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SCOPE AND OBJECTIVES

‘ The investigation described in this report seeks to
aprraise the relative merits of the ferrite cored loop as a
very low frequency receiving antenna. The restrictions imposed
upon the antemna, briefly, are that it operate at 25000 cps and
have a 3 db passband of 2000 cps. The basis used for judging
the relative merits of a ferrite antenna is a comparison of in-
duced voltages and signal-to-noise ratios with an air core loop
antenna of comparable size. Comparisons made are primarily

analytical with experimental ghecks whenever feasible,
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I, DISCUSSION OF RESULTS

Atmospherics vs Thermal Noise

The relative importance of atmospheric noise and internally generated
thermal noise at 25 kc/s is examined with respect to magnetic lcop receiving an-
tennas. 1t is found that the ratio of atmospheric-to-thermal-noise volts at the
antenna terminals increases as the 3/2 power of the maximum dimension (Table I).
For median atmospheric noise field strengths found in the U.S.A., the thermal
ncise in a tuned-circuit (singly tuned) loop antemma is found to be appreciable
for loop diameters as large as 5G to 100 cms, depending upon the specific leop
sntenna, Noise in larger tuned loops is found tc be predominately due to atmos-~
pheric noise sources, The amount of thermal noise generated in a singly tuned ap--

‘ tenna circuit is inordinately high because sufficient noise producing resistance
must be present to keep the passband 2000 cps wide., At a 25 ke/s center frequency,
this means a circuit Q no greater than 12,5. The advantages of a non-resonant an-
tenea eircuit {(cr an overcoupled double-tuned antemna circuit) with high Q ccils is
therefore of interest and is discussed in Section VI. Using untuned loop antennas
with Q's of about 250 (Quite feasible with ferrite core loops at 25 kc/s), thermal
noise is reduced so that it becomes negligible with respect to atmospheric noise
for loop diameters of 30 to 60 cms and greater. The resulting improvement in

‘ signal-ts-noise ratio is roughly %—g—r‘—lmunn-—'zg (Eq. 6-18). However, even with an
untuned circuit, enough thermal noise is produced so that, in general, it must be

waken into account - even ab 25 kc/s.

Air Core Criterion arnd Ferrite Coil Length

In crder to establish a criterion for evaluating the performance of fer-
rite wored locp antemnas, it was decided to use a simpie air core loop antenna as

a reference, In Secticn ITI, antenna equations are presented which describe induced
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FIGURE 1-1
REFERENCE AIR CORE LOOP ANTENNA GEOMETRY

voltape and internal impedance for air core loops and ferrite cored loop antennas,
Experimental data presented in this section together with calculations set forth

in the Appendix indicate that, beth from an induced voltage point of view and a ‘
signal-to-thermal-necise point of view, the coils wound on ferrite rod antennas

should extend over the entire length of the rod.

Induced Voltage (or Effective Height)

Using the reference air core loop and ferrite rod antennas with full
length windings as a basis for calculation, equations and graphs are obtained in
Section V which show the relative merits of ferrite and air core loop antennas
with respect to induced voltage and signal-to-noise ratios. These comparisons
are made for a number of different ferrite rod characteristics; viz., rod length-
to-diameter ratios of 10 to 100 and ferrite toroidal permeabilities of 50 to 3000,
Included in these graphs (Figures 5-3 to £~8) as a parameter is an F-factcr which
relates ferrite rod length to air core loop diameter; i.e,, (ferrite rod length) =
(F) (air core loop diameter). Figure 5-8 shows that, when F = 1, py o.059-.9 = 3000 ;
and f/d = 20, the best that can be expected from a ferrite rod antenna is that it
produce 53% of the induced voltage produced in the air core 1loop; iee., ZL’L = 0,53.

(It seems reasonable to say that Hioroida; = 3000 is good upper limit for stable

ferrite materials foreseeable at present.) This curve further shows that F must te
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approximately 1.5 in crder to obtain VL = 1; i.e., equal induced voitage from fer-
rite and air core antennas. The relatively pcor showing of even the highest per-
meability ferrite antenna is due to the difficulty of improving the effective per-
meability of an open rode Figure 5-9 clearly shows that the ”L increases at a

pregressively lower rate as My oroidal increases.

Signal--to-Thermal-Noise Ratic

These same curves for // 1L also represent the relative values of the signal-
to~thermal-noise ratios of ferrite-to-air core antenna for the case of equal inductance,
=quai Q antennas (see Eq. (5-16)). Hence, the same comments made above concerning

‘ toe relative induced voltages apply to signal-to-thermal-noise ratios for singly-
tuned antennas wound with the maximum allowable inductance. Equation (5-15), on the

-ther hand, shows that the curves for 4 1 are all multiplied by the factor
Q ferriie
Q air rore

tically spsaking, unequal Q's require that the singly-tuned circuit be abandoned and

when the Q"s of the ferrite and air core antennas are not equal., Prac-

#n untuned or a doubly-tuned coupling circuit be used in its stead. Using the untuned

rarcuit as an example, the performance of the ferrite antemna relative to the air core

iotenna will be improved if it is possible to reach appreciably higher Q loops with

i1 Texrite core than with an air core. For the full length ferrite coil and the ref.
‘ cren.2 air core used in this report, a comparison of Q reduces to a compariscon of

the core losses introduced by the ferrite core and the proximity effects caused by

“he Jlosel spaced turns of the air core antenna. Although the matter of maximum
obtairable Q has not been examined in detail in this report, indications are that, in

general

max,. ferrite Q Z 3 *

max. air core Q

Thus the picture presented by the curves of 2/ L are modified at most by a factor

less than 2,

# Il I35 noted that, fur specific cases, this number can vary widelye
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Conclusions

As a result of the preceding discussion, some conclusions are reached re-
garding the relative merits of the ferrite cored VLF receiving antenna; viz, in
general, the ferrite cored antenna is comparable to an air core antenna only if its
maximum dimension is permitted to be somewhat larger (le2 = 1.8 times) than an aix
sore antenna diameter, The practical value of replacing an air core antenna with
a ferrite antenna depends upon the value that can be placed upon the difference in
the geometry of the twc antennas in a specific receiver,

Aside from the physical packaging of an antenna, the line geometry cf fer—
rite antenna permits the reduction of stray capacity to the chassis and, hence, a
reduction in E-field pickup. Furthermore, E.-field shielding of a line geometry is
somewhat simpler than shielding an air core loope.

The problem of winding high impedance antennas (determined by maximum per-
missible inductance.) and yet maintaining the highest possible Q and the lowesl dis-~
tributed capacity i@ simpler for the coil geometry of the ferrite antenna than for
the ccil geometry of the air core antenna,

t is noted that the ferrite material introduces problems not found in air
core antemnas; c.ge, ferrite is hard and Wwittle; extremes of temperature affect its
characteristics; hum pickup is possible due to norn-linear B-H curve; vibration
stabilization can be destroyed by exposure to high level AC or DC flux fields., All
these properties, however, are controlled sufficiently well in available ferrites to

permit satisfactory operation in poritable broadecast band receivers,

II. DISCUSSION OF NOISE at 25 ka/s
General

The minimun signal that can produce a useful output from a radio receiver
is determined by the output signal-to-ncise ratio. For any given signal amplitude,

this ratic is set by the external noise entering the receiver via the anterma and by
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the internal noise generated in the antenna and low level circuits of the receiver.
The antenna and associated circuitry, therefore, is a determining factor in setting
the level of minimum signal reception. In this report, the relative merits of fer-
rite loop receiving antennas are investigated with respect to operation at a center
frequency of 25 kes and a 2 kc passband, It is of some :importénce, therefore, to
briefly review sources of ncise generation and single out those sources which are

most objectiorable at this operating frequencye

TABLE I
NOISE SOURCES

EXTERNALLY GENERATED INTERNALLY GENERATED
1. Atmospheric (electrical storms) 1. Antenna ohmic resistance (thermal)
2. Cosmic (extra-terrestrial radiation) 2. Coupling circuit resistance

(Thermal)
3« Man-made static
3¢ First amplifier cr mixer

e Precipitation static (shot noise)

Y. Radiation resistance (thermal)

Exterral Noise Sources at _2_5 ke

Consideriag [irst external generators, it is noted that cosmic noise plays
ac important role at 25 kc/s (l). Also, the radiation resistance of antennas to be
ronsidered in this report will be insignificantly small by comparison with other re-
Sistive components as a direct consequence of restricting the investigation to an~
tennas which are very much smaller than a wavelength, Precipitation stati: is caused
by the discharge of charged particles in the immediate vicinity of the antenna. Ac-
cumulaticn of the charged particles can be caused by raindrops, hailstones, snow or

dust 2lcudse. This type of noise is of particular importance in aircraft receiving
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antemnas. For the purposes of this report, man-made static and precipitation static
will be grouped together and called electrostatic disturbances, Thus, at 25 kc/s
the main external noise sources are

1o Atmospheric (electrical storms)

2+ Electrostatic disturbances
These two sources generate noise signals which are basically different. The {ormer
gives rise to a true radiation field in which the electric and magnetic field in-
tensities are related by the characteristic impedance of free s pace which is a
constant ( &7 120n ohme), The latter on the other hand is a near-field phenomenon
fer which the E-field and H-field intensities are related by a factor which is a
function of frequency and which is far greater than 120m ohms for frequencies below
1e5 megacycles, In effect, therefore, electrostatic disturbances in the region 25kc/s
are primarily electric field noise signals,

Summing up these points, it is noted that atmospheric noise and desired
transmitted signals both propagate via radiation fields and, in its passband, an
smpidirectional antenna cannct distinguish one from the other. In this respect, ther,
e anberma is superior to ancther oaly if its directivity is higher., An ideal Zoop
antenna (insensitive to E.field) has a fipure-of-eight pattern in the horizontal
plane compared to the uniform pattern of a vertical open antenna,

Electrostatic disturbances can be effectively discriminated against by
antennas that respond only to magnetic fields. This attribute is one of the chief
advantages of the magnetic lcop type of low frequency receiving antenna.

Thus, in evaluating a ferrite cored loop antenna, directivitvy and insensi-
tivity to electric field pickup are important factors to be considered. In this re~
port, only simple loop antennas are considered; hence, directivity is considered only

to the extent that E..field pickup changes the ideal figure-of-eight pattern,
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Internal Noise Sources at 25 kc/s

It is generally accepted that vacuum tube noise generation (shot effect) at
low frequencies (less than 10 mc/s) can be made negligibly small by comparison with
other unavoidable noise generators by proper design; e.g., by making the grid circuit
impedance level sufficiently high so that the vacuum tube equivalent noise resistor
is small by comparison.

The coupling circuit and its resistance is associated with impedance level
changing, and the extent to which it affects signal-to-noise ratio will be determined
by such considerations as tuned vs. untuned antenna circuits and the need (or lack of

‘ it) to interpose a transmission line between the antenna and the first amplifier (or
mixer) grid.

The antenna circuit itself is another and probably the most important source
of internal noise. The ohmic resistance of the antenna is due in part to unavoidable
losses such as copper losses (d.c. resistance, skin effect, and proximity effects)
and for non-air core antemnas core losses (hysteresis and eddy current). These losses
e¢an be minimized by the selection of materials and proper design. However, if the
usual practice of tuning the antenna circuit is followed, it is found that a sizeable
amount of additional resistance is required in order to obtain the desired bandwidth,

. It is possible, of course, to circumvent a simple single-tuned antemnna circuit at a

cost of additional components and, therefore, other loss elements,

ITI. ANTENNA EQUATIONS

Assumptions

l. Maximum antenna dimension << wavelength
2. Incident electromagnetic field is
a) vertically polarized

b) uniform and planar over antenna dimensions
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3. Antenna oriented for maximum pickup
L. Antennas respond either to magnetic or electric field component bul not both

5., Rationalized MKS units are used unless otherwise specified.

Air Core Loop

" Lorns Z
C/Osg/y Seac e

——

8

A

FIGURE 3~1

AIR CORE LOOP AND ITS EQUIVALENT CIRCUIT

e, = B whyng H {(3~1)

where H = magnetic field intensity_d;_ LC)) paper
(2

L, = uo K ny° ,;2.*. (3-2)

o,

where K = fn (

(@)
)
4]

D
Note: 6« =2 <& 1000 corresponds to 2 & K &£ 7
By wlL
- 8 G
“a 7 Q, (3:3)

Equation (3-2) is a simpiification of

o D, 5 Dy
W s, w- K na_z == where the inductance due to the

“

L
np, Dy
internal flux ( g ) is assumed regligible for wire permeabilities py, A2 w..,

. o Da "
n > 5, and b—“-r > da
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Ferrite Core Loop

| I‘_T:_/;'_T’-] e
]
1

FIGURE 3-2
FERRITE CORE ANTENNA AND EQUIVALENT CIRCUIT

%
€p = My P, 0 Apnp H (3-4)
where o %
Be & Heog EL- 8/27 (a/ff):] (3-ha)
and H = magnetic field intensity (parallel to rod)
2
K..:q7 kb, Asn
Lf ==[CO:L:L a.0 ff J (3=5)
oL
Ty = ___f (3"6)
Qr
Special cases:
p‘f 7~ pT'Od
| V2
® ¢ (3=7)
&rp = 1 Keoil & Hrod
[
He == l"'rod—\
) ] (3-8)
:g TR~ T 1_/
a coil
£ = 0
7
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In describing a single ferrite antenna, two different effective relative
permeabilities are encountered; viz, pp associated with the induced voltage and
ooyl @ssociated with the coil self-inductance, Perhaps the use of the term per-
meability is somewhat misleading since that term is often used to describe intrinsic
(or toroidal) permeability which is an inherent property of the material and the
magnetizing force employed. In the case of a ferrite rod antenna, these factors are
used to describe how effectively a magnetic field is Qeformed and caused to increase
the flux linking the turns of the antenna coil. Thus, effective relative permeability
is a function of coil design and magnetic field configuration as well as core material
and magnetizing forcef

For example, consider ppe This factor describes the increase in flux .
linkages in the antenna coil due to external field deformation caused by the presence
of the ferrite core over the flux linkages in the antenna coil when the ferrite is

absent and the external fieid is uniform.

— m— v a— — — —— o— e —— e

—— -—
~ -
— e o S~
— ‘\_\ ~ -~
— ~ — e
— - — \\ ~ e e — -
o~ < e P
e gu - —
_— = = — - -t ——Tf=] - "’_—“——.——\?’——"‘"—
J—
_— — VN o/ B \\\
— —_ - P S i B A P \\
- - — ~ S -
—_— e — - ~
— ‘
FIGURE 3-3

ILLUSTRATION OF i

On the other nand, p,,;q describes the increase in flux linkages in the
antenna coil due to the deformation of the non-uniform magnetic field created by

current flowing in the antenna coil.
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ILLUSTRATION OF 4,47
Both of these factors describe increases of flux linkages in the same coil
‘ due to the same core, but they differ because two different magnetic field configur-
ations are involved. That is to say, the resulting deformed fields differ from
cach other because the undeformed fields differed.

Figure 3-5 shows pp and pgoi] @S obtained from four equal inductance an-
tennas having identical cores but different winding lengths. Of particular interest
in this figure is the induced voltage curve which shows that the full length coil
antenna has an induced voltage which is 60% greater than that induced in a concen=-
trated coil antenna,

The increase in induced voltage with coil length is attributable to the

‘ ract that more turns are required on the longer coils than the shorter coils in
order to obtain the same value of self-inductance. In practice, maximum antenna
self-inductance is limited by permissible (or unavoidable) shunt capacity. The

" highest induced voltage is, therefore, obtained when the antenna coil is wound so
that it maximizes the ratio of turns-to-inductance.

Tt is also noted that, if coil Q can be assumed constant as a function of
a/{ ratio, then equal inductance antennas generate equal thermal noise voltages.e
Consequently, induced voltage~to-thermal-noise ratio has the same functional de-

pendence on a/f as does the induced voltage alone. It is concluded, therefore, that
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{Wil Tength windings are more advantageous from the standpoint of induced volts-to-
thermal-noise ratio, ef/en, provided coil Q can be kept constant while increasing
a/f ratic,
- | Since full length coils produce larger induced voltages, and since it is
* reasonable to expect that in many cases this also corresponds to larger induced
w1 tage-to~thermal-noise voltage ratios, the ferrite antennas considered hereafter
wiil have full length coils (unless otherwise specified). In passing, it is worth-
whiie to note that a distributed winding (full length coil) is, in general, simpler
‘> wind with low distributed capacity than a concentrated coil; this, in turn,
simpiifies the problem of obtaining high impedance levels. As noted in Equation (3=7)
‘ fer full length coils
Hrod and

V2"

Thes=2 approximations are borne out fairly well by the empirical curves shown in

Beoil A2 Hrod

Be 245

Figure 3-5.

IV. COMPARISON OF ATMOSPHERIC NOISE AND THERMAL NOISE IN LOOP ANTENNAS AT VERY LOW
FREQUENCIES

Irtrcduction

The degree of importance attached to thermal noise generation in the an-
. tomra cireuit depends upon the relative level of thermal noise volts compared to the

1etaT moise in the system. At 25 kes (and VLF in general) total receiver noise is
largely thermal-noise plus external-noise sources such as atmospherics and electro-

- static disturbances. The last noise source is predominately an electric field

geesomana arising dus to sparking in nearby electrical equipment, etce. (see external
noise source discussion). The ideal loop antenna responds only to a magnetic field.
Thus, if the loop antennas considered are idealized to the extent that E-field pick-

‘p is assumed to be zero, then internal thermal noise and external atmospheric noise

vemain 35 the major sources of noise in a loop antenna receiver system.
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A comparison of the relative magnitudes of noise voltages introduced by
these two noise sources into a loop antenna will help determine whether it is
necessary to consider thermal noise generation in the design, or evaluation, of a
receiving loop antenna. Such a ccmparison is provided in the following work by
estimating the ratio of voltage induced in a loop due to atmospheric-noise to thermal.-
noisg generated in the loop due to the resistive component of the antenna impedance;

iee, e/Coy -

Assumptions Made in the Calculation 3{ e AN/ P

L Zero E-field pickup in loop antenna.

2, First amplifier noise is negligible compared to thermal noise generated .
in antenna circuit,

3« Atmospheric noise field strength given by median day and night values
for the latitudes of the U.S.A. (1) .

k. Antenna circuit must pass a band of frequencies 2000 cps wide centered at
25 kc/s with a maximmm of 3 db variation of the band.

5. Leop antennas considered are:
a) air core circular loop with closely spaced turns.
b) ferrite core loops with full length coils.
6. Antenna circuit ¢ a) resonated, b) not resonated.
7. In the case of the non-resonant antenna circuit, it is assumed that .

a 2000 cps passband is established by tuned circuits located in the
receiver after the first amplifier stage.

Resonant Air Core Loop

| A e = voltage induced in loop
Z due to external fields
(rms)
v e __é €ny = thermal noise voltage due
S — -

i 7 C °TN to resistance R

1°

W, e, FIGURE L-1
l o EQUIVALENT CIRCUIT OF RESONANT AIR CORE LOOP
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The induced voltage from Equation (3-1) is
e, = By ® Ay ny H (L-1)
where subscript "a® refers to air core loop and H = magnetic field intensity (rms).

The electric and magnetic field intensities are related by
£ = \’ ) (h=2)
H ®o

Equation (L-l1) can be rewritten as -
2n A n, E

- a

e = (4--3)
A

where “A = wavelength = —_—
e | Ah

and DI 12,000 meters for f = 25 ke

The induced voltage at £ = 25 kc is given by

. na Aa _5 2
ea - [ 1910] E = ().L].O) 10 na Da E. ().l-}.l)

where D, = loop diameter.

For a passband of 2000 cps at 25 ke center frequency, the loaded Q of the

antenna circuit must be

oL )
q = —2 - 12.5 (L-5)

a

=)

where R is composed of.the internal resistance of the antenna plus additional re-
sistance, if necessary, such that equation (L-5) is satisfied. In the absence of
a signal, the induced voltage is entirely due to atmospheric noise piclcup‘and 1s
given by Equation (L-l) when an equivalent (rms) electric rield intensity, EAN’ due
to atmospheric noise is substituted for E.

The effective thermal-noise voltage associated with R is given by

Sy :\/hKTAflf =\/(y1_<r__§__g__m_) L (4=6)
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> watt-sec
where K = Boltzmamn's constant m (1,37) 10793 —————
deg.(Absol.)
T = absolute temperature of R = 2939 Abs,
« £ = passband = 2000 cps

© = 2nf = 2n(25000) rad/sec.

Equation (L4~6) reduces to
e o= 2.2V L/Q = 0,635 \/—;microvolts (4=7)

TN

The inductance of an air core loop composed of n closely spaced turns is given by
Equations (3=2) and (3-2a) which are repeated here:
I A k p, né D/2

where k = fn (8Dfd) .- 2
A reasonable range of values for D/4 is .

6 <D/ <1000 (L84
The corresponding range cf valnes of K is

e <K< 7 (L-8t)

For K = 2, inductance, call it Ly, becones
Al

\ ;. =\u, n?D = (1.12) 1073 n\D (L)

For K @ 7, inductance, call it Ly, becomes

e\ 3 o > o o3 o
VLQ = \15«5 Ly 0D = (2,1) 10 n V D (L-30)

Hence, letting the subscripts 1 and 2 denote K = 2 and 7, respectively, the noise .
voltages become ‘
ey, = (0,71) 1073 n ‘J D misrovolts (h-112)
1
and . N
eTN; = (1.30) 107 n \JD microvolts (L=11b)

Comparing atmospheric ncise pickup with thermal noise generation, we obtain

e ~ —
AN L osep¥?2 E

AN (,),L' N 23 )
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and

CAN
e'rN2

= o‘.3o D3/2 Em

For daytime atmospheric noise (for & f = 2000, f, = 25 kc):

E. . & 50 microvolts(rms)/meter (Median value USA)

AN
For nighttime atmospheric noise

Eny # 1100 microvolts(rms )/meter(l)

From Equations (L-12) and (L-13), we obtain

(4-12v)

() (4-13a)

(4-13b)

Daytime Nighttime
] AN 29 /2 58 0/
Ny
e
AN 15 D3/2 30 D3/ 2
°IN,
where D is in meters.
Nen-—-resonant Air Core Loop
‘O
Z
e
r—
Erxr
—0
FIGURE L-2

EQUIVALENT CIRCUIT OF NON-RESONANT AIR CORE LOOP
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Atmospheric-noise volts to thermal-noise volts ratio for the non-resonant
air core loop is the same as for the resonant air core loop with the exception that
the circuit Q is no longer restricted to the low value of 12.5 in order to pass the
required band of frequencies. The antenna coil Q is made as large as physically
realizable (call it Qa,)" The results of the resonant antenna are then Qirectly ap-

plicable when multiplied by the factor \, Qa/QQ (see Section VI). Hence,

Daytime Nighttime
B
AN 5.8 \’ Q, p3/2 Twice Daytime Values
€,
TNl
= ,
AN 3.0 [, 03/2 Twice Daytime Values ®
e
A

Resonarnt Ferrite Core Loop

The induced voltage for the ferrite core antenna is given by Equation (2-))

Zf = Be b, @A, ne H (be1lia)
¢r in terms of the E-fileld
2
- nd - \
p 7 Mo By Hf © Ty £ E (i)

) o

where df = ferrite rod core diameter.

The thermal noise is giwven by Equation (L-7) as
ey = 0,635\f Lfi microvolts (L-15)

Using Equation. (3-5) for Ly and the .f.'Ell coil length approximations Be AS Hrod ang
€AN \J 2

Beoil A2 Mpods We obtain the ratic - to be
“TN
N - :
Ao ods i (8e/e) (22 B (b-26)
©
TN

where EAN is given in (rms) microvolts/meter.

Declassified in Part - Sanitized Copy Approved for Release 2012/04/10 : CIA-RDP78-03424A000500010007-0




For purposes of comparison with air core loops, let
fe = f = F
where F = constant
and D = air core loop diameter

Substituting into Equation (4~16), we obtain

-

e
M o6 \l Fupog  (Fa/f) D3/2 By

eTN
where EAN (rms ) microvolts/meter
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(Lb-17)

(L4-18)

Daytime Nighttime
r d
2
_;AE 23 V Krod (7-1-') [fB/ Twice daytime values
SN f
or in terms of equivalent afir core loops

e F

d
_—L'N 23\, F p,rod(',—') D’ /2 Twice daytime values
®rN

Non-resonant Ferrite Core Loop

Multiply EAN/ e py values of resonant case by q Qp/2Q where Qp = maximum

cbtainable value of Q for a ferrite core loope.
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TABLE II

SUMMARY OF ATMOSPHFRIC NOISE VOLTS-TO-THERMAL-NOISE
VOLTS RATIOS LOOP ANTENNAS

e
AN par10

ANTENNA TYPE ey

Daytime (Median Value of Atmos. Noise
E~Field = 50 rms p volts/meter

I. AIR CORE
Resonant (Q = Q = 12,5)
K =2 29 D3/2
K =7 15 Dp3/2
Non-Resonant (Q = Max, air core Q)
K=2 5.8 3 70%/°
K =7 3'.0 /o7 p3/2
II-a FERRITE CORE
Resonant (0 T = 12.5) 23y Trad (A/0) 12
Non-Resonant (Q qugixé m:;r)‘rite core (16 [T) fTorad (8/0) (3/2

NOTE: As a means of comparing Air Core and Ferrite Core loops, write
{ in terms of D, as follows:

Let f = FD, where F = constant

I~ FERRITE CORE

Resonant (Q =T = 12.5) 23 F imag (Fa/() 0°/2
Non-Resonant; (0 = Q) (46T )W F ipeg? (ra/) 072
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noige volls.

atkr‘log“;m i [folisk [volts

| Weragql

st : 5 7.8
Alr core loop diameter, D, (cm.
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V. COMPARISON OF INDUCED VOLTAGES AND SIGNAL-TO-THERMAL-NOISE RATIOS IN FERRITE
AND ATR CORE ANTENNAS

Referring to Equations (3-1) through (3-7), we obtain

Induced voltages:

Air Core Loop e, = o © Ay ng H (5-1)
Ferrite Core Loop ep = Yrod Mo @ Ap ng H (5-2)
\' 2
Self Inductance and turns:
Air Core Loop L, K po na° Dyf2: 2< K& T (5-3)
or 21,
|\ —— (5-4)
® AR
Ap ng?
Hrod Ho Af Nf
Ferrite Core Loop Ly = 7 (5-5)
f
or Le f !
ng = £t n (5-6)
Hpod Ho Ar

The ratio of induced voltage for the two loops is given by

ea=\f2_‘§

or equivalently in terms of self-inductances

er Le
@ ea =\J% Mrod VI; 1331/? (5-0)

Once again for purposes of comparing air core and ferrite core loops, let

o _ trod I (gp)2 (5-7a)

Then for the case of equal inductance antennas

ep ‘, '\ Fd
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whereas equal turns antennas yield

e
__i:, A = Frod (F.Dz
. £ VY, = /() (5-9)
nf == na
NOTE ¢ 1/2
(E=y]" o,

Now the ratio of thermal noise generated in the two loops is given by the ratio of

S
_E‘E%., :\’ E{E _ \’ _Q_il EE_ (5-10)

their resistances, i.e.,

Signal-to~thermal ratios are given by .
.e_f
(S/TN)p = = (5-11)
e
TNf
g‘a
(s/mn), = - (5-12)
e
TN,
Thus,
=
(S/‘I‘N)f ep TN, o
- "e—'— b'd .:"-'"*" ( .[)"‘ w3 )
s, T Ty, ®

Substituting (5~7b) and (5-10) into (5-13), we obtain

|
(s/IN) K, Q
— L -[ rod al( \/ 6£ (5-1ha) -

(s/mv), 372
or upon letting f = FD

8/ I B Hrca pal\| % (5-1Lb)

S/, — 7\
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The factor within the braces in Equation (S5-lLb) is identically L)L’ the ratio of

induced voltage for equal inductance antennas, hence,

(S/TN) Q for L, = L
St = £ 2 (5=15)
(s/TN), LY q and Ly # Ly

Equation (5-15) shows that, when the circuit Q is specified (esge, for
purposes of necessary bandwidth in a resonant antenna circuit, Qf = Qa = Q and the
ratio of signal-to-thermal-noise ratios is equivalent to the ratio of induced volt-
ages when antenna inductances are equal, i.e.,

(/1)

(s/1), B
Qp = Q Qp = Qg

1
wlm
O N

nH

<

. (5-16)

: Ly = Ly
Thus Equation (5-8) which specifies I)L, the ratio of induced voltages for equal
inductance antennas, provides a useful means of comparing air core and ferrite core

loops. UL is plotted in the following figures. In these plots, an optimistic

8D
estimate of air core induced voltage is made by assuming K = fn ( 5 g8)-2=2
W
which corresponds to D /D, = 7.
Pw
Da.
FIGURE 5-1

AIR CORE LOOP GEOMETRY
However, for values of K different from 2, as will probably be the case for large

loops, UL can readily be corrected to correspond to an arbitrary value
K=2

of K by multiplying by \’ K/2 since VL varies as the square root of K.
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Apparent permeability = i 4

{/d, length-to-diameter ratic of cylindrical core
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An important cbservation can be made from the equations of this scction.

Reference to Equations (5-1) and (5-2) shows that the induced signal voltages for

both ferrite and air core loops are proportional to number of turns. The thermal

noise doveloped in each is proportional to the square root of its resistance. The
resistance in turn is proportional to the inductance (R = mL/Q ) for a tuned an-
temma,. Equations (5-3) and (57f) show that the inductances are proportional to
number of turns squared. Thus, it follows ﬂmtfm*mmhfawﬁmemdan*mmetmmd
antennas, the signal-to-thermal-noise ratio is independent of number of turns and,
hence, independent of impedance level. Therefore, signal sensitivity can be maxi-
mized by maximizing the number of turns without sacrificing signal-to-thermal-noise
ratio.

VI, COMPARISON OF TUNED AND UNTUNED ANTENNAS ON A SENSITIVITY BASIS AND ON A
SIGNAL-TO-THERMAL-NOISE BASIS FOR (a) Broadband Antemna; (b) Narrow-Band
Antenna

In a loop antenna which has a maximum dimension very much smaller than the
wavelength being received, an equivalent circuit representation is simply an RL

impedance in series with an induced emf, The resistive part of the internal im-

pedance, of course, is a source of thermal noise. Consider now two basic antenna

circuits by reflerring to the circuits (2) and (b) in Figure 6-1.

£ £,
L -

Cy
/e == /
|
i
|

Ca (V)

(@) Unboned's [cub2< Z_CL?,] b) Toned" [%Z=L7C,L+E:)J

a —
KL E o e ya
FIGURE 6-1
EUTVALENT CIRCUITS FOR TUNED AND UNTUNED LOOP ANTENNA CIRCUITS
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For the untuned anmtenna of Figure 6~la, the signal voltage at the grid is given by
= €3 (6-1)

and the signal-to-noise ratio at the grid is

(S/N), = %a (6-2)
ViEr oty

For the tuned antenna of Figure 6-1b

o, = T (6-3)
and
Qe
(S/N), = e (6-1)
‘ b VL kr Af(Q° R + Ry)
Thus.by way of comparison, we have
e
fa L (2 (6-5)
egb Q ©p

and
s TR+ R,
(s/N), \l (66)

cm, = V@ ¢ amy

In practice, the maximum value of inductance for either the tuned or un-

tuned antenna is determined by minimum capacity restrictions. For example, the mini-
‘ mum capacity of the tuned antenna must be appreciably great.e;r than the stray capacity

introduced when‘a body is brought near the antemma. Clearly, if such a minimum capacity

is not provided, the proximity of external ol?jects will have undesired detuning effects

on the antenna (see Figure 6-2b). Similarly, for the case of the untuned antenna

(see Figure 6-2a), the maximum inductance is limited to a value such that the capacity

which causes it to resonate is appreciably greater than the total capacity appearing

across the inductance (including stray capacity of nearby objects). Figure 6-2a

shows that the untuned antenna operates as a high Q circuit with a minimum capacitance

C, across its terminals. Although not desired, resonance will occur if the shunting
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capacity is permitted to increase to the value Co. Thus, the maximum inductance per-
mitted in the untuned antenna is such that a capacitance Co or greater is required
for resonance. To prevent de-tuning effects

Co>> Cq + Cx (6-7)

where Cy = external stray capacity.

On the other hand, Figure 6-2b shows that the simple resonant (tuned) an-
tenna operates as a low Q circuit in order to pass the desired band of frequencies
with the resonance capacity CB across its terminals. IfAC/2 is the chapge in C3

required to reduce the impedance magnitude to 0,707 of its resonant value, then
2¢C

AC = —2 (6-8)
. 1+Q
De-tuning effects are prevented by making
& C2=D o (6-9)
or
C3>> (1+7) ¢ (6-10)

For § = 12,5 and typical values of CqAZ 60 puf and Cy = 10 puf, the
minimum values of C» and C3 are comparable although Cp can usually be made somewhat
smaller than C3.

. As a result of the preceding capacitance considerations, it may be said
thap slightly higher values of inductance may be used in the untuned antenna. Assum-

ing, however, that

Co = C3 = OCp (6-11)

and

{ = L = 1/&? Cp (6-12)
will simplify the following work without introducing appreciable error. Hence, com-
paring similar antennas (equal inducta.nces), the induced voltages are equal, i.e.,

ea = eb = € (6-13)
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The passband of the tuned antenna must be at least as great as the passband of the

receiver. Therefore, let

Q = - where f_ center frequency (6~1ha)

D

passband of receiver
ol
T=3r | (6-14b)
For the untuned antenna, there is no restriction on the Q of the coil; hence, it will
be made as large as possible. Thus, for a broadband system Q << Q; whereas, in a
narrow-band system, Q approaches the maximum obtainable Q, ie.e., for a narrow-band
system 23_*'(%mzx.

On the basis of the preceding remarks, we will re-examine Equations (65 ) .
and (6-6) to obtain a useful comparison of (a) induced voltages and (b) signal~to.-
noise ratios for the untuned and tuned antennas.,

a. Induced Voltages (Eq. 6-5)

For the equal inductance case, the ratio of signal voltages at the grid for

the two antennas becomes

e ga
e
€b

for { ~ L (6-15)

Ol

As noted before, the inductance of the untuned antemnna can be made somewhat greater .
than that of the tuned antenna. A good range of values may be
e
L B2 (6-16)
Q

egb

b. Signal-to~noise ratios (Eq. 6~6)
Two cases are considered, viz., the signal-to-noise ratio in a broadband

antenna circuit and that in a narrow-band circuit.
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BROADBAND CASE § <<.Q :

Corresponding to Gp = 100 ppf = minimum allowable capacity, we obtain

the maximum inductance to be

Lyyxy = 10O mh
If f =25 ke and A f = 2 ke, then
c .
Af
_alL_
R = 6 = Sk‘ohns
ok 62,8 k ohms
r = Q - —__Q —

- If Q = 250, then
r = 250 ohms
Values of R, for triodes are given by

Ry 25

o
€m
Thus, a reasonable range of values is

100 < R << Loo
It follows then that if

. QQ R >>Rn
and
r R,
then /N
(s/N)
2o\ S1 ;@ >>U
(S/N), 2r
For the values selected
(s/N) '
« a NJ 3016
(/)

(6-17a)

(6=17p)

(6-18)
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NARROW-BAND CASE Q = 0

IfTR = rn Rn" then

(s/N), ~
: 2 My Ee N 12, T —Q (6-i2)
(S/M)y, TRy

VII. E~FIELD PICKUP

As was pointed out in Section II, static noise in the region of 25 ko odis
primarily an E-field phenomenon, Thus, insensitivity to E-fields is an important
characteristic of an antenna which is to operate in a region where local electro-
static disturbances are appreciable,

A loop antenna is designed to couple the H-field while an open antenna is
designed to respond to the E-field. A loop antenna does, howcver, have a certain
amount of semsitivity to the E.field. The degree of this sensitivity is dependen®
upon several factors including geomebry, number of turns, and isolation from ground.
The ilast point relers to the faut that, if one side of an antermma is connected 1
ground through the receiver and associated power line, the "aerial effect™ cr E-field
sensitivity is increased<3)ﬂ

It is possible to reduce the E-field sensitivity of a loop antenna by
proper shielding. A complete treatment of this topic is beyond the scope of this
report, and discussion will be limited to a few comments on the shielding of air
core and ferrite core loops,

One common method of shielding air core loops is shown in the following

dilagram.

FIGURE 7-L

A METHOD OF SHIELDING AN AIR
CORE ANTENNA
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In the diagram, the loop consists of a single turn for simplicity; whereas, actually
it may be a muilti-turn loop. The break in the shield is to prevent the shield from
acting as a shorted turn.

For therferrit,e antemna, one possible method of shielding is shown in the

. following diagram, Again, the shield must have an airgap - this time a lengthwise

slot is employed.

5/0{ n -"/A(//

Ccu-ll'd/ a‘/t_

. Sferrs /6 we '/)‘///7 Co atra / i
y4 7 Artenra
Shee l
FIGURE 7-2

A METHOD OF SHIFLDING A FERRITE ANTENNA

In order to achieve high sensitivity, the antenna may be wound with a
iarge number of turns (Section V). For maximum turn antennas, it is desirable to
keep the capacity between the windings and the shield as low as possible so that the

‘ number of turns need not be reduced. For this case, it is worthwhile to point out
that, for an air core loop with many turns.the diameter of the wire bundle becomes
appreciable relative to the loop diameter, and construction of a shield spaced far

.A enough from the windings to keep capacity down to a tolerable value could present
practical difficulties; e.g., the resultant package would be large and bulky.

The line geometry of the ferrite could be of a real advantage in this
situation. A cylindrical slotted shield as shown in the diagram could be constructed
relatively easily, and the resultant physical package would be more compact than

that of the air core loop.
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VIII, EXPERIMENTAL METHODS AND RESULTS

Introduction

Whenever possible in the study, theoretical results were checked experi-
mentally in the laboratory. Also, in some cases, experimental data were required
for the analytical study. The test equipment and methods of test used will be de-
scribed briefly. Also included will be a summary of results of some of the attempts

to experimentally verify various important equations and results derived analytically,

Test Equipment and Methods

It was necessary to have a uniform magnetic field of known value available
for comparing the performance of various antennas and for other test purposes., To
accomplish this, a large test loop was constructed. The loop consisted of ten turns ’
of wire forming a circle nine feet in diameter, This coil or loop was supported by
a wooden framework which was assembled with plastic bolts to insure that the magnetic
field would not be distorted by any metal. The test loop was excited by an audio
power amplifier which, in turn, was driven from a General Radio Type 700-A oscillator,
The output frequengy of the signal generator was monitored by a Hewlett-Packard
Electronic Counter, Model 522-B, which indicated the frequency to the nearest cycles

The magnetic field at the center of the test loop is given by
NI

T R 1) @

where N = 10 turns, R is the radius = L.5 feet = 1,37 meter, and I is the rms
value of ?he current flowing in the loop. In order to measure the current in the
test loop, a 1000 ohm precision resistor was placed in series with the loop and the
voltage across the resistor was recorded. A block diagram of the complete test

setup follows.
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FIGURE 8-1

EXPERIMENTAL SETUP FOR ANTENNA TESTING

As the diagram indicates, the antemna to be tested is placed in the center
of the test loop and a shielded cable is brought out to a vacuum tube voltmeter
(a Hewlett—Packard Type LOO-C was used). The antenna may be tuned or untuned as de-

. sired., The magnetic field is very nearly constant for a small region at the center

of the test loop. Figures 8-2 and 8-3 show voltage induced in a small test coil as
a function Pé}E' distance from the center of the loop in the plane of the loop and per-
pendicular to the plane of the loop. Equation (3-1) shows that the induced voltage
is proportional to magnetic field intensity.

Using the test setup described above, it is possible to determine the Q and
the induced voltage of a tuned antemna. The resonant frequency f, of the antenna is
found by sweeping the oscillator until the voltmeter across the antenna reads maxi-

mum. Then the 0,707 point frequencies are noted and Q (loaded Q) is found from

T = f,/AF (8-2)
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Th> induced voltage is given by the output voltage divided by:
ey = 30/6 (8-3)

A General Radio Type 650-A Impedance Bridge was frequently used for measure-
ments of L, R, and C. The instrument was equipped with a Type 650-P1 Oscillator-
amplifier,.

It was frequently desired to measure the apparent inductance, true inductance,
and distributed capacity of a coil or antenna. This was accomplished with a Boonton
Type 160-A Q-Meter. The instruction manual for this meter explains the.procedurea
Since the instrument had an oscillator frequency range of 50 ke - 75 mc, it was nec-
essary to use an external oscillator in grder to accomplish measurements in the 25 ke
rrgion. The oscillator, power amplifier, and frequency counter previously mentioncd .
were unsed for this purposee.

* rod

The ferrite rod which was used for most of the tests was a low-loss
approximately sixteen inches long by seven-sixteenths inch in diameter. The rod had
a measurcd®®  toroidal permeability of approximately 150 and an effective permeability
of approximately 90 (for a full length winding). In order that various different coil
windings could be used on the same ferrite rod, the coils were wound on thin card-
board ceil forms which fit tightly over the rod but could be slid on and off the rod,

An air core loop antenna was also constructed for purposes of comparison ‘
with the various ferrite antennas and for making measurements to check the validity
of the analytical equations of performance., This air core antenna consisted of 500
turns of #22 Heavy Double Celanese Bare Mapnet Wire. A sketch of the antenna is shovm
below, Whnen tuned to resonance at 25 ke, this air core loop exhibited an unloaded 0
af 3l
% Umloaded 41 of as much as 250 were observed.

#% These measurements are described later in this section.
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FIGURE 8-}
EXPERIMFNTAL AIR CORE LOOP ANTENNA
Experimental and Analytical Results
1. Inductance of Air Core Loop Antenna
‘ The inductance of the air core loop antenna described in the preceding

paragraph was measured with the G-R Impedance Bridge and with the Q-meter. Both
instruments gave the same value:

L = 141 mh
The inductance of this antenna was calculated from the following formula which is
repeated here

LA n2p,RK
where K = form factor = In%IE -2

. In this formula, R is the mean radius of the air core loop (6") and a is the radius

of the loop cross-section (1/2). This calculation yields the value:

L A2 123 mh

2. Toroidal Permeability of Ferrite Rod
To measure the toroidal permeability of the ferrite rod, a small toroid

was cut from the rod. The dimensions (measured with a micrometer) are shown in

the following sketch:
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m = 3/16" drill = 0,1875 in.
t = 0,128 in.
D = 0.4l42 in.

FIGURE 8-5
DETAIL OF FERRITF TOROID

The mean path length S and the cross—-sectional Area A were calculated;
S = 0,025l m
A = 10,48 x 1070 p2
Tre toroid was close-wcund wita 51 turns of AWG 32 wire. The inductance as measured
on the GR Impedance Bridge was:

L = 200x 102 h

The toroidal permeability was «alculated from the equation(l)
- SL S
which yvielded the value
pp = 147

From the curves in Bozorth(>) (pp 8L6~8L8), the effective permeability can be de~

termined. For pp = 150 and length--to-diameter ratio of 35, the value is

Prad A2 12C
which for a full length winding on a ferrite rod would correspond to:

1. L
TR S PR

'
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3. Effective Permeability™
The equation for the induced voltage in a ferrite core antenna is given
by Equation 3-l and is repeated here:

e = poupodpneH

By placing an antenna in a known H-field and measuring the induced voltage s the value
of pg can be determined. This was done for an antenna with a full length winding, and
the following results were obtained:

Be = 90

broa = g V2 =127
Another value for pg for the rod was obtained from Figure 3-5.

we = 92
The values of pg and p,,47 for this graph were obtained invthe following manner:
Four (_:oils of different lengths were constructed such that, with ferrite core in
place, each had an inductance of 13.2 mh. The air core inductance of each coil was
measured, and pg was determined as the ratio of the coil inductance with ferrite core
to the coil inductance with air core. The values for Hooil Were determined from the

Equation (3-5) for the inductance of a ferrite antemmna coil length a:

Le = Beoil Mo Ar ng?
£ a

L. Ratio of Ferrite-to-Air Core Induced Voltages
Equations (5-1) and (5-2) can be used to predict the induced voltages in
the ferrite and'air core antennas. For an H-field of 3,28 x 10~3 amp=turns/m and a
frequency of 16,650 cps, these equations yield
ep = 7.?42 mv
e, = 15,7 mv

- em am Em mm e ew em e e e e am e TR kR G MR Se e e Se e B s e T e e e e G e e e ve me mm e e e e

# The same rod was used for all permeability measurements, This is also the rod
from which the previously mentioned toroid was ultimately cut.
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If the inductances of the two antennas are equal:

”L o ef’, pa b Oo)—l73

An experimental check on these values was made by constructing a ferrite
antenna (full length winding) with an inductance equal to that of the air core lcop
(141mh). The induced voltages were measured for these antennas at the frequenzy
and HB-field intensity specifieod abeove, The values obtained were:

ep = Tl mv

ea = .l mv

l}L = epfeg w 0,528

Another check for this value of M1, can be obtained from thg graph, Figare ‘
5-9. From this graph for a value of wpp of 150, the valge of L/L is 0.36, This
curve was plotted for the case of form factor K = 2 and, therefore, must he cor-
rected for the actual case where K = 2,57 for the air core loop constructed in the
laboratory, As is pointed out in Section V, the correction factor is\}_i{_;;;.l = 2.57/21

Thus, the corrected value {or L)I iz
‘ 4

UI‘ = 0.l

5. Power Measurements
Figure 8--6 shows the results of‘a number of power measurements performed
on four antennas. For these measurements, the load resistor was varied and readings
of bandwidth and power delivered te the load were taken., The test H-field was +he
same for all‘four antcennas. These curves show the power delivering capabilities of
the antennas; also, they are significant in another respect. It will now be shown
“hat the same factors which gcvern the powsr output of a ferrite antenna alsc goverrn

its signal-teo-thermal-nicise ratic, Tre equivalent circuit for a ferrite antenna is
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‘ which then reduces to:

r | C
I

=z

FIGURE 8-7
EQUIVALENT CIRCUIT FOR A FERRITE ANTENNA

In this diagram, r represents core loss while R is the load resistor. Note

that

Q = aL/r
T = oL/(r+R)

Unloaded Q

#

Loaded Q

It can be shown that the power delivered to the load is given by:
2 —

_ & Q
P = = u-Q)G (8-4)

Make the following substitutions:

€3

B Bo @ Ap np H

_ Mcoil My Ar ng?
a

. 2

A -

P =[p'f £ a_‘l Ko a2 § T Q (8-5)
Yeoil

For the induced voltages-to-~thermal-noise ratio:

The thermal-noise voltage is:

e.. =\\LETALR

Tr
L Beoil Mo Ar Np?
a

Vi xk TAf /T
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These equations reduce to:

szfaJ bo @ H2

2 B )
' 22 [ N (8~4)
(ef/eTN) l; Heoil J KTATF

Note that in the eguation for P and for (ef/eTN)z, the only quantities not predeter—

. 2
mined are Wf Af &  for both cases. It is shown in Section III that the opt imum
Heoil

coil length is a full length winding (a = {). Under these conditions, Equations (8--5)

and (8--6) reduce to:

P = uZOd he a o © He T asfp (8-7)
2-—
n 2 Q

(ep/epy)? = -E-;’-‘i Apa P27 7 az f, (8-8)
KT.A £
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APPENDTX

VOLTAGE INDUCED IN FERRITE~-ROD ANTENNA BY 4 PLALE
(UNIFORM) E.M, FIELD AS A FUNCTION OF COIL LENGTH

_ r&__ . —
L-E—m faw 5 wﬂmw; aﬂ-} .
B V7 o] §

i -

- - - 2 X

——

N

—-———’
Cos/
Feritle Eoo
FIGURE A-L ‘
DETAJL OF FERRITE ROD
Let w o ruamber turns per uall of coil length

o total number turns
¢, ¢x) = flux passing through rod cross-sectional arvea, A 4, at any planc
o x along ferrite rod.

Tre volitapge nduced in the coil is given by

“Ya
o [ [ )] @ (a1
- ® e rod ' VAT
- % o
Aczauming K oand Ay.(\.,i are constants and that all time variations are sinusoidal, then
(A0 ) -ar be wratten as +%%,
P o) . (’ -
e 2 wkA, 4 ///’ B.og (x) dx (4=2)
()

average {lux density over a rod cross-section located

abere Lo ix) o~
a distance x from rod length center

circular frequency

O

i the abwence of the ferrite antenna, the flux density is assumed to be unilorm

and 13 javen by
Bg = M Hg (where subsctipt S refers to signal) (4-2)
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When the ferrite antcnna is introduced, the flux density changes -~ the

extermal field is no longer uniform in space. The average flux density established

inside the ferrite antemma can be written in terms of original flux density as

follows
Brog (x) = mg (x) o H (A-d)
mp(x) = step-up flux density ratio as a function of position
along rod length (Eq. (A~-L) is a defining equation for
a,
Thus, /&
e =20 k A, 4 Hg 1t [ mf(x) dx (A-5)
o

‘ The step-up flux density ratio can be obtained empirically by measuring the voltage
induced in a small search coi]_. at various positions along the axis of the ferrite
rod. Reference (h), page 191, shows that the step-up flux density variations are
given by:

: 2
me (x) = gy (1 - 3.6 ’-;—2— (a-6)

Substituting equation (A-6) into (A-5) yields

e = oA, 4 Mo Mrod [Ka:lﬁ - 0.3 IQJ (A-T7a)

but Ka = total number of turns on 0011 =

. o o e = M‘Od p.o u'rOd nf E. - 003 (3/1)2] HS (A"?b)
Equation (A-7b) illustrates the dependency of induced voltage upon coil length and,
therefore, provides a useful criterion for the determining of the most desirable
coil length. Values of w, 4 for various f/d ratios and toroidal initial permea-

bilities are available in the literature(>) . For convenience, . 4 Vs I/d for

various values of By oroidal have been plotted in Figure 5-2 in this report.
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The factor R describing an effective relative permeability with respect %o

an axial external field is obtained from Equation (A~Tb) as

h = troa [1-03 (/17 (a-8)

This effective relative permeati 1ity describes the increase in induced voltage due
to a wniform, axial magnetic field when a ferrite rod core is introduced into an air
core coil. Experimental data gathered in the course of this investigation agree with

Equation (A~8) with a good degree of accuracy (see Figure 3-5 in this report).
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NOMFENCLATURE

relative permeability describing the increase in self-inductance of a
ferrite-cored antenna coil over the self-inductance of the same antenna
coil with an air core.

relative initial permeability of ferrite material in a toroidal shape.

ratio of the average flux density across the center cross section of a

ferrite rod to the flux density in the absence of the ferrite rod.
(Magnetic tield before introduction of ferrite rod is uniform and oriented
so as to be narallel to the ferrite rod axis when the rod is placed in
the field.)

relative permeability describing the increase in the voltage induced in an
antenna coil (in a uniform axial magnetic field) with a ferrite core over
that induced with an air core,

ratio of voltage induced in a ferrite core antenna to voltage induced in ’

an equal~inductance air core antenna.

ratio of length of ferrite rod to diameter of an air core loop.
form factor us~d in calculating inductance of air core loop.
diamotcer of Air core loop.

length of ferrite rod.,

diameter of ferrite rod.

length of coil or winding on ferrite rod.

length=to-diameter ratio for ferrite rod.

subscript 'a' refers tc air core loop

subscript !f' refers tc ferritec core loop
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