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ABSTRACT

The spaced loop antenna is of interest in HF-DF because of its
superior performance relative to the simple loop with respect to bearing
accuracy when reradiating objects are nearby. The shipboard site is a
prime example. It is therefore of interest to study in some detail other
characteristics of the spaced loop particularly those which are inferior
to theiirmple loop, such as sensitivity.

his report l‘ﬂm'!n prepared in order to make available in a
single reference a complete listing of the important performance character-
istics of the spaced loop antenna. The exact field equations of a general
spaced loop are derived and used as a basis for all other performance
characteristics. The coaxial spaced loop and coplanar spaced loop are
treated as special cases of the general analysis. Any two loop spaced
loop operating in the quadrupole mode may be treated as a special case.

Field patterns are derived for near and far fields, for azimuth
and elevation planes, and for both vertical and horizontal polarization,
for any spaced loop. These results are plotted to show that certain
spaced loops have pattern variations as a function of distance to the source.
The field equations are then used to compute the radiation resistance, the
effective height, effective area, gain, signal-to-noise ratio, noise figure,
minimum observable field strength and impedance. Other characteristics
including reradiation error reduction, pattern variations with source
distance, construction difficulties and pattern distortion sources are ’_Ao“f—
reviewed. Although the report begins with .uesr general concepts cercernihg
a spaced loop, all important formulas are explained with numerical examples,
so—taet practical conclusions may be drawn. /

Interim period activities are summagygized in the last section of the
report,
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1. Introduction to the Problem of the Spaced Loop

Spaced loop radio direction finding antennas have been frequently
proposed and occasionally used since the early days of radio. Friisl
constructed and tested an elaborate coplanar spaced loop prior to 1925,
Many coaxial types have been developed since that time2-6,

In most instances far field patterns have been derived or measured
and shown to possess certain desirably characteristics, including improved
directivity over a simple loop.

In this report two fundamentally important characteristics of the
spaced loop are considered in detail as they affect the designer. These
are (1) variations in the field pattern as the source (or point of observation)
is moved from the near to the far field region of the antenna, that is, from
r << \tor > \, and (2) factors which determine the signal-to-noise ratio
of the spaced loop in a practical receiving system.

1. Friis, H.T., "A New Directional Receiving System, '' Proc. IRE,
Vol. 13, December 1925, pp. 685-707. "

2. 'Instruction Book for Navy Model DAB-3 Radio Direction Finder
Equipment, "' Collins Radio Company, NAVSHIPS 95073, 10 December 1
1942,

3. Crampton, C., '"A Note on the Application of Spaced Loop High Fre-
quency Direction Finder in H. M. Ships, " Report M. 433, Direction
Finder Section, Admiralty Signal Establishment, July 1942,

4, Travers, Douglas N., '"A New Shipboard Direction Finding Antenna
for the Reduction of Reradiation Error, "' Southwest Research Institute,
1 September 1960,

5. Travers, Douglas N., et al. ""A Method of Goniometer Scanning the
Coaxial Spaced Loop Direction Finder for Vertical Polarization, "
Task Summary Report VIII, Southwest Research Institute, 1 April 1961.

6. Evans, G., '""The Crossed-Spaced-Loop Direction-Finder Aerial, "
IRE Transactions on Antennas and Propagation, ,Vol. AP-10 Number
6, November 1962, pp. 686-691.
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It is shown that certain spaced loops have a radiation pattern which
is a function of the distance to the source or point of observation. Further-
more multimode arrangements, such as use of a simple loop in conjunction
with a spaced loop, always produce a pattern which is a function of distance
to the source. As a result analyses based on far field patterns may lead to
erroneous conclusions concerning the effect of nearby sources (near field
sources less than one wavelength away) such as shipboard reradiators,

In another section of this report, patterns are derived some of
which have been experimentally verified.® Criteria for avoiding the various
difficulties are given and near field testing procedures outlined. It is
concluded that in general one should not attempt to design a spaced loop or
multimode loop array for use when both near and far field sources may be
of interest (as for instance an HF/DF antenna on a ship, or for testing in
a screen room) without due consideration for both near and far field effects,
The method of analysis given in this report is adequate for most practical
problems involving the common spaced loop direction finding antennas.

The second important characteristic of the spaced loop is the signal-
to-noise ratio under practical conditions. The signal-to-noise ratio is
derived in terms of the radiation resistance, effective height, loss resistance
of the antenna and coupling networks and equivalent noise input resistance
of the first amplifier. From a specified signal-to-noise ratio the weakest
field which can be intercepted can be shown in terms of the various parameters.
It is concluded that at the present state of the art amplifier input noise
resistance is the limiting factor, antenna loss resistance is an order of
magnitude lower and antenna radiation resistance (and radiation resistance
temperature) is quite negligible compared to both. It therefore appears that
reduction of amplifier input noise resistance combined with cooling can offer
a substantial improvement in signal-to-noise ratio, If sufficient improvement
can be attained in this manner, further improvement would require cooling
of the antenna loss resistance. The ultimate limit of sensitivity is determined
by the temperature of the radiation resistance which is really the tempera-~
ture of the sources in the vicinity of the antenna. However, at the present
state of the art this theoretical limit is at least 60 to 80 db below present
practice, hence the need for further theoretical understanding of the factors
which limit present practice in the practical case,

2. Types of Spaced Loops

Most spaced loop antennas are variations of the forms shown in
Figure 1, with or without additional loop elements such as sense antennas
or signal injection antennas. All such spaced loops are variations of a
common form which is an arbitrary array of at least two magnetic dipoles.
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Figure 2 shows a single magnetic dipole in an arbitrary location
Py (x, y, z) with arbitrary polarization. When two such dipoles are positioned
in an array,all of the familiar two element spaced loops can be formed by
appropriate assignment of the various parameters. Certain arrangements
of two dipoles will produce quadrupoles. The spaced loop modes of interest
in this report are quadrupole modes.

It will be noted that the coaxial and coplanar spaced loops are
limiting cases of the general spaced loop. Any intermediate angle for the
dipole orientations will also produce the quadrupole mode. These inter-
mediate spaced loops have been of little interest to date because of the lack
of complete symmetry.

3. Equivalence of the Loop Antenna and a Magnetic Dipole

Analysis of loop arrays may be simplified by treating the small loop
as a short magnetic dipole. Various standard references illustrate this
equivalence’-9, Kraus develops the equivalence in a simple manner as
follows,

The magnetic dipole is assumed to carry a fictitious magnetic
current [,,. The moment of the magneticdipole is q,L. where qp, is the
pole strength at each end of the dipole and L is the dipole length. The
magnetic current is related to this pole strength by

dq
m 'P-—"dt—m (1)

—
n

where

jwt

Im = Imoe®

p = permeability of an isotropic homogeneous medium

7. Kraus, J. D., Antennas, McGraw-Hill Book Company, New York,
1959, p. 157,

8, Stratton, Julius Adams, Electromignetic Theory, McGraw-Hill
Book Company, New York, 1941.

9. Smythe, William R., Static and Dynamic Electricity, McGraw-Hill
Book Company, New York, 1950,
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. Integrating (1) yields

=_.I_n'l (2)

q [
™ jup

The magnetic moment of the true loop is IA where A is the loop area and I
is the loop current, Equating this to the moment of the magnetic dipole,
we have

amL = IA (3)
Substituting (2) into ( 3)

ImL
Jop

= - JIA (4)

This may be rearranged as follows
InL = - juplA (5)

The analysis which follows is performed in terms of dipoles equivalent to
real loops of area A carrying a current I,

4. Mathematical Basis for Derivation of the Field Equations

The probiem to be solved is the determination of the exact field
equations of an arbitrary array of magnetic dipoles. A specific solution
will be determined for two dipoles arbitrarily located and polarized,
arranged to form a generalized quadrupole. The solution for a single
dipole acting as a sense antenna will also be given.

By virtue of the equivalence of the magnetic dipole and a real loop,
the electric field may be determined from the relationl0:

E=—-VXF (6)

Fim

where F is the vector potential of the fictitious magnetic current Ip,.
This is analogous to the usual procedure of obtaining the magnetic

field of an electric dipole array from the vector potential A by means of the
relation

VXA (7)

10, Kraus,J. D., Antennas, McGraw-Hill Book Company, New York, 1950, p. 159.



In the present case, for sinusoidal time varying fields, the magnetic
components may be determined from the relation

. E
H=JV:H (8)

By analogy to A, F is given by.
e [ Im

F= — dT (9)
4 v T

For the dipole at Py of Figure 2, equation (9) may be written as

o 2)
F,o=8 [ 2 c (10)
k 41\' rk
a
When the dipole is very short compared to ry, I over the dipole

is constant, the dipole length is L, and hence equation (10) may be
written as

MImLk ( rk)
= el ejw - — 1
Fk 41‘.rk € Cc ( 1 )

If Fi is oriented in any arbitrary direction as shown, then the
rectangular components of F) are

Fyx = Fi 8infyp cos dip

Fiy = Fk sinfyp sindyp (12)
Fyz = Fi cos fyp

These are related to the spherical components as follows

Fir = Fgx 8in0 cos$ + Fyy sinf sind + Fy, cos 0

Fyg = Fgxcos 6 cos¢ + Fiycosf sin¢ - Fip 8inb (13)

Fktb = - Frysiné + Fky cosd




Substituting equations (12) into (13) and simplifying yields

Fir = Filsin6 sin Okp cos(¢kp - &)+ cosBcos ka]
Fig = Filcos 0 sin ka cos(cbkp - &) - 8in6 cos ka] (14)
de) = Fk [sin ekp sin(tbkp - ¢)]

Reference to Figure 2 shows the dipole is located a distance r, from
the point of observation where ry is given exactly by

rﬁ =r2+ rdz -2rrdcos ¥y ‘ {15)
where
cosy = 8inf sinfOy cos(d - dy) + cos O cos 6y

A binomial expansion of (15) yields

T =T [1-% cos'y+(-r-:l)2 (1—'—(:2—08—2-1)4] (16)
When r >> rgq the above is approximately equal to

rk=r[l-%cos'y] (17)

Substituting equation (17) into (11) yields

. ( r - rqcos ‘y)
jwlt -~ ———
p(ImL)ke c

F, = (18)
k 4rr [1 - iﬁ cos 7]
r

A spaced loop will consist of two dipoles located colinear with the
origin and on the surface of a sphere of radius rq. This requires that

Y1t Y2=ET (19)

Substituting equation (19) into (18) to obtain retardedpotentials for
each dipole yields:




) r - rqcosy
t o] —————
MImL) e Jw[ ( ¢ )]

El -
rd
4nr [1 iy cos‘yl]

[ r+ rd cos 'y)] (20)
FZ i pJ(ImL)Ze
4my [1 + — cos'yl]
where
cos Y] = 8inf@8inf) cos(d - ¢]) + cosB cosh} (21)

An orientation which is convenient for interpretation of the field
equations places the dipoles on either the x or y axis. This permits the
Eg component to represent vertical polarization and the Ey component,
horizontal polarization (although the effect of the earth has not been con-
sidered in this analysis). Choosing the y axis requires that 6] = ¢; = 90°
and consequently

cos Y] = sinf sin¢ (22)

Rearranging equations (20) to have a common denominator and
neglecting terms (rq/r)2 and higher order we have

T - rg sinf s1n¢

s (e
“(ImL)le _— s1n9 s1n¢

Fl - 4rr
(23)
r+rqsinfsing
jolt - ( c ) 'd . .
Ml L) e 1 - e sinf sind
F2 = 4nr T )
(24)

The retarded potential of the quadrupole mode is

. T
J‘“’(t - Z) 2
Frv o Fos o UImL)e B“rd sin @ sind 1 . 1
1-%2° 2a pr  (jpr)e

(25)



where (I L)) = (I,,L)2 and the dipoles are arranged to be parallel. Parallel
dipoles require that

6lp+t02p =
P P
(26)
d)zp = ¢1P + 7
Equations (14) then become
F, = [F) - F,] [sin® sinelpcos(tblp -¢) + cosBcosGlp]
Fg = [F) - F3] [cosGsinBlp cos(bip - ¢) - sinb cosOlp] (27)
Fp = [F1 - F2] [sin6)p sin(d1p - ¢)]
5. The Electric Field Components for the General Spaced Loop
Equations (27) may be substituted into .equation (6) to obtain the
electric field equations. Expanding equation (6) yields
1 3 , .. 3Fg] _ 1 .o 9F¢
bEr = oino [35‘“‘”“ - a¢] ® Temb [Sm" ECI
+ cos O Fy - o0 ’
cos ¢ - —ET (28)
1 1 9Fr 9 1[ 1 9F: 9F¢
e | ——em - . (P F ey - - F 2
kEg = 7 [sine 5% "5 “”] r [sine 56 " " ar - e| (%)
1] 9 d8Fr | 1| 9Fp OF,
HE¢=;[3; “Fe"w]=;[r 5r *Fo - B (30)
The six required derivativesare
()
3F, MImL) B rge cra 1
- 1 . in 20 si R
56 e [jpr + (jﬁr)z] sin¢ [sm s1n91p cos (¢1p ) +
cos 20 cos 6 lp] (31)
Jw( t- f.)
OFy Iy L) 1Borge ¢ 1 1
= - + s8inf | sin6 sin6y, cos (b, - 20) +
3¢ 2m [(Jﬁr) (J’Br)z] [ 1p o8 ($1p - 26)

cos 0 cos Olp cos ¢] (32)
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. . 3
oFe = +‘w'(ImL)1‘3 rde 8in @ sin¢[,l + Z + 2 ] X
or 2r jBr (Jﬂr)z (Jpl‘)3
X [cosOsinOlp cos(cblp - ¢) - sin® cosBlp] (33)
2.0 (t ) E)

oF L

a: L M ImLh ﬂz:de [-J-él?+ (jplr)z] 8in 6 [cosGsinOlp cos(¢1p-2¢)
- 8in#@ coselp cos ¢} (34)

(3]

oF M ImL) 183
¢ _ . JMImD)1p7rge 1,2 .2 Jx
or 2w Jpl‘ (Jﬁr)?. (JBr)3
X sin 6 sinBlp sin¢ sin(<|>lp-¢) (35)
> jw (t -%
oF (I_.L)B%r4e
¢ Mim™>~/P rq 1 1 . . .
= - —+ -
50 o ior (jpr)z cos 8 sin elp sin¢ sm(tblp )
- (36)
Substituting these derivitives and equations (25) and (27) into
equations (28) thru (30) yields the electric field equations
jw ( t- %)
(L) Borge 1 1 .
r=- 5 [ 3t 2] [sinf 51n91p cos ¢
(Br)”  (jpr)
- cos® sin91p cos ¢1p] (37)
3 jwlt- %
(I..L) rae
Eg = -j mhP7rg {[ L + ! 2] [sinesinelpx
Zm (ipr)3  (jpr)

X [cos¢cos(¢1p-¢) + 2s8ind¢ sin(¢1p-¢)] + cosecoselp coscb] +

+|:J—él;] sin 0 sinelp sin¢ sin(cblp - 4))} (38)
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Jw ( t - {-
AlmL) pirge . ) | |
Ep =1 2n [(jﬁr)3 + (jpr)z] [3 sinBcosb 8inf), cos(¢1p -0) +
+(1-38in26) cos Blp] sind + [3_5—11_'-] 8ind siné (cos @ sinelp cos (d1p - ¢)
~ sinf cos elp]} ‘ (39)
where
(ImL)l = ~jwp IlA], (5)

Referring to equations (38) and (39), the criteria for equal patterns
in near and far field regions can be found by setting the appropriate terms
equal., For Eg this requires that

sin @ sinelp[cos¢cos(¢lp-¢) + 2s8in¢ sin(cblp-cb)] +
+ cos 6 cos elp cos$¢ = agsind sinelp sin¢ sin(¢1p -0) (40)

where ag is arbitrary. This requires that 63, = 90° and d1p = 90° or 270°
so that 3 sin@ sindcosd = a, sinfsind cosd, or ag = 3. This appears to
be the only set of values for 0)p and $1p which produce equal far and near
field patterns. These values correspond to the coaxial spaced loop (shown
first in Figure 1). A similar result is obtained for the E¢ component,

It is evident that, in general, the antenna patterns are not the same
in both near and far field regions even though the antenna dimensions are
small compared to the wavelength.

The three principal spaced loops are the coaxial, the vertical
coplanar usually called simply '"coplanar, " and the horizontal coplanar.
The polarization parameters for these are as follows:

TABLE 5-1

Type 61p | %1p

Coaxial 90° | 90°

Vertical Coplanar 90° 0

Horizontal Coplanar| 0 |N. A,




Substitution of these values and equation (5) into (37), (38) and (39)
yields the following:

a.

The Coaxial Spaced Loop

E =0 (41)
jwit- z

E, = - I@Ardwpe ( - ) I: 3 + 3 + -l—-] 8in@ sin 2¢

6 4n (j8r)3  (jpr)® I
(42)
jw (t - -z-)
Iﬁ3Ardwp.e 3 3 1

E¢ = + + —— | sin 26 sin2¢

4 (j8r)®  (jpr)? T

(43)

The Vertical Coplanar Spaced Loop

3 jw( t -%) 1 1
Ep= 1B~ Argupe [ + ) cos @ (44)
2m (i8r)3  (5pr)

jw ( t- E-)
3 (o
_ I Argupe {[ 1 1

_sin?
Eg = 5 Gpn)3 + (jBr)z] (cos 20 - sin‘d)
] 5_%22_4’} 5in8 (45)
JBr
jw ( t- %)
E, - 1p3Arqupe [ 3 S+ 3 2+_—l—~] sin 26 sin 2¢
8 (j61)%  (jpr)° BT

(46)

The Horizontal NCoplanar Spaced Loop

jw ( t- %)
Iﬁ3Ardwp.e 1

E. = + sinfcos¢  (47)
i en [(jsr)3 (jﬂr)z]
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- (-3

1p3A
Eg =- P rdw;;e [ 1 3 + 1 2]cosecostb (48)
T (jBr)>  (jpr)
Ip3Ar ejw (t ] %)
E¢ = d > {[ 1 3 + 1 2jl(cosZO-sinZG)
" (38r)°  (jpr)
in2
. s;gre} sind (49)

The above relations show that two snecial cases produce E field
patterns which differ for near and far field sources. These are:(1) azimuth
or ¢ plane patterns for the vertical coplanar spaced loop for vertical polari-
zation, and (2) elevation or 6 plane patterns for the horizontal coplanar
spaced loop for horizontal polarization.

All other E field patterns for the above three special cases
maintain a constant shape for sources at any distance which is large com-
pared to the spaced loop dimensions. It is to be emphasized that the cases
where the patterns differ with source distance do not result from a parallax
effect. The pattern shape changes due to parallax have not been calculated
(they have been assumed to be negligible).

6. The Magnetic Field Components for the General Spaced Loop

As described in section 4 the magnetic field equations are easily
obtained from Curl E by equation (8). Expanding equation (8) yields

U B -2 _ %Ep

He = st [ae (sinOEy) - 53 (50)
I D S N )

Hg = wi Lrsinf 3¢ r Or (rE¢)] (51)
. [a _ 9Er

Hy wpr | 9r (rEe) 96 ] (52)

These may be rewritten as follows

(53)

[0Ep , Egcosf 9EQ ]
wpr | 096 8inf  sin6dd
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N iF_Eg"_-"z]
Heg wp.[rsine o r or (54)

i [8Eg Eg OE ]
Hy = N =2 T
A [ ar ¥ r rdb (55)

The six derivatives required are as follows

, (ImL)ﬁa’rdejw ( o E)

8Ef:. [ ! + ! ](cosOcosG cosd +
% ~ " Z (1813 " (jpr)2 P
+ siné sinelp cos¢1p) {56)
jw ( t- %)
9E,  (I,L)p3rge 1 . .
% - +j > [(jﬂr)3 +(jﬂr)2] sin6 coselp sin¢ (57)

of+

Jw ( t- )
9Eg (I, L)p%r ge 3 .3 L_ 1 1k
or 2m [(jﬂr)4 (jBr)3 (jﬂr)z.l

X [sinB sinelp[costb cos (¢1p -4¢) + 2sind sin(¢1p - ¢)] + cos @ cos elp cos 4>:|

+ [(Jﬂ_lr)z+ 3%?] sin 6 sinOlp sind sin(¢1p-¢)} (58)
jw (t-%)

8Eg  (IyL)pirge 1,1 7y
9 2w [(jpr)3 (jpr)z]

X 3[sin 8 8in6]p sin($1p - 2¢) - cos O cos f1psing] +

+ [_j.é?] sinBsinGlp sin(¢ p- 2¢) (59)

4 Jw(t'%)
9Eg (I, L)ptrge {[ 3,3, 1 ]x

or 2m (iBr)?  (jpry®  (jpr)2

X [38in8 cosOsinGlpcos(¢1p-¢) +(1-38in29) coselp] sin¢ +

+ [(jﬂlr)z + ;El;] sinfsind[cos b sinelp cos (¢1p -¢)-8inf cos 911:]6}0)
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i [ 9E, E¢ OE
=4 | L _Zor 26 T=¢ 54
Hg W Lr sinf 0¢ T or (54)
;: [6Eg Eg OE ]
= L =T
He wp { 9r ¥ r rob (55)
The six derivatives required are as follows
jw ( t- _)
9E, (I, L)B3rge © [ 1 L_1(cosbcost ¢
= - + cos 6 cos cos$ +
% ~ 2 (j87)3 (jpr)"-] ®
+ sinfsinf]p coscblp) (56)
3, 5 ( b %)
9E, (ImL)B-rge 1 1
5% " +j o [(jpr)3 +(jpr)2] sinfcos 6}, sin¢ (57)

ol+

jw ( t- )
9Eq _ ] (I, L)p4rge 3 .3 .1 1«
or 2m [(jﬂr)4 (83 (jpr)2]

X [sine sinelp[costb cos(d 1p -d) + 2sin¢ sin(¢1p -¢)]+cosBcosb 1p cos ¢]

+ [m-lr—)z+-j-é-1—,]sin9 sinOlpsin¢sin(¢1p-¢)} {58)

jw ( t- % )
Eg  (ImLipirge 1 1
—_— = . + X
o¢ 2 [(jnsr)3 (jar)z]
X 3[8in6sinfp sin($]1p - 2¢) - cos 6 cosH1psind] +

+ ['j'ﬂl?] sin@sinelp sin(d 1p- 2¢) (59)

P ( £ %)
8E¢=(ImL)ﬁ rye [ 3 .3 L1 ]x
ot 2m (jpr)t  (jpr?®  (jpr)?

X [3s8in6 cos 6 8inf ], cos (b )p - d) +(1-38in20) cosGlp] sin¢ +

+ [(jﬂlr)z + ;El:] sin0 sind [cos O inelp cos(d 1p -d) -sinf cos Blp(]é} |
0
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r

jw [ t-
IE, iy (ImL)p3rde ( ¢ ) [ 1,1 ] «
90 2w (jpr)3  (jpr)2

X[3 cos 26 ainGlp cos(tblp -¢) - 38in 20 cos elp] sin¢ +

+ [Jﬂ—lr] [cos 26 sin61p siné cos(cblp -¢) - sin 26 coselp sind)]} (61)

Substituting these derivatives into (53), (54) and (55) with equations (38)
and (39) yields

jw(t-l)

-18%A ¢

H, = P Arge [3 + 3 + 1 ][sin(b[ZsinBl (cos 26 +
4m (jpr)?  (jpr)3  (jpr)? P

+ cos?0) cos(4>1p -4) ~-3sin26 cos elp] + sinﬂlp sin(¢ 1p - th)]} (62)

2 + 2

+ cos 8 ind + +
(jpr)4 (J'ﬁr)3] 71 70 [(jar)‘* (jpr)3

6~ 2

jw ( t- £)
-IB4Arde ¢ {[ 1 1

+ (jﬁr)z] sin¢[38inb cos 6 8in6)p cos(d)p -¢) +{1-38in26) coselp] +
+ [#;] sind sinB[cosGsinOlp cos(cblp-(b) - 8in6 cosBlp]} (63)
: r
4 Jw(t- 'E)
_ -Ip=Ar4e ] 1
Hy = 5= {[(jﬁr)4 + (jﬁr)3] [cosBcosB)pcosd +

. . 2 2 1 . .
+ 8in @ smelp c°s¢1p]+[(jﬂr)4 + (Gpr)3 + (jpr)z] [sme smBlp X

X {cosd cos(¢1p - ¢)+ 2sin¢ sin(¢1p - 9)] +cosbcos@1pcos¢o] +

+ [_1..] X ginb sin blp sin¢ sin(¢1p - ¢)} (64)

jBr

Substituting appropriate values from Table 5-1 equations (62) through
(64) yield:
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The Coaxial Spaced Loop

(:-3)
~IAﬂ4rde ¢

i [ 3,3
r 4w (jpr)  (jpr)3
1 ]2(1 ~ 3 §in26 sin%¢) (65)
(jpr)?
. r
-IAB4rder (t ) E) 6 6
= +
Ho 4m [(jﬁr)‘* (iBr)3
3 b, . 2
+ (jﬁr)z + jﬁr] 8in 20 sin¢¢ (66)
o -IAﬁ4Ardejw (t ) _c.) r e 6
= +
¢ 4w Lg% (jpr)3
3 17 .
+ (jﬁr)z + EE;] 8inf sin2¢ (67)

The Vertical Coplanar Spaced Loop

w(e-)
1(34Arde c

3 3 1
3 8in20 sin 2
r o [(jBr)4+(j[3r)3+(jﬂr)2:] sin 91216:;
i - X
H _'154Ardew(t c)[ 6 , ¢
9 8w ()% (jpr)3
+ 3 +—,1—]sin29 sin 2¢ (69)
(jpr)¢ JPr
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. r
-1ptArge’” ( s ) {r s 3
H¢ = > [ pY + 3]cos 2¢
uen*® " Gen
1 . 2., 8in’e
20 - _sin ¢
+[Uﬂr)2](cos ¢ - 5in“9) Br } (70)

c. The Horizontal Coplanar Spaced Loop

(+-3)
_1p%Arge c

3 3 1
+ + 38in 20 siné
i 4r [(jarr‘ (387)3 (jar)z]
(71)
ol - X
-IB4Arder ( c ) 3 3
Hp = > [ y) + 3] cos 26
v (iBr)*  (jBr)
.2
+ [(jﬁlr)z](cos 20 - 8in26)- a;gre} sin ¢ (72)
. t - z
-Iﬁ4Arder ( c ) 3 3 1
H¢= oy { 4+ 3+ z}cosﬂcosd>
(1pn* e (Br) )

These equations also show near to far field differences for the same cases
where differences were found with the electric field equations. These dif-
ferences were listed at the end of Section 5.

7. The Electric Field Components for the Simple Loop Sense
Antenna

A sense dipole located at the center of the spaced loop will have
the vector potential given by equation (10) or equation (11) with the added
condition that ry = r. Therefore, by substitution into equations (14}, the
components of F for the sense dipole are.

F, = Flsin® sinep cos (¢ - ¢) + cos 0 cos Gp] (74)
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Fe

Flcos6 sinbp cos(ép - ¢) - sin6 cos 6pl (75)

Fo Fl sinﬂp sin(tbp - ¢)] (76)

where

F= I-'-(ImL)ejw (t i %)

4nr (77)

The six required derivatives are:

jw(t - —)
80Fy _juB(ImL)3e ¢
38 4w

[3%;] [cosb sin 8p cosldp - 9) - 8in 6 cos Bp]

(78)
jo(t-1) |
8F, jpBllyL)se c/r, o .
5% ype: [-J_ﬁ-;] [ 8inf sin6p sin (ép - 4)] (79)
. r
ol t -—
8Fg upi(IymL)ze ( °) S U BV
ar 4w [(Jﬁr)z Jﬁr]
X [cos 6 8in@p cos(dp - ¢) - 8inb cos 8p) (80)
r
jw (t - _)
9Fgy juB(l__L),e ¢
a: _ IR m i“ [j—;—;][cosﬂ sinfp sin(¢p-¢)] (81)
3F 2 Jo ( t- i)
¢ _PB(ImL)se 1 1. ,
Yl e [(jﬁr)z + jﬁr]ame? sm(tbp- )] (82)
oF
—6—92 =0 {83)

Substituting equations (78) through (83) and equations (75) and
(76) into equations (28) through (30) yields the electric field equations for
the sense dipole:
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E =0 (84)

- "‘32(11111")3ejm'(t - E)[ 1

1
Eg = yp G612 | J_ﬁ?] sin 0 sinl¢p - ¢) (85}
jw{ t- I)
, (-2
(I,,L)
E¢=ﬂ m 3: [ 1 +Tl_][cogegin9 cos(¢, - ¢)
= (Gpr)Z * 3Br PR
- 8inf cos 9p] (86)

The sense dipole has a pattern which does not change shape as a
function of distance from the origin. Three orientations of the sense
dipole are important: along each of the three coordinate axes. The polari-
zation parameters for these arrangements are as given below in Table 7-1.

TABLE 7-1
( Type %o ®p
X Axis 90° 0
Dipole 1
Parallel Y Axis 90° 90°
to
L | Z Axis 0 N. A. .

Thus, the field equations for these three cases are:

a. Dipole Parallel to X Axis

Er =0 (87)

1 1 .
Eg yp [(jﬁr)z + jﬂr]smq) (88)
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B3(L,L) jw(t-f)
m*/3e 1 1
Eg4 = cosd cosf (89)
¢ 4 [(Jpr)z i ]
b. Dipole Parallel to Y Axis
E,=0 (90)
82(ImL) o (t i %)
- mL)3e 1 1
Eg = cos ¢ (91)
4n [(jar)z Jﬂr]
r
jol{ t- —)
B%(ImL)se ( c 1 1
= 6 92
¢ pys [(Jﬂr)z It ]smcb cos (92)
c. Dipole Parallel to Z Axis
E, =0 (92)
Eg =0 (93)
w(+-%)
_52(1 L)3e c ] ] .
E, = 95
¢ 4 [(Jﬁr)z Jﬁr sin ( )
where
(ImL), = -jopl A, (5)
8. The Magnetic Field Components for the Simple Loop Sense
Antenna

By combining equations (5) and (84) through (86) with (53) through
(55), the magnetic field components are found as follows:

T
jo{t-— )
_-ip’1ae ( c 1 I P
H, = py [(jpr)3 + (jﬂr)z][ 8in @ sin Gp c:os(4>p - ¢)

+ cos 8 cos Qp] (96)




Hg =

R r
+j133me’“’(t " c)[ 1,1
4 (;pr)3  (jBr)2

+ -)%5?][ cosf sm9 cos (¢p - ¢) - 8inf cos Gp] (97)

r

Jﬂ”‘“jm(t-Z)[l -
(

b TEEMNTTEE

J; ]sme am(d)p $) (98)

The field equations for each of the three orientations listed in Table
7~1 are as follows:

a. Dipole Parallel to X Axis

r

jw
_ -jp31Ae ( c ) 1 1 .
H, = > [(jBr)3 + (jpr)z] sinf cos ¢ (99)
t-X
3 -
i IAe ( C) 1 3 1 5+ ]cosecosq) (100)
an [ (jBr)>  (jpr)% JPT
t - -5)
-Jﬁ3IAe ( </l 1 1 1
H 101
$ = 4w l_(jp:|_.)3 (Jpr)z jBr ]81n¢ ( )
b. Dipole Parallel to Y Axis
ot - 5)
_-jpi1ae” ( c 1 17
H, = = [(jﬁr)3 + (jﬂr)z] sinf sin¢ (102)

jw(t-z)
iB31Ae c [ 1 1

Hg = 4r (Jﬁr)3 (Jpr)z Jbr]cose sin¢ (103)
jwft-X )
_ iB1Ae ( c 1 ! ,
Al dr [<J‘ﬂr)3 (Jﬁr)?— jpr ]°°'¢ (104}
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c. Dipole Parallel to Z Axis

-3s31Aej“’( t- f) 1 1
_ Hy = 3 [(jﬂr)3 + (jﬂr)z] cos f (105)
g (15)
o - A [(5p1r)3 ' malr)Z ' J%f']sina troe)
Hy = 0 (107)
9. Summary Tables of the Field Equations

The following tables are presented for quick reference and ease of
comparison. Plots of the various field patterns are given at the end of this
section.

The first four tables refer to the spaced loop with the dipoles (loops)
located at points on the y axis (y = rg, y = ~-rgq). Tables 9.5 through9. 8 refer
to a simple loop oriented as indicated and located at the origin as would be
the case for a sense loop antenna. Table9.9 referstoashort electric dipole
located at the origin and parallel to the z axis as would be the case for an
omnidirectional sense antenna of the type for vertical polarization. Table 9.9
is provided from Kraus! and is for the purpose of comparison to the other
antennas since this type sense antenna is frequently used with simple loop
D/F antennas. In all tables the equations are regrouped according to polari-
zation of the field.

Table 9.1 Field equations for the general spaced loop antenna.

Table 9.2 Field equations for the coaxial spaced loop antenna.

Table 9.3 Field equations for the vertical coplanar spaced loop antenna.
Table 9. 4 Field equations for the horizontal coplanar spaced loop.

Table 9.5 Field equations for the arbitrarily oriented simple loop antenna.

o~

Table 9. Field equations for the simple loop antenna with axis along

the X axis.

Table 9.7 Field equations for the simple loop antenna with axis along
the Y axis.

Table 9.8 Field equations for the simple loop antenna with axis along
the Z axis.

Table 9.9 Field equations for the short electric dipole sense antenna
along the Z axis.
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FIELD BQUATIONS FOR THE COAXIAL SPACED 1LOOP
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«3. FIELD EQUATIONS FOR THE VERTICAL COPLANAR SPACED LOOP
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Some of the pattern variations which correspond to various condi-
tions on the general field equations (38) and (39) for the general spaced
loop are plotted in Figure 3. The patterns have been grouped to show
pattern shape changes as a function of dipole orientation or type of spaced
loop. Patterns at the extreme left therefore correspond to the vertical
coplanar spaced loop and patterns at the extreme right correspond to the
coaxial spaced loop. The patterns show variation with distance to the
source in the vertical direction; those at the top correspond to the near
field and those at the bottom to the far field. The patterns are also grouped
according to polarization.

Starting with the coaxial spaced loop, (on the right in Fig. 3) as
the dipoles are rotated so as to approach the configuration of the coplanar
spaced loop two of the four lobes decrease in amplitude and two of the
lobes increase. This effect occure for both near and far field sources.
However, for sources in the intermediate range (in the vicinity of one-
third wavelength) the nulls are replaced by minima. These minima are in
general not 90° apart.

It is evident that as the transition is made from the coaxial to the
coplanar spaced loop four nulls are maintained if the source is in the near
field,but the four nulls reduce to two if the source is in the far field.
Polarities are not shown in Figure 3, however, the four lobes of the
coaxial spaced loop pattern have alternating polarities while the two lobes
of the coplanar spaced loop have the same polarity. This transition is
evident in the far field patterns of Figure 3 for both vertical and horizontal
polarization.

The patterns for horizontal polarization do not exhibit changes in
shape due to distance to the source as in the case of vertical polarization.
Therefore, the last row of patterns in Figure 3 applies to any source
distance which is at least greater than the spacing between loops.

The similiarity between the two patterns corresponding to ¢lp= 90°,
¢1p = 67-1/2° for vertical polarization indicates that the modification to
the pure coaxial spaced loop pattern, which is produced by a slight change
in the angle ¢),, is very similar to the distortion due to an omnidirectional
component. is is interesting in that in the past similarly appearing
distorted spaced loop patterns have been experimentally obtained which
did not seem to be related to vertical pickup in the antenna system.
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10. Combinations of Spaced Loop aud Simple Loop Antennas

An arrangement of three loops in certain cases produces patterns
which are symmetrical about only one axis and hence may be used as D/F
antennas without sense ambiguity. The three-loop antenna developed under
contract NObsr-64585 is an example and corresponds to combining the
equations from Table 9-2 withthose from Table 9-6. Details of the phasing
and amplitude difference problems which arise in this case were reported
in the final report of the same contract!l.

For vertical polarization the total response will be the sum of the
Eg components; for horizontal polarization it will be the sum of the
components. Considering only the response to vertical polarization, if the
spaced loop and simple loop outputs are simply added,the voltage presented
to the receiver will be the sum of equations (42), (see Table 9-2), and (88),
(see Table 9-6). This correspbnds to the three-loop configuration where
the simple loop axis is perpendicular to the coaxial spaced loop axis.

For this case there are two inverse distance terms in the simple
loop response equation and three inverse distance terms in the spaced loop
response equation. This difference produces both an amplitude and a
phase change in the total response as a target source is moved from the
far to the near field. Since all target sources are located in the far field
(that is, they are at least many wavelengths away) while local reradiators
such as are found on board ship are generally in the near field, it is evident
that the complete response must be considered.

Examination of the equajtions in Table 9-1 shows that the near
field E or H terms are all in phase, that is, the electric field of the simple
loop is in phase with the electric field of the spaced loop when the source
is near by. This means that when the three-loop antenna is tested with a
nearby source, such as the transmission line method in a screen room,
the outputs may be simply added with zero phase shift. On the other hand
the equations show that when the source is in the far field, the response of
the simple loop is in quadrature with the response of the spaced loop and
a 90-degree phase shift is required to combine outputs to produce a proper
D/F pattern. For sources at intermediate distances, the phase difference
varies between 0 and 90 degrees. It is effectively 90 degrees for all distances
greater than three wavelengths and effectively zero for all distances less
than 6 X 10-2 wavelengths. It is approximately 45 degrees at one-third of
a wavelength.

11. Travers, Douglas N., et al., '""Methods for the Reduction of Reradiation
Errors in Naval High Frequency Shipboard Direction Finding, ' Final
Development Report, Southwest Research Institute, 1 January 1961.
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If the spaced loop is used alone without a simple loop, equations (42)
and (67) (vertical polarization, coaxial spaced loop) show that the shape is
independent of the distance to the source. Experimental evidence has shown
that even when the sources are very close such that the distance is equal
to the spacing between loops the shape of the pattern is modified only
slightly. The general shape in this case remains the same, that is, four
nulls are obtained 90 degrees apart.

Another point evident from the equations is that the near field terms
are independent of frequency. This means that if testing is conducted in a
screen room, the variation in gain required to mix the signals with equal
amplitude (or to provide some degree of sense) will appear to be less than
that which is actually required when the target is distant. This effect will
be more noticeable if the operating frequency range is increased.

It is also evident that the simple loop far field is proportional to
frequency while the spaced loop far field is proportional to frequency squared.
The relationship is such that for similar sized small antennas the far field
of the spaced loop is much less than that of the simple loop at low frequencies.
(This point is considered in mere detail in sections 15 and 17 on signal-to-
noise ratio). This requires that the isolation between circuits of the two
antennas be relatively high prior to combining.

Another particularly important point is that the geometry of the
coaxial spaced loop will not be critical for a source in the near field but
will be so for a source in the far field. The reason for this is explained in
the final report of contract NObsr-64585, in terms of the field equations,
however, it is related to the fact that the output for the far field source
results from a field phase difference across the array whereas for nearby
sources the output results fronm amplitude change across the array. Itis
thus necessary when constructing spaced loops where construction tolerances
are in doubt, to evaluate pattern quality with a far field source. It is quite
possible to experimentally obtain near field spaced loop patterns which are
apparently perfect, from an antenna which when tested in the far field,
produces 8o much distortion that only a dipole mode can be observed.

Another combination of three loops which will produce a pattern
with one axis of symmetry is obtained by rotating the simple loop 90 degrees
from tbe position considered in the last example. This produces three
parallel coaxial loops. The response may be studied by combining equations
(42) and (91) for the electric field and (67) and (104) for the magnetic field.
There is little theoretical difference between this case and the one previously
considered.



The third possible combination with the coaxial spaced loop where
the simple loop axis is vertical is not important for cases where it is desired
to receive only vertical polarization. The horizontal loop does not respond
to vertical polarization.

There are a number of combinations possible with the coplanar
spaced loop. One of the most important of these is the combination of the
vertical coplanar spaced loop and the simple loop aligned with its axis
along the X-axis. This arrangement results in three parallel loops all
lying in the same plane. This antenna was first investigated by Friis prior
to 192512,

The response of this combination may be investigated for vertical
polarization by combining equations (45) and (88) for the electric field and
equations (70) and (101) for the magnetic field. Most of the comments made
previously concerning the coaxial spaced loop are also appropriate for this
combination with the exception of pattern shape as a function of distance to
the source. It is evident from equations (45) and (70) that the shape of the
pattern undergoes a change as the source is moved from the far field to the
near field. This is in addition to the amplitude and phase changes. Further-
more, the change is different for the E and H fields. The far field response
is proportional to sinztb as was:shown by Friis so that the pattern has two
nulls and two maximums, both maximums being of the same phase. In the
near field the electric component is proportional to (cos 2¢ - sinz¢) and the
magnetic component is proportional to cos 2¢, thus the response pattern
has more than two nulls for sources in the near field.

An antenna of this type will not respond to local shipboard reradiators
in the same manner that it responds to distant targets. It is also true that
if the antenna is phased with a simple loop, as was done by Friis, the
response of the spaced loop will change according to equations (45) or (70)
but the response of the simple toop will change according to equations (88)
and (101). This occurs in such a way as to produce no change in the shape
of the loop pattern, but a change in the spaced loop will occur. Thus, the
basic assumption made by Friis that this combination can be used to produce
a null in the back direction of the forward lobe is only valid for far field
sources. For instance, if such a combination is designed to produce a null

12. Friis, H. T., "A New Directional Receiving System, '' Proc. IRE,
Vol. 13, December 1925, pp. 685-707.
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in the backward direction on the basis of a far field analysis in ordex to
reject reradiation from a local source such as a reradiating mast, the null
will not be produced and the antenna will respond to the mast.

Other combinations of three loops may be arranged for either null
or max type direction finders for either vertical or horizontal polarization.
In these instances it is possible to arrange the loops for response to only
either one polarization or the other but it does not appear to be possible to
make an arrangement which responds equally to both polarizations. It is
possible, however, to have the antenna respond with a null to both vertical
and horizontal polarization if only the spaced loop mode is used.

For instance the coaxial spaced loop has four nulls for vertical
polarization and two nulls for horizontal polarization. These combine in
such a manner that it has two nulls which remain fixed for any polarization.
Similarly in the far field the vertical coplanar spaced loop has two nulls
for vertical polarization and four nulls for horizontal polarization such that
two nulls are always maintained for any polarization. When used in com-
bination with simple loops, however, these advantages are lost because the
simple loop has two nulls for vertical polarization and two nulls for
horizontal polarization; however, they do not concide [see equations (88)
and (89)].

11. Effective Height of the Spaced Loop

The effective height or effective length13 of an antenna is a quantity
used to indicate the effectiveness of the antenna as a radiator or as a collector
of electromagnetic energy in a certain direction. The term is often used in
connection with electrically small receiving antennas such as loops and as
such is often defined as the constant of proportionality between induced
voltage V and incident field intensity E

V = h E (114)

The effective height may also be derived fr-m consideration of the
antenna as a transmitting source. In this case the effective height is the
length of an equivalent linear antenna with uniform current distribution
which radiates the same field as the antenna in question, in the direction
perpendicular to its length. Both transmitting and receiving effective
heights are equal,and the quantity is independent of antenna losses or coupling
networks to the receiver.

13. The term effective height is meant in the original sense as in equation
(114) and is not to be confused with the height of the antenna above ground.
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The radiated far region field of a current element of length dt
in a direction Ferpendicular to its length is given by the far field term of
equation (110)14. Neglecting phase this field is.
ed Ie?  Ledr
E= = = (118)
4mewfr dmewclr  4mecir

Therefore, the field intensity produced by an antenna having an
effective height he will be

o Thew (116)
4neclr

where I is now the current at the terminals of the antenna and also the
uniform current in the element.

Equation (116) may be solved for the effective height

2
4nec“rE .
he = o~ . (117)
This is equivalent to
4nrE
e pro ] (118)

From the field equations derived in the previous sections, the
effective heights may now be derived by substitution into equation (118).
For instance, for vertical polarization (Eg), substituting the far field term
from equation (38) yields the effective height of the general spaced loop

4rr Ip 3 Argwp

he = - .
¢ pro jenpr

sinOsimtsinprsin(qup - ¢) (119)

and in free space .
Ihel = 'ZﬁZArd sin 6 sin ¢ sin elp( limblpco. $ - cos ¢1p lin#)'
- (120)
For the coaxial spaced loop 0lp = ¢1p= 90° and the effective height is

|he' = IZpZArdlinOsin¢cO|¢| = |52Arduin9|in2¢| (121)

14. Jordan, E. C., Electromagnetic Waves and Radutingyltoma. New
York, Prentxce Hall, Inc., 1950, p. 305.
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This is a maximum in the direction 60 = 90°, ¢ = 45° so that in this direction
equation (121) becomes :

he = ﬁzArd (122a)
or for an antenna with a core having a permeability p,
e= pZArer (122b)

This is the effective hexﬁht for a series connected coaxial spaced loop and
is a well-known formula The series connected case results in this
analysis from the form of equation (25) where potentials were added. This
is equivalent to adding (or subtracting) the voltages induced in the two loops.
The parallel connected effective height is therefore exactly one-half the
series connected value. Virtually all practical coaxial spaced loops are
differentially connected in parallel, therefore, they have the effective
height

szArdp.r

he = T“ (123)

For a multiturn coaxial spaced loop of N turns on each loop, with the turns
connected in series and the two loops connected in parallel, the effective
height becomes

Z'n'ZArdp.rN

he = —?—— (124)

The quantity 2Arq is sometimes referred to as V, the volume of the spaced
loop, so that equation (124) may also be expressed as
ZVNHr

he = ————™ ¢125)
22

Similarly, the effective height of a parallel opposition connected vertical
coplanar spaced loop is
szVNpr

he = e (126)

15. Bond, Donald S., Radio D"irection Finders, New York, McGraw-Hill
Book Co., Inc. 1944,

16. Anonymous,'"Radio Direction Finding, '" War Department TM 11-476,
Washington, July 1947.
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The effective height of a horizontal coplanar spaced loop is zero for vertical
polarization; however, for the E¢ component (representing horizontal
polarization) the effective height is the same as the vertical coplanar spaced
loop for vertical polarization, or equal to equation (126). The factor pp

in the above equations may be taken as the effective permeability of a core
(for instance ferrite) inserted through the loops of the antenna (pgi, = 1).

12. Radiation Resistance of the Spaced Loop

The importance of the radiation resistance lies in the fact that it
may be used to determine gain and the signal-to-noise ratio if the effective
height is known. It is also instructive in illustrating the difficulty of
impedance matching the small spaced loop antenna for maximum power
transfer.

The radiation resistance of the spaced loop antenna may be easily
found by the Poynting Vector Method of integration over a large sphere.
The radiation resistance is given by the ratio of the power flowing through
the sphere to the square of the RMS terminal current of the antenna. Thus

2
H"ds
Ry = LA %o (127)
12 212
rms rms

where ds is the area increment on the surface of the sphere, and H is the
complete magnetic field of the antenna in the far region. Since the radial
magnetic field is zero in the far region, H is given by

H'—‘ﬁe‘f‘ﬁq,::elﬁeli‘%lﬁq,l : (128)

Therefore

H=\/|H6|Z+ ENK (129)

or
2
H? = |Hg| %+ |Hy| (130)
Substituting equation {130) into equation (127) yields for free space

21 om
N RN R
R, = y

erms

(131)
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The far field terms, Hgy and Hy, are obtaired from equations (63) and (64)

jult - &
-ﬁ‘AIrder( c ) .
= [cos @ 8in 8]y cos( - ¢)
0 Znipr p $l1p - ¢
- 8in6 cos elp] sind sin 6 (132)

darrsa)” (" - i)
-p*Alrde ¢

- . in @ . . ) 133
Hy ZniPr ..[smG 8in 6]p sin¢ sin(é1p - ¢)] (133)
Squaring and adding yields :
q g , gy ) BBIZAZ 2
|He |“ + |He|" = =53 [#in¢ sin?6(cos?0 sinZ61pcos(¢1p- ¢)
472(Br)

+ 8in0 coezelp - 28in B cos 0 sin 61p cos Glpcos(¢1p - ¢)
.2 in2 134
+ sin Olpsm (¢1p - 'N)) ( )
The area increment is
ds = r2sin6 d6d¢ (135)

Therefore, equation (131) becomes

2
3 2w T
Ry = l\/E [E__.__ “rdl] f f sinZ¢ 8in30{c0820 sin%61pcosé(dlp- ¢)
P P
2 €o L2rlrms 0 0

o

+ 8in%6 coszelp - 8in26 sin O] pcos O1pcos($lp - ¢)

+ sinzelp sinz(¢lp - ¢)] d6d¢ (136)
The integration is straightforward and results in the term 8w(2 -

ainzﬂlp sinzwp)/ls. Therefore, the radiation resistance of the series
connected general spaced loop ia

2
3
_ /Po|piArdl | 4rv 2 2
Rr = €o [Z“Irmu] 75 (2 - 8in“01psin®s)p) ohms (137)
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This is equivalent to

: W
C R,=9.85X 105 (%) (2 - -inzolplinznp) ohms (138)

L) For parallel connected loops the radiation resistance will be one-fourth
the series connected value. For the coaxial epaced loop, Glp =90°, ¢lp= 90°,
{ and the radiation resistance becomes

Ars\2
R, =9.85 X 103 (—34) ohms (series connected)
i A : (139)
Ry = 2.46 X 10 (-—3-) : ohms (parallel connected)
\ -
[ (140)
For the coplanar spaced loop (either vertical or horizontal) the radiation
] resistance is
Ard !
1 Ry = 1.969 X 106 (‘)‘3‘) . ohms (series connected)
A {141)
] Arg\?
Ry =4.92X 105 (")3‘) ohms (parallel connected)
| (142)

These values are exactly twice the values for the coaxial spaced loop.

/e,

The radiation resistance for the epaced loop varies as the inverse
sixth power of the wavelength. Thus even though the constant coefficient
appears to be large, the radiation resistance is quite small for Arg << A3,
In Figure 4 the radiation resistance of two spaced loops of typical size
is plotted versus frequency. It is evident that impedance matching of the
radiation resistance to the receiver input is not possible by any ordinary
means. It is further evident that the radiation resistance is negligible with
respect to loss resistance for ordinary conditions, and typical wire sizes.

| o

13. Gain of the Spaced Loop

The gain of an antenna is related to the effective height and radiation
resistance by the equltion”
_ 1202 ( Be ) 2
§°"R x

s I o S soven

(143)

[ S

X

17. Jordan, Edward C., Electromagnetic Waves and Radiatinl Systems,
New York, Prenttce-Htll. Inc., 1950, p. 417.
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Substituting equations (120) and (137) yields the gain of the general spaced
loop for vertical polarization

. 15 sin26 sinzelp( sin2¢1p sin22¢ - 28in291y5 8in2¢ sinch + 4cosz¢1p sin4¢)
g= ? .

(144)

For the coaxial spaced loop 01p= 90°, ¢1p= 90° and equation (144) becomes

g= 5 sin26 sin24 (145)

This is maximum at 6 = 90°, ¢ = 45° hence in this direction the gain is

15

g- 13 (146)

For the coplanar spaced loop Glp =90°, ¢1p = 0 hence the gain for vertical
polarization is

g= 282 sinzf) sin4¢ (147)

This is maximum at ¢ = 90°, ¢ = 90° hence in this direction the gain igl8

15
= == 148
€° 7 ( )

The above values apply whether the loops are connected in series or
parallel.

14, Effective Area of the Spaced Loop

The effective area is another parameter for expressing the effective-
ness of a receiving antenna. It is defined in terms of the gain of an antenna
by the relation!

2
\og
A= (149)

Using this relation it can be shown that the effective area is the ratio

of power available in the antenna to the power per unit area of the appropriately

18. In agreement with Shelkunoff, Antennas Theory and Practice, page 199,
No. 6-1.6.

19. Jordan, Edward C., Electromagnetic Waves and Radiating Systems,
N.Y., Prentice-Hall, Inc., 1950, p. 416. Also Shelkunoff, S., Antennas
Theory and Practice, N.Y., John Wiley, p. 185.
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polarized incident wave. That is, the received power is equal to the power
flow through an area equal to the effective area of the antenna. Substituting
equation (143) into equation (149) yields

2
301The
A, = 150
e* R (150)
or for vertical polarization
15\2
e 3oy square meters for the lcssless
coaxial spaced loop (151)
1502
Ag = Tén square meters for the lossless
coplanar spaced loop (152)

The above relations hold for either series or parallel connected loops. The
power received is therefore

Py = PA, (153)

where P = power inanincidentwave E in watts per square meter, or

2 2
_E°__E 2
P= - = Tzor watts/m (154)
The power available in the antenna is therefore
2 2 2
E“Ae (Ehg) ( Ehe ) 1
P, = T20- - 4R, = > | R, watts (155)
The power which is ordinarily delivered to the receiver is
Ehe) 2 | ’
Pin= (—2—) -f{-;; watts (156)

where Rj, is the equivalent receiver input resistance. Hence the efficiency
of the power transfer to the receiver is

Ry
eff. = —— X 100% (157)
Rin

From examination of Figure 4, it is evident that this efficiency must be in
the range of much less than 1 percent for most frequencies. This is simply
another way of showing that,practically, the spaced loop is not an efficient

antenna. However, for receiving applications, it is more important to con-

sider the signal-to-noise ratio than maximum power transfer. This is covered

in the next section.
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15. Signal-to-Noise Ratio of the Spaced Loop Antenna

It is of interest to know the maximum signal-to-noise ratio obtainable
with the spaced loop and to determine the weakest field strength which can
be received in the ideal case and in the practical case. The material which
follows is based on equations derived by Burgesszo.

In computing the signal-to-noise ratio in receiving systems, it is
necessary to estimate the noise arising in the antenna. Thermal noise is
given by Nyquist's theorem?! which states that the mean square fluctuation
e.m.f. in the frequency band v tov + dv appearing in an impedanceR+jX = 2
is given by

de = /4kTRdv (158)

where k = Boltzmann's constant = 1. 374 X 10~23 joules per degree Kelvin,
and T is the absolute temperature in degrees Kelvin. The value R is
assumed to be constant over the bandwidth dv; if R is a function of frequency,
a more general form of equation (158) is requiredzz. However, for the
present analysis we will be concerned with bandwidths which are less than
one-half of one percent of the center frequency, so that while the previously
calculated radiation resistances are rapidly changing with frequency, the
changes are small over the bandwidths considered and equation (158) is
closely approximated.

Burgess shows that the radiation resistance of an antenna can
apparently be the source of thermal noise and that it obeys Nyquist's theorem
when the aerial is in radiative equilibrium with its surroundings“?’. Thus

der =  /4kTRpdv (159)

20. Burgess, R. E., '"Noise in Receiving Aerial Systems, " Proceedings of
Physical Society, Vol. 53, May 1941, p. 293.

21l. Nyquist, H., '""Thermal Agitation of Electric Charge in Conductors, "
Physical Review, Vol. 32, July 1928, p. 110.

22. For instance see Terman, F., '"Radio Engineers Handbook, " p. 476.

23. Burgess points out that this statement is in disagreement with other
authors in papers published prior to his 1941 paper. The validity of
Burgess' paper now seems well established however.
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The equivalent noise temperature T, of the radiation resistance R,
is defined as that temperature which must be ascribed to Ry so as to give
the value of the received noise electromotive force when substituted in
Nyquist's equation, so that

der = 4KkI Rpdv (160)

Thus an antenna in an enclosure at a uniform temperature, T, is in effect
the source of a thermal e.m.f. whose value corresponds to the condition

Ty = T. 1If the antenna temperature Ty is not equal to T of the enclosure,
radiative equilibrium does not exist and there will be an unbalanced energy
flow between the antenna and its surroundings in the sense which tends to
equalize T, and T. It is concluded that the radiation resistance of an
antenna in free space has an equivalent noise temperature of zero; expressed
otherwise there is no other source of radiation present to return energy to
the antenna and thus to induce a fluctuation e. m. f.

Tr will in general be independent of the bandwidth,but it will not be
independent of antenna gain or effective height if the noise source is not
uniformly distributed in all directions. Burgess points out therefore that
T, will, in general, exceed T.,and, in fact, high frequency measurements
by Jansky have <hown that Ty is always greater than T and can exceed 1000T
in unfavorable c.rcumstances.

Assuming that the proper T, is attributed to the radiation resistance,
then the noise e.m. f. of the lossless antenna is

ey = o/ 4kTrRrB (161)

where B is the bandwidth. Now the voltage output of an antenna is related
to an incident signal field E by

V = Ehg (162)

Hence for unity signal-to-noise ratio at the output terminals of a lossless
antenna the incident signal field strength must be

Ez____.__.__"*k};rlm (163)
e

For the general spaced loop antenna the ratio of +/ Ry to he is given by
equations (137) and (120),thus:
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3ar,1
4 /ko P r Zq/'-rr- ) 2 - si 2 . 2
x ] ﬁ [_——_d—z"lrma‘ .7?.0 ,\/ sin 61p sin 4’lp

he h ZﬂzArd 8in ¢ sin ¢ sin Olp(sin¢1pcos¢ - CO8 mpuimt)
(164)

Note that the size of the spaced loop cancels out so that equation (1 64)
simplifies to

YRy _ 4m A/i(Z - sinzelp sinz¢1p)
he  Ns8infsiné sin 6'1p sin(¢1p - 4)

series or (165)
parallel

Thus the weakest field which a lossless spaced loop antenna can receive is

J kT, B (2 - 8in®6)5 8in%¢) )
sin 6 sin¢lp sin @ sin(cblp - ¢)

47
E(o)min = % (166)

It is interesting to note that this field is independent of the size (Arg) of the
spaced loop, therefore, it is apparent that the designers'desire to make the
spaced loop large is to overcome effects due to noise in the associated
cricuits and the antenna loss resistance.

For the coaxial spaced loop (61p = ¢1p = 90°) equation (166) becomes

8n N 4kTrB

E(°)mi“ - N sinfsin 2¢

(167)
The effective height is maximized in the directions 6 = 90°, ¢ = 45° hence

l_ffr___.__.z_. “)\kTB = 88 W k_T—r_B (168)

E(o)min =

The corresponding expression for the vertical coplanar spaced loop is
E(o)min = 88 ¥V 2kT B (169)

For typical conditions of current interest assume

X = 100 meters (f = 3 mc)
Ty = 290° Kelvin
B =10X103 cycles
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Then the theoretical minimum fields at 290°K (16. 8°C) for either series or
parallel connected spaced loops are

E(o)min = - 00317 pv/meter (coaxial) (170)

E(o)min = .00217 pv/meter (coplanar) (171)

Field strengths of these values will probably never be observed in
practice for at least three reasons, (1) the antenna will contain some loss
resistance which will be a source of noise and, in general, the value of Ry
for a spaced loop will be small compared to this loss, (2) the coupling
circuits and the first amplifier will be sources of noise which, in general,
will be large compared to Ry noise, and (3) the value of Ty will often be
above the assumed value of T = 290°K because of noise sources in the
environment of the antenna. [t is the purpose of the remainder of this
section to estimate the degree to which these factors affect spaced loop
signal-to-noise ratio in practical cases.

Consider the general case of an antenna (in this case a spaced loop)
coupled to an amplifier as shown in Figure 5.

z 1 2
coupling first
—— network amplifien
e 1 2
FIGURE 5

The coupling network is linear and passive. It may containresistances,
tuned circuits, etc., including loss resistances. The first amplifier may
be any active network with sufficient gain and with an equivalent input
impedance of Rj, + jXin whereRjpis a noise source.

The mean square noise e.m.f. at terminals 2-2 is given by
8
% = 4kB [naTrRr +T znﬁas] (172)

where Rg is the resistive component of the sth impedance, element Zg of
the network including loss resistance in the antenna but excluding radiation
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resistance Ry of the antenna, ng = voltage transfer ratio from the impedance
Zg to terminals 2-2, na = voltage transfer ratio from the antenna to terminals
2-2, and T = temperature of the resistances in the coupling network.

Amplifier noise may be taken into account by adding a term 4kTBR,,
when Ry is the equivalent noise resistance of the amplifier input, thus
equation (172) becomes

1/2

8
%n =2 VEB [n2TyRy + ZnRs + TRyl (173)

The signal-to-noise ratio is therefore the ratio of equation (162)
to equation (173), hence

received signal ~V ‘Ehena
= =— = —x
received noise ®; 2 VKB [nZTyRr + TZniRg + TRy]1/2

(174)

When the antenna is lossless, the coupling network is lossless and
the first amplifier is noise free, the absolute maximum value of the signal-
to-noise ratio is obtained. This value is py where

Ehe

= (175)
2 NV kBTyR;

Po

This signal-to-noise ratio is one to one at the field strengths mentioned
previously. Substituting equation (175) into equation (174) yields the practical
signal-to-noise ratio

p= fo
- S
[1 \ T(ZnZR, + Rv):l 1/2

Trang

(176)

Substituting equation (175) into equation (176) and substituting the
spacedloopvalues for he and Ry, equations(120) and (139), yields the signal-
to-noise ratio of the one-turn general spaced loop in free space

naEﬁzArd sin 6 sin¢ s8in U1y sin(dp1p - ¢)x3
p =
JkB [T, 9.85 X 10g (Ard)i (2 - sinielp sinicplp) nﬁ + T(zn,g, + Rv)x"]
(177a)

Note this is stated for series connected loops. When the loops are parallel
connected the signal-to-noise ratio will be:
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naEﬂzArd sint sin¢ sinb6]p sin(¢lp - ¢)x3

p - ——ee e — N
2 kB [T, 2.46 X 105 (Arg)?(2 - 2in6, sin?p ) nZ + T(Zn2 R, + RG]

(1771b)

16. Minimum Observable Field Strengths

Under practical conditions, for a unity signal-to-noise ratio (p = 1),
the minimum field which can be observed is found by solving equation (174),
thus

2 1/2
2 VKBT, R,y [1 + iTr-(——-———E“‘R’ * Ry )]

2
_ r Ryng
Emin - h, — (178)
or
2 1/2
T [ Zn5Rg+ Rv)
Emin~© [1 + Ty ( anaz : E(o)min (179)

The loss resistances can be accounted for by substitution of appro-
priate values into Rg while the amplifier noise can be accounted for by Ry.

When the radiation resistance is given by equation (138) and E(o)min
by equation (166), equation (179) becomes

47  N2kB

min =

E [’rr(z - sinz('ilp sinzq)lp)

8in 6 sin¢ sin b1p sin(¢ lp - ¢)

1/2
T(Zn2R, + RO ] / (180)

ng 9.85 X 105 (Arg)?
Note that equation (180) is for the general series connected spaced loop

except that the polarization is vertical. For a parallel connected coaxial
spaced loop the above becomes

meter

16nVEB [ T(Zn?R, + RNE T’ 2 olts
r
(181)

min - X\ 8in 0 sin2 ¢ ng 2.46 X 10° (Arg)
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a. An Aperiodic Spaced Loop with a Transistor Amplifier

Consider a practical circuit consisting of a coaxial spaced
loop formed by four loops connected as one channel of an 8-loop array (two
spaced loops at right angles and connected in parallel sum) and connected
directly into a transistor amplifier. Let the transistor amplifier have a
gain g and an equivalent noise input resistance Ry which includes the input
resistance Rjp of the amplifier circuit. Then in the direction of maximum
reception equation (181) becomes

E

L6n\V kB (SszRs + T Rv)"6 t/2 volts
min - v [Tr? 5 2 2

1.23 X 10° g (Arq) meter

(182)

The spaced loop radiation resistance is one-half that of-the
single pair of loops,hence the factor 1.23 X 105 in the denominator. The
8-loop array now under experimental investigation has a diameter of 17
feet and loops with an area of 4 square feet each. Assuming Tg= Ty = 290°,
k=1.374 X10-23, and a frequency of 3 'megacycles, equation (182) becomes

(g2Rg + Ry) 1/2
Emin= . 335 \/kB [Tr.‘.__g__;sz___v.(z_g xlolo)] (18 )
3

It is evident that even when T; is 1000°K, itis negligible compared
to the term containing G Assuming the bandwidth of the circuits following
the amplifier is 3kec, equation (183) now becomes

-5 R volts
in=1.16 X / + =X 184
Emln l 16 10 Rs gz meter ( )

or
E = 11.6 R + Ry microvolts (185)
min ) s ;2' meter

It is apparent that it is desired to reduce the term R‘,/g2 by
reducing the equivalent noise input resistance or by increasing the gain. For
one set of experimental amplifiers constructed from 2N2218 transistors for
the 8-loop spaced loop described above, the following measurements were
made:
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1. Amplifier voltage gain = 22 at 3 megacycles.

2. A signal input of . 11 X 10-6 volts produces a 10-db
signal plus noise-to-noise ratio at the output for a
3-kc bandwidth.

Converting the 10 db to a voltage ratio of 3. 16 we have

Signal + Noise = 3.16

Noise
where signal = .11 X 10-6 volts. Therefore, the noise is given by

.11 X10-6
.0509 X 10-8 volts

2.16 Noise
Noise

The noise output is therefore (22)(.0509 X 10'6) volts or
1.12 microvolts. Therefore, the equivalent noise input resistance is related
to the measured output by

el = 4kT,R\B
or

1.25 X 10712 = (4)(1. 374 X 10-23)(3 X 103) TyRv

for the assumed temperature of Ty, = 290°K

Ry = 2. 61 X 104 ohms for 3 kc bandwidth

Substitution of this value, the gain and a loss resistance of 3 ohms into
equation (185) yields

2.61 X104 _ microvolts
Emin = 11.6 \/3 + 484 = 87.5 ___meter (186)

This is obtained for a one to one signal-to-noise ratio; for a 10-db signal-
to-noise ratio, this converts to

Emin = 189 pvolts/meter

The experimental value reported in the interim report for
this contract dated 1 February 1963 corresponds to the conditions assumed
above and was 175 uvolts per meter at 3 megacycles.
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b. A Tuned Spaced Loop with a Transistor Amplifier

Equation (181) is equally applicable to any case where the
various noise resistances and their temperature can be specified. When
the antenna is tuned, voltage gain is applied to the antenna resistance noise
voltages before the amplifier. Therefore the resistances presented to the
input of the amplifier will be amplified by the gain squared of the tuning
network or Q2 at resonance. Thus at the output of the amplifier the
signal-to-noise ratio is one to one when equation (181) has the form

g . olem NZEB | (Q%g%RgT, + TR NG ]1/2
min N T 7 Q2g2 2.46 X 105 (Arg)?

(187)

It should be noted that the improvement which can be obtained
by tuning is not as great as might be expected because the value of Q will
be limited by the input resistance Rjn of the amplifier. Since Rip is
contained in Ry these parameters will be interrelated, in addition the gain
of the amplifier may be affected by the increased source resistance. For
a practical case analogous to the one given above in Section a, however,
the gain could be expected to be on the order of 20 with the antenna tuned
with a Q of 10. Substitution of these values into equation (187) using the
same values as in the previous example for the other parameter yields

Rv volts
_ -5
Emin = 1.16 X 1C Rs+(Qg)Z meter (188)

For a loss resistance of 3 ohms, a Q of 10, a gain of 20 and Ry = 2. 61 X 104
equation (188) yields

2.61 x 104 pvolts
E_in= 1.6 \/3+ e x 1ot 22 2meter (189)

This is for a one to one signal-to-noise ratio. For a 10-db signal-to-
noise ratio this converts to

- microvolts
This represents an improvement over the aperiodic case of
about four to one. This improvement is obtained at the inconvenience of
direct tuning the antenna. The inconvenience in this case may be cone’
siderable, however, as it is not possible to easily direct tune a rotating
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antenna, hence the antenna must be arranged into two channels (say North-
South and East-West) which are phase and gain matched. The improvement
obtained ‘n this case may not be worth the difficulty encountered in circuit
matching.

c. An Indirectly Tuned Spaced Loop with a Transistor Amplifier

In this case a rotating antenna may be considered which is
transformer coupled to the amplifier. The secondary of the transformer
is stationary and is tuned with a Q of 10. If the transformer introduces a
loss resistance of 3 ohms and has a coupling coefficient of . 8, other factors 3
remaining the same as in example B, equation {(18l) becomes

2,61 X104 :
Emin * 11.6 6 + 2 ‘fl 10 = 30.8 mchrovolts
[(10)(. 8)(20)] % meter

(190)

For a 10.db signal-to-noise ratio this becomes

i its
E . =66.5 microvo
min meter

This value is roughly a three to one improvement over the
aperiodic case but is somewhat poorer than the direct tuned case.

Bond?4 has calculated examples for a simple loop which are
similar to the above three examples except that he provides detail relating
the loss resistances to the assumed Q's. His results also show that the
direct tuned case provides maximum sensitivity, the indirect tuned case
somewhat lower sensitivity. He does not make a direct comparison with
the aperiodic case;however it is evident that this will be the lowest sensitivity
case of the three considered.

In summary it is to be noted that in general the equivalent noise
input resistance and temperature of the first amplifier is generally the limit-
ing factor. However, as gain is increased, either in or preceding the first

24. Bond, Donald S., Radio Direction Finders, McGraw-Hill Book Company,
Inc., New York, 1944.
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- amplifier, the loss resistances of the antenna and coupling networks hecome

the next limiting factor,provided the equivalent noise input resistance (and
temperature) of the amplifier remaine at a reasonable value as gain increases.
Therefore, the applicability of cooling to reduce resistance both in the
amplifier and the antenna and coupling networks becomes apparent. The
ultimate limit on sensitivity (if such techniques could be carried to an
extreme) would be the noise temperature of the environment of the antenna;
however, for a low radiation resistance antenna this seems to be a remote
goal even using cryogenic techniques.

17. Impedance of the Spaced Loop Antenna

Calculations have already been given for the radiation resistance of
the spaced loop. The reactance portion of the impedance may be determined
from an analysis by Burgesszs. This analysis provides the input impedance
of a lossless screened loop based on the assumption that the uniform distributed
parameter transmission line equations apply. By this method the impedance
appearing at the terminals of a balanced screened loop with an open circuited
gap at low frequencies is given by

Z = jwL (191)

where L is the low frequency inductance. At higher frequencies Burgess
shows that the loop is first resonant when the loop perimeter is a2 half
wavelength and is first antiresonant when the loop perimeter is between
/4 and \/4.06.

When two loops are combined in a parallel connected spaced loop,
the first resonance and first antiresonance will occur at lower frequencies
than those just given because of the transmission line action of the crossover
arms. At the crossover the impedance will appear to be that of two trans-
mission lines in parallel, each terminated in an impedance corresponding
to the loop impedance. Thus, the impedance at the crossover is

_ Zy cosPrg + jZ,sinPry
Zg1, = Zo - - (192)
Z,cosPrg+ jZ1, sinPry

where Z], is one-half one loop impedance and Zg is one-half the characteristic
impedance of one arm. At frequencies below the first antiresonance (that
is at X\ > 4p where p is the loop perimeter) the impedance then is:

25. Burgess, R. E., ""Screened Loop Aerials, "' Wireless Engineer. May
1944, p. 210.
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wLcosPrg + ZosinfPrqg

Zoy = j2 (193)
SL ~ 1%0 ZocosPry - wLsinfry
This becomes antiresonant when Zgcosfrd = wL sinfirq or when
Z
tan prg = 2 (194)

wlL

For an 8-loop array with four loops in each channel combined at
the crossover point, the characteristic impedance will be one-fourth that of
one arm of the crossover, and Z], will be one-fourth the impedance of one
loop.

It is evident that when Z,5/wL is in the vicinity of unity,an anti-
resonance occurs at Brgq near 45°, and this will occur at a frequency which
is lower than that corresponding to N\ = 4p. If the loops are small and Z,
made large, the antiresonance will still occur below Prg = m/2 or rq = \/4.
Therefore, to operate a spaced loop with a spacing of 17 feet (as in the 8-
loop array now under investigation) one must tolerate an antiresonance
below f = 29 megacycles. It was reported in the final report dated 30
September 1962 that this experimental antenna has its first antiresonance
near 12.5 megacycles. In other words the antenna will always be anti-
resonant below the frequency where the arms are a quarter wave long,and

when the loop inductance is not negligible, the resonance will be considerably

lower than this frequency.

The above da.tﬁ can be used to calculate the inductance of the experi-
mental loops, for at 12. 5 mc equation (194) is approximately valid if the
loops are not very large and

can (2«)(12.5)(17)(.305)] . Zg [ 1
(300)(2) L |{zw)(12.5)(106)
or

Zo = 6.35 X 107L

If Zo = 100 ohms, L =1.5X 10-6 henry, which is a typical value for
a loop of this size. Although Zg is unknown, it is probably not less than 25
ohms for 4 arms so that the single loop antenna inductance is at least 1.5
microhenries. Notethe resonance occurred when rd was less than one-eighth
wavelength long for a reasonable value of L. This is typical of this type of
spaced loop,and one may adopt a rule to thumb that when the loops have a
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diameter which is less than half the spacing but not small compared to the
spacing the first antiresonance will be somewhere in the vicinity of \/8.
If the loops become large,this rule will fail and the resonance will be still
lower.

It should also be evident that the first resonance (which will occur
above the antiresonance) will also occur at a lower frequency than for a
single simple loop. It will occur at a frequency which is less than that for
which rq = \/2 for any loop impedance, but in general it will occur at a
frequency less then twice the first antiresonance frequency. Thus for the
8-loop spaced loop previously described, the first resonance should occur
at less than 25 mc. Experimentally it was observed near 21 mc,

The antenna impedance may be calculated in greater detail by
reference to Burgess'2 paper and applying the formulas given there to the
crossover arm transmission lines. These formulas are more accurate than
those given here; however, the procedures involved for determing the loop
inductance coupling to shield and capacitance are lengthy. The formulas
given above are sufficient as a guide for approximately determining resonance
and aniiresonance of the spaced loop.

18. Other Spaced Loop Characteristics

a. Reradiation Error Reduction

The ability of the coaxial spaced loop antenna to perform as a
direction finder in the presence of reradiation with less error than a simple
loop is now well known47, and is the primary reason for using the antenna
in high frequency shipboard direction finding. The general spaced loop
analyzed herein does not yield to the same simple analysis as was used to
show the coaxial spaced loop error reduction. For instance in the final
report of contract NObsr-64585, it was shown that when both the target
transmitter and the reradiator are in the far field of the D/F antenna,the
response of the D/F antenna is

E=f(60 - 6 + AelT £(6) (195)

26. Burgess, R. E., "Screened Loop Aerials,' Wireless Engineer, May
1944, p. 210-221.

27. Travers. D. N., et al., '"Methods for the Reduction of Reradiation
Error in Naval High Frequency Shipboard Direction Finding, "' Final
Development Report, Southwest Research Institute, 1 January 1961.
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where (6 - 6) is the azimuth pattern response to the target transmitter,

0 is the azimuth of the rotating D/F antenna at any instant, 5 is the azimuth
of the target transmitter relative to the reradiator, AeiTis the reradiated
field relative to the incident field and £(6) is the azimuth pattern response
of the D/F antenna to the reradiator. In the notation of the present report
equation (195) would be rewritten as

E=fa(¢ - 6) + AedT fi(o) (196)

where ¢ is now the azimuth angle and the functions f3 and fp are allowed to
be different. Equation (42) shows that f3 = f, for a reradiator at any distance
reasonably greater than r4q, for a coaxial spaced loop. The observed bearing
¢R and error € formulas can be derived from equaticn (196) and are

in46 + 2asin26cos T
tan 4 = 8in
¢R cos4b + 2Acos26cosT + A®

(197)

-2Asin26cosT - Asin4b
§}+ 2Acos2bcosT + A% cos 46

tan 4€ = (198)

where 6 = true azimuth of the wanted signal if the reradiator is at zero
azimuth.

The reradiation error analysis was given in detail in previous
reports where itwas shown that one may also define a blurring parameter
$; given byZ8

-2A8in26s8in T

tanh 4¢1 =
1+ 2Acos26cosT + AZ

(199)

All these formulas show a two to one improvement over the
simple loop in error performance. In addition multivalued observed bearing

28. Travers, D. N., et al., 'A Spinning Multiloop Direction Finder for the
Reduction of Shipboard Reradiation Error, " Task Summary Report
Number IV, Southwest Research Institute, 1| September 1958, page 7.
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data (re-entrants) do not occur for the spaced loop for thin reradiators.
This was shown ma.thematically29 and experimental‘.y3°.

b. Radial Nulls

From the general field equations (37), (38) and (39), it is
apparent that it is incorrect to assume near and far field patterns are
similar. It is therefore true that patterns for arrays involving spaced
loops with other modes such as the simple loop,the near and far field
patterns may be different. An example of this has been reported for the
case of the 3-loop array consisting of a coaxial spaced loop and a sense
loop.

The pattern variation with distance suggests that arrays
could be designed having ''radial nulls'' that is, zero response at a certain
distance from the antenna in a certain direction and nonzero response at
other distances in the same direction. This corresponds to a local
cancellation of two dissimilar induction fields.

As an example consider the coplanar spaced loop with a
parallel sense loop and may be studied by combining equations (42) and
(54). This yields for vertical polarization

Eg = -{ImL)p%ra [( 1, )(cosZ¢-sin2¢)
2n (jor)3  (jpr)2

2 : . T
- sin2¢] g+ P (In;:)s sin¢ [ 1 1 ]} er(t - ;)

(eIt jer
(200)

where g is an arbitrary constant.

29. Travers, D. N., et al., "A Spinning Multiloop Direction Finder for
the Reduction of Shipboard Reradiation Error, ' Task Summary Report
Number IV, Southwest Research Institute, 1 September 1958, p. 12.

30. Moore, J. D., et al., "Shipboard Test of the Final Engineering Model
of the Three-Loop Antenna on the U.S.S. Richard E. Kraus, ' Interim
Report, Southwest Research Institute, 26 August 1960, Table 9, p. 56,
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It is evident that if g is chosen to produce a null in the far
field pattern, at say ¢ = 7/2, a similar null does not occur in the near
field pattern. Similarly if g is chosen to produce a null in the near field,
a nonzero response occurs in the far field for the same direction. The
latter condition leads to some interesting conclusions.

For instance if we let r approach zero,equation (200) becomes

Eg =

p2 "“’(t'f) {ImL)1Bra
< [—g m (cos2¢ - sin2¢)sin6

2w (jpr)3

(ImL)3sin¢]
+ (201)

2(jpr)2

Substituting from equation (5) yields

: r
p2e’” Q ) El [ wpl)A1Brd
Ee = -g
2m(jpr)2 Br

8in 6 (cos 2¢ - sinzq))

(202)

jwplzAssin ¢]
2

Let 6 = /2, ¢ = v/2 corresponding to horizontal incidence along the plane
of the loops. Also let I} = I3 and A) = A3, then

’ e 2

- 1A RAN 1

Ey = JB wp &I (t -‘-:-) [ 8Td +__] (203)
2m(jpr)? r 2

The Eg field is zero at a distance r = 4grq. When g = 1 and r >>\ the
response is

jwpl jw(t-ﬁ) 1

2mifr
The term jprq is negligible with respect to 1/2 when

| iBra]<<3% of 1/2

e
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Therefore

2
"7 = 015, or ry=.00239

At 30 mcs A = 1000 cm and rq = 2. 39 cr.. or about one inch. This requires
for g = 1 that r = 9. 56 cm.

In summary, for a location very close to the near field source
(reradiator) a zero response to the reradiator is theoretically obtained,but
the far field loop pattern is changed no more than 3 percent. This suggests
the possibility of a crossed simple loop in the near vicinity of a reradiator
without appreciable error, however, in the derivation of the general field
equations it was assumed that ry was negligible with respect to r2. Therefore,
the above analysis showing a radial null at r = 4grd can only be approximate.
An experimental approach appears to be more useful than a repeat of the
analysis with the rg << r? restriction removed, however, time has not as
yet been available for such investigation. Experimentally it would be more
practical to attempt to adjust r for a given g to obtain Eg = 0 for one distance.
Other radial null effects can be féeund by further investigation of the equations.

c. Difficulty of Constructing the Spaced Loop

It is well known that loop alignment and balance are major
problems in the spaced loop antenna relative to analogous problems for the
simple loop antenna. In designing a small spaced loop (Arq <<\3) pattern
distortion will be observed to increase very rapidly with decreasing fre-
quency. This condition is evidently impossible to avoid because it is not
possible to make the loops exactly alike, exactly parallel, or to install a
perfect difference connection at the crossover point of the loop input leads.
The imperfections have dipole equivalent circuits,and the fields of these
dipoles do not decrease in amplitude as fast as the spaced loop (quadrupole)
fields. This means that as frequency is decreased a point is reached where
dipole distortion is greater than some acceptable level.

An analysis of spaced loop patterns to determine quantitatively
the extent of dipole and omnidirectional distortion in a measured pattern
has been reported3l. Experimental results have been reported in
a number of interim reports for contract NObsr-64585. In general

31, Travers, D. N., et al. Interim Development Report, Southwest
Research Institute, 26 October 1957, p. 19.
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it has been found that small spaced loops may be constructed for

use over the entire high frequency range if sufficient care is used in the
loop alignment and installation of crossover leads. Crossover lead
installation is generally more important (or difficult to achieve) than loop
alignment.

The smallest air core spaced loop for HF use successfully
tested with an undistorted pattern at 3 mc had a size Ary = 250 in3. In
this case rq was about 8 inches, Smaller ferrite spaced loops have been
constructed with equal performance.

In general the smallest spaced loop which can be constructed
for use at a given frequency is not limited by difficulty of construction,
however, for it has been found possible to construct spaced loops which are
so small as to be of little use because of low sensitivity.

19. Comparison with Equivalent Factors for the Simple Loop

a. Effective Height of a Simple Loop

By an analysis similar to the one previously given for the
spaced loop, the effective height of a simple loop in free space is

_ 2uNA
e”

= BNA (205)

or if a core with a permeability of py is inserted through the loop, then the
effective height is

2rNAp,.
he = ——— = BNAw; (206)
b. Radiation Resistance of a Simple Loop

The radiation resistance of a simple loop in free space is
given by Kraus32 as

A\ 2
Ry = 208%A%N2=3.12 X 104 (l:—z—) ohms (207)

e

32. Kraus, J. D., Antennas, McGraw-Hill Book Company, New York,
1950, p. 167.
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c. Gain of the Simple Loop

The gain of the simple loop is found by substituting equations
(205) and (207) into equation (143) thus

g=1.5 (208)

d. Effective Area of Simple Loop

The effective area is given by equation (129) hence

_ 1.5\
€ 4r

(209)

e. Signal-to-Noise Ratio of Simple Loop

Equations (174) and (176) give the signal-to-noise ratio for
an antenna. Substituting equations (205) and (207) into equation (176) yields
the signal-to-noise ratio

naEpA)\Z
2VKB [Tr 3.12 X 104 A%n? + T(SndRg + Ry)2\4} 1/2
(210)

P:

f. Minimum Observable Field Strengths

The minimum field strength is given by equation (179).
Substitution of values for he and Ry [equations (205) and (207)] yields for
the perfect loop

E(ojmin = —f_—— = 8:94 B VKBT, (211)

This value is not significantly different from thatof the spaced
loop. The minimum field for the practical loop is given by equation (179)
with appropriate substitutions or .

2
T ZngRg + Ry, ) 1/2
E = 8,49pVkBT — (
min 9p r [1 + T, _Tz_nzop pLae

(212)
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The ratio of the simple loop minimum field to the coaxial
spaced loop (parallel connected), is the ratioof equation (212) to (181), or
when Rg, Ry, T, Ty, B, and N = 1 are the same in both cases and
1 <<T(ZnfRg + Ry)/ T(208%A2%n,N2) this ratio is

Emin (loop)
Kg = Ein (sp. loop)

Try
— 213

N (213)
which is also the ratio of the effective heights. Thus at 3 mc and rq = 1

meter, the simple loop is 31.4 times above the spaced loop or approximately
30 db more sensitive.

20. Conclusions

a. By means of a straightforward procedure using retarded
potentials, a set of general field equations have been derived for a general
spaced loop. The coaxial, vertical coplanar and horizontal coplanar spaced
loops may be treated as special cases and response patterns determined for
vertical and horizontal polarization in both azimuth and elevation planes.

In general the equations show that for certain cases the shape of the field
pattern is not the same in the near field as in the far field.

b. Important special cases in which the field pattern shape changes
as a function of distance are vertical polarization (Ey and H¢) in the azimuth
plane for the vertical coplanar spaced loop and horizontal polarization
(E¢ and Hy) in the evaluation plane for the horizontal coplanar spaced loop.
The general spaced loop, formed when the loops are parallel but are neither
coaxial nor coplanar, will have at least one field component which changes
shape as a function of distance to the source.

c. The coaxial spaced loop is the only special case where none of
the electric or magnetic field components change as a function of distance
to the source.

d. In those cases where the pattern changes as a function of source
distance, the shape change produced for any given polarization depends on
whether the electric field or the magnetic field is observed. For instance,
for the vertical coplanar spaced loop for vertical polarization, the far field
patterns for Eg and H¢ are equal while the near field patterns are not equal.

e. The simple loop field pattern shape is not a function of distance
to the source as long as this distance is greater than the loop dimensions.
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f. Certain combinations of spaced loops and simple loops are
useful to produce sense patterns which remove the inherent ambiguities
in the spaced loop patterns. For instance the coaxial spaced loop for
vertical polarization has a four-way ambiguity which may be resolved
with a single simple loop if the antenna is rotated. Such sense patterns
will be most useful when formed by combinations which do not exhibit
pattern shape changes as a function of distance to the source.

g Any spaced loop will respond differently to nearby reradiators
than to far field sources. In certain special cases these response differences

will include field pattern shape changes as a function of distance to the source.

h. The effective height, radiation resistance, gain, effective area,
signal-to-noise ratio, and minimum observable field strength are all
parameters which may be derived directly from the field equations and
Nyquist's theorem concerning thermal noise. In general it is found that when
the spaced loop dimensions are small compared to the wavelength, the
effective height is emall and the radiation resistance is small. For practical
sized loops in the vicinity of 3 mc, the radiation resistance may be as low
as 10-8 ohms which is completely negligible compared to the loss resistance
in the antenna. The gain and effective area, however, have values which
are not significantly different from that of a half-wave dipole.

i. The effective height of the coplanar spaced loop is twice that
of the coaxial spaced loop. The effective height of a series connected pair
of loops forming the spaced loop is also twice that of parallel connected loops.

j- The radiation resistance of the coplanar spaced loop will be
twice that of the coaxial spaced loop. In either case the radiation resistance
of the series connection will be four times that of the parallel connection.

k. The maximum gain of the vertical coplanar spaced loop for
vertical polarization will be twice that of the coaxial spaced loop. The
effective area of the vertical coplanar spaced loop will be twice that of the
coaxial spaced loop for the lossless case.

1. The signal-to-noise ratio of the general spaced loop, when the
dimensions are small compared to the wavelength so that the radiation resist-
ance is less than say a tenth ohm, will be determiaed by the equivalent noise
input resistance and temperature of the first amplifier if estimates are based
on conventional mcdern design techniques. This leads to the conclusion that
the equivalent noise input resistance or temperature of the first amplifier
must be reduced, or gain at near unity noise figure must be introduced ahead
of the first amplifier. Theoretically this can be accomplished by parallel
tuning the antenna to obtain a gain equal to the Q of the tuned circuit.
Calculations show this will provide a significant improvement in a signal-
to-noise ratio or reduction of minimum observable field strength. This
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technique will be limited by equivalent noiee resistance and temperature of
the antenna (apart from the radiation resistance and noise temperature of
the environment). Theoretically this noise source (that due to the loss
resisiance) may be reduced by cryogenic techniques thus improving the
signal-to-noise ratio still further. However, an ultimate limit is reached
which is determined by the radiation resistance of the antenna and the
temperature ascribed thereto which is the equivalent noise temperature of
the environment of the antenna, that is, the earth, the sun, etc.

m. The signal-to-noise ratio, which would exist if all noise sources
other than the radiation resistance considered at the environmental tempera-
ture of the antenna were eliminated, is estimated to be far in excess of that
which the present state of the art will permit to be observed. This is
primarily because of the typical equivalent noise input resistance of the
best available amplifiers.

n. This ultimate signal-to-noise ratio is determined only by the
noise temperature of the environment of the antenna and is independent of
the size of the spaced loop. For afrequency of 3 mc and a temperature of
290°K and a bandwidth of 10 kc, the minimum observable field strength
determined by the noise temperature of the antenna is in the vicinity of . 002
to .C04 microvolts per meter depending on the type of spaced loop. It is
theoretically possible to observe such field strengths with spaced loops
only if all loss resistance is eliminated, the noise contributed by the first
amplifier is made negligible, and the noise temperature of the antenna is
in the vicinity of 290° or less.

o. Calculations indicate that the present state of the art is such
that a reasonable sized spaced loop parallel tuned with a low noise transistor
amplifier could observe a minimum field strength in the vicinity of 50
microvolts per meter at 3 mc with a 10-db signal-to-noise ratio.

pP- At low frequencies, the impedance of the spaced loop is inductive.
As the frequency is increased, the impedance appears to be that of a trans-
mission line terminated in an inductance. This transmission line corresponds
to the support arms of the spaced loop. The first antiresonance (the lowest
nonzero frequency of zero reactance) will occur for reasonable sized loops
when the length of the support arm (distance from the center of the spaced
loop to one ioop) is on the order of one-eight wavelength. With appropriate
design procedures this antiresonance could be moved to a high frequency,
but under no circumstances could it be made to clearly approach an arm
length of one quarter wavelength. The first resonance will occur under
ordinary conditions when the arms are about one quarter wavelength long
(or when the array is about one-half a wavelength in diameter or less).

q- Reradiation error reduction has been covered in other reports
and for null type direction finding appears to be most practically achieved
with the coaxial spaced loop.
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it is theoretically possible to obtain a null response in a given

direction at a specific distance and only at a specific distance from the
antenna as the result of the fact that certain patterns change shape with
distance to the source. These so-called radial nulls could be obtained by
matching a simple loop to a spaced loop fur a source at a specific distance.
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22. Activities for the Interim Period

In additior: to the theory of the spaced loop antenna reported herein
and mention of experimental data applicable thereto, activities during the
period have been concentrated on the preparation of an 8-loop direction
finding system with simultaneous twin channel and goniometer diaplays.
This system was described in the previous interim report dated 1 February
1963 and is outlined in Figure 5 of that report.

The arrangement reported at that time is now substantially complete
and ready for tests. The third channel receiver (Racal RA.117) has been
received and partially slaved to the twin channel receiver. Preliminary
investigation shows that the three channel arrangement is suitable for
sensing but the phase tracking of the third channel is not as close as the
tracking between channels of the original twin receiver. Amplitude
matching of the third channel is not required for the present system.

Testing of this system will begin within the next few weeks and will
continue throughout the next interim period. A detailed reporting will be
made at a later time. It is recommended that a representative of the
Bureau of Ships visit Southwest Research Institute during the next interim
period and observe this system in operation with the mast top 8-loop
antenna.

In addition to preparation of the D/F system described above,
further work has been performed on the investigation of throughmast
antennas. This work is continuing, and a detailed reporting will be made
at a later date.

Collection of information applicable to the more advanced version
of the twin channel and goniometer 8-loop D/F system has continued with
emphasis on availability of frequency synthesizers and storage tube CRT
indicators.

Testing of the' D¥G-4C UHF direction finder at Newport, Rhode
Island, was completed for two nonoptimum sites on a destroyer. The
results of this test have been summarizedina report which was very recently
submitted. Further preparations for the shipbhoard tests of the 3-loop
antenna in a nonoptimum site have continued. Present planning is for the
test to be conducted at three heights on an aftmast location in May of this
year.




