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CONFIDENTIAL

Final Report on the
VHF FERRITE ANTENNA DEVELOPMENT PROGRAM

I. INTRODUCTION

The objective of the VHF ferrite antenna development program was to study
the possiblé -ad.vantages offered by the use of ferrite materials in antennas from 3
to 3Q-mc/s. It was felt that ferrite materials had the potential of improving an-
tenna performance by virtue of their high permeability, low losses, and dispersive
effects. The high permeability and low losses were to produce increased gain by pro-
viding greater coupling to the radiating fields. The dispersion of permeability was
' to result in increased bandwidth., This report summarizes the results of the study

with particular emphasis placed on the work done in the period from Jamiary 1 to

llay 31, 1957 .

II. RESULTS AND CONCLUSIONS

. The present study of ferrite antennas was confined to small antennas having
maximum dimensions much less than a wavelength. The following conclusions were formed
during the study and apply to such small antennas.,

The diameter of a loop antemna can be reduced without a loss in gain or sen-
. sitivity by adding a ferrite core, but the required length of ferrite rod will be
g;:'eater than the diameter of the original loop. If the maximum dimensions of the two
antennas are to be made equal, the gain of the air-core loop will be greater than the
gain of a ferrite core loop.

Expressions were derived comparing the sensitivity of a ferrite antenna with
an air-core loop in the presence of antenna thermal noise. Similar conclusions were
reached(z) ; the dlameter of the loop could be reduced by adding a ferrite core without
s a loss in sensitivity, provided the length of the core was greater than the diameter

of the original loop. The results were not verified expermentally, for the receiver
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noise not antenna noise was found to limit sensitivity. When receiver noise dominates,
<t it 4s simply antenna gain which governs sensitivity.

The ferrite antenna will be more convenient to package than the air loop in
certain applications. The ferrite antenna has its maximum dimension in only one dj-
rection. The resulting line geometry will at times be an advantage over the plane
geometry of an air loop.

A monopole antenna, like the ferrite antemna, also has a line geometry.
Nevertheless, the ferrite antenna will at times have packaging advantages even over the
monopole, The monopole must be situated perpendicular to a ground plane; e.g., the

‘ chassis, The ferrite rod can be placed parallel to the chassis. Thereforé, the fer-
rite antenna inherently allows a more compact package. However, the use of monopoles
has been extended by simple designs that allow convenient stowings e.g., telescoping
rods or wire wound on a reel,

A small loop antenna with a ferrite core was found to produce a greater
terminal voltage in the 3 = 30 mc/s range than a monopole anterma of the same size.
However, the induced voltage, in contrast to the terminal voltage;was greater for the
monopole., The performance of the monopole was degraded by the coupling network which

. was of conventional design for a capacitively tuned antenna. If the property of con-
venient stowing allowed a monopole to be used greater in length than the ferrite rod,
the performance of the monopole could be made comparable to or better than the per-
formance of the loop.

The voltage per turn induced in a loop decreases 20 db/decade with the fre.
quency. However, when the antenna is designed for a lower operating frequency, the

\ number of turns on the loop can be increased, For a fixed range of tuning capacitance,

the allowed number of turns is inversely proportional to the center frequency, ex-
actly compensating for the reduced voltage per turn. Therefore, the net induced volt-

age is in effect nearly constant at different center frequencies for a loop antenna
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similar to the monopole antenna., The additional windings will also add stray capaci-
tance, preventing exact compensation at low frequencies.

No advantages were found using the dispersive effects of ferrites in small
antemnas, The dispersion was too weak and the losses too great in the dispersive
region, Theory indicates that the behavior required of the complex permeability for
wide-band operation is not physically realizable over a broadbarnd of frequencies., No
attempt to develop improved dispersive material should be initiated without first
giving due consideration to this theory.

The most fruitful improvement in ferrite materials appears to be an extension
’ of their useful range into higher frequencies, Materials are not available which have

high permeability and quality factors above 30 mc/s. On the other hand, it does not
appear fruitful to develop extremely high permeability materials for small antennas.
The intrinsic permeability becomes ineffective for producing improved performance in
small antennas with ferrite cores of reasonable length-to-diameter ratios,

No evidence was found to indicate that the loop antenna would be less suscep-
tible to interference or proximity effects than a monopole antenna, Rather, when both
antemnas are considered coupled to the electric field, no fundamental difference be-

. tween the two antennas is apparent., Details do differ, however, and design parameters
should be chosen to favor the particular type antenna chosen,

Dielectric materials are not expected to yield greater advantages than do the
magnetic materials in small antennas. The theoretical treatment of the dielectric an-
tenna would be very similar to the treatment of the ferrite antenna. For example,
there is a de-polarization factor for a dielectric rod which corresponds precisely to
the demagnetization factor for the magnetic rod. Also, the theoretical treatment of
complex permeabilities is directly applicable to complex permittivities,

There is a severe fundamental limitation on the gain-bandwidth product of

small antennas which is described in a theory by Chu(l). The gain of an antenna much
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smaller than a wavelength which is designed for a maximum gain-bandwidth product nearly
equals the gain of a half-wave dipole; but the bandwidth becomes vanishingly small as

the size of the antenna is reduced,

III, RECOMMENDATIONS

Ferrite core loop antennss should be used in applications where a compact
package is required.‘ More convenient packaging is the mrincipal advantage provided by
the ferrite antennas,

Improved mggnetic materials should be developed for application to small an-

. temas above 30 me/s. High permeability, low loss materials are needed}. Studies
should be made of the advantages using ferrites in antennas comparable in size to a
wavelength, There will be a better utilization of the magnetic properties of the
materials in these large antennas than in small antennas. Furthermore, it is likely
that small dispersive effects can be accumulated and used to an advantage in large
antennas, If small dispersive effects can be used, the accompanying losses need not
be prohibitively large. Small dispersive effects accumulated over many wavelengths
are already being used in microwave and optical applications; e.g., microwave ferrite

. phase shifters and achromatic lemses.
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. IV. PROGRESS
A. COMPLEX PERMEABILITY
1. Intrinsic Permeability

a. Concepts
The VHF ferrite antenna consists of a conducting coil wound on a
ferrite core., The ferromagnetic properties of the core material are described
by its permeability, "u". The permeability is the ratio of the magnetic flux
density to the magnetic field intensity "
B = pH (1)
. The resistivity of ferrite materials can be made very large resulting in negli-
- gible conduction losses. In such cases, the core losses are principally hyster-
esis losses,
The hysteresis loss is proportional to the area enclosed by the

hysteresis loop. See Figure 1

> &

. FIGURE 1
LARGE SIGNAL HYSTERESIS LOOP
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It is shown in Appendix A that, for complex permeabilities,

pi o= wf -5 ug (2)
the hysteresis loop is approximated by an ellipse. See Figure 2, The approxi-
>4

. FIGURE 2
SMALL SIGNAL HYSTERESIS LOOP

mation is valid for small field intensities. The lmaginary part of the complex
permeablility is responsible for the hysteresis losses. When u§ = O, the hyster-

. esis loop degenerates into a straight line., The area enclosed by the loop van-
ishes, and no losses occur.

The complex permeability is a function of frequency. For example,
the real permeability decreases markedly at high frequencies. The magnetic do-
mains simply do not have sufficient time to align themselves with the field be-
fore the field reverses itself. The decrease in permeability at high frequencies

o is called the dispersion of permeability. At the same frequencies, where the
material becomes dispersive, the hysteresis losses become large.
b. Measurements
The complex permeabilities of several ferrites were measured from

3 to 30 Mc/s. The permeabilities were derived from impedance measurements. Both
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a ferrite~loaded coaxial waveguide and a ferrite-cored toroidal coil were used,

. The analyses required to derive the permeability from the impedance measurements
are included in Appendices B and C., The results for Moldite "M", Ferramic G, and
Ferramic H are presented graphically in Figures 3, L, and 5. Note that the greater
the d.c. permeability, the lower the frequency where dispersion occurs. Note

also that the greatest losses occur in the region of dispersion,.

2., Effective Permeability

The permeability defined in the previous sections is an intrinsic prop-
. erty of the material, For emphasis, it is termed the intrinsic permeability. It is
the intrinsic permeability which appears in Maxwell's equations and in their solutions,
After a solution is found to Maxwell's equations, it is sometimes con-
venient to define an ®effective permeability" which is a function of both the intrinsiec
properties and the geometry of the material. For example, consider a small prolate
spheroid of ferrite material placed in a uniform magnetic field with its axis parallel
to the direction of the field. The quasi-static solution of the field equations re-

veals that the magnetic field inside the ferrite is also uniform(l)

L
l-—— 24 ____,-_J
- T

—

FIGURE 6
OBLATE SPHEROID IN A UNIFORM MAGNETIC FIELD
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An effective permeability can be defined such that the flux density
within the material is proportional to the strength of the original field and the ef-
fective permeability of the spheroid

= po By (3)
The effective permeability is a function of the intrinsic permeability and the geometry
of the material,

be = ® L (4)
- ° 1+ D(p,ir - 1)
where
o, = permeability of free space,
' Mip =™ relative intrinsic permeability of the ferrite material,

D = demagnetization factor along the axis of the spheroid.
The demagnetization factor is a function of geometry alone and, for the prolate

spheroid, becomes

D = 1_-_67[2(_?1

The eccentricity is

1+ 1e?'
=)
e = b/a
By considering the analogous expression for oblate spheroids, it can be seen that
for needles D—»0
for discs D—>1
8ince the intrinsic permeability is complex and a function of frequency, the effective
permeability is also complex and frequency dependent
Mo = Mg = J ug (6)
For the prolate spheroid, the effective relative permeabilities are

uly [1 + Dludr -~ 1)] +D (u3,)2

- l‘ér = EL R D(td._::r _ 15] 2l . [D {J-gr] 2 (7)
| and pfr (L - D)
Her = [1 + D(p,_::r - 18 2 + (]_) p;r-l 2 (8)
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For needles, the effective permeability approaches the intrinsic per-

meability. For D = QO:

1
p! B
. (9)
Her = Hir
For discs, the effective permeability approaches the permeability of free s pace.

For‘ Dml]:

Ber = 1

(10)
n -
Her = 0
Effective permeabilities have been calculated for spheroids made of
those materials for which the intrinsic permeabilities have been measured, Figures
‘ 3a, La, and S5a show the effective permeabilities of these spheroids with a length-to-
diameter ratio of 10, Note that the frequency dependence of effective permeability

can be quite different from the frequency dependence of intrinsic permeability depend-

ing upon the relative values of ”‘:'l’ p,‘i, and D,

B, ANTENNA PERFORMANCE

1, Ferrite Loop Antemmas

The effective permeability is a useful parameter for describing the
performance of ferrite loop antennas. Consider a loop antenna having a ferrite
. core the form of a small prolate spheroid and wound with ®"n®™ closely spaced con-
ducting turns uniformly spaced along its axis. This configuration closely ap-

proximates the usual application and yet is amenable to analysis,

— 2 ——
T
L J

24

N

- | 22

FIGURE 7
FERRITE LOOP ANTENNA
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An expression for the voltage induced in the loop antenna by a uniform
magnetic field directed along the antenna's axis was derived in the first quarterly

report(2).
ey = moHo—g-g V—_\p,e (11)

The volume of the spheroid is

V o= 4/3 nav? (12)
However, now the effective permeability is to be considered complex, causing the
induced voltage to be out of phase with the magnetic field. Thus, the magnitude

of the induced voltage becomes

leg| = [o0 Ho () 7] \iZ + ua? (13)
An expression for the antennas input impeda.nce is derived in Appendix D,
Z = R+jal ()
R = [o)o (22 v @-D) w (15)
2y a-n) w (16)

The quality factor of the coil is

® "
]
= % (17)
If the copper losses are included, the quality factor becomes
1/Quot = 1/Qg + 1:1ne (18)
where & = &E (19)

R,
“and Ry is the high frequency resistance of the wire(3),

. s B i 2 2100 o (20)
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resistivity of conductor at‘yo C

(ﬂ

{ﬂc = resistivity of conductor at 200 C
py = relative permeability of conductor
f = frequency in cps
D = diameter of conductor in inches

An equivalent circuit for the ferrite antenna is shown in Figure 8.

\“0
N

AN
n

FIGURE 8
EQUIVALENT OIRCUIT OF FERRITE ANTENNA

The induced terminal voltage at resonance is
6, = Qo4 (21)

where "Q" is the loaded quality faotor. If ocopper losses and loading are negli-

gible

"™ [uono <r‘.‘->'_\v o Jf;*“'z (22)

Similarly, the signal=to=noise ratio for the ferrite antenna as developed in the
firest Quarterly report

4 012 R

T
Tam (—r—)
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becomes for complex permeabilities

. 2 @, H°2 v (uéZ + “32)
- = : Q 23
g LK A [(1-13) Mo ] )
For negligible copper losses and loading
o+ % Ho? v pi2 4 pxe 2
L po¢ |(2-D) Pl (24)

2. Air Core Loop Antemnas

Similar expressions describing the performance of an air core loop

. antenna were developed in the first quarterly report. They are summarized in

this section. A sketch of the antenna is shown in Figure 9.

4
A

FIGURE 9
AIR CORE LOOP ANTENNA
e ™ @y Ko Hy nrR2 (25)
- L & n2u,R [fn (16 R/2) - 2] (26)
. € = Q ey (27)
m B2 [uo 2R3 Q
L KT A | fn (16 R/Q) - 2 (28)
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3. Monopole Antenna

It is instructive to compare the loop antenna with a monopole antenna

such as the one shown in Figure 10, The monopole antenna consists of a conducting

L
L
NN RN

FIGURE 10
MONOPOLE ANTENNA

wire perpendicular to a ground plane, When the antemmna is placed in a uniform
electric field parallel with the wire, there is a voltage induced along the wii'e

ey = EO I (29)
‘ The monopole can be coupled to a tuned resonant circuit as shown in Figure 11,
===
—_C
===~

FIGURE 11
MONOPOLE ANTENNA WITH RESONANT CIRCUIT
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Two simplified equivalent circuits are also shown. The output voltage is

C1
e = Q(g75g, o) (30)

C. COMPARISON OF ANTENNAS
1. Comparison of Ferrite and Air Core Loop Antennas

The preceding section describes analytically the quasi-static behavior
of several antennas., The expressions given_therein can also be used to compare
the performance of those antennas. However, laboratory measurements are desirable
to confirm that this simplified theory adequately describes their performance,

Consider the induced terminal voltage of a ferrite core loop relative
to an air core loop. The relative gain is

G = 20 log [u]“-fc’— db (3)

[ eﬂ\]AIR

[n A @MG

= 20 log [‘n A @]R (32)

where
Apg = Cross-sectional area of ferrite rod

AATR = Area of air core loop
The relative gain is plotted in Figure 12 for the following parameters:

a, Ferrite Loop

n = 5

[ = 6= L = 1.56 ph
R
b. Air Core Loop

n = 2

D = 6-1/4"

These parameters were chosen to result in antennas with approximately equal maxi-

L = 105’4[-111

mum dimensions and inductances., The ferrite rod was approximated by its inscribed
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prolate spheroid. The real part, imaginary part, and modulus of the effective
permeability are plotted in Figure 13.

The loaded "Q" was measured with a Boonton 260-A "Q" Meter rather than
calculated. Since a low impedance receiver was used to measure the gain, an im=-
pedance matching transfomer was required. The loaded "Q" was, therefore, char-
acterized by the antenna, tran;former, and receiver impedances and was not con-
veniently calculated, However, it was shown that.the theory adequately describes
the coil inductance and core losses. For example, the unloaded "Q" of the antenna
was calculated using equations 16 - 20 and then compared with the measured values

. of unloaded "Q", See Figure 1, |

The relative gain of the ferrite and air core loops was also measured
and compared with the calculated values in Figure 12. The measurements were
conducted inside an RF screen room using an Empire Devices NF105 Field Intensity
Meter. The violation of c;rtain assumptions are probably responsible for the
slight dispi!.acement of the measured performance from the calculated pg-foz"mance.
For example, the five twrns on the ferrite rod were not closely space, the core
was a cylinder and not a spheroid, and the antennas were in the induction not the

. radiation fields. However, the simplified theory is considered to give an ex-
cellent qualitative description of the amtenna and a sufficiently accurate
quantitative description for most design purposes,

The gain of the ferrite antenna is apmraximately 5 db down from the
gain of the air core antenna below 10 mc /s« The degraded performance of the
ferrite antenna above 10 ﬁc/s is attributed to increased core losses., Note the

. behavior of up3.in Figure 13.
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2. Comparison of Monopole and Loop Antennas

The g;onopole antenna is used e:;tensively, being simple and inexpensive
to manufacture, of a convenient geometry, and easily stowed. AWe can compare the
performance of the monopole with the ferrite antenna directly, but it is more
instructive to compare the performance of the monopole with a simple loop. The
basgic differences betwegn the loop and open wire configurations are thereby more
easily discerned. Then, the comparison of performance bgtween the ferrite and
monopole antenna can be inferred, using previous results.

The loop antemna can be considered coupled to the electric field or to

o the magnetic field with equal validity. Refer to Appendix E. To compare the
loop and monopole antennas most clearly, consider them both coupled to the

electric field. The two antemnas are shown in Figuré 15,

® €) i @ |
/‘////l I//// il

a. - Monopole Antenna be = Loop Antenna

FIGURE 15
COMPARISON OF MONOPOLE AND LOOP ANTENNAS
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The voltage induced in the monopole antenna is
em = EO f (33)
The loop antenna is equivalent to two displaced monopole antennas connected in
series, phase opposed. The voltage induced in the loop is the difference between
the voltages induced in each of the two equivalent monopoles
oL = e -2
(34)
= B f-B f
The two voltages nearly cancel for small antemnas, differing in the far field
‘ only by the phase delay incurred by the glectric field as the energy propagates
across the width of the loop. Therefore, the voltage induced in a small loop
is considerably less than the voltage induced in a monopole of comparable size,
For larger antennas where the width of the loop becomes equal to a half wave-
length, the voltages induced in the two legs add rather than cancel, and the
loop voltage becomes twice the monopole voltage. An ‘expression for the gain of
the loop antenna relative to the monopole antenna on an induced voltage basis
can be derived using equations (29) and(E-4)
2 [I sin (Zt-;'\'-)] loop
' AG (eg) = 20 log _ db (35)
[-_ I]monopole
[-f':lloo "
2 20 log -2_3’:-——2 db NAYCR
{? ]monopole
The relative gain is plotted in Figure 16 for the case
. f = w = 6,25 inches

At this point, the monopole, by virtue of its greater induced voltage,
appears to have an advantage over the loop as a small antenna. However, it is
1ess difficult to couple the loop into a tuned resonant circuit, In fact, the

loop antenna forms the inductive element of the tuned circuit.
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a. - Anterma and Resonant Circuit be. = Equivalent Circuit

FIGURE 17
THE LOOP ANTENNA AND RESONANT CIRCUIT

It has already been shown that, _when a monopole is coupled into a
resonant circuit in a conventional manner, the induced voltage is effectively
reduced by a factor (ciffey + c2). Refer to Equation (30) and the accompanying
discussion. To keep the resonant circuit tuned

' cp +cp = _1/m°2L (36)

. Therefore, assuming ¢) is constant, the effective induced voltage for the

monopole decreases U0 db/decade as the frequency is reduced,

e
777|077 .l 1t
s
ed o}
Ty 4
. ____1-__ e

a. Antenna and Resonant Circuit b. ~ Bquivalent Circuit

FIGURE 18
THE MONOPOLE ANTENNA AND RESONANT CIRCUIT
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Now a complete comparison can be made between the output voltages of
the loop and monopole antennas, Summarizing, the induced voltage in the monopole
increases over the induced voltage in the loop 20 db/d_ecade as the frequency is
lowered., However, the monopole suffers approximately a 4O db/decade loss in the
coupling network. Therefore, for equal "Q" circuits, the output voltage for the
monopole can be expected to decrease relative to the loop 20 db/decade, This be-
havior is illustrated in Figure 19 where the measured performance of a monopole
antenna relative. to a loop antenna is presented graphically. Although the wvoltage
induced per turn in the loop decreases 20 db/decade with frequency, the number of
turns in the loop can be increased when the antenna is designed for a lower oper-
ating frequency. For a fixed range in tuming capacitance, the required number
of turns is inversely proportional to the center frequency exactly compensating
for the reduced voltage per turn. The net voltage remains nearly constant for a

change in operating frequency for the loop as it does for the monopole,

DISPERSION EFFECTS

l. Introduction

Recall that the permeability of ferrite is frequency dependent. The
real part of the complex permeability decreases with frequency. It has already
been shown that the inductance of a coil wound on a ferrite core is proportional
to the real part of the permeability. Therefore, it should be possible to make
an inductance which also decreases with frequency.

A frequency dependent inductance can produce Mautomatic tuning” of a
parallel resonant circuit. Consider the resonant LRC circuit shown in Figure 20,

The resonant frequency is

Wy = VBIT‘ (37)
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~

¢ el f%

o FIGURE 20
PARALLEL RESONANT CIRCUIT WITH FREQUENCY
DEFENDENT INDUCTANCE
Suppose that it were possible to form an inductance decreasing as the reciprocal

of the frequency squared.

L. &2 o)
®
Then the resonant frequency would exactly track the operating frequency
0 = o (39)
. The circuit would remain tuned, and its impedance bandwidth would be infinite
Af—p® . (Lo)
If the inductance decreased as 1/w instead of 1/w?, the bandwidth would become
Ar = 1/mC | (L1)
whereas, for .constant inductance, it would be |
Afy= 1/2nRC (L2

These expressions are derived in Appendix F. The results are summarized in

. Figure 21,
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-20 -¥%0 ; w
b/ Secade
. FIGURE 21

IMPROVED BANDWIDTH ACHIEVED WITH FREQUENCY
DEPENDENT INDUCTANCE

Note that the greatest improvement in bandwidth occurs when the inductance falls

off faster than 20 db/decade.

2. Dispersive Antenna Coupling Network

Now consider the monopole antenna with the coupling network shown in

Figure 22, Let the inductance be formed by a toroidal coil with a dispersive

. core. Then the impedance Zp, Figure 22, displays an increased bandwidth compared
== G, oy b
i — r Z,
H! , -
Cz| L1e ] % 1-
T € Z2
g |

FIGURE 22
MONOPOLE ANTENNA WITH DISPERSIVE COUPLING NETWORK
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to the case of an equal inductance with a non-dispersive core, The output voltage

is 22

., = (=)

o "l vz (L3

22 '
"\VJ ('z":'l.') &y , 21» 22

It de predomingntly %y which determines the output voltage bandwidth, See Figure
23, Therefore, the output voltage exhibits aprroximately the same improvement
in bandwidth by the introduction of the dispersive core as does the impedance 2.

o =]
*

. FIGURE 23

In actual practice, we were umblo to achieve any o.dvn.n'ba.ge uuing dispersive
media in the ooupling network. The losses were extromly large. The quality
factor for the toroidal coil was less than two in the region of diuperaion}.
These results qo consistent with the pormubiq.ity messurements reported in
Figures L and 5, Not only are the losses high, they are also n'oguonoy depen=
. dent which acts to decrease the impedance bandwidthv. Furthermore, even in the
absence of losses, the decrease in real permeability was less than 20 d‘ﬁ/deoade

and would be ineffective for producing significantly increased bandwidths,
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Thus, the dispersive core material is responsible for the coupling netwark's poar
performance., The losses are too large and the dispersion too small. No suitable
material was found reported in the literature. Furthermore, there is theoretical

evidence that the desired characteristics are not physically realizable(é’ 7,8) .

3¢ A Loop Antenna with a Dispersive Core

Next consider the possibility of using ferrite core material to an ad-
vantage in the ferrite loop antenna. The performance of this antemma was de~
scribed in Sectiop IV-B. The results developed there will be used here without

. further reference. ’ ‘

The equivalent circuit for the amtema is shown in Figure 2k, To keep

the antenna tune‘d by dispersion, the inductance and, consequently, the real part

of the effective permeability must decrease as the reciprocal of the frequency

squared.
ul a1/ (LL¥
—0
C
— e,
o
FIGURE 2l
THE EQUIVALENT CIRCUIT OF THE FERRITE LOOP
‘ ANTENNA WITH A DISPERSIVE CORE
The output voltage is
e

o = Qei (hS)
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For negligible cooper losses, the quality factor is

Q = e (L6)
e

The induced voltage is proportional to the effective permeability
2 2
ey a\' iy + ut (L7)

For broadband operation, the output voltage must be constant. Therefore,

He ,
(ug) \/ w2+ w2 = K (L8)

For the high Q case

1

o) 12 2 ny le

o—— n ——

g\t 2 (19)

Therefore, broadband operation requires that

12
p'e

. Tl

(50)

i
]

But since ' ’
“e a ]_/f2 ’

it is necessary that u; .y "
It appears hopeless to specify a 20 db/decade decrease in the real part of the
effective permeability simultaneously with a 4O db/decade decrease in the
imaginary part over a wide range in frequencies. No combination of material and
geometry was found 'go even approximate the desired behavior of the effective
permeability. Also, experimemtal results did not indicate any significant im-

. provement in bandwidth by using dispersive core materials in ferrite loop

antennas,
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h. A Theoretical Relationship Between Losses and the Dispersion of Real
Permeability

No significant advantages were found using dispersive materials in small
antennas. The dispersion by real permeability was too weak and the accompanying
losses too great in all available materials to be of any advantage. Furthermore,
a theoretical treatment of the problem indicates that the desired behavior over a
wide band of frequencies is not physically realizable,

The permeability is a complex function of frequency

p= p'(o) = ju" ()
There is, in general, an interdependence between the real and imaginary parts of
a complex function. If, for example, the function exhibits a certain requisite
analytic behavior, the interdependence can be expressed by the Hilbert transform
integral, J. S. Toll has proven that the complex permeability consists of such
a Hilbert Transform pair(a). The prescribed analytic behavior is equivalent to
. a finite upper bound on the signal velocity. No signal can be transmitted with a

velocity greater than the velocity of light, Consequently,

ph (0p) = 1 +2/n 56 ".i__(_“;)g

02 - 0,2
d
. an p; (mo') 8 o _% § [[.I;F(m) - 1]

The Cquchy principal value of the integrals are to be taken. Note that, if the

(52)

frequency behavior of the real permeability is everywhere specified, the losses
are completely determined.
The interdependence of the real and imaginary parts of the complex per—

meability can also be described in terms of the modulus of the complex permeability

: I = Yup? (53)
and the quality factor of the material
Q = /g (54)
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Bode derived the expression(9) 72
Ywp) = cotan {% %‘% +1/n [\%\m - |%\ ] fn coth‘ %\ dx (55)
where ~bo ®o
A= fn ‘pr‘
x = fn /o,
dA
\35:'\ = 1/20 db/dec

It should be noted, however, that there is not a unique loss associated with any
prescribed amplitude behavior. Equation (55) gives the minimum loss that can
occur consistent with a prescribed frequency dependence of the modulus ofﬁbmplex
‘ permeability. Since losses were prohibitive in the region of dispersion, the
minjmm loss case is of greatest interest,
Graphical solutions to Bode's equations have been developed which have
R facilitated this analysis (’TO). Figures 25 and 26 show a graphical solution. In

Figure 25, the complex permeability was assumed to be

b = 2003028, (6)
Both the amplitude of the relative permeability and the corresponding minimum
loss tangent are shown., Note that the amplitude exhibits a 20 db/dec attenua-
. tion over a 10:1 frequency band. There is a corresponding 20 db/dec dispersion
in the real part of the equivalent complex permeability. See Figure 25. Note
that the losses increase subsi;.antially before the real permeability decreases
significantly, the greatest losses occur in the region of maximum dispersion,
and the quality factor decreases to less than unity in the dispersive region.
Compare these results with the measured behavior of complex permeability in Fig-
ures 3, h, and 5, Clearly, recent theory suffices to explain the qualitative be-
. havior of complex permeability. Furthermore, the theory places severe funda-
mental limitations on the dispersive behavior of ferrites. There appears little
chance of developing improved materials to better utilize dispersive effects to

an advantage,
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E. THECRETICAL PERFORMANCE OF SMALL ANTENNAS

Without dispersive effects, the theoretical limitations on physically small
antennas developed by Chu appear quite imposing(ll). Chu showed that the maximum gain-
bandwidth product of an omnidirectional antenna is limited by its physical size. The
gain of a small, lossless antenna designed for a maximum gain-bandwidth product was
found to nearly equal the gain of a half-wave dipole, but its bandwidth became vanish-
ingly small. The bandwidth can be increased by loading the antenna, but the gain of the
antenna is thereby decreased. Suppose that an antenna were of optimum design, providing
a gain-bandwidth product equal to the theoretical maximum derived by Chu, and were then

. loaded to achieve additional bandwidth. An expression was derived in the first

quarterly report for the loss in gain produced by loading the optimum antenna in order

to achieve a mrescribed bandwidth.

. s =2010[2 AP @ (57)
where
. AG = loss in gain
A f = prescribed bandwidth

2a = maximum dimension of the antemnna
7\ = free space wavelength at center frequency
. fo = center frequency
The expression is valid for antennas with a maximum dimension much less than a wave-
length and producing either an electric or a magnetic dipole-like radiation field.
Figures 27 and 28 show two applications of Equation (57). Consider an an-
tema 6-1/4" long. Let a normalized bandwidth of 1/2% be required. Figure 27 shows
the loss in gain that will result as a function of center frequency when the specified
bandwidth is achieved by loading Chu's optimum antenna. At low frequencies, the size
. of the anterma measured in wavelengths becomes smaller. Consequently, the inherent
bandwidth becomes smdl ler. Thus, greater loading will be required and higher losses

will result as the operating frequency is reduced,
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Next consider an antenna designed to operate at a center frequency of
10 mc/s with a normalized bandwidth of 1/2%., Figure 28 shows the gain of the loaded

optimum antenna as a function of antenna length. Note that a 60 db loss in gain can
be expected if the antenna size is to be reduced by a factor of 10.
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VI, NOMENCLATURE

4 =~ intrinsic permeability

B = effective permeability

up ~ relative permeability
o = permeability of free space
u' = real part of complex permeability
" -  imaginary part of complex permeability
it} = modulus of complex permeability
B - magnetic flux density
. ™ - magnetic field intensity
-i? - Electric field intensity
D - demagnetization factor
e4 =~ induced voltage
eo - output voltage

eccentricity of prolate spheroid
- volume of prolate spheroid

- quality factor

resistance

- inductance

Q ¢ v o
!

- capacitance

e
!

circular frequency
£ - frequency
<f - 3 db bandwidth
- AG - relative gain
- Boltzmann's constant
- absolute temperature

k
T
N
S - signal-to-noise ratio
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A-1
APPENDIX A
ELLIPTICAL HYSTERESIS LOOP

The equation which defines permeability is
B =¥ (a-1)

Consider sinusoidal time variations and a complex permeability

T = F, edot (A-2)

bi = g =3 g

‘ Then

B = H, (1] cos ot + p¥ sin wt) (Ae3)

-3
1

+jﬁo(pisinmt-ugcosmt)

The physical observables are
. re[ %)
Re ['ﬁ_]

(Hy) cos at

(A=b)
(Ho\'uf + ugz ) sin (ot +y)

where p,'

It can be seen that these expressions define an elliptical hysteresis loop by con-

sidering the equation for an ellipse expressed in terms of 4ts eccentric anomaly "¢".

y /
A
(-5
. b /
® > X
x' =acos ¢f )
y' =bsin ¢ - (A=5)
FIGURE A-1
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A -2

Ij
A

Consider a rotation of coordinate axes

x =x' cos 8 - y' sin @

A6
y=x'sin® + y' cos © (A=)
. FIGURE A-2
The equations for the ellipse in the new coordinate system become
X = (acos ©)cos f = (bsin @) sin @ (A=7)
= \b2 + (a2 = b2) cos? 8 cos (f +a)
+ and
y = (asin 6y cos # + (b cos ©) sin ¢
-\ (A-8)
- \(a?-(a?-b?) cos2 @ sin (F + B)
where
tan, = (b/a)tan®
' tang = (#4b) tane
Let =
H, = \52 + (a2 = b2) cos® @
Ho Yui” +ug? = \[a® - (8% - ¥?) con? @ (A-10)
ot = (@ +a)
vy = (B-a)

- Then the equations for the ellipse become

x = H, cos wb

s (‘-]l)
y = Ho\’p]!.a + p,;,'.2 sin (wt + v)
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A-3

which are identical with the equations describing the physical observables Re [F]

and Re [ﬁ] o Therefore, the hysteresis loop is an ellipse.

yAara

i i

FIGURE A-3

Declassified in Part - Sanitized Copy Approved for Release 2012/04/10 : CIA-RDP78-03424A000500010003-4




Declassified in Part - Sanitized Copy Approved for Release 2012/04/10 : CIA-RDP78-03424A000500010003-4

B-1

i APPENDIX B
) COAXIAL MEASUREMENTS OF COMPLEX PERMEABILITY

Consider the input impedance a coaxial waveguide whose electrical length

is much less than one wavelength., Let the guide be terminated in a short circuit with

a concentric cylinder of ferrite partially filling the guide next to the termination.

- Y —
f—— W —

rIIII 2 2 22272 727272 /7 7 7Z/J 2 Z 2L [Z [Z

0 ? 7 A

. ’ / o
/ﬂ, =, ’ I'l’//céé/'e' v, %

T oSS SNUUL IR

242 4 ¢ e 7/
R A AV R )

NN

e—\t—-h

4
’
‘r

»
)0 ! v

A ANDE NN

LLLLLL L L L7 77 77 7 7 7

/Pe,,fe.re e e
@ Flarc

FIGURE B-1

Appraximate the magnetic field intensity by the quasi-static solution

T s
2 3z eJut 11 (B-1)

The voltage induced across the waveguide at the reference is

vV = dg/dt (B=2)

where -
¢ = [u'ioﬁ e dA (B-B)

Aen’. /AJ//”@/

//w// Alrea
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B=2

For the assumed conditions

(B=L)
(4
‘W f(“o §'I1E"dr+w fx uiflﬁ- dr
= °°"° 1 [((-w) faR/fr +W (fnx/r + o R/Y + uirfn Y/X__\
where
By = ©p Hip (B-5)
Now let 1 n
ir = Wir = J Byp (B-6)

‘ Then

vV o= g “;:I [ﬁ fnR/r + '{In x/r Ry v/R + (pgp = 3 1) fn Y/x}] (B~7)

The input impedance is
Z = V/I (B=8)

- ["'gr %O-WYRY/X)]
23 [ - 1) 52 (M fayh) 42 §K]

where
[ Zo 2 characteristic impedance of empty coaxial waveguide
= 1/2n %9- fn R/r (B-9)
0
and

C & velocity of light in a vacuum
1

‘P'o €o

Therefore, the series impedance

becomes

Ry = Wl [£1o OF fn3/)] (B-10)

X, = (ulo - 1)[;: o (Wi y/x)] + 2, %C (B-11)
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B-3
Solving for the complex permeabilities
R
M = £fuo (W 1: y/x) (B-12)
" E_S_ - 2c 2nf + 1 (B-13)

where

2, = th-o/eo (B=1L)

Declassified in Part - Sanitized Copy Approved for Release 2012/04/10 : CIA-RDP78-03424A000500010003-4




Declassified in Part - Sanitized Copy Approved for Release 2012/04/10 : CIA-RDP78-03424A000500010003-4
C=1

APFENDIX C
TOROIDAL MEASUREMENTS OF COMPLEX PERMEABILITIES

Consider the input impedance of a toroidal coil wound on a ferrite core of

rectangular cross-section. Let all dimensions be small compared to a wavelength.

i
=

b

. FIGURE C-1
Approximate the magnetic field intensity by the quasi-static solution
- NI .
—_— wbt -
= ST el (C 1)
The induced voltage is ,
V=Nd¢/dt-jmuifoi--dI (c=2)
. N2 T Y 74
V = jopi "oy 1/r Wdr
2 X (c-3)
» B3 Ne T ol
= Jo-=—— Wfn yk
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The input impedance is

Let py = #o (g = July)

Then

N ¢ o Hn [W fn y/x.]

2 1
s = Wrugup [Waya|

ol
n

‘ Solving for the complex permeability

R
. B [ T
it £y N2 W fny/k

1

(C=bk)

(c-5)

(c=6)

(C=7)

(c-8)

(c-9)
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D-1

APFENDIX D
THE IMPEDANCE OF A COIL WOUND ON A FERROMAGNETIC PROLATE SPHEROID

Consider a prolate spheroid of ferrite material wound with "n" closely

spaced conducting turns umiformly spaced along its axis. Analysis shows(h) that,

FIGURE D-1

when a current I = I, (D-1)

‘ flows through the windings, a uniform magnetic field is established inside the core,
directed along the axis, and having a magnitude
) 0

nl .
B = (1-D) 52 (D-2)

The total field consists of the linear superposition of the applied field and the de-

magnetization field,

=% - X (D-3)
The magnetization is defined as
¥ = (4 = 1) H (D<)
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D-2
"D* is the demagnetization factor for the prolate spheroid(l). Thus,

—_ I'.\I
H= (L-D)—2 -D (p,.-1)H
( ) >a Bip

or nIo
il (D-=5)
1+D (p,].r-l)
Then
§ il 2 -ﬁ
= Hir oy Mo
) [% 1+D (ujp- 1)] -2 =
- _ nI,
pe (1 -D) 5 (ﬁ-é)
The induced voltage is(2)
e; = =Jo| pe (1-D) %X =) v (D=7)
The impedance is
7 = - i
IO
=[5 @0 2 (1 - ) W pe
=3 (52 V(@ -D) Gp- 3 u)
= E’° (B V @ -0)) u (p-8)
+ ‘ moE—%a)z V(- Dﬂp,é
= R+ J wl
Therefore n
, B= o (7g-)2V (1-D)uld (D-9)
L= ()P vV(@-D) (D~10)
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E~1

APFENDIX E

THE EQUIVALENCE OF MAGNETIC AND ELECTRIC FIELD
COUPLING BY LOOP ANTENNAS

Loop antemnas are sometimes described as coupled to the magnetic field
component in contrast to the electric field componen'l:(S ) o Accordingly, the induced

voltage is said to equal the time rate of change of magnetic flux linking the loop.

e = -—:% (E=1)
- f - -
= & B - dA
‘ For the antemna shown in Figure E-l;
ey = -J oo Ho A (B=2)
=

b oy

B4, e’

. FIGURE Bl

However, the antenna can just as correctly be described as coupled to the electric

field component. Then the induced voltage becomes
ey = é -E- i d? (E""B)
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For the antenna shown in Figure E-2,
w w
e = By feIfy - Eo [ e

(B-l)
= -2 j B, { sin Eé
F—— LS~ ——-,
_y) ]\ e
£ & 1 £, e 2
FIGURE E-2
The phase velocity is
p ==
)
For small antennas
' sin EX 2 ol (E-5)
2 2
Then
o5 =L JEA (B-6)
For a plane wave in free space
2f = ¢C
1 (E=7)

\lao"'o
ead bo
. E, = v H, (B=8)

The expression for the induced voltage becomes

ey = =jopo Ho A (E-9)
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E -3

Equations (E-2) and (E-9) are identical, illustrating that the loop
antenna can be considered to couple either to the electric or to the magnetic field
component with equal validity. The reader familiar with electromagnetic field theory
will recognize the foregoing discussion as sjm_gle application of Maxwell's equation.

—_— = aB
vVxE = -—5’6
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F-1

APPENDIX F

THE IMPEDANCE BANDWIDTH OF A PARALLEL
RESONANT ILRC CIRCUIT

A. CONSTANT INDUCTANCE |
Consider the parallel resonant circuit in Figure F-l. The input impedance

(<
FIGURE F-l1
is .1 :
2 = 1R+ j(eo - 1/al) (F-1)
‘ Resonance occurs at
Wy C = 1/eoL (F=2)
The impedance at resonance is
Zo = R (F-3)
The impedance is 3 db down from its value at resonance for
‘ (0eC = 1/mgL) = 1R (F-b)
r The upper and lower 3 db cut-off frequencies are
' \ \
Wy = L1/2RC + \l(1/2RC)2 + 1/1C (F5)

and

%L = - 1/2RC + \\(1/23(:)2 + 1/1C )
E‘;Aﬁ e ' 7‘7“’1?4%”!!&‘_
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CONFIDENTIAL

The 3 db bandwidth is
Ocu = @ cL

f =
= 2n

= 1/2mRC (F=6)

The input impedance becomes

7 - 1 F-7)
1R + J(we + 1/Lo)
The impedance still has its maximum value at resonance
® zo = ®
(F-8)
o,C = 1/Lg
The impedance 1is 3 db down from its maximum value at
(e - 1L,) = %1 (F-9)
. The upper and lower cuto-ff frequencies are
= 1/L,.C + 1/RC
feu (F-10)
= 1/L,C - 1/RC
The 3 db bandwidth is
' A f = 1/2n (wey = weL)
= 1/nRC (F-11)

“OTTIDENTIAL
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