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A miniaturized unambiguous direction finder with no moving parts
is demcribed., At a frequency of 1000 Mc, a complete system, consisting
of a two=wire spiral antenna, with cavity backing, operating in the
first two radiation modes can be built into a cvylinder 10 in, in diameter
and 3 in., deep. Direct sceling lawa apply, so that at 3000 Mc, for ex-
ample, the cylinder would be 8 in, in diameter and 1 1/2 in. dewp.
fince there are no moving parts, and printed~circuit techniques can be
used, the total weight (excluding power supply and readout or diaplay)
will be less than 1/3 1b,

The pattern of this antenna array gives hemiapheric coverage. The
output, fed into an analog device, gives & determination of the eleva-
tion and asimuth of a received signal, with no ambigu‘ties, in the
hemisphare bounded by the plane of the spiral. The processing network
connistas of two J~way power dividers and a pair of hybrids, whioh oan
be mounted on the back of the oavity by using etrip-line technigues.

An experimantal version of the syatem has been huilt and preliminary
éats are presentad.

1. INTROIRIOTION

A miniaturc direction finder with no moving parts has been deswigned
and oconstructed for guidad missile application tc meeat the need for a
uompact, lightweight device with no dirsctional ambiguities. to determine
both elevation and asimuth. It uses a two-wire Archimedesd® spiral
antenna operating in the first two modes simultaneoumly. Although the
ARtORNE may also be used as a scanning device, dimcuasion harain is
limited to the direction finder,

The directional finder has not orly the requirsd deep null broad-
side for mccurate null finding nuear Lhe «xis, but riso the capability
of uniquely determining the signal direction in terms of the vonventional
antenna spherical coordinute angles © and ¢ in a wide cone ahbout the
antenna axis by uwing relative amplitudes of signals out of aix terminals
of a network, This network consists of two J-~way power dividera and
two hybrid ring networks., Dy the theorem of reciproctty, i! cohurent
signals are fed into the six output arms of the network, the direction
of the main lobe of the antenna may be uniquely positioned by varying
the relative amplitudes of the six signales, PFurther research will be
required to increase the precision of the direction finder.

' Based on a spiral mode selector circuit for an Archimedesn spiral
array, DOFL Legal and Patent Service Office Docket No. 1081, J. A,
Kaiser,




2. THRORRTICAL DRVRLOPMENT

To describe the manner in whioh the device functions, a spiral
antenna as a radiator is considered first. A two-wire, self-compla-=-
mentary, Archimedean spiral antenns,’ ¥ connected to terminals 8 and
8 of the ring natwork is fed from either terminal 1 or 2 as illustrated
in figure 1, The diameter of the antenna must be at least 32/ hut '
lwén than 3T, where ) is the operational wavelength, so that the
antenna will operate in the firat two radiation modes only,

Figure 1, Ring network,

'J. A. Kaiser, "The Archimedean Two-Wire Spiral Antenna" IRE PUAP,
vol Ap-8 (1960) p 312,

%J. A. Kaiser, "Flat Archimedean Spiral Antennm, Principles aua
Applicatton,” DOFL TR-726, 15 Aug 59,




Assume that & radio frequency rignal is applied to terminal 1 of
the ring network. The energy of this signal divides equally as it enters
the ring mni emerges from the network st terminais 3 and 4 with equal
amplituden, hut 180° out of phase. Consider thet the lines from 3 t> 8
and ¢ to 6 are of egual length so that there im no relative phase shify
of tha two signals entering the terminals of the antenna, In the
vicinity of the conter of the antenna the currents are out of phame; for
this reason little radiation ocours. As the currents proceed away from
the center, the relative phuze is shifted because of the difference in
path lengths along the two apiral filaments. When the difference in
path lengths between adiscent conductors is )2, the currsnts in these
sopductors are in phaue and the radiation vectors add,. Bven for fairly
coarse Archimedean spiral antennas, the difference in path longth of
A2 oan be approximated es ocourring in a thin annulus of radiuas M\/am,
At soms point in this circular regfon, the currents in adjacent filaments
will be in phase with the currents enterinyg into terminal 1. Using thias
AR & reference point, sne can establish a relative phase diagram of the
currents about this )\/2n xradius oircle, [dec inner ring in (A) of fig.a)
This wode of oparation is called the firat radiation wmode.

gimiiariy;, 1t a signal 12 applied to tareinal 2 of the natwork shown
in figure 1, the currents entering the antenna are in phase and of equal
amplitude, and the radiation veotors will add on the AM radius circle..
Again one omn establish the relative phasv diagram [outer ring in (A) of
£ig. 3] with thiz mode of operation, called the secand radintion wods,
Note, however, that the "O" phame of the second mode may or may nos lie
on thu same radius ag the "O" phase po.nt of the first radiation mode,

The phase of the currents eatablish the phase of the radiation fields,
At soms angle §, the radiation fields of the first mode and the sscond
moclu are in phase. Thia direction im relerred to as ¢ = D, and the phase
dingram {9 redrawn as shown Ain (B) of figure 2, indicating the direction
of in-phuse fieslds as "0O" - "O",

If an rf signal is fed into both terminals 1 and 2, both modes will
bs excited simultaneously, If these signals are in phawe, the radiation
field will be such that the radiation vectors of the first and second
mode wili add in the § = O° direstion and cancel in the ¢ « 180° direc-
tion, thus forming & null in the § = 180° direction, If the phase into
terminal ! in shifted by 180", the first mode im rotated through 180°,
shifting the null to the direction of § » 0°. 1f the signal into terminal
2 is shifted by 180°6 the physical rotation of the second mode is 90°,
shifting tho null 20, 3y the theorem of reciprocity, if the antenna is
used as & receiver, the phase of the signals out of terminels 1 and 2
can be uged to determine the direction of the source,

The axect fiold equations for the spiral antenna operating in thn
first or second mode have not heen derived. As an approximmtion,
based on pattern measurements, the first mode antenna pattern can be
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represented by B cos © e (36 + Jwt)’ and the second mode by & sin ©

(320 + 0t e ¢ is defined in the range O to.2m, and ©.is defined
between O and /2. These are in phase at ¢ , 88 required by the
method of defining the radiation fields of the first and second modes.
Also, if the crossover point of the relative gain patterns of the two
modes occurs at 6 = © o’ then o R

Q 8in 6 = B cos @
o o

Assume a signal received by the antenna from a direction (6, ¢),
fed into a network, shown in figure 3, consisting of two 3~way power
dividers and two hybrid ring networks. The line lengths of the network
are such that a = b, c = d, e = £ + A4, where )\ is the system design
wavelength, The signals in the arms, betore detection, are of the

form shown in table 1,

Table 1. Antenna Signal Forms

A (2 Bcos® eJ¢) ert (first mode)

B (2 a2 sin © eJ2¢) ert (second mode)
c (x sin © e32¢ + P cos © eJ¢) ert

D (~asin e eJ2¢ + B cos © eJ¢) ert

E (@ sin © ed2¢ + B cos © eJ¢) ed (Wt - T1/2)

+ (-~ o sin © eJ2¢ + B cos O ej¢) eJWt

F (@ sin © eJ2¢ + P cos © e‘j‘i))e"(wt = n/2)

~ (- o sin © eJ2¢ + B cos O eJ¢) e‘jwt

After square law detection, .there signals are of the form shown in
table 2,
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Tablefz. Signal Forms After Square Law Detection

A BP cos %0

B o® sin ¥e

c o® sin %6 + pPcos 0 + 2 0 B 8in © cos @ cos ¢
D o sin®@ + p® cos P8 - 2 G B sin © cos @ cos §
E o sin®0 + p% cos %@ + 2 o B sin 6 cos @ sin ¢

F o sin 9 +p% cos 20 - 2 a B sin @ cos @ sin ¢

It can be seen that the sum of the indications (power) in arms A and B
is equal to the sum of the indications in arms C and D, and 1is also
equal to the sum of the indications in arms E and F, which must be the
case considering the method in which the power is split up. These six
arms have signals that are apparently a function of four variables:

a, B, 6, and ¢. However, since the products @ =in © and P cos © are
the only way in which these parameters appear, the signals in the six
arms can actually be expressed in terms of three variables: « sin 6,
B cos 6, and ¢. Also, the detected signals in arms A and B are seen
.to be independent of ¢.

To find the direction from which an incident signal is coming,
an algebraic function of the signales in arms, A, B, C, D, E, sad F (for
simplicity, the amplitude of the detected signal in an arm is represented
by the name of the arm), combined with the knowledge of ©_ (which can
be set by calibration) is all that is necessary. By simp?e manripulation

-

-

- E-F )
[(E-F)? + (c-D)? P

sin

¢

and

-1 A 1/2

2] tan (E—) tan 90

-5

Theoretical plots of the amplitudes of the detected signals as a
function of variations in © and ¢ are given in figures 4, 5, and 6. There
are, of course many other relationships Ythat can be used to calculate

1 A simpler relation for { would be § = tan'l%%gg% but this would be dif-
ficult to handle in.the region in which C-D - 0, in which case one could

(c-D)
consider ¢ = cot™ (E-F)"
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¢ and @, and & study of the deviation of the mctusl first and second
mode antenna patterus from the assumed relations might he useful in
determining the probable deviation of the actual source dirsction
from the caloulated source direction,

From the redundancy in observations, it might seem that fewer
detectors could bo used to determine ® and ¢. In this section it
will be shown that, in general, this is not possible, but that under
cartain assumptions it might he poussible to eliminute arms A and B
(snd thus roplace the three-wny power dividers with two-way power
dividers) from the syatem,

/3
Let 1/a [(c-b)' * (I-l’)']la,‘ wK)=2Qp sin @ con @

Then
Ky w1/ (C+D) +K) mof stn0 + 8% cos "0+ 2 0P stn G con @

-[anno-a-poolo}'

and; similarly

lg nl/A(Ce+eD) - ‘1 = [ﬂ sin 0 - P cos @

Now, if it is kuown how @ compares with @ , that im, whether it ia
iavges or smaller, then ® can ba found, fnis wight bhe the ocase in s
direcvtion finder or homing device. Jor example, if @ > .5' then
aein O~ p cos ® <0, and

[ x;”
® = tan™ w— tan &
K °K

if @ < OQ, then Gt 8in @ - P cos ® < 0, and

O-nun'l —l-Z-’-:—E-;-/-’ tan &
‘I/Q 1/2 (]
2 t X3

Thus, if it is known from which gensral direction (in elevation) the
received signal is expected, four detectors can be used instaad of
Bix. Also, by adjusting the pattern gains in tho first and second
modes (i.e., G and f), ® can be controlled and thus give better con-
trol over the region from which signals are permissible, Making eb

near 0° or 909, however, will introduce & large uncertainty in the
calculated direction for & small measurement error,

18
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3.  EXPERIMENTAL PROCEDURN

A two-wire Archimedean spirat antenna 2)/n in diameter wus mounted
M4 in front of a 24-in. square ground plane. This a.seubly was then
nounted on & Iwo=axis rotstor. - The two outputs of the wihtenna word fed
into the notworks illustrated in figure 7. '

The antenna was mounted so thut it could be rotated about its axis
of aymmetry {6 =:0], The antenna was illuminated with a ocircularly
polarized continuous wave signal at 1020 Mc, The terminals at A through
F were all terminated in matched dumay londs, axcept for one that was
terminated in » square law detector, The destected signal amplitudes
at C, D, B, ¥ were recorded as a funotion of ¢ tor ¢ = 8°, 10°, 18°, 30°,
45°, 607, 78" (figures 8, 9, 10, 1}, 13, 13, 14), The amplitudes nt
A and B were recorded as a function ot ¢ for the &'s linted above (fig.
18, 18, 17, 18, 18, 20, and 3)).

arm f

arm o

SIGNAL PROCESSOR

l"
16

11. 8.0" (f=1020Mc)

TFMS

ANTENNA TERMINALS  ~——————=p

Figure 7. Experimental direction finder,
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Azimuthal plots of C, D, E, F for &

Figure 8.
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fo® 1022 mos - LEFT CIRCULAR POLARIZATION

Azimuthal plots of C, D, E, F for & = 159,

Figure 9.
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te® 10BR mae - LEFT OROULAN POLARIZATION

*

Azimuthal plots of C, D, E, F fo~ ® a 18°

Figure 10,
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Figure 11. Azimuthal plote of C, D, E, F for 6 = 30°,
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Arimuthal plots of ¢, B, E, F for 0 = 45°,

Figure 12,

21



22

Figure 13.

fo® 1022 mea - LEFT CIRGULAR POLARIZATION

Azimuthal plots of C, b, E, F for & = 60°,
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Azimuthal plots of C, D, E, F for © = 75°,

Figurs 14,
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Figurs 18, Aszimuthel plots of A and B for 6 = 39,
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Figure 18, Arimuthal plots of A end B for O = 10°.
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e FIRST MOOE PATTERN (A)
—— SECIND MOOE PATTERN(B)

g 1022 mue~ LEFT CIRCULAR POLARIZATION

THESE PATTERNS WERE RECORDED AT A OAIN
SETTING (0db BELOW THE OTMERS

Figure 17, Azimuthal plots of A and B for € = 15°
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Figure 19, Azimuthal plots of A and B for 8 = 45°,
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Figure 21,
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4. CONCLUSIONS AND RECOMMENDATIONS

Since data given in figures 8 through 21 indicate that the system
behaves approximately as assumed in the formulation tabulated in table 2,
it is assumed that the antenna can be used to determine the spherical
coordinate angles ¢ and ©, It is estimated that the determination of
® will be most precise for 15° < @ ¥ 750,

No attempts have beéen made to optimize the circuit and antenna.
However, it has been demonstrated® that the spiral antenna is a precise
phasing device, suggesting the possibility of engineering an accurate
direction finder. Ultimate system accuracy will also be a function
of the frequency dependence and losses of the processing networks.

One source of azimuth error is discussed in appendix A.

Investigation of the three arrangements listed below may provide
a method of increasing the precision of the direction finder,

(1) Increasing the A/4 spacing between the antenna and the
ground plane, causing a partial null in the first mode radiation
pattern,

(2) Adding a similar antenna element in front of the antenna,
increasing the gain of both first and second modes.

(3) Adding an antenna for the first mode only in front of the
spiral antenna, thus increasing the first mode gain only,

No attempt has been made up to this time to evaluate the relative
efficacy of the various arrangements.

*J. A. Kaiser, "The Archimedean Two-Wire Spiral Antenna," IRE PGAP,
Vol, AP-8 (1960).
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APPENDIX A
FREQUENCY ERROR ANALYSIS

One possible source of error in the spiral antenna direction.
finder is the effect of a change in frequency from the design value.
If the antenna is used as a direction finder, a shift in the source
frequency would -cause lines e and f of the network. to' have: lengths
that differ by more or less than a quarter wavelength. Aleo, if the
system is. to be used to search for and locate unknown signal sources,
it would be necessary to know over what frequency range the system
can be designed to search without exceeding an acceptable error in’
the calculated direction.

Equations (1) are rewritten for ease of analysis, as

C-D

o [ )

The only arms affected by a shift in frequency are E and F, so that the
observed elevation angle 1s not affected by a change in frequency.. If
the difference in line length is equivalent to an angular rotation of
Yy degrees, then the input signals to arms E and F can be written

o= tan * [E-F

and e

(neglecting ejwt) as

E: (x sin @ eJ2¢ + P cos 6 eJ¢) e-JY

+ Q@ sin & eJz¢ + P cos © ej¢
F: (¢ sin © e‘jz¢ + B cos © e'j(b)e-‘j'Y
-(- O sin © 932¢ B cos 8 eJ¢)

For square law detection, the output of E is proportional to
@ sin ®a(l - cog vi+d? cos 2e(l + cos ¥)+2 O B sin © cos © sin @ sin vy

and the output of F is proportional to
o [}
&® sin ®@(1 + cos v)+8® cos ®e(1 -~ cos Y)=2 & p sin 9 cos © sin ¢ sin v

-
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Thue the obsurved value of ¢ (oail it ¢’) is found to be
¢ = tan {-:——E—%}
- tan™ [jﬁ'uon e - OPl;na'gligﬁgeyﬁz.zegagll1n 6 cos & win § sin 1]
o’ [[Bamnntnte) sy L g

The error '~ ¢ is thus

¢ -¢=tan [( EEE°I 'o - dMain '0} S8 Y , tan ¢ stn y] -¢

B ain @ cos © cou‘ﬁ

The error in asimuth angle is sesn to be ntrongly depandent upon the
slevation angle €,

Substituting the crossover point relation

astn 4 = f con @
o (4]
gives, after some rearrangement

tan® - tan® @

O - ¢ m tan [(3 o .° T ) -;;-* + tan § sin y] ¢

If the gains of the first and second modes aro equak (tan L 1,
this roeduces to

o - bm tan [92_:.%1_‘!+t-n¢nnv]'¢

Thus, for elevation unglea (&) near 0° (on axis) or near 80° (in the
lane ¢f the spiral array), a large error in the calculated value of
may ocueur for valueas of y % n/2,

Plotting the error in seimuthal engle am a function of y, as shown
in fixuras Al and A2, revesls that the maximum errur occurs at values of
Q near 0° , and the possible error increases greatly with increasing de-
viation of the line length difference from 80°., If this device is tn be
used to locate unknown atignal sources, it is desirable to have a ningle
device operate over a wide range of frequencies, By using newly
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AN

dnvulopoé phase ahifturs, in which the phase difference between two
channels is very nearly 90° ove~ ~ broad freyuency range, it is
theoretically possible to hold y to the range of 88° to 92° over a 2:1
range in froquoncy. Assuming that this value can be approximately
held in practice and that other sources of error do not exist, the
maximum evror in ocaloulsted asimuthal angle for elevation angles
betwean 10° and 807 is held to approximately B8°,

") New Class of Broad-Band Microwave §0-Degree Phase Shifters,"
B. M, Schiffwman, IRK Trans Vol WIT-6& pp 232-237, 1958,
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