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’Ihe 1nvent10n relates to an antenna <devree and ‘more
‘partlcularly to..an antenna devrce having:a controlled
field ‘pattern. :

Heretofore, antenna devrces have {prov1ded a ﬁeld pat-
tern with :Jobes in predetermmed ‘directions: ~However,
the prior ‘art antenna devrces have not provided’ a field
pattern with -a plurahty of nulls qn: several controlled

~«directions: .,

It is. ‘therefore a prmclpal ob]ect of ithe 1nvent10n 10
provrde a -new. and improved antenna-device having” a
Aield” pattern Wlth a plurahty of nulls in several controlled
drrectrons :

Another object of the mventron is to: provrde a new
and nnproved antennadevice which has:a field pattern

with'a plurallty of nulls in.several coritrolled directions
for. either. receiving .or. transm1tt1ng srgnals Ty e

Another object of the invention 4s-to:provide:a new
‘and urnproved antenna device havmg afield pattern with
a plurahty of nulls:in’ several controlled directions for a
srgnal havmg one or a plurahty .of ~frequency compo-
nents.”

Another object. of the 1nvent10n isto prov1de ad:new
: and improved antenna devrce havmg afield pattern: with

“a plurality ‘of nulls in several controlled directions ‘which
; dlrectlons differ. for. each 'frequency component of a;re-
cerved or: transmitted wsrgnal

. Another ob]ect of :the, 1nvent10n is to provrde a new
and 1mproved antenna:device havmg afield pattern-with
a plurality . of - nulls-in several controlled directions, -the
dlrectlons of said nulls bemg identical for.all:of the fre-
quency components of the sngnals recelved or trans-
m1tted

Another object .of the 1nvent10n is:to prov1de A new
and ﬂrnproved antenna device ‘having-a fleld pattern with
.2 plurality of: nulls in’several controlled direétions, each
of the nulls haying its direction’ controlled undependent of
the: dlrectrons of.the other nulls. o

““Another ob]ect of the 1nventron s to prowde a. new
and improved antenna device with 4 field pattérn-having
a pluralrty of nulls:in several ‘¢ontrolled -directions, -the
-number: of mdependently controlled nulls “being readrly
increased ‘or decreased in- acccyrdance wrth desxgn requne-

‘ ments

Another ob]ect of the mventron isito prov1de 4 new,
‘and amproved anténna devxce whxch is'readily consfructed
and ‘maintained ‘in operatron utlhzes standard compo-
nents and iy of great utility.

The ‘above ‘objects ‘as well as many other:obj ects of the
invention' are “achieved: by providing an antenna device
havrng a pluranty of antenna units and-a network. ' The
network hasa first s1gnal termmal and:a plurahty of
‘second termmals respectlvely connected with ‘said: an-
‘tenna unifs. A plurahty of: srgnal delaymg elements-and
sxgnal combining means connect - the first terminal of the
‘network w1th its second termmals for ‘providing a .di-
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rectional field pattern with a plurality of nulls in respec-
tive selected directions.

The delays of the elements are adjustable for inde-
pendently controlling the direction of each of the nulls
of the field pattern and are arranged in banks, each bank
of elements corresponding to a respective one-of the nulls
of the field pattern. Each of the output signals delivered
by: the network to the antenna units has an amplitude
and phase angle corresponding to the respective. complex
coefficients of a polynominal expression having at least
two roots when the first sighal terminal is energized by a
sinusoidal signal. Adjustment. of the.elements of each
bank controls the amplitudes and phase angles of the
signals- delivered by the network to the antenna units,
thereby adjusting one of the plurality of roots.of the cor-
responding polynominal expression. --Each of the roots
of the polynominal expression. corresponds to a radial
null of the field pattern, the directional orientation of the
null’ being controlled by adjusting its ¢orresponding root.

Because of the reciprocal action of the antenna device;
it. provides a field pattern which. has a plurality-of nulls
inseveral controlled directions for either: receiving or
transmitting signals.

If the delay elements provide a signal delay which is

independent of signal frequency, then, the direction of
any: particular null of the field pattern. will be identical
for: the various frequency components of the signal which
is:being received or -transmitted. However, if the . de-
laying-elements provide a signal delay which is a function
of signal frequency, such as provided by-signal phase
shifters, the nulls of the field pattern will be dependent
upon the signal frequency received ‘or transmitted and,
thus, will vary from one frequency component to another,
providing a directional  shift of the.nnll depending upon
frequency. The effect is similar to that achieved by a
crystal in the diffraction or dispersion of light over the
frequency spectrum. . However, in this' case, the null
provides: an absence.of a particular frequency rather
than its-presence in a -given direction.
.. The foregoing and other objects of the invention will
become, more apparent as the following detailed descrip-
tion of the invention ds read in conjunction with the
drawings, in which:

FIGURE 1 is a diagrammatic_representation in block
form of an antenna device embodying the invention,

FIGURE ? is a schematic drawing showing in_greater
detail the antenna device of FIGURE 1,

FIGURE 3 is a diagrammatic representation. of . the
antenna units of the device with respect to a distant point
in, space,

FIGURE . 4 is a diagrammatic illustration of a field
pattern with the three controllable nulls of the antenna
device. of FIGURE 1 having respective selected direc-
tions of . 10:°,.45° and 60° with respect to the normal
direction. to. the line of antenna wunits, said representa-
tion-being taken in:the plane of FIGURE 3,

FIGURE. 5q is a . diagrammatic illustration of the
horizontal cross-section of the field pattern of a srngle
isolated dipole antenna umnit, a plurality-of which may be
used in' the.antenna device of FIGURE 1,.and

FIGURE 5b.is a diagrammatic illustration of the ver-
tical cross-section of the field pattern- of .said isolated
dipole ‘antenna unit.

Like reference numerals-designate like parts through-
out the several views.
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Refer now to FIGURE 1 which discloses diagrammati-
cally in block form an antenna device 1¢ embodying the
invention.

The antenna device 19 includes a network 12 com-
prising a plurality of delaying elements 14 illustrated by
circles and signal combining means 16 shown as squares
and arranged in triangular or pyramiding form. The
network 12 is provided with a signal terminal 18 at its
apex and a plurality of signal terminals 20 at its base.
The delaying elements 14 are arranged in a plurality of
banks, A, B, C and D which are intermediate and connect
the apex terminal 18 with the base terminals 20. The
first bank A is connected with the apex terminal 18 and
inclides one deldying element 14, while the second bank
B includes two elements 14 shown by the two circles in-
cluding the numeral 2 representing the second bank.
Similarly, the third bank has three delaying elements 14,
and the fourth (or last bank illustrated) has four delay-
ing elements 14 with the numeral 4 within the circles
indicating the fourth bank.

The bank A is connected with the following bank B by
two signal combining means 16 represented by squares,
while the bank B is connected with the following bank
C by three signal combining means 16. Similarly, bank
C is connected with the following bank D by four con-
necting means 16, while the bank D is connected with
the five base terminals 26 by five respective signal com-
bining means 16.

It is noted that the first bank is in the form of a tri-
angle having right and left arms, with the right arm
containing the delaying element 14. Similarly, the sec-
ond bank B comprises two triangular forms each with a
signal combining means 16 at its vertex and a delaying
element 14 in its right arm. Likewise, the third bank
has the form of three triangles delimited by the signal
combining means 16 with the delaying elements 14 in
the right arm of each triangle, while the last bank D has
the form of four triangles each having a signal combin-
ing means 16 at its wvertex and a delaying element 14
in its right arm.

In forming the pyramid or triangular configurations,
each combining means- 16 has a pair of upper and lower
leads 22, 24 providing left and right triangular arms with
the right- lower arm 24 containing a delaying element
14. - Thus, a pair of arms 22, 24 provide the top or upper
leads of a signal combining means 16, while a second
pair of lower leads 22, 24 extend from its bottom form-
ing its lower arms, In this manner, the network 12 is built
up of a plurality of banks which contain one or more
delaying elements 14 and are interconnected by signal
combining means 16. Fach succeeding bank contains
an additional delaying element 14, while the number of
connecting means 16 increases by one as-the number of
banks progressively increase, thereby, forming the pyra-
miding or triangular form of the network 12.

It is noted that each signal combining means 16 has a
minimum of three leads or arms and a maximum of four
leads, two being received- at the top and two at the bot-
tom. EFEach signal combining means 16 has the property
of subtracting the signal received on its upper left lead
24 from the signal received on. its upper right lead 22
and delivering the identical output signal to its lower
leads 22 and 24. If signals are delivered to the lower
leads of a signal combining means 16, the means 16 adds
the signal received on its lower lead 22 to the: signal
recejved on its lower lead 24 and delivers signals of equal
value to its upper arms 22 and 24 with one being in-
verted or negative with respect to the other.

The terminal 18 at the apex of the network 12 may be
connected with an input output means 26 which may se-
lectively deliver signals to the terminal 18 or detect sig-
nals delivered to the terminal 18.

The terminals 20 of the network 12 are respectively
connected with antenna units 28 for radiating or detect-
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ing electromagnetic signals. For example only, the units
28 may each be a simple dipole antenna having a field
pattern shown by FIGURES 54 and 55, but need not be
limited to such antenna or field pattern. For this pur-
pose, the antenna units 28 may be linearly aligned and
equally spaced along a straight line which may be vertical,
horizontal or have any other such orientation in space.
It is also noted that two such linear arrays may be ar-
ranged to form a cross or other such configurations. Per-
missible orientations of antenna units will become evi-
dent when considered in connection with the description
and mathematical analysis of the operation of the an-
tenna. device 10 which is given in connection with the
FIGURES 2 and 3.

When the antenna device 10 is to radiate an electro-
magnetic signal, an electrical signal is delivered to the
terminal 18 by the means 26. The signal delivered to
the terminal 18 is received by the network 12 which
delivers output signals to the terminals 28 respectively
connected with the antenna units 28. -As already noted,
each signal combining means 16 subtracts the signal
received by its upper left lead or arm 24 from the signal
received by its upper right lead or arm 22, while de-
livering its output signal equally to its lower leads 22
and 24.

Thus, each of the signal combining means 38 which are
positioned along the left side of the metwork 12 only
receive signals on their upper right leads 22 since their
left leads 24 are absent, and deliver the same signal to
their Tower output leads 22, 24. On the other hand, the
signal combining means 16, such as the means 32 which
are along the right side of the network 10 receive a signal
only on their upper left arms or leads 24 and receive no
other signals since their upper right leads 22 are absent.
The combining means 32 deliver identical output signals
on their lower leads 22, 24 which signals are inverted or
negative with respect to the input signal.

The signal combining means 34 at the apex of the net-
work 12 delivers at its lower leads 22, 24, the identical
signal delivered at the terminal 18 or a signal which is in-
verted with respect thereto, The signal combining means
16, such as the means 36 which are internally pesitioned
within the network 12 are provided with both upper and
lower pairs of leads 22, 24. Since means 36 receives
signals on both of its upper leads, it subtracts the signal
received on its npper left. lead 24 from the signal received
by its upper right lead 22, and delivers the difference
signal equally to both of its lower leads 22, 24.

Thus, the signal impressed on terminal 18 wili be acted
upon by the network 12 and delivered over the terminals
20 to the respective antenna units 28. The signals re-
spectively delivered to the antenna units 28 will be such
as to provide a radiation field pattern having a plurality
of nulls in several controlled directions. This is achieved
by the particular relationships between the signals im-
pressed upon the several antenna units 28 of the antenna
device 10. Each frequency component of the respective
signals impressed upon the several antenna units 28 may
be represented by a complex coefficient of a polynomial
expression of five terms. This polynomial expression has
four roots each of which characterizes a particular direc-
tion of & null in the radiation field pattern of the antenna
device 10. If all of the roots have the same value or
coincide, then, the several nulls coincide into-one position
However, if each of the roots is different from
the others, then, they correspond to four different radial
directions of nulls in the field pattern.

The network 10 provides for varying the roots of the
polynomial expression, thereby, allowing contro! of the
radial directions of the several nulls in the field pattern
of the antenna device 10. Each of the banks A, B, C
and D corresponds to and provides for the adjustment
of one of the roots of the polynomial expression which
represents the signals of a particular frequency on the
respective antenna units 28. Each of the roots and, there-



Dby, each of the nullsin"the field pattern is adjusted by
varying the ‘delay ‘provided by the delaying. element 14
of the banks A, B,'C and D, Thus if the delaying element
14 of bank-A représented by the 1 enclosed by the circle
is varied, the root of:the polynomial‘expression to which
it -corresponds’is “accordingly adjusted; Whereas,. if the
delaying elements 14 represented by. the:circles with the
nunieral’2 therein of ‘the-bank B has its-delay: varied, it
accordingly - varies” and . adjusts its- corresponding . Toot,
ithereby, .controlling the' direction’of its'null in’the'radia-
tion field ‘pattern. - Similarly, the delays of -the delaying
elements 14 of the banks C and ‘D can be 'varied and
ddjusted to control the direction iof their: respective’ nulls
in the field patiern.” Tt is moted, that an ‘adjustment of
the ‘delaying elements 14 of ‘one bank adjusts ‘the direc-
tion of its'Tespective. null of the: field. pattern and is in-
dependent of the adjustment of the delaying elements 14
of the ‘other associated banks. This means that each of
the banks independently. adjust the value of ‘one of the
.toots of the characteristic polynomial expression without
affecting any.of the.other roots.: Of course, it-is evident
that ‘with the adjustment’of one of .the roots, the values
of the signals (for the frequency component considered)
will :be - affected -and--changéd .at-each “of “the antenna
units 28, S e
. The signalisource of the means 26 may-deliver a signal
having one.or.more frequency components::. In the case
where the means 26 delivers 4 signal having-olie frequéncy
component ;to.the terminal 18, the signals: delivered. to
the antenna -units 28 in the illustrated:embodiment,. will
have the same.frequency but will ‘have various ‘ampli-
tudes ‘and phase: angles corresponding to the complex co-
efficient of ‘the polynomial éxpression ‘corresponding ‘to
the roots determined by the banks A, B;:C-and D;
-:In the'case where: the means 26 delivers a signal having
a plurality of frequency. components, the several antenna
units 28 ‘will “receive: signals comprised of - these: signal
:components: and each  having:various amplitudes ‘and
phase angles. - Of course, if the amplitude for ‘a particular
frequency. component:at.a_given antenna is Zero as re-
‘quired by the polynomial expression; then; such frequency
component. will"be:absent. : Tt will “be:shown :that when
the delaying elements 14 provide .a . pure delay, that is.a
- signal “delay, which'-is. not. a function of the 'signal fre-
quency, butis independent of signal frequency, then;.each
of the ‘frequency components of the signal will provide a
radiation field pattern ‘with a plurality of nulls in se-
lected directions which is identical to the field patterns
of the ‘other frequency components, - This::means; that
the radiated :signals ~may. comprise moditlated - signals
which include a plurality of frequency components with-
‘out -disturbing the,.directions of :the nulls. in the field
- pattern provided by any one of the frequencies, since the
directions of -the nulls of the field patterns. for. all. of
the frequencies. are identical. . . :

:::0n the other -hand, if the delaying éléments 14 provide
‘a signal delay which is a function of frequency; such as
provided by a signal phase shifter, then the directions of
the nulls for each frequency component will differ from
~one frequency. component to another depending upon the
relative: phase shift. . Thus, the-nulls for a band:of -fre-
quencies will not coincide but Will‘fbe‘ spread over:space,

“:analogous to the frequency spread effected by the diffrac-
tion of light.. ...~ Cenomsi e
~Although the antenna device 10 has been diagramma-
tically illustrated with four./banks for. providing. a field
pattern with four-independently controlled nulls in sev-

.eral directions, the: number of nulls-in the’ field’ pattern
may. readily be increased or. decreased ‘according 10 re-

quirements by adding or subtracting banks in accordance

with the pattern and scheme, disclosed in connection with

the FIGURE 1.~~~
-Because 'of the reciprocity in the.operation of ithe ‘an-
" tenna device 10, the means 26 may receive at the terminal
18 signals detected by the several antenna units 28 of
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the antenna device 10, so that the signal detection field
pattern has a plurality of nulls in several controlled di-
rections as explained in connection with the transmission
of radiant energy. Thus, if a signal originates in space
in-a particular direction, which is in the direction of one
of the nulls for the particular frequency of the. signal
under - consideration, then, this frequency component
will-not be -delivered at the terminal 18 for detection by
the means 26. However, signals- originating in . space
in a direction from the antenna units 28 which does not
coincide with any of the nulls of the field pattern for the
frequency of the signal, will be delivered at the terminal
18 for detection by the means 26. Thus, the antenna de-
vice 10 may be utilized for selectively or alternately de~
livering.and receiving signals with a controlled field pat-
tern of the type described in detail above.

It is noted that although the antenna device. 10 has
been described with delaying elements 14 in one of the
arms “of each. of the triangular forms of ‘the network,
the ‘delaying elements ‘14-may be distributed to provide
delays in the other arms of the device while still provid-
ing the-described function :and producing thé: results of
the antenna device 10: It is also noted that other varia-
tions in the described antenna device 10 will be evident
to those-skilled in the art, for producing the desired sig-
nals at the antennas 28 to provide the described- field
pattern-with a plurality of several nulls in controlled di-
rections for transmitting. or receiving ‘signals.

For a description in greater detail of an antenna device
38 _conforming with the device 19 shown in FIGURE 1,
but schematically illustrating the use of ‘three banks A, B,
and C, refer-now to FIGURE 2.

The terminal 18 of the network 38 is connected with the
first-bank’ A by the signal combining means:34 in a form
of a signal transformer 49, while the bank A is connected
with the bank B'by the signal combining ‘means 39 and 32
respectively in the form of transformers 42 and 44. - The
bank B is connected with the bank C by the signal com-
bining means 30, .36 and 32 which respectively comprise
signal transformers 46; 48 and 50, - The bank C connects
directly with-the left and right end antenna units 284 and
284, -and respectively by the signal combining means 36
in the form of signal transformers 52 and 54 with the in-
termediate antenna units 285 and 28c.

‘The: terminal 18 is connected to “grotind potential
through: the -winding 56 of the transformer-40, while the
winding 58 connects between ground potential and the
line. 22-of ‘the bank ‘A, and winding. 60 has one end
grounded-and-the other end joined with the signal delay-
ing element 62 by the line 24. The windings 56, 58 and
69 of the transformer 40 are arranged so.that a signal on
the winding- 56 will produce equal signals' of the same
polarity: in the windings 58 and 69.

The signal on line 22 is delivered to the winding 64 of
the transformer 42 which is returned to groimnd potential.
The winding. 66 of the transformer 42 is connected be-
tween ground potential and a line 22 of the. bank B, while
the winding 68 is returned to ground potential and series
connected with the signal delaying element 70 by a line
24. A signal delivered to the winding 64 of ‘the trans-
former 42 also results in the delivery of equal output sig-
nals by the windings 66 and 68 having the same polarity.

The output signal from the signal delaying element 62
of bank A is returned to ground potential through the
winding-72 of the transformer 44. The winding 74 of
transformer 44 is connected between ground potential and
a line 22 of bank B, while the winding 76 has one end
grounded and the other end series connected: to the signal
delaying element 78 by line 24. The delivery-of a signal
to.the winding 72 of the transformer 44 results in the de-
livery of identical output signals by the windings 74 and
76. which- have a polarity opposite to that of the input
signal.

The signal from the transformer 42 is delivered over
line 22 to the winding 80 of the transformer-46. which is
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returned to ground potential.
former 46 has one end grounded and the other end di-
rectly joined to the terminal 28a by a line 22 of bank C,
while the winding 84 is connected between ground poten-
tial and linked to the signal delaying element 86 by a line
24. The signal delivered to the winding 80 of the trans-
former 46 is also delivered by the windings 82 and 84,
each of these output signals being of the same polarity as
the input signal to the winding $@.

The signal delaying element 79 is connected to ground
potential through the winding 88 of the transformer 48,
while the winding 90 returns the lead 22 from the trans-
former 44 to ground potential. The windings 88 and 99
are wound in opposite directions and magnetically cou-
pled with a winding 92. The winding 92 is connected
to ground potential at one end and joined at the other end
with the winding 94 which is also returned to ground
potential. The winding 96 of the transformer 48 has one
end returned to ground potential, while the other end con-
nects with a line 22 of the bank C; and the winding 98 is
series connected with the signal delaying element 160 by
a line 24. The windings 96 and 98 are magnetically cou-
pled with the winding 94 to produce an output signal hav-
ing the same polarity as a signal delivered to the winding
94,

Due to the opposite directions of the windings 88 and
90, the delivery of signals to these windings results in the
difference of these signals being delivered by the winding
92 to the winding 94. This resulis in the delivery of this
different signal by the output lines 22, 24 of the trans-
former 48.

The signal from the delaying element 78 of bank B is
delivered to the end of winding 162 which has its other end
returned to ground potential. The winding 194 of trans-
former 50 is connected to a line 22 of bank C, while the
winding 196 is connected in series with the signal delaying
element 108 by a line 24. The delivery of a signal to the
winding 102 of the transformer 58 produces output sig-
nals of the same polarity at the windings 104 and 1686.

The signal from the delay element 86 of bank C is de-
livered to a winding 119 of the transformer 52 which is
returned to ground potential, while the signal from wind-
ing 96 of transformer 48 is delivered to the winding 112
which also has one end grounded. The windings 110 and

112 of the transformer 52 are magnetically coupled with -

a winding 114 which has one end returned to ground po-
tential and the other end connected to the terminal 205,
The windings 110, 112 and 114 of the transformer 52 are
arranged to provide an output signal to the terminal 285
which is the difference of the signals delivered to the wind-
ings 110, and 112.

Similarly, the signal from the signal delaying element
109 of bank C is delivered to a winding 116 of the trans-
former 54 which is returned to ground potential, while the

signal from the winding 184 of transformer 50 is delivered

over a line 22 to one end of the winding 128 which also
has its second end returned to ground potential. The
windings 116 and 118 are magnetically coupled with the
winding 126 which has one end connected to ground po-

tential. and the other end connected to the terminal 28¢.

The windings 116, 118 and #26 are arranged so that the
signal delivered by winding 129 to the terminal 28c¢ is the
difference of the signals delivered to the windings 116 and
118.

The signal from the delaying element 10§ is directly ‘5,

connected to the terminal 204. The terminals 28a, 285,

20c¢ and 20d are respectively connected to antenna units
284, 28b, 28c and 28d.
The-signal delaying elements 62, 70, 78, 86, 100 and

108-are preferably provided with means for adjusting the -

signal delays which they produce for the purpose of vary-
ing the directions of their respective nulls in the signal field
pattern. It is noted that the element 62 is the only one
present in bank A, while the elements 79 and 78 are in
bank B, and elements 86, 199 and 168 are in bank C. The

The winding 82 of trans-
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dashed line 122 in bank B indicates that the signal delaying
elements 79 and 78 are ganged for simultaneously adjust-
ment of their signal delays. Similarly, the dashed line 124
in bank C indicates that the signal delaying elements 86,
100 and 108 are ganged for simultaneously adjustment of
their signal delaying properties. The ganged elements of
the banks B; C may respectively have equal delays, which
delays are maintained equal when the elements are ad-
justed by means of their ganged relationships.

The signal delaying elements 14 may be of the type pro-
viding a signal delay which is independent of signal fre-
quency, that is a so called pure signal delay, or they may
be of the type providing a signal delay which is a function
of signal frequency (in the nature of phase shifting ele-
ments) as previously described in connection with FIG-
URE 1.

As already noted in connection with FIGURE 1, a
signal is delivered to the terminal 18 when the antenna
device 10 is to be msed for transmitting a signal having a
radiation field pattern with a plurality of nulls in several
selected directions. The signal is acted upon by the net-

- work 38 to deliver respective signals to the antenna units

28 which correspond to the complex amplitude of a poly-
nominal expression, which expression in the case of net-
work 38 has three roots corresponding to the three banks
A, B and C. Adjustment of the signal delays produced
by the elements 14 of the respective banks A, B and C
controls their corresponding roots of the polynominal ex-
pression.  Since each of the roots corresponds to a direc-
tion of a nuil in the field pattern, the signal delays pro-
duced by the delaying elements of the respective banks
and their adjustment, correspondingly control and adjust
the position of the nulls in the field pattern.

In a similar manner, if a signal detector of means 26 is
connected with the terminal 18, the signals delivered to
the terminal 18 responsive to the signals received by the
antenna units 28 provide a field pattern with the several
described directional nulls, which nulls are likewise di-
rectionally controiled by the delaying elements 14. As
previously explained, the character of the field pattern for
different signal frequencies will depend upon whether the
signal delaying elements i4 have a signal delay which is
independent of the signal frequency or mhether their
delay is a function of the signal frequency.

Refer now to FIGURE 3 which discloses a plurality of
antenna units 28 which are equally spaced along a straight
line 13¢ with a distance L between adjacently positioned
antenna units 28. The direction of each of the nulls
produced in the field pattern is designated by the angle
coordinate measured with respect to the line 132 which is
perpendicular to the line 136 as shown in FIGURE 4.
It is noted, that because of the symmetry of the arrange-
ment, a null produced in the direction ¢ about the line
139 takes the form of a surface of a right cone with the
line 139 passing through its apex in the direction perpendic-
ular to its base. Thus, if the front direction of the an--
tenna units 28, is to be considered in the direction toward
the distant point 134 at A, and if the field provided by
the back radiations is not desired or required, reflectors
may be placed behind each of the antenna units 28 elim-
inating back radiation and increasing the power of the

radiation in the forward direction.

It is also noted that the lines 136 from the antenna
units 28 to a far distant point 134 at A, may be considered
substantially parallel to each other. This fact will be
utilized in the mathematical analysis of the field pattern
to be presented herein. 1Tt is noted that from geometrical
considerations the lines 136 may be considered to form
the angle ¢ with the line 138 which is projected parallel
to the line 132,

In order to analyze the field pattern provided by the
antenna device 1@, consider the device 1§ operating to
transmit a signal by its antenna units 28 with a field pattern
having a plurality of nulls in several selected directions as
illustrated by FIGURE 4. For this purpose, the signal
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‘generator of means 26 dehvers a sinusoidal s1gna1 of one
frequency 1o the' terminal 18" of ‘the. network 10, The
analysis will be broadened later 10’ mdxcate that the sxgnal
termmal 18 ‘may have' many frequency components and
that an antenna device 10.is operative.in the i inverse man-
ner for: recelvmg a detectmg signal.

© Since a signal having one frequency is dehvered to-the
termmal 18, the delay elements 14 may: be consxdered to
produce a phase shift-in the s1gnal passing therethrough
which will ‘be: deSIgnated by the phase angle Ox-"= The
phase angle ¢, ona glven bank A. B or-Cisrelated to the
direction” of :the -null'in space (see FIGURE 3) by the
equatlon i

: - ¢k——2—7;\-L sm ok
where L is” the distance between ‘enditters in’ the array;’x
is'ithe wavelength of the radiation, and 6x-i5" the angle
between the direction of ‘the null and:the normal 132 to
the line 130 of the antenna units:28. .
thh respect 16 the field pattern of the antenna device
‘10 1t w111 be shown that :

P(B) z‘zznén

; where P(a) is-a factor proportlonal to.the power emltted
n’ dlrectlon 6, and g has been defined s the angle between

the normal 132 to the:line 130 of the array and the-direc-
tion of the null 1nd1cated by the dashed hnes 136 of FIG-
URE 3.2 o

i The.number #is a eomplex number of unit maomtude
defined by

2mil-. .
E--e—k- sin 6
where ‘L is again the spaéing between anfennas and A is
the wavelength of the radiation. -Z, is-the complex am-
plitude ‘at the nth emitter or antenna unit. 28 the emifters
beinignumbered. from right to_left in FIGURE 3; the
first’orie being numbered 0. Although the above formula
is reasonably well known; it can be derived; in" view of
FIGURE 3, by considering that the signal provided by the
nth antenna unit 28-is. f,(2); so-that the total signal re-
ceived’at A is given by:
( t—~)
(@)=

where ryis the: distance from A to the nth-emitter and ¢
is*the velocity of light. The 51gna1 reception  point A is
snfﬁctently far from the antenna -array or units 28, so
that: ryin the. denominator may:bereplaced by ry, the dis-
tance between the far nght antenna unit 28 and the point
A at 134;:while the ry in the function fy in the numerator
may:be replaced by:

ra=ro—nl:sin-9

This", relat10nsh1p follows” from ‘FIGURE" 3 by. the fact
that the lines 136 from the antenna units 28 to the distant
point:A*at-134 are: very nearly parallel. Thaus, if ry is
considered to: be the: distance from the second antenna
unit 28 from. the. right tothe point.A, this value will be
given by “the above formula . if -1_is substituted-for n.
If- s the distance between the- third antenna-.unit 28
from the right, then, the number- 2 ‘should be- substituted
for.n.:. In this case ry is'equal‘to 7, minus 2L sin 6 which
is:also.readily evident from the FIGURE 3.

Since the nth antenna unit'28-is.emitting a sinusoidal
signal; this signal may be represented by:

fa=Ay cos (wt+-gy)

Ay is the amplitude, ¢, is the phase-lead at-the nth emitter
or antenna unit 28, and v is the angular frequency meas-
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ured in radians per unit time. . Thus, for the signal re-
ceived at A, at the relatively distant location 134

;f(t)=%o[ > Ax cos [ ( ¢ nL sin 0>+¢n]:|

Now, noting that the cos ¢ is the real part of e!® it is found

that:
N . : . To
F&) =Tl0Re [EZneM] e™ (t_?)
0

where the complex amplitude Z, is defined by:

Zy=Ane,
and “Re” means “Real part of”.
Also,
1ol sin 6 227 L sin 6
e =g
c A

To- obtain the above equations use has- been made of
the relationship-between the wavelength and angular fre-
quency, namely:
27e
W=

A

Finally, it is noted that the power transmitted to A at 134
must be proportional to. the-average-of the square of f(¢t)
taken over one period, so that upon averagmg the fol-
lowing is obtained:

2

N
P(#)= );ann

The - proportionally factor has been . omitted above as
irrelevant.

In order to establish the condition for nulls it is noted
that from the equation above it follows that for the field
paitern to have a null in the direction gy, the following
relation must obtain:

N
ZO_)Zn(Ek)n:O

where
27rl.£)\ sin Gy
fx=e

That is, & must be a root of the polynomial. For this to
be so, it follows from a well known theorem, that (¢—g,)
must be a factor of the polynomial. Thus, if the antenna

device 10 is to have N nulls at angles 6;, 65 . . . 6y, the
following must be true:

N

%Zznsn:ZN(s—so(s—zz) e (E=En)
where & is defined by

2%t
Ek _ eT sin Oy

That is, the complex amplitudes Z;, Z, . . . Zy at the

emitters or antenna units 28 must be the coefficients of
that polynomial having roots &, £ . . . &y in order that
the field pattern have nulls at 63, 0y . . . Oy

In order to demonstrate that the netw01k 12 of FIG-
URE 1 produces such nulls, it is necessary to show that
the network 12 does in fact produce signals correspond-
ing to complex signals at the antenna units 28 having com-
plex ‘amplitudes which are the coefficients. of the poly-
nomial expression having the specified roots. . This may be
shown by mathematical induction:

Theorem—If the complex amplitudes of the signals
delivered by the nth bank to the (n--1)th bank of the
network 12 of the antenna device 10, are the coefficients
of the polynomial (&¢—£) (£~&) ... (§—&n), then
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those- signals delivered by the mth plus 1st bank and the
mth plus 2nd bank are the coefficients of the polynomial
(E—6) (&) . . . (E—i&n) (E—tmy1).

Proof—Consider the polynomial expression

(E—5)(E—&) . . . ((—in)=P
+P1§+P2£Z"I' L ngm

Then, multiplying both sides of the equation by (§¢—&y,1),
there results:

(E—&) (E—8&) . . . (E—&y) (E—tmy1)
={(—~fm1Po) + (Po—tmp P1)EF . . .
+ (Pmi1—Em 1Pm) 0 Prém+t

That is, the numbers
(_‘gm+1P0)s (P0_5m+iP1); L] (Pm-—-l—‘fm—}-lpm), Pm

should be the complex amplitudes: of the signals delivered
by the m-|1st bank. Noting that the transfer function
for a phase shifter is ¢!, it is seen from a consideration
of the network 12 and 38, respectively shown in FIG-
URES 1 and 2, that these networks are arranged so as to
transform the complex amplitudes at the mth row into
those at the m--1st row exactly according to the scheme
illustrated above. This completes the proof.
It is noted that from the equation:

$k=exp{WL iin Hk}

that the desired nulls will be produced over a band of
frequencies, if the delays produced by the signal delaying
elements 14 are not functions of frequency, but are in-
dependent of the particular frequencies of the components
of the signal being transmitted. Thus, it is seen that the
transfer function is that for a pure time delay having
delay

L sin Oy
(4

It is also evident that if the transfer function produced
by the signal delaying elements 14 are functions of fre-
quency, then the direction of the nulls for different fre-
quency components is a function of the frequency of each
of the frequency components of the signal being trans-
mitted.

By the reciprocal action of the network the antenna
device 10 may be utilized for receiving signals with a field
pattern having a plurality of several nulls in'selected and
adjustable directions.

That the antenna device 10 has many and varied uses
and that combinations of such antenna device 10 may be
utilized for providing different field patterns, will be
readily evident to those skilled in the art.

For example, the antenna: device may be used to de-
liver information to predetermined regions while prevent-
ing or excluding the radiation of energy in several con-
trolled directions. As a detecting means, the antenna de-
vice can be used to receive and detect radiant signals from
space, while eliminating signals from several controlled
directions which directions may. provide a source of in-
terference or jamming signals. The device may be utilized
for detecting the positions of bodies by using a null direc-
tion and thereby preventing. the constant receipt of ra-
diant energy from the antenna device by the detected ob-
ject. The antenna device may be used alone or in com-
bination with other such devices. for tracking of bodies
and.many. other purposes.

It will be obvious to those. skilled -in the art that the
invention may find wide application with appropriate
medification to meet the individual design circumstances,
but without-departure from the essence of the.invention.

What is claimed is:

1. An antenna device comprising a plurality of at least
three antenna units, and a network having a signal ter-
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minal and a plurality of signal delaying elements and
signal combining means connecting said terminal with said
antenna units to provide a directional field pattern with
a plurality of nulls in respective selected directions, said
delay elements being arranged in banks, each said bank
corresponding to a respective one of said nulls of said pat-
tern, the delays of the elements of €ach said bank being
adjustable for independently controlling the direction
of its corresponding null of said pattern.

2. The antenna device of claim 1 in which each bank
has its delaying elements coupled for simultaneously vary-
ing their delays to control the direction of its correspond-
ing null of said pattern.

3. The antenna device of claim 2 in which each of said
banks has at least one delay element, said banks with a
plurality of delaying elements respectively having their
elements coupled for simultaneously adjusting their de-
lays to control the direction of the corresponding null of
said pattern.

4. The antenna device of claim 3 in which the first
bank has at least one delay element and each succeeding
bank has an additional delaying element, and in which the
number of said antenna units exceeds the number of said
banks by one.

5. The antenna device of claim 4 in which the antenna
units are equally spaced.

6. The antenna device of claim 1 including a source
of signals having one or more frequency components con-
nected with said signal terminal of said network, the ra-
diation field pattern provided by said antenna units having
a plurality of independently controlled nulls for each
frequency component of said signal. ‘

7. The antenna device of claim 1 including a signal
detecting means connected with said signal terminal of
said network, the signal detecting field paitern provided
by said antenna units for each signal frequency having
a plurality of independently controlled nulls.

8. An antenna device comprising an array of at least
three antenna units, and means connecting said units with
each other and with a common signal terminal, said
means comprising a' plurality of signal delay elements
and signal combining means forming series signal paths
between said terminal and said artenna tnits, the num-
ber of said elements included in that series signal path
between said  common terminal and any given anterna
unit which comprises the least siumber of said coinbin-
ing means differing by one from the number of said ele-
ments included inthat-series path between said common
terminal and an adjacent unit of.said array which com-
prises the least number of' said combining means.

9. The device of claim 8 further characterized in that
said number increases in one direction along said array.

10. An antenna device comprising. a plurality of at
least three antenna units, and a network interconnecting
said units and ‘a signal terminal, said network including a
plurality of banks of signal paths, ‘the bank nearest the
terminal consisting of a pair of paths branching out from
said terminal toward said antenna units, and each suc-
ceeding one of said banks comprising pairs of signal paths,
different ones of said paths branching out toward said
antentna units from different ends of the signal paths of
the preceding bank, one path in each said pair of signal
paths including a signal delay element, and each said bank
other than said bank nearest said terminal means being
provided with means for joining the path in each said pair
which includes a delay element to the path in a different
pair in the same bank which is without a delay element.

11. The device of claim 10 characterized in that each
said joining means is a signal combining device.

12, The device of claim 1 characterized in that different
ones of said antenna units are-coupled to the ends of dif-
ferent ones of said signal paths in the bank nearest said
antenna units.

(References on following page)



3,124,801

13 i4

References Cited. in the file of this patent 2,268,844 Polkinghorn __________._ Jan. 6, 1942
UNITED STATES PATENTS 2,286,839 Schelkunoff _.___________ June 16, 1942
» 2,409,944 Loughren _______.______ Oct. 22, 1946
1,922,115 Stone ~..___ T Aug. 15, 1933 2,419,562  Kandoian —_.___________ Apr. 29, 1947
2,030,181 Potter ..o o = Feb. 11, 1936 2.615.132 Rumsey Cct. 21, 1952

2,041,600 Fries coom e May. 19, 1936 5 e el T o'
22t , 2,897,459 Stark ool July 28, 1959

2,245,660 .  Feldman —___.______.__ June- 17, 1941



UNITED STATES PATENT OFFICE
CERTIFICATE OF CORRECTION

Patent No. 3,124,801 March 10, 1964

Francis P. Callahan, Jr.
It is hereby certified that error appears in the above numbered pat-
ent requiring correction and that the said Letters Patent should read as

corrected below.

Column 2, lines 10, 16 and 17, for "polynominal', each

occurrence, read -- polynomial --; column 12, line 5, for
"delay"™ read -- delaying ~--; line 70, for the claim reference
numeral “1" read -- 11 --,

Signed and sealed this 4th day of'August 1964.

(SEAL)
Attest:
EDWARD J. BRENNER

ERNEST W. SWIDER |
Attesting Officer Commissioner of Patents



UNITED STATES PATENT OFFICE
CERTIFICATE OF CORRECTION

Patent No. 3,124,801 March 10, 1964

Francis P. Callahan, Jr.

It is hereby certified that error appears in the above numbered pat-
ent requiring correction and that the said Letters Patent should read as

corrected below.

Column 2, lines 10, 16 and 17, for "polynominal', each

occurrence, read -- polynomial --; column 12, line 5, for
"delay™ read -- delaying --; line 70, for the claim reference

numeral 1" read -- 11 --.
Signed and sealed this 4th day of August 1964.

(SEAL)

Attest:
EDWARD J. BRENNER

ERNEST W, SWIDER
Attesting Officer : Commissioner of Patents



