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ANTENNA ARRAY USING SANDWICHED RADIATING ELEMENTS
ABOVE A GROUND PLANE AND FED BY A STRIPLINE

Backeround

161} This invention relates to an antenna array having pairs of sandwiched radiating
clements and a stripline transmission feed of signals to/from the elements. The antenna
array is implemented as part of a layered printed circuit board like assembly.

102} Conventional self-complementary antennas, .g. bowtic antennas, have been
aiilized for various purposes such as for the reception of broadcast UHF television
signals. Although a single bowtie antenna can be utilized, an array of bowtie antennas is
commonly utilized to increase gain, for cxample an antenna array having 4 active bowtie
antenna elements all disposed in the same plane. A balun (balanced to unbalanced)
transformer is normally used to couple the bowtic antenna elements to a transmission line
to provide a match of the antenna impedance and the impedance of the feed line.

[03]  Another antenna design utilizes a patch antenna structure. For example, a patch
antenna may utilize a conductive elernent spaced apart from a ground plane. A patch
antenna may utilize a pharality of radiating elements to increase gain and/or achieve a
desired radiation pattern.

4] The design and construction of a practical wideband antenna array having wide
scan capabilities has proved to be challenging. Many antennas require the use of a balun
as part of the feed mechanism in order to provide an impedance match of the radiating
elements to the transmission mechanism. A balun has inherent signal loss and will likely
have less than optimal signal transfer characteristics over a wide frequency range. For an
antenna array utilizing a substantial number of radiating elements, a balun will likely be
required to feed cach of the radiating elements or group of elements. In addition to these
difficulties related to having one or more baluns, such an antenna array is costly to
marnufacture. Where a dipole antenna is used, especially without the use of a balun, it is

difficult to maintain symmetry of feed point.
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105} A desirable characteristic for a wideband antenna array is the ability to select
horizontal or vertical polarization without requiring physical movement of the antenna
array. Many conventional antenna arrays have a single fixed polarization orientation
requiring the physical rotation/movement of the antenna array to cffectuate a change of
polarization. This can be implemented but it is at the expense of additional structure
required to control the physical rotation/oricntation of the antenna array. Such an
implementation carries with it additional cost and increased maintenance of the stracture.
There exists a need for a cost-effective practical wideband antenna array which

minimizes at least some of these difficulties,

Sumimar

{06} It is an object of the present invention to provide an antenna array which provides
an fmprovement in one or more of the following ways. An antenna arrangement, ¢.g.
bowtic antenna, climinates the normally required use of a balun structure. Bowtie
antcunas, for example, stacked in upper and lower planes facilitate the use of a stripline
and slot feeding mechanism to substantially eliminate asymmetric feed problems. An
array of such antennas in rows and colurons perruits the selection of vertical polarization,
horizontal polarization or dual vertical and horizontal polarizations without movement of
the array. The antenna array can be mamafactured economically using multilayer printed
circuit board fabrication techniques.

1071 In accordance with an excmplary embodiment of the present invention, an
antenna array has first bowtie antenna cells disposed in a first plane in rows and columns.
Additional bowtic antenna cells are disposed in a second plane parallel to the first plane
in rows and columns where the additional bowtie antenna cells are aligned perpendicular
to and are duplicates of the first bowtie antenna cells. A first stripline disposed between
the first and second planes carries RF signals to/frorn the first and second bowtie antenna
cells. A slot feed couples the RF signals between the first siripline and each of the first
and second bowtic antenna cells. A conductive layer in a third plane parallel to the first
and second planes serves as a ground plane for signals radiated from/to the first and

second bowtie anienna cells,
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Description of the Drawinos

[08] Features of exemplary implementations of the invention will become apparent
from the description, the claims, and the accompanying drawings in which:

109] FIG. 1 provides a simplificd top view of a portion of an antenna array in
accordance with an erabodiruent of the present invention.

(18] FIG. 2 illustrates bowtic clements representative one cell of the antenna array in
accordance with an embodiment of the present invention,

(11} FIG. 3 provides a top view of an exemplary antenna array consisting of a phurality
of 2 x 2 cells in accordance with an embodiment of the present invention.

112} FIG. 4 is a side view of a representational structure of a cell of the antenna array
in accordance with an embodiment of the present invention.

[13] FIG. 5 is a top view of layer of an exemplary cell of the antenna array in
relationship to other layers.

114] FIG. 6 1s a top view showing feed layer 5 in relationship to other layers.

[15] FIG. 7 is a top view showing feed layer 2 in relationship to other layers.

1i6] FIG. 8 is a graph representing return loss for different degrees of scan in
accordance with an embodiment of the present invention.

117} FIGs. 9a and 9b are graphs of radiation patterns representing gain at different

angles relative to the plane of an embodiment of the antenna array.

Detailed Deserintion

118] FIG. 1 shows a top view of a portion 100 of an antenna array in accordance with
an embodiment of the present invention. In the illustrated portion 100, conductive
radiation elements 105, 110 and 113 are shown disposed above a ground plane 120. The
portion of radiation elements 110 and 113 enclosed by dashed line rectangular box 125
defines one dipole antenna with horizontal polarization as referenced to a normal portrait
orientation of FIG. 1. As used herein, reference to horizontal and vertical polarization is

dependent on the physical orientation of the antenna array such that rotation of the
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antenna array 90 degrees in the plane of the antenna array will change the relative
polarizations. The portion of radiation elements 105 and 110 eoclosed by dashed hine
rectangular box 130 defines one antenna with vertical polarization. Hereinafter, the
respective antennas will be referred to as antenna 125 and antenna 130,

119]  In the illustrated embodiment the conductive radiation elements are substantially
square such that the antennas 125 and 130 form exemplary bowtie antennas. The
conductive radiating surfaces of the bowtie anfennas expand from the respective feed
mechanisms 135 and 140 outwardly to the effective ends of the antennas defined by a
midline between opposing vertices transverse o the axis of the antenna. Note that the
square continuous radiating surface extends beyond the effective ends of the antennas so
that the respective ends of adjoining antennas are connected together.

28] Each radiation clement functions as part of two pairs of end-to-end antennas, one
pair of horizontally polarized antennas and one pair of vertically polarized antennas. As
lustrative of this relationship, the top half of element 110 forms a bottom portion of
bowtic antenna 130 having vertical polarization, the bottom half of clement 110 forms a
top portion of an adjoining below bowlic antenna having vertical polarization, the left
half of element 110 forms a right portion of an adjoining bowtie antenna to the left
having horizonial polarization and the right half of clement 110 forms a left portion of
bowtic antenna 125 having horizontal polarization. The illustrative antenna array has
scparate and independent feed mechanisms for the horizontally and vertically polarized
antennas so that only the horizontally polarized bowtie antennas or vertically polarized
bowtie antennas can be coupled via a feed system to an external device, ¢.g. a receiver
and/or transmitter. Alternatively, both horizoutally and vertically polarized bowtie
antennas can be simultancously selected and coupled to the external device in which case
each radiation element functions as part of four active aniennas. Thus, the antenna array
may operate with horizontal polarization, vertical polarization or both horizontal and
vertical polarization without requiring any movement or change of orientation of the
antenna array itself.

121}  When only one of horizontal or vertical polarization is selected for the antenna
array, each radiation element effectively functions as part of two different adjoining

dipoles. Assuming vertical polarization has been selected for the antenna array, cach
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radiation element in cach column on the antenna array will function as part of two
adjacent antennas with the respective cuds connected together. Similarly each radiation
element in cach row on the antenna array will function as part of two adjacent
horizontally polarized antennas with the respective ends connected together.

122]  Where horizontal polarization has been selected for the antenna array, each
radiation clement in cach row of the antenna array will function as part of two adjacent
anteunas. For example, the right portion of radiation clement 110 and the left portion of
radiation element 115 function as one horizontally polarized antenna 125, The left
portion of radiation element 110 in combination with the right portion of radiation
clement 145 to the left of radiation element 110 will function as another horizontally
polarized antenna. Likewise, the right portion of radiation clement 115 in combination
with the left portion of the radiation element 145 to its right will form another
horizontally polarized antenna. Each of these horizontally polarized antennas has
separate respective feed mechanisms to couple RF signals with the antenna. Similarly
cach radiation element in cach row of the antenna array serves as part of two adjacent
anfeunas,

23] When simultaneous horizontal and vertical polarization is selected for the antenna
array, each radiation elernent effectively fanctions as part of four antennas, For example,
radiation element 110 functions as part of four different antennas. The top portion of
radiation clement 110 functions as part of vertically polarized antenna 130 and the
bottom portion of radiation element 110 functions as part of another vertically polarized
antenna formed with element 145 below radiation clement 110, The right portion of
radiation element 110 functions as part of a horizontally polarized antenna 125 and the
feft portion of radiation on the 110 functions is part of another horizontally polarized
anteuna with element 145 to the lefl of radiation element 110,

24} FIG. 2 illustrates a representative horizontally polarized self-complementary
antenna cell 150 of the antenna array. Horizontally polarized bowtic antenna 125
inclades a left radiating element that is part of element 110 and a right radiating element
that 1s part of clement 115, Another horizontally polarized bowtie antenna that is an
aligned mirror image of antenna 125 is disposed in a spaced apart plane below and

paralicl to the planc of antenna 125. That is, radiating clement 111 has substantially
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identical dimensions to the illustrated portion of the radiating element of 110 and
radiating element 116 has substantially identical dimensions to the iltastrated portion of
the radiating element 115. EHach of the radiating elements deseribed with reference to
FIG. 1 has a mirror image duplicate radiating element disposed in a plane below the plane
containing the radiating elements shown in FIG. 1. As will be described in more detail
below, the mirror image radiating clements are driven concurrently with the radiating
elements as described in FIG. 1. The ground plane 120 is in another spaced apart paraliel
plane below the radiating elements.

125]  Asshown in FIG, 2 the arrow 155 represents direct radiation from the cell 150 in
a direction away from the ground plane 120 and generally perpendicular to the plane of
the antennas. Arrow 160 represents direct radiation from the cell 150, e.g. especially
elements 111 and 116, in a direction towards the ground plane 120. Arrow 165
represents reflected radiation from the ground plane 120 that is substantially paraliel to
the radiation represented by arrow 155, 1t is desirable to locate the ground plane 120 a
distance about % wavelength at the lowest frequency of intended frequency range of
operation {romw the antennas formed in the lower plane so that the reflected radiation 165
is substantially in phase with the radiation 155 to maximize the composite radiation
perpendicular to the plane of the antennas and antenna array.

126} FIG. 3 shows a representative top few of an antenna array 300 in accordance with
an cmbodiment of the present invention. There are a substantial number of columns 305
and rows 310 of radiating elements. The L-shaped region 315 corresponds with the
portion 100 shown in FIG, 1. The illustrative square region 140 defines a representative
2 x 2 cell containing two horizontally polarized antennas and two vertically polarized
antennas. Horizontal polarization feed mechanisms 135 and vertical polarization feed
mechanisms 140 are represented by the short horizontal and vertical hines, respectively,
connecting adjacent radiating elements. Fach vertex of the radiating elements forms an
antenna feed point with a vertex of an adjacent radiating clement, with the exception of
radiating elements disposed along an edge of the antenna array 300. As will be
understood, the radiating elements at the edges of the antenna array terminate the
respective column or row of the antenna array thereby eliminating the need for a feed

mechanism since there is no further radiating element to be fed. As shown at the right
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edge of the antenna array, the rightmost column of radiating elements may be formed
asing one half of a normal radiating element to complete a final horizontally oriente
bowtie antenna with the corresponding radiating elements in the adjacent left column. As
shown at the top edge of the antenna array, the topmost row of radiating clements may be
formed using a complete square-shaped radiating element except for the radiating
element in the rightmost colomn. Complete square-shaped radiating elements in the top
row, except for the last right radiating element, are desired since each has both horizontal
and vertical feed mechanisms requiring the full square-shaped areca for compietion of a
horizontal and vertical bowlic antenna,

127}  FIG. 4 shows a representational side view of an exemplary antenna of the antenna
array. The antenna array is formed by a plurality of adjacent layers in a printed circuit
board type structure. Preferably, copper is used to form the conductive surfaces and
conductive vias are used to provide electrical connection between conductive surfaces on
different Iayers. Various dielectric materials are used as layers between the conductive
fayers as described below.

28] “Layers” refer to layers associated with the antennas and RF radiation
characteristics and “feed layers” refer to layers associated with coupling of RF signals
to/from the antennas. Layer 4 contains the radiating elements such as 105, 110, 115 and
145 as shown in FIG. 1. Layer 2 contains the radiating elements that are the duplicate,
mirror images radiating clements of layer 4, ¢.g. layer 2 contains radiating elements 111
and 116 as shown in FIG. 2 which are duplicate mirror images of radiating elements 110
and 115, Layer 1 forms the RF ground plane 120. Layer 3, disposed in a diclectric
material between layers 4 and 2, contains a conductive path that functions as a stripline
feed of RF signals and functions as a stripline in cooperation with the conductive paths
on layers 4 and layer 2.

291 The feed layers located below layer 1 serve as part of the RF signal feed system.
The conductive feed layer 6 1s connected, such as by solder, to layer 1 and thus is part of
the RF grounding. Conductive feed layers 4 and 3 are conductively connected to each
other and are part of the ground system. The conductive layer 1, adjacent the bottom of
the antenna array, is also part of the ground system. Feed layer 5 and feed layer 2 contain

conductive paths cach disposed in dielectric material between respective ground plancs
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and function as striplines that respectively carry separate horizontal and vertical
polarization RF signals from respective connection contacts 405 and 410 at the bottom of
the antenna array to/from the striplines 430 and 440, respectively, on layer 3. Connection
contacts 415 and 420 provide ground connection contacts for connection with external
devices.

136] A plurality of vertical vias, 1.e. conductive paths, serves to interconnect metal
arcas on different layers, Those skilled in the art will understand that vias may also
traverse metal surfaces on an intermediate layer without providing a connection to that
surface such as by passing through an opening that does not have conductive material
adjacent the opening. Via V1 and V3 provide ground connections from feed layer 1 to
feed layer 3.

[31] Via V2 provides a connection between horizontal polarization contact 405 and
metallization 425 on the layer 5 that functions as a stripline between ground feed layers 4
and 6. The stripline 425 on layer 5 is connected by via V6 to metallization 430 on layer 3
which also serves as a stripline between antenna metallization layers 2 and 4. The
stripline on layer 3 is in turn conuected by via V12 to metallization ouv layers 4 and 2
which serve as mirror image halves of respective bowtie antennas, e.g. serving of part of
the horizontal polarization feed points for elements 110 and 111. RF cuergy from
external source, e.g. transmitter, guided by stripline feed on layer 3 is coupled to the gap
slot formed by the vertices of back to back bowtic radiating clements. This coupled RF
energy is maximally transferred from guided stripline mode to slot radiating mode when
the extended portion of the stripline feed on layer 3 is shorted with via V12 to stripline
ground, image halves of the bowtie antennas on layer 4 and 2. Via V4 provides a
connection between vertical polarization contact 410 and metaliization 435 on the feed
layer 2 that functions as a stripline between ground feed layers 1 and 3. The stripline 435
is connected by via V8 to metallization 440 on layer 3 which also serves as a stripline
feed between layers 2 and 4 which is in turn connected by a via (not shown) to vertically
polarized bowtie antenna metallization on layers 4 and 2. The vertical polarization feed
system is substantially similar to the horizontal polarization feed system except that

radiating elements are fed at corners that are 90 degrees relative to the horizontal feed,
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e.g. vertical polarization feed mechanism 140 versus horizontal polarization feed
mechanisi 135 as seen in FIG 1

1321 A phurality of interconnections to ground is provided. Via V5 provides a ground
conncction between feed layer 4 and feed layer 6. It should be remembered that feed
fayers 3 and 4 are connected together as are feed layer 6 and layer 1. Via V7 also
provides a ground connection between feed layer 4 and layer 4. Vias V9 and V10
provide ground connections between layer 1 and layers 4 and 2, respectively, Via V1l
provides a connection between layer 2 and layer 4, which is representative of a plurality
of such connections between layers 2 and 4. These vias interconnect the mirror image
bowtic antenna clements in order to maintain respective points between the two antennas
at the samc RF signal level (voltage). This is beneficial because bowtic radiating
elements on layer 2 and layer 4 also function as RF ground plane for the stripline feed on
layer 3, It will be noted that although the antenna elements have a connection to ground
at some points, these ground connections do not inhibit RF signal voltages from being
present on the radiating elements which correspond to RF radiation from the radiating
elements,

[33]  In accordance with the described embodiment of the present invention, the
maierials used for the printed circuit board like construction, especially the dielectric
materials, are advantageously selected and dimensioned to facilitate ease of construction
as well as provide desired electrical characteristics, ¢.g. stripline feed impedance, antenna
impedance, Referring to FIG. 4, the completed antenna structure is preferably formed by
combining three separately formed sandwiches: a bottom sandwich formed by feed layers
1-3; a middle sandwich formed by feed layers 4-6; a top sandwich formed by layer 1 and
all layers above it. The conductive layers are preferably tormed using 1/2 ounce copper.
Feed layers 3 and 4 are bonded together at multiple locations to conductively secure the
bottom and middle sandwiches, and feed layer 6 and layer 1 are bonded together at

multiple locations o conductively combine the top sandwich with the middle sandwich.
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TABLE 1

Layer Dielectric Dielectric | Dielectric Thickness | Temp.

Material Counstant | Loss in inches
Tangent

FLI-FL2 Rogers 60072 2.94 0.0012 0.005

FL2-FL3 Rogers 6002 294 0.0012 $.005

FL4-FLS Rogers 6002 2.94 0.0012 0.005

FLS5-FL6 Rogers 6002 2.94 0.0012 0.005

Li-L2 Rogers 6002 2.94 0.0012 0.050

L2-1L3 Rogers 6002 2.94 0.0012 0.005

L3-L4 Rogers 6002 2.94 0.0012 0.005

L4+ Rogers TTM4 4.7 0.002 0.040

B FL2+; FEP prepreg 2.1 0.00045 0.001 500F

B FL5+;

B L3+

B FL3 - Arlon Prepreg 6700 | 2.35 0.002 0.0015 400F

Fl4;, BL2+

B FL6 - Rogers Prepreg 6250 | 2.32 0.002 0.0015 275F

L1; B L4+

134] InTable I: L = layer; FL = feed layer; B = bonding. Reference to Flx —~ FlLy
refers to the dielectric material between feed layer x and feed layer y; reference to Lx —
Ly refers to the diclectric material between layer x and layer y. A “+7 sign refers to the
material disposed above the corresponding layer. The last three rows of Table 1 refers to
the exemplary non-conductive bonding materials used to bond the indicated feed layer or
fayer to adjacent layers, e.g. BFL2+ refers to the bonding material that binds the strata
below and above feed layer 2 together with feed layer 2. “B FL3 - FL4” refers to the
bonding material that bonds conductive feed layer 3 with conductive feed laver 4.

[35] Preferably, the exemplary antenna array is assembled using a building block
approach of subassemblies, e.g. lower, middle and upper sandwiches. It will be noted
that none of the layers utilize a gas or air as a dielectric layer. It will be noted that the
bonding agents listed in the last three rows of Table 1 have different respective melting
temiperatures. The lower and middle sandwiches are each formed with the bonding
material having the highest melting temperature, 500° F. The top sandwich itself is

formed as further subassemblies that includes bonding layers 2, 3 and 4 together also
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using the highest temperature bonding agent. Then, the bonding agent with the melting
temperatare of 400° F is used to bond the lower and middle sandwiches together and
jikewise is used to bond the subassembly of layers 2, 3 and 4 to the dialectic material
below layer 2. Finally, the bonding agent with the lowest melting temperature of 275° F.
is used to bond the top of the middle sandwich (feed layer 6) to the bottom of the top
sandwich (layer 1), and also to bond layer 4 with the dialectic material disposed above it.
The use of successively lower ruelting temperature bonding agents to secure
subassemblics together is advantageous in that it prevents the bonding material used for
previously formed subassemblies from becoming melting, ¢.g. becoming disassociated
{unbonded) or shifting position.

136}  The represcntative vias as shown in FIG. 4 may be constructed in the least two
different ways. First, the vias can be constructed on each of the lower, middie and top
sandwiches prior to asscmbly of the completed antenna array. This technigque requires
precision since some of the vias traverse some or all of the sandwiches thereby requiring
carcful via alignment and assembly tolerances to make sure that the conductive continuity
intended to be provided by a via is maintained in the final assembled antenna array.
Alternatively, the vias may be formed after the final assembly of the antenna array by
forming appropriate corresponding holes that are then internally plated with a conductive
material.

137} FIG. 5 shows a top representative view of layer 4 and some featares below
showing a portion of the antenna array. The structure associated with the bowtie antenna
having horizontal polarization will be discussed first. The top-end of via V12, which
connects the stripline on layer 3 with the upper and lower bowtie antenna elements, is
shown as element 505. Via V6, located below layer 4 on layer 3, is identified as element
510, An opening around V6 on layer 2 prevents the RF signal coupled by V6 from
having a direct connection with the metallization on layer 2 at the V6 location. Similatly,
various metallization layers have openings about vias carrying RF signals where the RF
signals are intended to only pass through a subject layer. A semicircular set of vias 513,
located below layer 4 on layer 2, and encircling V6 provides a piecewise lincar
approximation of a ground shield of a coaxial cable about V6 that assists in maintaining

the desired feed line impedance. The remainder of the vias, ¢.g. 520, represents vias
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perpendicular to layer 4 that connect locations on the upper bowtic antenna on layer 4 to
corresponding locations on the lower bowtic antenna location on layer 2. These vias
serve to maintain the same RF voltage between the upper and lower bowtie antennas at
the same relative locations. This serves to inhibit undesired resonances that might
otherwise occur.

138] The structure associated with the illustrated bowtic antenna having vertical
polarization is substantially similar to that discussed above with regard to the bowtie
antenna having horizontal polarization. Elements 506, 511, 516 and 521 associated with
the exemplary bowtie anienna with vertical polarization correspond to the previously
discussed clements 505, 510, 515 and 520, respectively, associated with the horizontal
polarization bowtic antenna and perform like functions.

139] FIG. 61s a top view representative of feed layer 5 shown in relationship to layers
2 and 3. The bottom of via V6 as seen on feed layer 5 is shown as element 605. For
reference, the horizontal polarization feed on layer 3 (which is connected to the upper and
lower bowtic elements by a via) is indicated by element 610. The semicircular set of
ground vias 615 functions as a piccewise lincar RF shield around 605 similar to the shield
on a coaxial cable. The top of via V2 that provides an RF feed from feed layer 1 to feed
fayer 5 is seen as element 620, A strip of metallization 625 on feed layer S functions as a
stripline and couples the RF signal from the top 620 of via V2 with the bottom 605 of via
V6. A plurality of pads 630 provide openings for the passage of a plurality of ground
vias represented by via VS providing a ground path between feed layer 4 and feed layer
0.

48] FIG. 7 is a top view representative of feed layer 2 shown in relationship to layers
2 and 3. The bottom of via V8 as seen on feed layer 2 is shown as element 705. For
reference, the vertical polarization feed 440 on layer 3 (which is connected to the upper
and lower bowtie clements by a via) is indicated by element 710. The semicircular set of
ground vias 715 functions as a piecewise linear RF shield around 705, The top of via V4
that provides an RF feed from feed layer 1 to feed layer 2 is seen as element 720. A strip
of metallization 725 on feed layer 2 functions as a stripline and couples the RF signal
from the top 720 of via V4 with the bottom 705 of via V&. A plurality of pads 730

provide openings for the passage of a plurality of ground vias providing a ground path
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between feed layer 1 and feed layer 3. With regard to via V8, it will be noted that all of
the layers between feed layer 2 and layer 3 provide corresponding openings for V8 s0
that the RF signal carried by this via is not connected to any of the intermediate layers.
41} Feed layer 1 is generally a ground layer with openings around the contacts 405
and 410 that support RF signal connections to the horizontal and/or vertical polarized
bowtic antennas. The contacts are connected to respective signal carrying vias V2 and
V4.

421 FIG. 8 is a graph representing return loss for different degrees of scan in
accordance with an embodiment of the present invention. The x-axis shows frequency in
gigahertz associated with representative bandwidth for the exemplary antenna array. The
y-axis shows return loss in decibels for scan angles of different degrees as indicated.
Scan refers to the off-axis angle as seen by the antenna array reference to the plane
perpendicular to the antenna orientation, ¢.g. zero degree scan refers to perpendicular
direction of incident while ninety degrees scan refers to direction of incident in paraliel
with the antenna array plane. In this exemplary antenna array, each radiating element
associated with these characteristics has dimensions of 0.106 inches as measuared from
the opposing vertexes, ©.g. square radiating element 110 is 0.106 inches from the top
vertex to its bottom vertex as seen in FIG. 1. The distance between the center of
radiating element 100 and center of the radiating element 145 above element 105 15 0.15
inches. Preferably, the radiating clements are dimensioned to be ¥ wavelength or
stightly less at the highest frequency of operation, e.g. the length of effective antenna 125
is Y2 wavelength at the highest frequency of operation. The gap dimension between
adjacent vertices of bowtic elements is chosen to be 0.008 inch, such that when
combining with the stripline feed layer 3, the stripline feed and slot gap provides
maximum RF energy transfer from guided stripline mode to slot radiating mode.

[43] FIGs. 9a, and 9b are a set of two graphs of radiation patterns representing antenna
directivity and antenna realized gain, respectively, at different  frequencies, specifically
ml, m2, and m3 corresponding to 17, 33 and 43 GHz,

44} The exemplary antenna array of bowtic radiating clements is suitable for large
phased array antennas. The use of a complicated balun, normally required for feeding

conventional bowtic elements, is avoided. The characteristics noted below are calculated
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by modeling algorithms. A wide scan ability of +/- 70° relative to the normal plane to the
anteuna array is provided. The bandwidth capability exceeds 3:1 bandwidth ratio over
full scan angles. The exemplary antenna array has a compact configuration and has low
manufacturing cost due to printed circuit board type construction. The radiating clements
employ stacked and end-to-end connected bowtie radiating clements sandwiched between
a wide-angle impedance matching sheet and a ground plane in order to provide a beam
scan over a wide coverage region. Each bowtic element is fed with a slot which s in turn
excited using a stripline sandwiched between the top and bottom bowtie antennas. The
stripline feed is connected to a piecewise linear coaxial feedline from the ground plave.
This type of feeding arrangement avoids the complicated bahun structure normally
required for feeding bowtic elements and has the advantage of low insertion loss, The
apper and lower stacked bowtie antennas, as opposed to a single bowtie antenna,
maintains symumetry of feed point to minimize asymmetric mode generation within the
cavity formed by the ground plane.

[45] The exemplary antenna array can scan more than 70° without generating
andesited lobes. The anteuna array has a return loss at better than 6 decibels over the
scan range and over more than an octave of bandwidth with an aperture efficiency of
mote than 90%.

[46]  Although exemplary implementations of the invention have been depicted and
described in detail herein, it will be apparent to those skilled in the art that various
modifications, additions, substitutions, and the like can be made without departing from
the spirit of the invention. For cxample, cach radiating clement could have a shape other
than the illustrative square shape, ¢.g. the radiating elements could be circular or have
more than 4 sides. The number of radiating elements in each row and/or column can be
increased or decreased. Dielectric malterials with different properties or of differcunt
thicknesses may be utilized to achieve different impedance characteristics. As will be
undersiood by those skilled 1o the art the same or similar impedance characteristics can
be obtained by utilizing dielectric materials with different properties by utilizing a
corresponding different thickness of the corresponding diclectric layver. Although the
jower and middle sandwiches that define the feed layer structure provide a suitable way

to couple signals to the upper sandwich that defines the antenna radiating structure, it will
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is

be apparent that the feed structure can be altered without adversely impacting the
radiation characteristics associated with the apper sandwich

1471 The scope of the invention is defined in the following claims.
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Claims

1. An antenna array having a plurality of antenna cells where each antenna cell
COMPTISCs!

first self-complementary antenna of conductive material in a first plane;

second self-complementary antenna of conductive material in a second plane
parallel to the first plane, the second self-complementary antenva having substantially the
same dimensions as the first self-complementary antenna;

a first dielectric layer forming a middle of a sandwich between the first and
second self-complementary antennas;

a conductive sirip disposed in the middle of the first diclectric layer together with
the first and second self-complementary antennas forms a first stripline that carries radio
frequency (RF) signals to/from the first and second sclf~complementary antennas;

a slot feed couples the RF signals between the first stripline and each of the first
and second self-complementary antennas and provides a symmetrical coupling of the RF
signals for the first and second self~complerentary antennas;

a conductive layer in a third plane parallel to the first and second planes;

a second dielectric layer forming the middle of a sandwich between the
conductive layer and the second plane that contains the second dipole antenna where the
conductive layer serves as a first ground plane for signals radiated from/to the first and

second self-complementary antennas.

2. The antenna array of claim 1 further comprising spaced apart rows and columns
of a plurality of the antenna celis where antenna cells in the rows are oriented to produce
RF polarization patterns that are orthogonal to RF polarization patterns of the antenna
cells in the columns, the first and second self-complementary antenna being bowtie

aniennas.

3. The antenna array of claim 2 whercin onc end of each of the {irst and second
bowtie antennas of one antenna cell in a first row abuts and is conductively connected to

respective ends of first and second bowtic antennas in a first antenna cell in the first row
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adjacent one end of the one cell and the other end of each of the first and second bowtic
antcunas of the one antenna cell abuts and is conductively connected to respective ends of
first and second bowtie antennas of a second cell in the first row adjacent the other end of
the one antenna cell, the first and second bowtie antennas of the one antenna cell, first
antenna cell, and second antenna cell share a common radiation axis.

4. The antenna array of claim 3 wherein the antenna cells in the coluruns have a
similar connection configuration to the antenna cells in the rows such that first and
second bowtic antennas of the antenna cells in a column have respective ends that
connect to the corresponding ends of first and second bowtie antennas of adjacent

antenna cells in the columm,

5. The antenna array of claim 2 wherein the first and second bowtie antennas arc in

alignment perpendicular to the respective planes.

6. The antenna array of claim 4 wherein, except for antenna cells in an outer row or
column, the first and second bowtie antennas are each formed of two substantially square,
conductive, adjacent radiating elements each having opposing vertical and horizontal
vertices; midlines are defined between the vertical and horizontal vertices, respectively;
the midline between the vertical vertices define the connected ends of the first and
second bowtie antennas in the rows; the midline between the horizontal vertices define

the connected ends of the first and second bowtie antennas in the columns,

7. The antenna array of claim 2 further comprising:

a second stripline disposed between the first ground plane in the third plane and a
second ground plane in a fourth plane that is parallel to the third plane;

a third stripline disposed between the second ground plane in the third plane and a
third ground plane in a fifth plane that is paralle] to the fourth plane;

first vias connect onc of the second and third striplines to the first stripline that

feeds antenna cells in one of rows and columns;
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second vias connect the other of the second and third striplines to the first stripline
that feeds antenna cells in the other of rows and columus;

where RF signals associated with one of horizontal and vertical antenna cell
polarization are carricd by one of the sccond and third striplines and RF signals
associated with the other of horizontal and vertical antenna cell polarization normal to the

one polarization are carricd by the other of the second and third striplines,

g. The antenna array of claim 2 further comprising a third dielectric layer disposed
along the first plane opposite the second plane, the third dielectric layer coupling RF

radiation to/from the first and second bowtie antennas and external atmosphere,

9. The antenna array of c¢laim 2 wherein all conductive material and dielectric layers
are formed in a printed circuit board like stack and wherein no diclectric layers utilize a

gas as the dielectric material.

10. The anteuna array of claim 2 wherein the antenna cells in the rows and columns
are arranged in 2 x 2 planar units defined by a square geometry containing 2 vertically
polarized anteunas in the {irst plane and 2 horizontally polarized elements in the first

plane.

11, The antenna array of claim 1 wherein the second dielectric layer has wide angle
impedance matching between the second self-complementary antenna and the first
ground plane to provide antenna array radiation beam scanning over a region of about +/-

76 degrees in an elevation plane and about +/- 180 degrees in azimuth plane.

12. An antenna array comprising:

first self~complementary antenna cells disposed in a first plane in rows and
columns;

additional self-complementary antenna cells disposed in a second planc parallel to

the first plane in rows and columns where the additional self-complementary antenna
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cells are aligned perpendicular to and are duplicates of the first self-complementary
antenna cells;

a first stripline disposed between the first and second planes carries radio
frequency (RF) signals to/from the first and second dipole antenna cells;

a slot feed couples the RF signals between the first stripline and each of the first
and second self-complementary antenna cells and provides a symmetrical coupling of the
RF signals for the first and second self-complementary antenna cells;

a conductive layer in a third plane parallel to the first and second planes
serves as a first ground plane for signals radiated from/to the first and second self-

complementary antenna cells.

13. The antenna array of c¢laim 12 further comprising:
tirst and additional sclf-complementary antenna cells being bowtic antennas;
a first dielectric layer forming a middle of a sandwich between the first and
second bowtie antenna cells, the first stripline disposed in the first diclectric layer;
a second dielectric layer forming the middle of a sandwich between the

conductive layer and the second plane that contains the second bowtie antenna cells.

14,  The antenna array of claim 12 wherein the first and second bowtie antenna cells
arc bowtic antennas with a radiation axis parallel to the respective row and column in
which the bowtie antenna is disposed, each end of each bowtic antenna, that is not at an
end of a row or column, 15 conductively connected to a respective end of adjoining howie

antennas in the same respective row and column.

13, The anteuna array of claim 13 wherein all dielectric layers, all bowtie antenna
cells, first stripline, slot feed, and the ground plane are formed in a printed circnit board

like stack and wherein no dielectric lavers utilize a gas as the dielectric material.
v o

16. The antenna array of claim 12 wherein the bowtic antenna cells in the rows and
columins are arranged in 2 x 2 planar units defined by a square geometry containing 2

dipole antenna cells in a row and 2 bowtic antenna cells in a column.
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17. The antenna array of claim 16 wherein each bowtic antenna cell comprises a
bowtie antenna, a substantially square conductive element has 4 vertices where two
opposing vertices aligned in the direction of a row provide an RF feed point for two
adjacent bowtie antennas in the row and the other two opposing vertices aligned in the
direction of a column provide an RF feed point for two adjacent bowtic antennas in the

column so that a single conductive element forms one half of four bowtic antennas.

18.  The antenna atray of claim 13 wherein the second diclectric layer has wide angle
impedance matching between the additional bowtie antenna cells and the first ground
planc to provide antenna array radiation beam scanning over a region of about +/- 70

degrees in an elevation plane and about +/- 180 degrees in azimuth plane.
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