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SLOT ANTENNA ELEMENT FOR AN ARRAY 
ANTENNA 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims the bene?t of US. Provi 
sional Application No. 60/226,160, ?led on Aug. 16, 2000 
and is hereby incorporated herein by reference in its entirely. 

STATEMENTS REGARDING FEDERALLY 
SPONSORED RESEARCH 

[0002] Not applicable. 

FIELD OF THE INVENTION 

[0003] This invention relates to antenna elements and 
more particularly to an antenna element for use in an array 
antenna. 

BACKGROUND OF THE INVENTION 

[0004] As is knoWn in the art, there is an increasing trend 
to include radar systems in commercially available products. 
For example, it is desirable to include radar systems in 
automobiles, trucks boats, airplanes and other vehicle. Such 
radar systems must be compact and relatively loW cost. 

[0005] Furthermore, some applications have relatively dif 
?cult design parameters including restrictions on the physi 
cal siZe of the structure in addition to minimum operational 
performance requirements. Such competing design require 
ments (eg low cost, small siZe, high performance param 
eters) make the design of such radar systems relatively 
challenging. Among, the design challenges is a the challenge 
to provide an antenna system Which meets the design goals 
of being loW cost, compact and high performance. 

[0006] In automotive radar systems, for example, cost and 
siZe considerations are of considerable importance. Further 
more, in order to meet the performance requirements of 
automotive radar applications, (eg coverage area) an array 
antenna is required. Some antenna elements Which have 
been proposed for use in antenna arrays manufactured for 
automotive radar applications include patch antenna ele 
ments, printed dipole antenna elements and cavity backed 
patch antenna elements. Each of these antenna elements 
have one or more draWbacks When used in an automotive 
radar application. 

[0007] For example, patch antenna elements and cavity 
backed patch antenna elements each require a relatively 
large amount of substrate area and thickness. Array antennas 
for automotive applications, hoWever, are have only a lim 
ited amount of area for reasons of compactness and cost. 
Thus, antenna elements Which can operate in a high density 
circuit are required. Printed dipole antennas can operate in 
a high density circuit environment, hoWever, array antennas 
provided from printed dipole antenna elements give rise to 
“blind spots” in the antenna radiation pattern. 

[0008] It Would, therefore, be desirable to provide an 
antenna element Which is compact, Which can operate in a 
high density circuit environment, Which is relatively loW 
cost and Which can be used to provide an array antenna 
having relatively high performance characteristics. 
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SUMMARY OF THE INVENTION 

[0009] In accordance With the present invention, an 
antenna element includes a cover layer disposed over a 
radiator layer having a ?rst ground plane disposed thereon 
With the ground plane having an aperture therein. The 
radiator layer is disposed over a feed circuit layer Which has 
a second ground plane disposed thereon. A cavity is pro 
vided in the radiator and feed circuit layers by disposing a 
plurality of via holes betWeen the ?rst and second ground 
plane layers. An antenna element feed couples energy 
betWeen the feed circuit and the antenna element. A feed 
circuit couples energy betWeen the antenna element feed and 
a butler matrix and is provided as an elevation feed Which is 
interlaced betWeen each of the antenna elements. With this 
particular arrangement, a compact slotted antenna element 
Which utiliZes a stripline-fed open ended dielectric ?lled 
cavity is provided. In one embodiment, the antenna element 
is provided from LTTC substrates on Which the . Multiple 
antenna elements can be disposed to provide a compact 
array antenna capable of sWitching betWeen multiple 
antenna beams. The antenna element of the present inven 
tion requires only ?ve layers and thus can be provided as a 
relatively loW cost antenna. The radiator layers can be 
provided having capacitive WindoWs formed therein for 
tuning the antenna element. By providing the feed circuit as 
an elevation feed Which is interlaced betWeen each of the 
antenna elements, a compact antenna Which can operate in 
a densely packed environment is provided. A multiple beam 
array antenna Was designed to radiate at 24 GHZ. The entire 
antenna Was fabricated in a single LoW Temperature Co 
?red Ceramic (LTCC) circuit. The design of the antenna 
included the radiating element (stripline-fed open-ended 
Waveguide), the beam forming netWork (Butler Matrix), 
radiator feed circuit, quadrature hybrid, poWer dividers, and 
interlayer transitions. 

[0010] In accordance With a further aspect of the present 
invention, an array antenna comprises a plurality of slotted 
antenna elements, each of Which utiliZes a stripline-fed open 
ended dielectric ?lled cavity. With this particular arrange 
ment, a compact array antenna Which can provide multiple 
beams is provided. The antenna can be used in a sensor 
utiliZed in an automotive radar application. In a preferred 
embodiment, the sensor includes a transmit and a receive 
antenna. In a preferred embodiment, the transmit and receive 
antennas are provided as a bi-static antenna pair disposed on 
a single substrate. In other embodiments, hoWever, a mono 
static arrangement can be used. 

[0011] In accordance With a still further aspect of the 
present invention, a sWitched beam antenna system includes 
a plurality of antenna elements, a butler matrix having a 
plurality of antenna ports and a plurality of sWitch ports With 
each of the antenna ports coupled to a respective one of the 
plurality of antenna elements and a sWitch circuit having an 
input port and a plurality of output ports each of the sWitch 
output ports coupled to a respective one of the plurality of 
sWitch ports of the butler matrix. With this particular 
arrangement, a multiple beam sWitched beam antenna sys 
tem is provided. By providing the antenna elements from a 
single LoW Temperature Co-?red Ceramic (LTCC) sub 
strate, the antenna system can be provided as a compact 
antenna system. In a preferred embodiment the radiating 
element are provided from stripline-fed open-ended 
Waveguide fabricated in the LTTC substrate and the Butler 
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matrix, radiator feed circuit, quadrature hybrid, power divid 
ers, and interlayer transitions are also provided in the LTTC 
substrate. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] The foregoing features of this invention, as Well as 
the invention itself, may be more fully understood from the 
following description of the draWings in Which: 

[0013] 
[0014] FIG. 2 is a block diagram of an automotive near 
object detection (NOD) system including a plurality of radar 
systems; 

FIG. 1 is a block diagram of a radar system; 

[0015] FIG. 3 is a perspective vieW of a side object 
detection (SOD) system; 

[0016] FIG. 4 is block diagram of a sWitched beam 
antenna system; 

[0017] FIG. 5 is a block diagram of a sWitched beam 
forming circuit; 
[0018] FIG. 6 is a block diagram of a Butler matrix beam 
forming circuit coupled to a plurality of antenna elements; 

[0019] 
[0020] FIG. 7A is a plot of antenna system beams pro 
vided by combining predetermined ones of the Butler matrix 
beams; 
[0021] FIG. 7B is a plot of antenna system beams pro 
vided by combining predetermined ones of the Butler matrix 
beams; 

FIG. 7 is a plot of a Butler matrix beams; 

[0022] FIG. 8 is a diagrammatic vieW of a detection Zone 
Which can be provided by the SOD system of FIGS. 2A and 
11; 
[0023] FIG. 8A is a diagrammatic vieW of a second 
detection Zone Which can be provided by the SOD system of 
FIGS. 3 and 11; 

[0024] FIG. 9 is a top vieW of an array aperture formed by 
a plurality of antenna elements; 

[0025] FIG. 10 is an exploded perspective vieW of an 
antenna element; 

[0026] FIG. 11 is a cross-sectional vieW of taken across 
lines 11-11 of the antenna element of FIG. 10; and 

[0027] FIG. 12 is a detailed block diagram of a SOD 
system. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0028] Referring to FIG. 1, a radar system 10 includes an 
antenna portion 14, a microWave portion 20 having both a 
transmitter 22 and a receiver 24, and an electronics portion 
28 containing a digital signal processor (DSP) 30, a poWer 
supply 32, control circuits 34 and a digital interface unit 
(DIU) 36. The transmitter 22 includes a digital ramp signal 
generator for generating a control signal for a voltage 
controlled oscillator (VCO), as Will be described. 

[0029] The radar system 10 utiliZes radar technology to 
detect one or more objects, or targets in the ?eld of vieW of 
the system 10 and may be used in various applications. In the 
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illustrative embodiment, the radar system 10 is a module of 
an automotive radar system (FIG. 2) and, in particular, is a 
side object detection (SOD) module or system adapted for 
mounting on an automobile or other vehicle 40 for the 
purpose of detecting objects, including but not limited to 
other vehicles, trees, signs, pedestrians, and other objects 
Which can be located proximate a path on Which the vehicle 
is located. As Will be apparent to those of ordinary skill in 
the art, the radar system 10 is also suitable for use in many 
different types of applications including but not limited to 
marine applications in Which radar system 10 can be dis 
posed on a boat, ship or other sea vessel. 

[0030] The transmitter 22 operates as a Frequency Modu 
lated Continuous Wave (FMCW) radar, in Which the fre 
quency of the transmitted signal linearly increases from a 
?rst predetermined frequency to a second predetermined 
frequency. FMCW radar has the advantages of high sensi 
tivity, relatively loW transmitter poWer and good range 
resolution. HoWever, it Will be appreciated that other types 
of transmitters may be used. 

[0031] Control signals are provided by the vehicle 40 to 
the radar system 10 via a control signal bus 42 and may 
include a yaW rate signal corresponding to a yaW rate 
associated With the vehicle 40 and a velocity signal corre 
sponding to the velocity of the vehicle. The DSP 30 pro 
cesses these control signals and radar return signals received 
by the radar system 10, in order to detect objects Within the 
?eld of vieW of the radar system, as Will be described in 
conjunction With FIGS. 10-16. The radar system 10 provides 
to the vehicle one or more output signals characteriZing an 
object Within its ?eld of vieW via an output signal bus 46 to 
the vehicle. These output signals may include a range signal 
indicative of a range associated With the target, a range rate 
signal indicative of a range rate associated With the target 
and an aZimuth signal indicative of the aZimuth associated 
With the target relative to the vehicle 40. The output signals 
may be coupled to a control unit of the vehicle 40 for various 
uses such as in an intelligent cruise control system or a 
collision avoidance system. 

[0032] The antenna assembly 14 includes a receive 
antenna 16 for receiving RF signals and a transmit antenna 
18 for transmitting RF signals. The radar system 10 may be 
characteriZed as a bistatic radar system since it includes 
separate transmit and receive antennas positioned proximate 
one another. The antennas 16, 18 provide multiple beams at 
steering angles that are controlled in parallel as to point a 
transmit and a receive beam in the same direction. Various 
circuitry for selecting the angle of the respective antennas 
16, 18 is suitable, including a multi-position sWitch. 

[0033] Referring noW to FIG. 2, an illustrative application 
for the radar system 10 of FIG. 1 is shoWn in the form of an 
automotive near object detection (NOD) system 50. The 
NOD system 50 is disposed on a vehicle 52 Which may be 
provided for example, as an automotive vehicle such as car, 
motorcycle, or truck, or a marine vehicle such as a boat or 
an underWater vehicle or as an agricultural vehicle such as 

a harvester. In this particular embodiment, the NOD system 
50 includes a forWard-looking sensor (FLS) system 54 
Which may be of the type described in US. patent, an 
electro-optic sensor (EOS) system 56, a plurality of side 
looking sensor (SLS) systems 58 or equivalently side object 
detection (SOD) systems 58 and a plurality of rear-looking 
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sensor (RLS) systems 60. In the illustrative embodiment, the 
radar system 10 of FIG. 1 is a SOD system 58. 

[0034] Each of the FLS, EOS, SLS, and RLS systems is 
coupled to a sensor processor 62. In this particular embodi 
ment, the sensor processor 62 is shoWn as a central processor 
to Which each of the FLS, EOS, SLS, and RLS systems is 
coupled via a bus or other means. It should be appreciated 
that in an alternate embodiment, one or more of the FLS, 
EOS, SLS, and RLS systems may include its oWn proces 
sors, such as the DSP 30 of FIG. 1, to perform the process 
ing described beloW. In this case, the NOD system 100 
Would be provided as a distributed processor system. 

[0035] Regardless of Whether the NOD system 50 includes 
a single or multiple processors, the information collected by 
each of the sensor systems 54, 56, 5860 is shared and the 
processor 62 (or processors in the case of a distributed 
system) implements a decision or rule tree. The NOD system 
50 may be used for a number of functions including but not 
limited to blind spot detection, lane change detection, pre 
arming of vehicle air bags and to perform a lane stay 
function. For example, the sensor processor 62 may be 
coupled to the airbag system 64 of the vehicle 52. In 
response to signals from one or more of the FLS, EOS, SLS, 
and RLS systems, the sensor processor 62 determines 
Whether it is appropriate to “pre-arm” the airbag of the 
vehicle. Other examples are also possible. 

[0036] The EOS system 56 includes an optical or IR 
sensor or any other sensor Which provides relatively high 
resolution in the aZimuth plane of the sensor. The pair of 
RLS systems 60 can utiliZe a triangulation scheme to detect 
objects in the rear portion of the vehicle. The FLS system 54 
may be of the type described in US. Pat. No. 5,929,802 
entitled Automotive ForWard Looking Sensor Architecture, 
issued Jul. 27, 1999, assigned to the assignee of the present 
invention, and incorporated herein by reference. It should be 
appreciated that each of the SLS and RLS sensors 58, 60 
may be provided having the same antenna system. 

[0037] Each of the sensor systems is disposed on the 
vehicle 52 such that a plurality of coverage Zones exist 
around the vehicle. Thus, the vehicle is enclosed in a 
cocoon-like Web or Wrap of sensor Zones. With the particular 
con?guration shoWn in FIG. 2, four coverage Zones 66a-66d 
are used. Each of the coverage Zones 66a-66d utiliZes one or 
more RF detection systems. The RF detection system uti 
liZes an antenna system Which provides multiple beams in 
each of the coverage Zones 66a-66a'. In this manner, the 
particular direction from Which another object approaches 
the vehicle or vice-versa can be found. 

[0038] It should be appreciated that the SLS, RLS, and the 
FLS systems may be removably deployed on the vehicle. 
That is, in some embodiments the SLS, RLS, and FLS 
sensors may be disposed external to the body of the vehicle 
(i.e. on an exposed surface of the vehicle body), While in 
other systems the SLS, RLS, and FLS systems may be 
embedded into bumpers or other portions of vehicle (e.g. 
doors, panels, quarter panels, vehicle front ends, and vehicle 
rear ends). It is also possible to provide a system Which is 
both mounted inside the vehicle (e.g., in the bumper or other 
location) and Which is also removable. The system for 
mounting can be of a type described in US. patent appli 
cation Ser. No. , entitled Portable Object Detection 
System and System ?led Aug. 16, 2001 or in US. patent 
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application Ser. No. , entitled Technique for Mount 
ing a Radar System on a Vehicle ?led Aug. 16, 2001. each 
of the above-identi?ed patent applications assigned to the 
assignee of the present invention, and each incorporated 
herein by reference. 

[0039] Referring noW to FIG. 3, a side object detection 
(SOD) system 70 includes a housing 72 in Which the SOD 
electronics are disposed. A portion of the housing has here 
been removed to reveal a single substrate 76 on Which a 
plurality of antenna elements 77 are disposed. A preferred 
antenna array and antenna element Will be described in 
conjunction With FIGS. 9-11 beloW. In this particular 
embodiment, the substrate 76 is provided as LoW Tempera 
ture Co-?red Ceramic (LTCC) substrate 76. As Will be 
described in detail beloW in conjunction With FIGS. 10 and 
11, the single substrate 76 can be provided from a plurality 
of LTCC layers. 

[0040] Also provided in the LTTC substrate 76 is a Butler 
matrix beam forming circuit, a radiator feed circuit coupled 
to the antenna elements 75, a plurality of quadrature hybrid 
and poWer divider circuits as Well as interlayer transition 
circuits. 

[0041] In one embodiment, the housing 72 for the antenna 
is provided from an injection molded plastic PBT (polybu 
tylene terephthalate) having a relative dielectric constant (e) 
of about 3.7. The housing 72 includes a cover 73. One 
characteristic of cover 73 that affects antenna performance is 
the cover thickness. In a preferred embodiment, the cover 
thickness is set to one-half Wavelength (0.57») as measured 
in the dielectric. At an operating frequency of about 24 GHZ, 
this corresponds to a cover thickness of about 0.125 inch. 
The antenna aperture is preferably spaced from the cover 73 
by a distance D (measure from the antenna aperture to an 
inner surface of the cover 73) Which corresponds to a 
distance slightly less than about 0.57» as measured in air. At 
an operating frequency of about 24 GHZ, this corresponds to 
about 0.2 inch. Other dimensions of the cover 73 are selected 
based on structure and manufacturing. The housing 72 is 
provided having a recess region in Which the substrate 76 is 
disposed. The housing may be of the type described in 
co-pending US. patent application Ser. No. , entitled 
Highly Integrated Single Substrate MMW Multi-Beam Sen 
sor, ?led Aug. 16, 2001, assigned to the assignee of the 
present invention and incorporated herein by reference in its 
entirety. 

[0042] In one embodiment, the antenna is built using 
Ferro’s A6-M LTCC tape. The tape is provided havibg a 
thickness of about 0.010 inch pre-?red and 0.0074 inch 
post-?red and a dielectric constant of about 5.9. The LTTC 
tape has a loss characteristic at 24 GHZ of 1.0 dB(more like 
1.1 dB) per inch for a 0.0148 inch ground plane spacing. 

[0043] LTCC Was chosen for this antenna for a variety of 
reasons including but not limited to its potential for loW cost 
in high volume production. Furthermore, LTCC alloWs 
compact circuit design and is compatible technology (at this 
frequency) for multi-layer circuits having relativley large 
quantities of reliable, embedded vias (approximately 1200 
vias in oneparticualr embodiment of this antenna). Surface 
mount devices can also be integrated With LTCC. 

[0044] Referring noW to FIG. 4, a sWitched beam antenna 
system includes an antenna 80 having a plurality of antenna 
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elements 82. Each of the antenna elements 82 are coupled 
through a respective one of a plurality of elevation distri 
bution networks 84a-84h to a respective one of a plurality of 
output ports 86a-86h of a Butler matrix beam forming 
netWork 88. As Will be described in conjunction With FIGS. 
5-7 beloW, a signal fed to predetermined ones of the input or 
beam port 88a-88h results in the antenna forming a beam 
Which appears in a different beam location in an aZimuth 
plane. Each of the elevation distribution netWorks 84 is 
comprised of a ?rst tWo-to-one (2:1) poWer divider 90, 
Which splits the poWer equally to tWo radiator feed circuits 
92a, 92b. 

[0045] In one embodiment, the radiator feed circuit is 
provided from a corporate feed that provides half of the 
amplitude distribution in elevation. Each feed circuit 92a, 
92b is coupled, respectively, to three “radiating elements” or 
more simply “radiators” through signal paths having differ 
ential line lengths. These differential line lengths provide the 
appropriate phase shift for the elevation beam steer. 

[0046] The Butler matrix input ports are coupled to output 
ports of a sWitched beam combining circuit. The input ports 
of the Butler represent different antenna beam locations. 
These beams are independent and are simultaneously avail 
able. The location of the beams With respect to Butler port 
location is given in FIG. 7 Where 120a-120h represent the 
relative location of the beams in space, and the beam 
numbers 1-8 (designated by reference numerals 102a-102h) 
refer to the Butler input beam port numbers as given in FIG. 
6 and similarly in FIG. 5, designated With reference num 
bers 102a-102h. It should be notes that adjacent beams (in 
space) are alWays located on opposite halves of the Butler 
input beam ports (left half of beams ports, 1,2,3 and 4 and 
right half of beam ports 5,6,7 and 8). The combination of 
adjacent orthogonal beams Will give a resulting beam having 
a cosine aperture distribution, and therefore loWer sidelobe 
levels. By placing a 4-Way sWitch (designated With reference 
numbers 105, 106 in FIG. 5) each half of the Butler input 
beam ports access to any adjacent pair of beams is realiZed. 
The inputs of the tWo 4-Way sWitches 105a and 106a (FIG. 
5) are then combined through an equal poWer divider 108. 
In this Way, the single input to the poWer divider 108a is 
connected to one of seven combined beams (designated as 
124a-124g in FIG. 7A). The beam combinations in FIG. 
7A, are represented by the numbered pairs (2,6), (6,4), (4,8), 
(8,1), (1,5), (5,3), (3,7). That is, beam 124a (FIG. 7A) is 
provided from the combination of beams 2 and 6 represented 
as (2, 6). Similarly, beam 124b (FIG. 7A) is provided from 
the combination of beams 6 and 4 represented as (6, 4); 
beam 124c (FIG. 7A) is provided from the combination of 
beams 4 and 8 represented as (4, 8); beam 124d (FIG. 7A) 
is provided from the combination of beams 8 and 1 repre 
sented as (8, 1); beam 126 (FIG. 7A) is provided from the 
combination of beams 1 and 5 represented as (1, 5); beam 
124f (FIG. 7A) is provided from the combination of beams 
5 and 3 represented as (5, 3); and beam 124g (FIG. 7A) is 
provided from the combination of beams 3 and 7 represented 
as (3, 7). 

[0047] These numbered pairs also represent the sWitch 
location for left and right sWitches 105, 106 (FIG. 5), 
respectively. For example, if sWitch 105 is set to select port 
1 designated as reference number 102a in FIG. 5) (ie 
provide a loW impedance signal path betWeen port 1 and 
sWitch port 105a) and sWitch 106 is set to select port 8 
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designated by reference number 102h in FIG. 5. The result 
ing combined beam at poWer divider port 108a is beam 8,1 
Which is the center beam. 

[0048] Referring noW to FIG. 5, 21 Butler matrix beam 
forming netWork 98 is shoWn having a plurality of antenna 
element ports 100a-100h (Which may correspond, for 
example, to ports 86a-86h of FIG. 4) and a plurality of 
sWitch ports 102a-102h (Which may correspond, for 
example, to ports 88a-88h of FIG. 4). The sWitch ports 
102a-102h are coupled through transmission lines 103a 
103h to a sWitched beam combining circuit 104. As is 
knoWn, the port phasing for Butlers have 180° phase dif 
ference and the curved signal paths 103a, 103c represent 
180° differential line lengths required to bring all of the ports 
in phase With each other. The sWitched beam combining 
circuit 104 is here provided from a pair of single pole four 
throW sWitches 105, 106, each of the sWitches 105, 106 
having a common port 105a, 106a coupled to the output port 
of a poWer divider circuit 108. The poWer divider circuit 108 
is provided such that a signal fed to an input port 108a has 
an equal phase equal poWer level at the output ports 108b, 
108c. 

[0049] Referring noW to FIG. 6, a plurality of antenna 
elements 110a-110h are coupled to ports 100a-100h of a 
Butler matrix beam forming netWork 112. The Butler matrix 
beam forming netWork 112 is here shoWn provided from a 
plurality of poWer divider circuits 114. 

[0050] The circuits 114 are provided as quadrature, or 90°, 
stripline ring hybrids Which are coupled as shoWn to provide 
the Butler Matrix Circuit. These hybrids have a 3 dB poWer 
split With a 90° phase difference in the outputs of the through 
and coupled arms. 

[0051] The Butler matrix is a lossless beam forming 
netWork that forms orthogonal beams at ?xed locations. The 
beam locations are a function of the spacing of the antenna 
elements in an antenna array (referred to as an array lattice 
spacing). In this particular embodiment, the Butler matrix 
112 uses quadrature hybrid circuits 114 and ?xed phase 
shifts to form the multiple beams. As Will be explained in 
further detail beloW, the ?xed phase shifts are provided from 
differential line lengths 115 Where the path lengths are 
indicated by the 2n’s, 3n’s and 1n’s in FIG. 6, Where n=rc/8 
radians. Other techniques for providing the ?xed phase 
shifts can also be used. 

[0052] Typically, for narroW bandWidths, the ?xed phase 
shifts are simply differential line lengths. The unit of phase 
shift is M8 radians or )L/ 16. There are 2N beams. Butler gives 
the folloWing equation to calculate the beam locations: 

WM) mag .(M _ 5]] . $ 

[0053] Where: 

[0054] )L is the Wavelength of the center frequency; 

[0055] N is the number of elements; 

[0056] d is the element spacing; and 

[0057] M is the beam number. 
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[0058] Referring noW to FIG. 7, in this particular embodi 
ment, the Butler matrix forms eight beams 120a-120h. That 
is, by providing an input signal to one of the Butler matrix 
input ports 112a-112h, the antenna 110 produces a corre 
sponding one of the beams 120a-120h. 

[0059] The calculations for determining the beam loca 
tions can be found using the equations beloW: 

[0060] Wavelength (inches): 

W 1 , h 71511.81 ave ength (inc es). ._ T 

[0061] Number of Elements: N:=8 

[0062] Element Spacing (Azimuth): d:=0.223 

[0063] Beam Location (Degrees): 

A 1 180 
Beam Location (Degrees) : beaml0c(M) :: as1n[m {M — - T 

[0064] Beam Number: 

Beam Number: M := 1 

[0065] If the array is provided having an array lattice 
spacing of 0.223“ in aZimuth, the beam locations shoWn in 
FIG. 7 are provided. In one embodiment, the differential line 
length value, n is selected to be l/is)» Which corresponds to 
0.0127 inch at a frequency of 24 GHZ. FIG. 7 also illustrates 
Which beam-ports in FIG. 6 produce Which beams. 

[0066] Referring noW to FIG. 7A, a calculated antenna 
radiation pattern 122 includes seven beams 124a-124g 
Which can be used in a radar system. The seven beams are 
provided by combining predetermined ones of the eight 
beams formed by the Butler Matrix as discussed above. 
Adjacent beams (e.g. beams 120a, 120b from FIG. 7) can be 
combined to produce beam 124a as illustrated in FIG. 7A. 
Since beams out of a Butler Matrix by de?nition are 
orthogonal, combining beams in aZimuth produces a cos(0) 
taper With a peak sidelobe level of 23 dB (With respect to the 
beam maximum). 

[0067] The locations of the combined beams are listed in 
the Table beloW. 

TABLE 

Combined Beam Beam Location 

8, 1 O 
4, 8 & 1, 5 +/—16 
6, 4 & 5, 3 +/—34 
2, 6 & 3, 7 +/—57 

[0068] In elevation, there is also a 25 dB Chebyshev taper 
and a 15° beam steer. 
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[0069] Referring noW to FIG. 7B, the resultant combined 
beam array factor is shoWn The combined beams are error 
less contours in U-V space With a 20 dB ?oor. They assume 
a cos(0) element factor. The plots are a representation of the 
seven combined beams in aZimuth With the 15° beam steer 
in elevation. 

[0070] It should be appreciated that producing the cos(0) 
taper in aZimuth With the adjacent beam combining Was a 
cost driven design choice. Instead, the taper could have been 
produced using attenuators. HoWever, these Would have 
required the use of embedded resistors in the LTCC circuit. 
Using embedded resistors on an LTCC tape layer Would add 
another processing step in the manufacture of the LTCC 
circuit . Therefore, using attenuators to produce the aZimuth 
distribution Would have increased the cost of the antenna. 
Moreover, the technique of the present invention simpli?es 
the sWitch netWork by eliminating a 2-Way sWitch. 

[0071] Referring noW to FIGS. 8 and 8A, tWo different 
examples of side detection Zones are shoWn. In FIG. 8, a 
vehicle 129 has a maximum detection Zone 130 disposed 
thereabout. The maximum detection Zone 130 is de?ned by 
a detection Zone boundary 131 In this example, the maxi 
mum detection Zone boundary 130 is provided having a 
trapeZoidal shape. An exemplary SOD system provides 
seven aZimuthal beams 132a-132g each With a different 
maximum detection range, as indicated by the shaded 
region, and as determined by a detection algorithm that 
operates upon the beam echoes. The algorithmic control of 
the maximum detection range of each of the eight beams 
de?nes the shape of an actual maximum detection Zone 
boundary 134 versus a speci?ed nominal detection Zone 
boundary 136. The manner in Which an object is detected is 
described in co-pending US. patent application Ser. No. 

, entitled Radar Detection Method and Apparatus, 
?led Aug. 16, 2001 assigned to the assignee of the present 
invention and incorporated herein by reference in its 
entirety. 
[0072] The exemplary SOD system of FIGS. 8 and SA, 
has seven beams, each With a beam Width of approximately 
?fteen degrees and With a total aZimuth scan of about one 
hundred ?fty degrees. It Will be recogniZed by one of 
ordinary skill in the art that other numbers of beams (e.g. 
feWer or more than seven) and scan angles are possible 
Without departing from the present invention. The particular 
number of antenna beams to use in a particular application 
is selected in accordance With a variety of factors including 
but not limited to shape of coverage Zone, siZe of coverage 
Zone, required AZimuth resolution, complexity and cost. 

[0073] Referring noW to FIG. 8A, a boundary 140 having 
a substantially rectangular shape de?nes a detection Zone 
142 about a vehicle 144. Again, an exemplary system 
provides seven aZimuthal antenna beams 146a-146g each of 
the antenna beams 146a-146g having a different maximum 
detection range 148 as indicated by shading. The maximum 
detection ranges 148 being different from beams 132a-132g 
(FIG. 8) so as to form a different actual maximum detection 
Zone. 

[0074] Referring noW to FIG. 9, an array antenna 150 
having a length L and Width W includes a transmit array 152 
and a receive array 154. Each of the arrays 152, 154 includes 
eight roWs 156a-156g and six columns 158a-158f. Thus 
each of the transmit and receive arrays 152, 154 have 
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forty-eight radiating elements (or more simply “radiators” or 
“elements”), generally denoted 160, With eight elements in 
azimuth and six elements in elevation. 

[0075] As Will be described in detail in conjunction With 
FIGS. 10 and 11, each radiating element 160 is a stripline 
fed open-ended cavity in LTCC. The cavity is formed in the 
LTCC using embedded vias, generally denoted 162, that 
create the “cavity Walls.” Each of the arrays 152, 154 have 
a rectangular lattice spacing: 0.223“ (aZimuth)><0.295“ 
(elevation). 
[0076] The aZimuth spacing is driven by the Butler matrix 
to yield desired beam locations Which provided desired 
detection Zones. The elevation spacing is driven by an 
elevation beamWidth requirement and the maximum spacing 
needed to avoid a cover induced scan blindness. 

[0077] In an automotive radar application, the antenna is 
enclosed in a plastic housing and Will radiate through the 
housing cover (eg as shoWn in FIG. 3). In one embodi 
ment, the housing cover can be incorporated into the radiator 
design. In a preferred embodiment, hoWever, the antenna 
radiates through a housing cover spaced about one-half 
Wavelength from the antenna aperture as shoWn in FIG. 3. 
In this approach, the antenna, can have an antenna cover 
disposed thereover, but the cover can be made of additional 
layer of LTCC (eg as represented by layer 176 in FIG. 10). 

[0078] Referring noW to FIG. 10, in Which like elements 
of FIG. 9 are provided having like reference designations, a 
radiating element 170 Which may be used for example in the 
antennas described in conjunction With FIGS. 2A, 3, 5, 8, 9 
and 11 includes a ground plane layer 172 having ?rst and 
second opposing surfaces With a ground plane 173 disposed 
over the second surface thereof. A plurality of radiating 
layers 174 are disposed over the second surface of the 
ground plane layer 172. Each of the radiating layers 174 has 
an antenna structure included thereon as Will be described 
beloW in detail beloW. Suf?ce it here to say that structures on 
each of the radiating layers 174 are appropriately aligned 
relative to the ground plane 173. 

[0079] An antenna element cover layer 176 is disposed 
over the radiating layers 174. In one embodiment, the 
element cover layer 176 for the antenna 170 is incorporated 
into the radiator 170. In one particular embodiment in Which 
the element operates at a freqency of about 24 GHZ, the 
element cover layer 176 is provided having a thickness of 
about 0.038 inches and a dielectric constant of about 3.5 and 
is used to “tune” the radiator 170 (i.e. the cover 176 is 
utiliZed to help provide the antenna element 170 having an 
appropriate response to signals in a desired frequency range. 

[0080] In another embodiment, to be described beloW in 
conjunction With FIG. 10, the cover layer 176 is provided 
from LTCC having a thickness of about 22.2 mils. In this 
embodiment, the cover layer can be provided from three 10 
mil (pre?red) tape layers (e.g. layers 218-222 in FIG. 11). 

[0081] In the embodiment of FIG. 9, the radiating layers 
are provided from four layers 178-184. Each of the radiating 
layers 178-184 are provided as LTCC tape layers. The layers 
are provided having a thickness of about 10 mil (pre?red) 
and about 7.4 mil(post ?red) With a nominal eI of about 5.9. 
and a loss tangent typically of about 0.002. 

[0082] Layer 178 is provided having a conductive strip 
188 disposed thereon Which corresponds to an antenna 
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element feed circuit 188. The layer 180 is provided having 
a conductive material 190 disposed thereon Which corre 
sponds to a ground plane 190. Thus, feed circuit 188 is 
disposed betWeen upper and loWer ground planes and thus 
layer 178 corresponds to a stripline feed layer 178. 

[0083] The ground plane 190 is provided having an aper 
ture 192 therein and thus layer 180 corresponds to both a 
ground plane layer and a capacitive layer 180. Layer 182 is 
provided having a conductive trace 191 disposed thereon 
through Which vias 160 are disposed. The conductive trace 
191 forms an aperture 193. Disposed over the layer 182 is 
the layer 184 Which is provided having a ground plane 194 
disposed on a top or second surface thereof. 

[0084] The ground plane has a portion thereof removed to 
form an aperture 196. Conductive vias 160 pass through 
each of the layers 172 and 178-184 to form a cavity. Thus, 
the ground plane layer 172, radiating layers 174 (and asso 
ciated structures disposed on the radiating layers 174) and 
cover layer 176 form the radiating element 170 as a stripline 
fed open-ended cavity formed in LTCC. The cavity is 
formed in the LTCC by the embedded vias 160 Which 
provide a continuous conductive path from a ?rst or top 
surface of aperture layer 184 to a second or top surface of the 
ground plane layer 172 and is fed by the stripline probe 188. 

[0085] In one particular embodiment the cavity is pro 
vided having a length of 0.295 inches, a Width of 0.050 
inches and a height of 0.0296 inches (0.295“><0.050“>< 
0.0296“). The capacitive WindoWs 192 Were used on the 
aperture and as internal circuit layers for tuning the radiator. 

[0086] In this particular embodiment, the design of the 
radiator 170 Was driven by the desire to reduce the number 
of LTCC layers, and here the cost. Due to the loW cost 
requirement of the antenna, the antenna itself Was speci?ed 
to have a maximum number of eight LTCC tape layers. As 
described above in conjunction With FIG. 5, the Butler 
Matrix circuit is comprised of four LTCC tape layers or tWo 
stripline circuit layers. Due to the siZe and circuit layout of 
the Butler Matrix, it Was necessary to split the beam forming 
netWork betWeen tWo stripline circuit layers or four LTCC 
tape layers. Therefore, there Were four LTCC tape layers 
available for the radiator. In addition, these remaining four 
LTCC circuit layers also needed to include the elevation 
distribution netWork. This resulted in an RF circuit having a 
relatively high density of circuits on those layers. 

[0087] In this particular embodiment, the antenna element 
170 includes the reactive apertures or WindoWs 192, 193 and 
196 Which are used to provide the radiating element 170 
having a desired impedance match to free space impedance. 
The reactive apertures 192, 193, 196 as Well as the element 
cover 176 are used to match the impedance of the feed line 
188 to free space impedance. Thus, the radiating element 
170 includes tuning structures on a plurality of different 
layers, here three different layers of the radiator, Which can 
be used to provide the antenna element 170 having a desired 
impedance. 
[0088] The cover 176 Was provided from LTTC and Was 
utiliZed as a tuning structure as Well. HoWever, dielectric 
covers are often associated With scan blindness phenomena 
in arrays. An analysis of the scan re?ection coef?cient for 
different cover thicknesses Was performed to ensure that 
scan blindness effects Would not hinder the performance of 
the antenna. 








