

often have spurious passbands in the low URF or high VHF regicn.

If a carbonyl iron lossy line section is used to provide significant

attenuation in these spurious passband regioirs, the length of line

required is excessive. A more practical line length is obtained if

another dielectric material is used to supply the attenuation.

For example, a T-1 ferrite with a 4:1 ratio has a 20 db loss at 400 Mc
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in a length of 7.2 cm. A decrease in the physical length of the

lossy line section required to obtain a given attenuaticn can also

be obtained by coiling the center conductor of the line section

into a helix. The overall loss is then given by the attenuation

per unit length times the total length of wire used in forming the

helix. Another material which can produce high loss at VHF and

UHF frequencies is the Glidden Company magnetite M-180. A 6:1

ratio of M-180 to epoxy produces 15 db attenuation in a standard

length at 400 Mc. If the construction of a large number of lossy

line sections is contemplated, the use of M-180 to replace the

powdered ferrite should be considered from a cost standpoint. At

a cost of 9 cents per pound for the magnetite as compared to $10.00

per pound of the ferrite powder, it is possible that a significant

per unit cost reduction can be obtained by using the M180 material.

The technique of applying the lossy line sections to the

improvement of FY filters is essentially the same as that used in

conjunction with UHF filters. The most direct approach is the use

of a loasy line section in caszade with a reactive filter. Proper

seltntion of the lossy material then provides the desired uniformly

high stop-band attenuation without appreciably imcreasing the pass-

band loss. Integrated designs are also feasible. If the reactive

low-pass filter is constructed from lumped circuit elements in a

container, the container can be filled with the lossy material to

suppress undesirable UHF an& VHF passbands. When such a procedure

is used, element values must be adjusted to compensate for the change
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in the values of the componentts that takes place when they are

surrounded by the dielectric material. A variation of thi~s

technique has been used with success by this project as well as by

others.; Instead of filling the entire container withT dielectric

material, only the inductances are surrounded with lossy material.

Since inductors are geneirally the worst offenders in producing

spurious responses in a lumped constant filter, the use of the

lossy dielectric material around the inductors greatly reduces

these spurious effects. Care must be taken to use only low

inductance capacitors and careful shielding between sections if

this simplified suppression technique is to be of maximum effective-

ness. Reference 3 gives several examples cf successful

applications of the technique using commercially available

rinductances.

2.1.9 High Power Lossy Filters

The effect of temperature on the loss characteristics

of a carbonyl iron dielectri.'c material was examined by cycling the

temperature of a lossy line section over the temperature range of

-5Q0 C to +1000 C. Over th'is range no significant changes in the

loss characteristics were dbserured.

The ability of the lossy material to operate at elevated tem-

peratures without appreciable change in its attenuation

characteristics suggests its use in high power filter applications.

When the entire dielectric space of the transmission line is filled
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vith lossy material, peak power limitations are set primarily by

the breakdown voltage of the material while average prwer limita-

tions are set by the allowable temperature rise 1-n the material.I . Since the power dissipated in a homogeneous lossy material varies

exponentially with respect. to distance from the input terminal,

tle amouit of lossy material per unit length of transmission line

must vary with length if the power dissipated in each unit length

of line is to be equal. A convenient means of equalizing the power

dissipation is to use P short taper at the input to the lossy

section which prn-o.dez a gradually increrasing loss per unit length.

When this power equalization has been accomplished, a sufficiently

long line must be used to evid -•equate e,_rface a-ea to prevent

an excessive rise in temperature. The taper also has the additional

advantage of providing a smooth transition from the air dielectric

to the lossy dielectric with a consequent reduction in the input

VSWR.

To establish the peak power limitations of typical lossy

dielectric materials, an examination was made of those factors

which influence the breakdown potential of the lossy material.
.4

Since the breakdown potential of the epoxy binder is considerably

higher than that of the powdered iron alone, it is reasonable to

expect that the breakdown potential decreases as the percentage of

iron in the material increases. The curve of Figure 31(a) verifies
3-

I this expectation. On the basis of Figure 31(a) it should be possi-

-_ ble t3 provide any breakrdown voltage less than the breakdown rating
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of the epoxy binder by using a sufficiently low mix ratio, with the

required overall attenuation being obtained by an increased length

of the lossy section to compensate for the lower loss per unit

length. However, there iz a bower limit to the mix ratio that

should be used. This limit is set by the losses of the epoxy
binder which te'd to swamp out those of the coco.ered iron when the

mix ratio is much below 2:1. The dielectric loss in the epoxy is

not nearly so frequency sensitive as that of the iron so that the

cutoff slope of the frequency versus attenuation characteristic is

appreciably redun.ed at very lov mix ratios. If it becomes Gecessary

to use mix ratios less than 2:1, a lover loss epoxy should be used.

,s-uch, epoxies ar• available but they are more expensive and generally

require a more complicated curing schedule than "the Shell Epon 828

that was used in the construction of all the transmission line

k • filters tested.

Although Figure 31(a) shows the general variation of break-

down -otential with mix ratio, a considerable variation of break-

down potential between test samples of the same mix ratio was

noted. Additional tests were made in an attempt to identify the

factors in the technique of sample preparation which might influence

the dielectric breakdown potential. The two primary sources of

variation of the brealdown potential were thought to be the :ack

of uniform mixing of the iron and epoxy and the preeence of small

air bubbles introduced in the mixing process. Test samples were

prepared by filling cylindrical molds with the lossy dielectric
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material. The samples were mechanically vibrated for varying

lengths of time as the epoxy was settiug up. This mechas'cal

vibration produced more complete mixing and caused the trapped

air bubbles to rise to the top of the mixture. Wher, the top layer

was removed, the remaining sample was relatively free of air
.,ubbles. Other samples were allowed to harden under a vacuum to

i'emove the trapped bubbles. S&all cylindrical test specimene

were machined from the test samples and connecting leads were

attached with conducting cement. The sketch of Figure 31(b)

shows the dimensions of a typical test specimen. A variable DC

voltage was appli,.± across the sample and the voltage increased

until breakdown occurred. The results of tests on 62 samplis

are summarized in Table 7.

TABLE 7

RESULTS OF BREAKDOWN TESTING

Lowest Breakdownt-
Material Voltage (ky/cm) Ccmments

6:]E - Carbonyl iron 3.5 Not vibrated

6:!E - Ca-ibonyl Iron 2.9 Vibrated 1/2 hour
6:iE - Carbonyl Iron 1.78 Vibrated 1 b 2r
6:IE - Carbonyl Iron 1.95 (Under vac, whiJe

setting ,

6:1E - Carbonyl Iron 0.65 (Heated ",o 1000 C
while setting up)

4:1E - Carbonyl Iron 5.8 Vibrated 1 hour
2:1? - Carbonyl Ir-•n 1.9 Vibrated 1 hour
6:ISF - Cafbonyl Iron 3.8 Not vibrated
e:clTH - Carbonyl Iron 5.5 Not vibrated
';1 - H Ferrite >12 Not vibrated
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AJ.thcugb there was still same variation of the breakdown potential

between samples prepared in the same manner, the results indicate that

vibration of the samples lowers the breakdown voltage. Nevertheless,

some vibration is necessary to remove air bubbles. A ccupromise between

L these factors calls for thorough stirring of the iron and epoV, and

subsequent vibration of the sample for one-half hour to aeliably provide

I a breakdown exceedinE, 2 ky per inch. T cae • lines normally used

i ~ to construct lovsy sections have a dielectric space approxcimately one-

fourth inch eide. Consequently, the breakdown potential of these lines
Sshould exceed r-0 vo3-1s. On a matched 50 ohm. systemj, 500 volts peak

correepons to an Rr power level of 2.5 kw.

It is als5 possible to increase the breakdown rating of the

coaxial line section by placing an air gap between the center con-

ductor and the iossy dielectric material.

The use of such an air gap to establish the required voltage

breakdown rating alters both the characteristic impedance and the

attenuation constant of the lssy section. Tn general, the effect

of the gap is to reduce both the per unit capacitance and. induc-

tance. Since the characteristic impedance is proportional to

(L/c)l/2, the effect of a smal air gap is to raise the charac-

teristic impedance over that of a line with no gap. The

attenuation constant is proportional to (LC)1/2, and the effect

of the gap is to reduce the attenuation constant. The specific

variation of the characteristic impedance and attenuation constant

can be calculated from. the per unit values of L and C. The values

73



of L and C for a coaxial line with a lossy dielectric and the

geometry shown in Figure 32 are

L = -1 l !r + r in (25)

and

C = 27M 0 r (26)

Cr in + }n

For a losey dielectric, both cr and gr are complex quantities.

Under the assumption that only the TEM mode of propagation exists,

the loss per unit length is

.. ln ( r2) +( ) ( r~/ , (27)

and the characteristic impedance is

zo--• i n 3 +r)_::fi " ,'2 j
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Although Equations (27) Dnd (28) can be arranged to oxprees the

Values of Z.and ax in terms of' 14., e1 8,,, and 8:the resul~ting

expressions are very cumbersome, and it is simpler to calculate /

the values of %and a from Euations (27) a&. (28) dir ctly.

A typical set of calculated loss versus frequency curves ere

shown in Figure 32. Equation (27) was evaluated at several fre-

quencies using the dielectric constant ard permeability data of

Table 1. Those calculations were repeated for the several a.mlues

of gap dimension.

Curves such as those of Figure 32 are readily applicable to

the design of low-pass sections using a staudard outer conductor

with an inner diameter of 9/16-inch. From the operating _cwer

level, the necessary air gap is determined. 'igure 32 then gives

the attenuation in db/cm versus frequency for that particUlar air

gap. if the maximum passband loss is specified, then the length

of the section in cm is obtained by dividing the maximum permissi-

ble loss br the attenuation/cm as read from Figure_ 32 at the

highest paseband frequency. If this length is too short to

adequtitely dissipate the pqter, then a longer section with a wider

gap may be used, or a lower loss material can be selected.

A test section was constructed using a carbonyl iron dielectric

material. A small air gap was placed between t.e center conductor

and the dielectric material and the attenuation versus frequency

characteristics were measured. The resilts are shcrn in Figure 33.

Although the general shape of the attenuation eurve is similar to
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that of the transmission lines containing no gap, there is an

undesirable dip in attenuation between 4 Cc and 8 G--, which had

not been observed on lines with no air gap. In the part..cular

line section used, the minimum value of attenuation at the dip is

greater than 50 db and would present no serious spurious response

problems in most applicadions.

Because of the unexpected dip that appears in the attenuation

curve of Figure 53, an additional investigation was made of the

use of an air gap to establish a high breakdown voltage. .The

results of some insertion loss measurements made on a aection of

lossy line in which the gap dimension was varied, are shown in the

curves of Figure 34. The curve for a completely filled line is

included and is in-Ebnformance with the previously measured loss

characteristics of such a line. The effect of increasingly larger

gaps is shown in the other three curves. Notice that the lack of

stop-band uniformity becomes increasingly significant as the gap

is made larger. if these curves are compared with the theoretical

loss curves of Figure 32, it can be seen that this non-unifor.mity is

not predicted by the assumption of Md propagation. Although it is

true that some p~rtion of the variation in stop-band losses may be

attributed tc the change in the characteristic impedances of the

line sections as the gap is varied, such impedance variations are

not sufficiently large to account for the difference between the

predicted and measured loss curves.

The change in VSWR produced by gapping the line is shown in
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Figure 35; Hotice that the 1lo frequeuc• VSWR for the gapped

sections exceeds 2:1, which. aecowts in part for the high paSo band

insertion lose irdicated in Figure 34 for the gapped sections.

MTne zero gap curve ohbte's a steadily rising mismatch as the freque.cy

is increased becaase no taper was led at the inpu. t- me filter.

The results ef the loss mea1ements indicate that the gapping

technique Is ofa ximum usefulness for small gaps, and that use of

S€ouplet -. y 1:MA.ed dielectric space is the more desirable technique

of filter ,onst,uctien. For high power use, the dimensions of the
II

pl!etely W•!iel line vectoi•u mi6t le "ic--ed sufficiently to

provide the necessary breakdown voltage rating in the d ... t-.

material.

TWo lea of lossy filters designed to operate at a nominkl

power level ýf 100 watts cw a2e shown in the photograph of Flgure 36.

These lossy l*ene sections have heat radiating fins to maximize the

heat dissipeting ability of the filters. Both sections are intended

for use in the range 200 to 400 Mc, vth the loss through the short

section being approximately 1.5 db at 400 bid while the longer filter

has about 2.0 db loss at the same frequency. With a 400 Mx input

power ley'l of 100 watts, power lost in the lossy lines is 29.3

watts in the short section of 36.9 watts in the longer section. A

more detailed pictuze of the construction of the lossy sections is

given by thc sketch of Figure 37 which shows a section)l view of the

filter. Notice that the.air gap has been placed between the center

conductor and the lossy material. This arrangement plaees the

80
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leoacy matewrial in clilil contact wvtt the brass outer lndutor r~nd

giveFD wuxlmu heat transfer from the dielectric matevial to the

heat- dissip-ting f~in. Construction is also simplified by placing

the air gr-n next to the center conductor since the outer conductor

s~hell can be poured full of the iron and epoxy mixture which, after

the epoxy bas hardeý.ied, can be di-il2led oat to provide a vlearance

hole ýor zhe center .'onductor and the necessary air gap. Since

the power dissipation reqairements f~or these particular lossy lina

* sections were relatively low., no attempt was made to taper the air

gap to provid-e equal power dibsipation per anit l.ength, thus

simplifyn the construction considerably. Figurze 38 il~lustrates

the manner in which the short lossy section was cascaded wth a

conventional short-l-ine coaxial filter to produce a low-pass filter

with both the steep cutoff characteristics of the reactive filter

and the uniformly high stop-band attenuation of the lossy section.

The dotted curve shows the frequency response of the reactive

* filter which has serious holes in its stop-band atte~uatio;n c~harac-

teristics. The solid curve illustrates the composite attepuation

curve measuired for the cardbination ot the reectilve filter ald the

lossy section.

Tests of the3 filter were mad& itsing P. high paver URF sigwI~J

aource locaed; az Fr-iX n- "-e 'tasts verified that the loyf power

(0 dbm) attenuation ___ at-e-rieici -ware maintained at power levels

off at least 100 vatt. Tevat- ýwere also mude to detearmine if any

nonlinear effects wvere taigplace finside the lossy zate-rial whib-ch
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might cause harmonics to be generated. Although the sensitivity

of the measuring equipment was such that harmonic levels al low as

100 db below the level of the fundamental could be detected. no

harmonic paver was observed. Typical results of the use of the

ccubination filter as a harmonic filter for the high power source

are illustrated by the curve of Figure 39. Ine operating condi-

tioas and measuring equipment arrangements are shown on the figure.

A lossy filter for use at high power levels was constructed

with the dielectric space completely filled with the lossy material.

The section was tested at high power levels to verify the fact that

there is no drastic difference between the DC breakdown potential

and the UF breakdown potential of the dielectric material. The

tests were performed using the high power UHF signal source at RADC.

The lossy section was operated at UHF power levels up to 400 watts

over a period of several hours. No breakdown problems were

encountered. The test section was constructed w-ith a 2:1 mix

ratio dielectric material to distribute the insertion loss over a

longer length. The overall length of the test section was 5 inches.

Temperature measurements made on the heat dissipating fins of the

lossy section showed an equilibrium temperature of approximately

95 C at an input RF level of 400 watts. Temperatures inside the

dielectric were necessarily hJgher. If operation at higher power

levels is required, a longer section with a lower mix ratio will

be necessary to prevent excessive temperature rise in the

dielectric material. Since, for reasons already stated, mix ratios
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much below 2:1 are not desirable, the limitation on power handling

capability would seem to be the temperatunre rise in the dielectric

rather than the breakdown potential.

2.1.10 Lossy Filter Construction

Once a particular filter design has been chosen, the

actual construction of the filter shell and the preparation of the

absofoing material are straightforward procedures. The filters

built for laboratory testing were designed to be compatible with

50 ohm impedance measuring equipment.

The filter body shell was constructed from standard 5/8 inch

6. D. brass tubing with 1/32 inch wall3. The 5/8 inch tubing mates

conveniently with a standard type N cable connector which is

easily attached if the nut of a standard type N connector is butt

soldered to each end of the tubing, If high powered operation of

the filter is contemplated, cooling fins should be soldered to the

shell before the ends are attached. Care should be teken when

calculating the total length of the center conductor to be used to

insure the proper mating of the center pins of the connectors when

the filter is connected into a system.

Molds are necessary to hold the absorbing mixture in jlace

until it hardens and to properly positio -the center conductor.

The diagram of Figure 40 shows the construction of the Teflon

molds which were used in pouring the filters used for testing.

When pouring the lossy mixture, the mold was overfilled to allow

for any shrinkage and the excess machined off after hardening.

1 ___88
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The center conductor, outer shell, and molds should be prepared

before beginning the preparation oA? the absorbing material, siace

the epoxy begins to set up in twenty to thirty minutes. The amount

of absorbingpowder tobe used will depend upon the mix ratio desired

and the required volume to be filled. The total amount that should

be prepared can best be estimated after a few trial runsj the weight

ratio of absorbing powder.with the particular powder being used having

been chosen from design considerations. The epoxy binder is a mix-

Ture of epoxy, hardener, and a debubbling agent. E4pn Resin 828

manufactured by Shell Chemical Company was used as the epoxy and the

hardener was diethylene t•Aamine marketed by Magnolia Plastics, Inc.

The debiubbling agent was Plestolein 9051 DMHZ, which was cbtaine,.

from Emery Industries, Inc. Other epoxies, with appropriate

hardening agents, can be used if the Shell Epon 828 is not available.

To prepare the binder, first estimate the weighatof absorb:ig

powder required and weigh out an approximate amount of eprvy for the

mix ratio deýsired. Call this amount of epoxay X gr-ams. Add O.131

grams of hardener to the epo:&7 and add O.11X, grams of plastolein to

the epoxy and .iarener. The total binder mixture is now

X + O.lX + C.llX 1.21X grams (29)

The proper weight of absorbing powder to be usedd is equal to the mix

ratio, M, times the weight of binder.[ - The e pcy, hardener, and plastolein snould be mixed thoroughly

90



before the powder is added. A simple mixing aid was constructed

by making a brass paddle on a 1/4" brass rod and rotating the

paddle bythe use of a small hand drill. The speed of the drill

motor was adjusted by varying the supplýy voltage with an

autotransformer.

Once the binder is thoroughly mixed, the powder should be

slowly added to the mixture while continuously blending the two.

A uniform mixture is necessary to obtain reproducible attenuation

characteristics for the filter.

Once thoroughly blended, the epoxy-powder mixture is ready to

be added to the filter section. The ease with which the mixture

pours into the cavity depends upon the viscosity of the mixture.

The viscosity is established by the mix ratio and the density of

the powder. For instance, a 6U1 mix of carbonyl iron powder pours

readily but a 4:1 mix of ferrite powder or mill scale is as high

a mix ratio as can be easily poured. A flexible plastic bottle

with a nozzle was found to be useful in getting the iron-epoxy

mixture into hard to reach places.

Due to the viacous nature of the epoxy-powder mixture, there

is a tendan-- for air bubbles, which are produced in mixing, to

be trapped inside the hardened material. These bubbles can upset

the impedance charactoristics of the dielectric material and alter

the attenuation characteristics. The removal of these bubbles is

ficil:tated by vibrzting --e filled line section during the curing

stage. SligWx heatirg of the mixture aids in driving off the

V93.
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bubbles but this technique should be used with care because heat

also speeds the reactiou time of the epoxy and the bubbles can be

trapped before they have a chance to rise to the top of the

dielectric mixture. if a vacuum system is e,•ailable, the filter

can be placed under a slight vacuum to speed the removal of

b'bbles but the vacuum does noat significantly speed the reaction

tiize of the epoxy.

2.-2 H Filiers with -Dielectric Lo-di

Coaxial resonators are commonly used as filter elements

in the microwave regi*on where a typical filter might consist of

several quaa 1.,er wave coaxial 4!avities with suitabl 3 coupling means

between.the resonators° As the design frequency of such filters

is decreased, the physical size of the resonators increases until,

at frequendies in the VHF and HF region the necessary resonator:•

become excessively large. The helical resonator is one technique

commonly empicyed to reduce the size of resonators used in the VHF

region. The helical resonator uses a center conductor in the form

•of a helix to increase the electrical length of the resonator.

The low losses and low propagation velocity at _7F of TEM

waves in the dielectric materials used in the construction of

lossy filters suggests the possibility of further reduction in the

size of such resonators to the extent that HF operation becomes

feasible.
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2.2.1 Construction of HF Filters

• Several helical resonators were conatructed to evalute the.

amount of reduction in phymical dimensions that could be obtained

by the use of dielectric loading. All of the resonators were

desiCned tc rzsonate with an air dielectric in the VHF range and

to resonate Ln the EF range -when filled with a dieleric material.

A half wa.7:e resonator was constructed in the form shown in.

Figure 41. The resonant frequency witb an air dlele2til-c Vas 107

Mc and the Imsertion loss was 0.8 a. When the dielectric space

was filled with SF grade ca:bonyl iron powder, the resonant frequency

decreased to 23 Me and the insertion loss increased to 8.5 db. Part

of this insertion loss vas caused by mismatch loss at the input and

output terminals of the resonator, and the remaining loss was due

to dissipation in the 4%electric material.

Another HF filter was constructed in the form indicated by the

sketch of Figure 42. The resoaustors are of t~he top loaded quarter-

wave type described in a recent Stanford Research Laboratory report.4

The filter was tested both wit i an air dielectric and with the

dlelectri:. space-filled with a carbonyl iron material. The epoxy

binder used with the SF grade carbonyl iron was Emerson end

Cuming 'i Sytcast. No TPM-2, which has a smaller dielectric loss

tangent than that of the epoxi commonly used.

Mae responae obtained frw the filter filled with the slow

velocity dielectric material is ccapared in Figunr 43 with that

cbtaiLcd for the same resonator using an air dielectric. The - /
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actual resonant frequency of the air dielectric reeonator is

approximate-2y six times that of the iron-filled resonator and the

normalized selectivity curves are used to illustrate the change in

shape factor which occurs when the iron dielectric material is

j added. The passband insertion loss increased to 5.8 db when the

resonator was filled with loasy dielectric. Again, a portion of

the insertion loss may be attributed to the lack of proper imped-

aance matching when the resonator was filled with the iron dielectric,I and the remaining loss, to dissipation losses in the iron dielectric.

In an effort to reduce the passband insertion loss, another filter

was constructed using a closer spacing between the t-ro helices.

With an air dielectric, the center frequency of the filter was 52

Mc. To avoid an over-coupled response for the filter, a vertical

copper shield was placed between the helices. The coefficient of

coupling was then adjusted by increasing the dimensions of a slot

in the coppý shield uztil the desired flat topped response was

obtained. Vuen powdered iron was added to the dielectric space,

the tuned frequency dropped to 8.5 Mc and the shape of the response

indicated that the coupling coefficient was only slightly greater

than critical even with the copper shield completely removed. The

frequency response of the iron filled filter Is shown in Figure 44

Which shows the desired narrow response at 8.5 A and a broad

spurious passband in the region of 42 Mc. The respont Ln 42 Mc

region is not suppressed by losses in the carbonyl iron since the

dissipation lods at 42 Me for carbonyl irop is srall. The addition
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of a low-pass filter in cascade with the iron filled resonator can

effectively suppress the spurious passband. The response. of the

cascaded combination of an iron filled resonator and a low-pass

filter is also shown in Figure 44, illustrating a band-pass response

with uniformly high stop-band rejection.

Several different ferrite powders were tested to determine

their suitability for use as low velocity materials for reducing

"";he size of resonators. In general, the reduction in resonant

frequency obtained by filling the dielectric space of a helical

resonator with the ferrite materials was consistent with that esti-

mated from the values of Ir and e of these materials. The ferrite

material .with lowest losses at the 10 Mc test frequency was Q-3

ferrite. One difficulty encountered with the ferrite filled filter

employing side Ly side helices was the inability to obtain adequate

mutual inductance coupling when the ferrite powder was added to the

resonator. One solution to the coupling problem is to add an

external coupling capacitor between the high impedance ends of the

resonators. Adjustment of the capacitor then permits any desired

degree of coupling between the resonators to be obtained. Using a

two section ferrite filled filter similar to that described in

Figure 42, passband insertion losses of approximately 2 db were

measured. The passband insertion was reduced to this value by

increasing the loading of the resonatcrs with an adjustment of the

input and output tap points on the helices. In general, to minimize

passband insertion losses, the impedance transformation should be

99
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set so that the relative amount of loading of the resonator due toae

the reflected load impedance is largelWith respect to the b oading f

due to dielectric losses in the resonator itself. As long as this

loading ctndition is met, the tap point required for a given percent

pbwer tranlamtted is given by p

Ie /2

N =- Power '(30)0

S where N is the ratio of the helix turns at the tap point to the

Stotal number of turns in the helix.

, 2.2.2 Effects of Static Maknetic Fields

Some tests of the effect of a static magnetic field on

the tuned frequency of a ferrite filled filter were made. With

zero field applied, the tuned frequency was set to 10 Me. A static

magnetic field was applied to the filter and the frequency increased

to 15 Me. Although some small changes in the shape of the selectivity

curv~e were noted, these do not appear to pose a serious dr-awback to

the use of such a device as an electrically tunable bandpass filter.

A more serious problem is the large magnetic field required to

produce significant changes in the tuned frequency of the resonator.

In the tests conducted, the exterval magnetic field was supplied

by a large permanent magnet and the applied field was varied by

moving the magnet. la order to provide rapid tuning of the

resonator, an electromagnet would be necessary and the power
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dissipated in this magnet might beccme excessive. It is possible

that by proper mechanical arrangement of the tuning magnet with

respect to the resonator, the air gap between the magnet and the

dielectric material could be reduced. If such an arrangement could

be realized, a substantial reduction in the number of ampere-turns

required to saturate the ferrite dielectric material might be

obtained.

2.2.3 High Power Operation of Iron and Ferrite
Loaded Filters

The ability to tune a ferrite filled resonator magnet-

ically is an attractive property for some applications, but it also

suggests that changes in the resonator may take place when a large

RF magnetic field is present. A ferrite filled filter was termin-

ated with a 50 ohm dummy load and driven at several different RF

power levels to examine the effect of power level on the charac-

teristics of the filter. The filter was constructed of two

concentrically mounted helices with the input helix being of slightly

smaller diameter than the output helix. The concentric construction

was used to increase the mutual coupling between the helices to

t he point where no external capacitive coupling between tbe input

and output resonators was needed. The wide range of paver levels

neied to carry out the tests were supplied by an HF power

eamplifier. The amplifier wa6 driv-rn by a low power signal generator

and was capable of delivvcring an output of 100 watts over the HF

range. Appendi'X D gives a discussion of the design and construction
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of the power amplifier. The curves of Figure k5 show the response

of the cavity response at vari6us RF power levels. As the (W power

level is increased from 10-3 watts to 2 watts azvd then to 20 -watts,

theiv is a definite variation in the insertiou losa the tune

frequency, and the skirt selectivity of the ferrite filled resonator.

The time scale on which the observed effects take place indicate

that the change in filter characteristics is dua, at least In part.,

to a shift in the temperature of the ferrite. For example, when the

resonator was driven from a 20 watt level, the initial insertion

loss was typically 1 db. However, the i~sertion loss was observed

to increase slowly with time as the temperature of the ferrite in

the filter increased.

The data shown in Figure 45 was obtained with over-being

applied to the cavity only a sho-t time at each point on the curve

in order to avoid the shift in resonant frequency as a function of

temperature. Since the measurement at each frequency was taken

quickly, the change in the response of the cavity with increasing

power level was probably due to the RF magnetic field as opposed

to variations resulting from increasing; temperature. To definitely

isolate temperature effects, the resonator was tested in a pulsed

power mode. The test pulse was obtained by setting the level of

the low power signal to drive the power to the desired peak RF

output and then pulse modulating the low power signal generator at

a duty cycle sufficiently low to limit the averag: power delivered

to the cavity to l10 watts. The results of these tests, shown in
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Figure 46: indicate that the response cha&acteristics of the

resonator are sensitive to the level of the RF magnetic field.

Additional tests were made on a resonator filled with carbonyl

iron. The response characteristics of the resonator as a function

of power level are shown in Figure 47. As indicated by the data,

Sthere are fewer changes in the insertion loss, skirt selectivity

and tuned frequency with the carbonyl iron filled resonator compared

I with that of the ferrite filled resonator.

STo insure an accurate measurement of the insertion loss of

the carbonyl iron filled cavity, it was necessary to use a ftLred

pad at the input of the cavity to e3tablish a 50 ohm impedance

level. The 10 l watt and 2 watt power measurements were CW opera-

tion whereas the 20 watt data was obtained using a pulse mode. It

was necessary to operate in a pulse mode at the 20 watt level to

maintain a low average power so that the 50 ohm fixed pad would

not be damaged. To test for temperature effects, the resonator

was operated at a 100 watt CW power level, without a pad, for an

extended time and no significant shift in the resonant frequency

- es a function of temperature was observed. Since the resonant

frequency of the cavity :Ls stable at high CW power _.evels, which

S was not the case with the ferrite filled cavity, the 20 uatt pulse

Spower test is equivalent to a 20 watt CW test as far as insertion

loss measurement is concerned.
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= 2.5.•hlgdlngEffectivyeness Measurements

SRelative shieldIng. effectiveness measurements of several

S~dielectrilc materials were ma•de by measuring tha differenee in

Secupli-ag between a transritting3 and rnceiving loop wit ht nd with-

.•out -r'.e dielectris material iu -Dlace. betvleeu the two loops. Since

:• the materials were in powdered form, a specialI container vas

c onstruacted, to fit over -:he :ýeceiviin• loop to ellow the dielectric

Smaterial- bo be easily chaný,?ed. 1e construction of the conta4ner

1I

is shown in the stMtch of Figwre 48. The container consists of two

Spolystyrena boxes ofl shigeltly different dimensients with toe smever

diebox nested eesid t lg e by letransmission bethreen he e in s
'twas measured 'ieth no dielctric material in the tsace betoeen the

boxes. e ai:r space between the boxes was then filloo with the
material being tested, The box was inverted and bolted in placeIover one of the loops and the teransmisson between the two loop o

was measured. i nsie ifference in transmission bet-4een the two sets

Swofa measuremients nwds taken to be the shielding effectiveness of the

materias in the air space between the two boxes. In order to

J. remove the effects ef reflections from the surroundings, the two

loops were placed inside a "arge metal box which had been lined

with absorbing material. The absorbing material reduced the effects

I of wall reflections above apprximately 70L Mc.

Somee typical transmission data obtained for a carbonl iren

zaterial is shown in the zrxve of Figure 4'. File results cbtained

at flequlr ies belt" I. Gc indicate a lower attenuation with the

2 107



I

ii

,,to

I

0108

,I I

I- 4, 43-,

"I _ I



1UNSHIELDED ,

I

60 U-H: -'- L IED

SHIELDED

40

I.-0 -

I)w

20

1--

0.1 0.2 0.5 1.0 2.0 5.0 10.0

FREQUENCY A . Gc

t _I:

Figvre 49. Shielding FEffectiveness Test Results.

lo09



shielding material in place than with it removed. A possible

explanation for such a result is the change in loop current dis-

tribution that occurs when the test material is in place. The

change in the current distribution alters the input impedance of

the loop in such a manner as to improve the impedance match between

the signal bource and the loop. The increased power delivered to

the loop could then acccant for the apparent negative shielding

effectiveness. Another contributing factor is the lack of effective-

ness of the absorbing material over much of the frequency range

below I Gc which causes the pattern of reflections inside the box

to be mcdified by the placement of the shielding material under

test. As a result of these factors, the data cbzained on shielding

effectiveness below 1 Gc is unreliable. At fregaencies above 1 Gc,

the absorbing material on the walls becomes increasingly effective

and the effect of the shielding material on the current distribu-

tion on the loop diminishes rapidly. As a result, the data in the

region above 1 CG is more representative of the true shielding

effectiveness of the dielectric material.

The data obtained for both mill scale and ferrite powders did

not indicate appreciable shielding action ove•r the range of measure-

ment, since the loss curves for these two materials followed a

similar pattern to the calibration curve which was taken with no

material between the loops.

Additional measurements were made to examina th; shielding

effectiveness of a carbonyl iron lossy material at X-band. The

i llC
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test specimen used vas a 1/4 inch thick slab of 6:1 iron to epoxy

material. The slab was placed across the mouth of al X-band hornI and the change in output of the detector connected to another horn

was recorded. The change in the VSWR at the input to the trans-

mitting horn when the slab was placed in position was also noted.

j The general measurement setup is shown in Figure 50.

The results of these tests are summarized in Figure 51 which

shows the insertion loss and VSWR variation in the X-band range.

There is a rising attenuation characteristic with increasing fre-

I quency similar to that observed for coaxial systems. The VSJR

I measurements show an average VSWR of approximately 2-5:1,

indicating that most of the insertion loss is produced by

. dielectri- losses in the slab rather than by reflection from the

impedance diseonvzinulty presented by the slab at the mouth of the

S• horn.

2.4 Repid lz ion Lss Measurements

A large nwuber of insertion loss measurements were

necessary to determinE. th loss sharacteristics of the several

dieleatri; materials !mvestigated. In order to reduce the time

roeauired to obtain the necessary attenuatzou datea, some effort was

devoted to the develo•nent of an automatic loss measuring system which

j wo"lds raot dWreetly the loss versus frequency characteristic of the

'- vice -=Axer test. One teehnique ueed in making these automatic

mastumats is shm-rt in Virxe 52. Sach an &rr-angament, can
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rapidly produce attenuation data when the loss of the de'-ice being

tested does not exceed 30 to 40 db. For attenuations higher thanI. this value, the loss in sensitivity of the diode detector at low

signal levels seriously limits the sensitivity of the overall

measurement system. To overcome the sensitivity limitation, the

superheterodyne detection system outlined in Figure 53 was

constructed. For such a system to be effective, the frequency of

the local oscillator signal must be swept in synchronism with the

freqaency of the swept test signal. The required local oscillator

signal was obtained from a 2-4 Gc sweep oscillator. For test

signals in the 4-8 Ge and 8-12 Gc ranges, the local oscillator

sweeps over its basic 2-4 Ge range, and the 30 Mc IF signal is

generated by harmonic conversion in the mixer. The linearity ofI. the control voltage-frequency characteristic of the sweep oscillatorsf used was not sufficient to praiide the necessary tracking to main-

tain a 30 Mc offset between the local oscillator signal and the

j_ •frequency of the test signal. An AFC loop was installed on the

local oscillator to provide the necessary tracking accuracy. To

I obtain the AFC action, the output of the signal !F amplifier is

* fed to a limiter and a discriminator tuned to 30 Mc. When the

I local oscillator frequency is properlJy set, no error is developed

j at the discriminator output. However, any lack of tracking of the

local oscillator signal produces a DC output voltage from the

discriminator. This DC voltage is superimpoued on the l3ocal

oscillator sweep voltage in the proper polarity to return the IF

S115
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signal to 50 Mc. Sufficient loop gain is present to maintain the

IF frequency under normal swee conditions in the range 30 Mc -

0.25 Mc.

A certain minimum signal level is necessary at the output of

the IF amplifier to !nmintain linear operation of the 30 Mc diode

detector. If the linear range of the measuring system must be 60

db, then the IF amplifier must be capable of providing linear

amplification at a level 60 db above the minimum level required

for the diode detector. Conventional F amplifiers are not

capable of supplying the high level signals necessary to meet the

60 db dynamic range requirement. A straightforward solution to

the dynamic range problem is the use of a logarithmic IF amplifier

to compress the range of signal levels that must be supplied at

the output of the D' amplifier. However, at the time of construc-

tion of the measuring system, no logarithmic amplifier was available.

Instead, the 60 db dynamic range was obtained by replacing the 30

Mc diode detector with a sychronous detector. Since the synchronous

detector reauires no miniimu signal to maintain linear operation,

the necessary dynamic range can be obtained by operating the

detector at signal levels in the range between 1 millivolt and 1

volt. Such levels are well within the linear operating range of the

IF empLifier. The reference signal required to switch the

synchronous detector is supplied from the constant level output of

the limiter. The phase shift versus frequency curve of the limiter
I

is sufficiently flat over the ±250 kc range through which the IF
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signal varies that no significant charge in the phase occurs in

the limiter output signal. Consequently, a fixed adjustment of

the phase of the synchronous detector reference signal is

sufficient to insure the proper phase of the reference signal over

the ±250 kc swing of the IF signal. The 1 kc detected output of the

synchronous is fed through a Moseley Model 60D logarithmic

converter into an X-Y plotter which plots the measured insertion

loss in db as a function of frequency.

1
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3. CONCLUSIONS

Dissipative transmission line filters have been shown to be an

effective means of producing a low-pass transmission function with

a uniformly high stop-band attenuation, The ccnbination ot these

dissipative filters and conventional reactive filters -en provide

low-pass anr- bandpass filters with superior "stop-band performance.

Using the materials and procedures detailed in this report, practical

filters can be constructed at a sufficiently low cost to warrant

commercial application.

The dielectric losses of several iron and ferrtte materials

are sufficiently low at HF so that practical resonators may be con-

structed for use in the HF range. The ferrite filled helical resonator

offers a considerable size reduction over a convention4l resonator and

operates satisfactorily at low power levels. At power levels above 0

dbm, the change in the characteristics of the ferrite material with

power level makes' it unsuitable for use as the dielectric material

in a resonator. For power levels above 0 dbm, the ýarbonyl iron

material offers a substantial improvement over ferrite in maintaining

its dielectric properties independent of RF poTrer level.

The results of sheilding effectiveness measurements of the

iron and ferrite dielectric material indica7;e that these materials

do not exhibit any exceptional shie.ding 'properties.

A rapid insertion loss measuring technique has been developed

which permits direct plotting of insertion loss versus frequency fGr

attenuations exceeding 60 db.
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APP:.-IX A

CC"'PLX PRfIEABILITY AflND PELMITTIMI.Y

The electric flux density, D, inside a dielectric material is

related to the dielectric constant or permittivity, e, of the
"material by

- D= e E (i)

For e > eo, D can be written as

D =EE +P (2)
* 0

The additional electric flux density is produced by the polariza-

tion, PT of the dielectric material. Tne polarization ý,an be

visualized as being created by the alignmeat of N elementary

6eectric dipoles each with a dipole moment, u, and prod•r-ing a

polarization of

tN

For a linear dielectric, the dipole moment iE proportional to the

applied IF field, This proportionality can be expressed as

ji ap E(4f)



I

substituting (4) in (3) gives

P = Na p E (5)

For a time varying electric field, the polarization must also be

time varying. However, for sufficiently rapid variation of the

applied electric field, the alignment of the dipole moments may

not follow the field instantaneously, and there will be a time lag

between the internai polarization and the applied electric field.

Consequently, for a time variation of

" "=- eJot (6)

the effect of the time lag can be taken into account by writing

the polarization as

P: = N a Eo e( -O (7)

The resulting electric flux density is then given by substituting

(7) in (2) as

D = - "•o •.Jt+ Na j(wt - e)ao 0 p o

which ýimnlifles to

122
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i

D = (C0 + N ap e-je) E 0ejwt (9)

or1 o p
C 0 • + N a e-j)• (lO)

The q•antity, (Eo + N a eije) is a complex number and, by analogy
0 p

wtith Equi.ation (1), cen be considered as the complex permittivity of

the dielectric material, i.e.

01)

A similar procedure can be used to ilius".rate the complex

permeability of the dielectric material. The magnetic flux density,

B;. is related to the magnetic field, H, by

B= qi + M " (12)

The magnetization, M, of the dielectric is the magnetic dipole

mcment per unit volume and, for linear dielectrics, is proportional

to the applied magnetic field. Consequently,

A - = N --N a 11 , ('5 )• m
!.i

-where N is the number of dipoles per unit volume, m is the magnetic
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dipole moment of an elementary dipole, and a m is the proportionality

constant.

Substituting (13) in (12) allows the magnetic flux density to

be written as

Beg H ejt + N a H e e) (i4)B o Ho m 0 o(4

or

g = f (1+ a NeiJe) .(15)o m

The term, 1o (1 + am NeCje), is the complex permeability, g , and

the flux density is

(16)

'De vave equations of the electromagnetic field in the

dielectric material may be written in terms of these complex per-

meability and permittivity parameters as

2

2-- **-H (18)
St

14
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If it is assumed that

H = H ..x) ejo" , (19)

and

Ei; E (x) eay ,(0

•. then solutions for Eand 14 describing a T]M wave propagating in the

plus x direction are

0E=E e jut - Yx (21)r -o

S~and

SH 0 e ejo- - ,Yx (22)

Iti s sueo ta

where o is the complex propagatnon factor

S7 =j CJ E = '+ Jp (23)

S• and az and f3 are the attenuation and phase constants

respectively.

i The complex permeability and )ý,.rmitt-ivity can be written as
11 11 -jt" et le I (24)

**(125
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and

E*= j- je" =.je (25)

where

e tanI) t (26)

and

9 = tan- - (2')

Substituting in t23) gives

7 = icD III.ii11 1 +e l e o (28)

Separating (28) Into its real and imaginary parts gives

7 W os !SLýj + i si ' (Ž9ft CI 2 2

or

U3z Is g1 i2 {E - os (30)

The desired attenuation constant, a, is the real part of 7 so that
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"The published data on dielectric materials is usually given in

terms of the tangents of the angles 89 and 0, and in terms of g'

and e' rather than IgI and Il J. Consequently, a more useful form

of (31) is one which expresses the attenuation constant, a, in

terms of these normally specified quantities. Let

8 = tan e , (32)

and

8 =tane (33)

Also
Se + e [1- Cos ( + e 6) 1/2

sin 2 2 (34)

Swhich can oe further expanded to give

f6 + e ~ icos e cos e + sin e sin e 1/2
sin II-~-~ E 1 S 9(05

j H~ever fro (52 and(53)

2 2

sine =

sin e j1+82

127
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Cos6

1+8

Cos (36)
1+s - 2

Sabstituting (36) in (35) yields

sin • O2 + e .1/2

7222 2 2l/[ i~ 1+8 - 1+8 E8+
=~t E .,_v • (37)

Now

I•: • +•-7. (38)
cose9

and

e t
2

1 : - =66 ' 1I 82 (59)

Suostituting these values in the exp=essi•n for h' I-!- I gives
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Substituting (37) and (4o) in (31) gives for a,

4 +762__ 1 -3+2 1, + (2j j

Making the additionak substitutions

ý&gr

S= ) f

So 
r

gives an expression for a of

f[-rg I i1b11?~ -el + 5 nepers MiI
which reduces to the desired relation of

(.= (12')( 1 0V il +6 1 - 1 + b6 F, db!cm.
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APPENDIX B

DM--VATION OF REFLECTION LOSS CORRECTION

Vvi(z-1p -De- -

Pv - --- _ ip l( 1 1Pi ,)e -C V

50 ohm 50 ohm
Source TesttoadJO Test Sample

Int'eace Interface

Figure 1. Measurement System

For the p•rpose of the derivation, the insertion loss measuring

system with the test sample in place is represented as shown in

Figure 1. The incident voltage wave, V., is partially reflected

at the first interface and the component transmitted into the test

sample in terms of the incident voltage and the reflection

coefficient, o1, is

V-Grans 7- 1 1- iPll)

in traversing the test sample the wave reaching the output interface
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is attenuated by the factor, e where a is the attenuation

constant of the material and x is the length of the test sample.

A second partial reflection takes place at the output interface to

I.roduce a net output of

V t = Vie •(- JIP))(I - IP21) (2)

Equation (2) ignores the contributions to the output produced by

multiple internal reflections. These multiple reflections are
-crc

attenuated by the factor, e , each time they traverse the test

sample as well as by the fact that only a fraction of each

inciden.t wave is reflected through the test sample from each

encounter with an interface. For the materials tested, the values

of p and a were such that these multiple reflections do not con-

tribute significantly to the output voltage wave. The total

insertion loss of the sample is then given by the ratio

Si .Wi _.1 (3)
"'total Vout e-(l - P foil)

I in which the factor, e x, is the dissipation loss of the test

material. The reflection loss factor is

LA~ ý- fpl--l -D (4)I
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In the 50 ohm test system used, the reflection coefficients are

given in terms of the characteristic impedance, ZtV of the test

sample by

S zt -50 (5)
"i Z + 50

and

50 - zt
SP25 0+ • (6)

2 50+zt

Therefore, from Equation (4)

Sz 
+50 50(+

which simplifies to

(zt + 50)2

The characteristic impedance of the test specimen is a function of

the dimehsions of the coaxial line and the p and E of the test

material and can be expressed as

r/e ) 0 n
, .r -(9)

where di and d2 are the diameters of the inner and outer conductors
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of the coaxial line. Substituting thet -Rwsue, 4i 0.102" and

12 =0.561", gives

Z, - 100 Itc(0

Substituting (i0) in (8) and simplifying gives

Expressing LR in decibels gives

= 40 loglo 4 r/c; + - 10 loglo 4 . 32
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APPIJWX C

! A~RDESIGNI ?O•DTJR

The obJective of the taper design procedure is to determine

the neceswary dimensions of the ceute2 conductor of a coaxial

line to provide a fixed characteristic impedance at every point

along the tapet. It is assumed that the length of the taper is

given. The taper length used is not critical and need only be of

sufficient length to diasipa.re the internal reflections at fre-

quencies where the Lr and er of the dielectric material differ

from the values at the design frequency.

In developing the necessary taper design equations, the initial

problem is that of calculating the impedance of a coaxial line

paitially filled Witn a dielectric iaterial.

Referring to Figure 1, Radius r5 is imown, being the chosen

dimension of the ccaxial line. Radius r 2 is the distance from the

rie:.•er of the line to the air-dielectric boundary. Radius r1 is

the d.•mensi.n of the center conductor which is to be determined.

M mode of propagation inside the lossy dielectric,

the per un-. tninutance and cgpeitance are

.40 r 
2 4 r.3L T

and

C or (2)
r r

r r 2

13
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where er and ar ere the relative permittivity and permeability

respectively.

The cheracteritztic impedance of the line is

zo=-r (5)

Substituting (1) snd (2) in (3) gives

n-r2 + ln
= -1 r 2  r I r r 2  27r c ' (4)

but

g o -o 6 (5 )
4ire-6

0

Therefore,

= + n f InIr 2+ cln 3 -1/2
r in I(610o= r r 1 Inr2 rl r r

Further,

2

+ (rr(In r2 11 'i)+ n (in r)(In f•) (8)

r r 136
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Let

1z1

r2 r3

S~Rearranging into the usual quadratic form,

Sx2+ [1 :x)K F+ 1 [= ~ f o ,(u)

Ir t

and solving for X gives

X • 2 lr M 90•---- (1~l 2 )

The values of X are obtained by substituting appropriate values

into the right hand side of the equation. It is assumed that the

values of + and are either given or have been measured.
r

The value of K is computed by first measuring r2 which may be

done graphically or algebraically (for simple ±iuear tapers). Wi2 h

r2 and ro available, K follobs directly. Note that r 2 varies along

the length of the taper. Consequently, K varies which determines

the different values of X along the taper.
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Z is the characteristic impedance desired and is chosen to

match the remainder of the transmission system.

Once X has been computed for a particular point along the

taper, the ccrrespcnding center conductor radius, r1 , im&eliatcly

follows from
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APPENDIX 1)

HIGH POWER AMPLIFIER
r

To facilitate the testing of HF filters, a power amplifier

was designed and constructed which was capable of delivering 100

watts at HF into a 50 ohm load.. The amplifier consisted of a 6CL6
driver stage and a X1 50A Class C power output amplifier as shown

in the schematic of Figure 1 A 50 ohm source capable of

supplying three volts rms, such as the HP 606A, is used to drive

the power amplifier. The emplifiar ope-rates over the frt•..en.y

ra anB of 6.5 to i c on the low band and 10 to 18 Mc on the

high band.

The input RF signal drives the grid circuit of the 6CL6

through a tap on the tuned grid circuit. The 6CL6 driver operates

Class A, and its amplified output is developed across the tuned

circuit formed by L1 and C2. This resonant circuit serves as tiie

* plate load for the 6CL6 and the tuned grid circuit of the 4UJ50A.

Considerable care in shielding the grid circuit of the 6CL6 as

well as careful grounding of the screen circuit were necessary to

prevent oscillation in the driver stage.

_IU.lThe control grid of the 4X150A is biased at -J50 volts which

is approximately 50 volts bela-v cutcff. The M' voltage d&veloped

across the resonant circuit of L1 and Q2 is sufficient to drive

the 4X-150L Into conduction. A Pi network is used to ratch the

plate impedance of the 4X153A grid to a 50 okm load. The meter
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Scircuit, vhioh mcnitca tbe •atiaode current of each tube, is used

as an aid in tuning the amplifier.
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