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RELATED APPLICATIONS

This patent application claims priority to Provisional Application No. 62/600,593, filed on

Feb. 23, 2017. The content of the above-referenced application is expressly incorporated by

reference herein in its entirety.

TECHNICAL FIELD

This disclosure relates generally to a method and apparatus for automated or semi-

automated guidance of vehicles along a pathway and more particularly relates to a vehicle

guidance or guidance-assist system using downward-looking radar that receives reflections

back from microwave reflectors along the pathway.

BACKGROUND

Using radar sensors t o detect objects has been known and used for the last century. For

example, radar has been used for the guidance of airborne ordnance delivery vehicles, such

as guided missiles and airplanes. Currently, radar sensors in automotive or land vehicles are

aimed forward or sideways to detect objects for collision avoidance and automated cruise

control. Forward-looking radar systems have been developed for highway motor vehicle

guidance, i.e., steering.



BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and additional features and advantages of example embodiments will become

more readily apparent from the following detailed description of example embodiments, made

with reference to the following drawings.

FIG. 1A is a side pictorial view of a vehicle guidance system showing a vehicle, a radar

sensor, a roadway, and a microwave reflector, according t o one embodiment.

FIG. I B is a top pictorial view of the system shown in FIG. 1A.

FIG. 2A is a top view of vehicles in a roadway intersection with different microwave

reflectors designating different paths of the vehicles, according t o one embodiment.

FIG. 2B is a top view of two microwave reflectors separated by physical distance.

FIG. 2C is a top view of two microwave reflectors connected together.

FIG. 3A is a front pictorial view of the radar sensor with several antennas illuminating

microwave reflectors on a roadway, according t o one embodiment.

FIG. 3B is graph of a return radar signal versus lateral distance from the microwave reflector

from FIG. 3A.

FIG. 3C is a graph of an output of a radar sensor versus lateral distance from the microwave

reflector from FIG. 3A.

FIG. 4A is a front pictorial view of another radar sensor with several antennas illuminating

two microwave reflectors on a roadway, according t o another embodiment.



FIG. 4B is a graph of return radar signals versus lateral distance from two microwave

reflectors as in FIG. 4A using a narrow antenna beam pattern.

FIG. 4C is a graph of return radar signals versus lateral distance from two microwave

reflectors as in FIG. 4A using a wider antenna beam pattern.

FIG. 4D is a graph of an output of the radar sensor versus lateral distance from a first

microwave reflector in FIG. 4A.

FIG. 4 E is a graph of an output of the radar sensor versus lateral distance from a second

microwave reflector in FIG. 4A.

FIG. 5 is a block diagram of a vehicle guidance system, according t o one embodiment.

FIG. 6A is a top pictorial view of a microwave reflector as a flat reflector.

FIG. 6B is a top pictorial view of a microwave reflector as a metallic mesh.

FIG. 6C is a top pictorial view of a microwave reflector as a narrow flat reflector.

FIG. 6D is a top pictorial view of a microwave reflector as a small microwave corner

reflectors.

FIG. 6 E is a top pictorial view of a microwave reflector as a frequency-selective surface using

Y dipoles.

FIG. 6F is a top pictorial view of a microwave reflector as a frequency-selective surface using

rectangular loops.

FIG. 6G is a top pictorial view of a microwave reflector as a frequency-selective surface using

cross dipoles.



FIG. 6H is a top pictorial view of a microwave reflector as a frequency-selective surface using

round loops.

FIG. 6 1 is a top pictorial view of a microwave reflector as a frequency-selective surface using

solid loops.

FIG. 6J is a top pictorial view of a microwave reflector as a frequency-selective surface using

angle dipoles.

FIG. 6K is a top pictorial view of a microwave reflector as a frequency-selective surface using

cross loops with end dipoles.

FIG. 6L is a top pictorial view of a microwave reflector as a frequency-selective surface using

small and large cross dipoles.

FIG. 6M is a top pictorial view of a microwave reflector as a wire.

FIG. 6N is a top pictorial view of a microwave reflector as a pipe.

FIG. 7A is a top pictorial view of a microwave reflector, according t o another embodiment.

FIG. 7B is front pictorial view of a microwave reflector on a roadway, according t o one

embodiment.

FIG. 8A is a top pictorial view of a microwave reflector as a frequency-selective surface,

according t o one embodiment.

FIG. 8B is side pictorial view of the microwave reflector in FIG. 8A.

FIG. 9A is a top pictorial view of a microwave reflector as another frequency-selective

surface, according t o another embodiment.



FIG. 9B is a side pictoria l view of the microwave reflector in FIG. 9A.

FIG. 10A is a gra ph of a returned rada r signa l vs. freq uency tra nsmitted from a frequency-

selective surface with reflective properties.

FIG. 10B is a gra ph of a returned rada r signa l vs. freq uency tra nsmitted from a different

frequency-selective surface with absorption properties.

FIG. 11 is a block diagram of one type of rada r sensor usi ng Continuous Wave rada r

technology, according t o one embodi ment.

FIG. 12 is a block diagram of a rada r sensor using multiple individua l rada rs, accordi ng to

one embodiment.

FIG. 13 is a block diagram of a rada r sensor using multiple tra nsmit/receive antennas,

accordi ng t o one embodiment.

FIG. 14 is a block diagra m of a rada r sensor using a single tra nsmitting anten na and multi ple

received antennas, according t o one embodi ment.

FIG. 15A is a top pictoria l view of a placement of antennas on the rada r sensor within a

single row, accordi ng t o one embodiment.

FIG. 15 B is a top pictoria l view of a placement of anten nas on the rada r sensor with two

rows, accordi ng t o one embodi ment.

FIG. 15C is a top pictoria l view of a placement of antennas on the rada r sensor with multi ple

rows, accordi ng t o one embodi ment.

FIG. 15 D is a front pictoria l view of a placement of antennas on the radar sensor with two

rows in different vertica l placement, accordi ng t o one embodiment.



FIG. 15 E is a front pictoria l view of a placement of antennas on the radar sensor with

angula r placement, according t o one embodiment.

FIG. 15 F is a top pictoria l view of a placement of antennas on the rada r sensor with front

and back angula r placement, according t o one embodi ment.

FIG. 16 is a block diagram of one type of rada r sensor usi ng Continuous Wave radar

technology, according t o one embodi ment.

FIG. 17 is a block diagram of another type of rada r sensor using Frequency Modu lated

Conti nuous Wave rada r technology, according t o one embodi ment.

FIG. 18 is a block diagram of another type of rada r sensor using Ultra-Wide Ba nd radar

technology, according t o one embodi ment.

FIG. 19 is a block diagram of a multiple-input, multiple-output impulse rada r system,

accordi ng t o one embodiment.

FIG. 20 is a front pictoria l view of the rada r sensor in FIG . 19 tracki ng the microwave

reflector.

FIG. 21 is a front pictoria l view of a rada r sensor on a vehicle tracking a side microwave

reflector, according t o one embodiment.

FIG. 22A is a top pictoria l view of a microwave reflector with frequency-selective properties,

accordi ng t o one embodiment.

FIG. 22B is a top pictoria l view of a vehicle with a rada r sensor fol lowing the microwave

reflector in FIG. 22A insta lled on a straight section of a roadway.

FIG. 22C is a top pictoria l view of a vehicle with a rada r sensor following the microwave

reflector in FIG. 22A insta lled at an intersection of roadways.



FIG. 23A is a top pictorial view of two microwave reflectors with different frequency-

selective properties, according t o one embodiment.

FIG. 23B is a top pictorial view of a vehicle with a radar sensor following the microwave

reflector in FIG. 23A installed on a straight section of a roadway.

FIG. 23C is a top pictorial view of a vehicle with a radar sensor following the microwave

reflector in FIG. 23A installed at an intersection of roadways.

FIG. 24 is a top pictorial view of a lawnmower with a radar sensor following microwave

reflectors buried in a lawn, according t o one embodiment.

FIG. 25A is a top pictorial view of a radar sensor with mechanical movement capabilities

mounted on a front of a vehicle, according t o one embodiment.

FIG. 25B is a front pictorial view of the radar sensor in FIG. 25A.

FIG. 26A is a side pictorial view of a tractor with a radar sensor following a microwave

reflector buried under the ground surface, according t o one embodiment.

FIG. 26B is a top pictorial view of the tractor in FIG. 26A.

FIG. 27 is a top pictorial view of an indoor mobile appliance with a radar sensor tracking a

microwave reflector installed in a room, according t o one embodiment.

FIG. 28 is a top pictorial view of a vehicle with a radar sensor following a microwave

reflector and discrete location microwave reflectors, according t o one embodiment.

FIG. 29 is a block diagram of a radar sensor integrated with other location sensors, according

t o one embodiment.



DETAILED DESCRIPTION OF EMBODIMENTS

Preface

With reference to the above-listed drawi ngs, this section describes pa rticula r embodi ments

and their detailed construction and operation. The embodi ments described herein are

merely examples, set forth by way of i l lustration only and not limitation . Those ski lled in the

art w i l l recognize in light of the teachings herei n that there are alternatives, variations and

equiva lents to the example embodiments described herei n. For example, other

embodiments are readi ly possible, variations can be made t o the embodiments described

herein, and there may be eq uiva lents to the com ponents, pa rts, or steps that make up the

described embodi ments.

For the sa ke of cla rity and conciseness, certain aspects of com ponents or steps of certain

embodiments are presented without undue detail where such detail would be appa rent t o

those ski lled in the art in light of the teachings herei n and/or where such detail would

obfuscate an understa nding of more pertinent aspects of the embodiments.

Overview

This overview is provided to introduce a selection of concepts in a simplified form that are

further described later in greater detail . This overview is not intended to identify key or

essentia l inventive concepts of the claimed subject matter, nor is it intended for

determi ning the scope of the claimed subject matter.

A radar vehicle guida nce system can be used in guiding a land vehicle along a pathway. One

embodiment has a downwa rd-looking, latera l position-sensing, tracking rada r guida nce

appa ratus, such as an inexpensive rada r system with an antenna array. A microwave

reflector, such as meta llic pai nt, is distributed along the roadway path in the direction of

vehicle travel similar t o pai nting the side lines, prefera bly longitudi na lly along the center of

a vehicle lane. The vehicle may be automatica lly steered to fol low the meta llic paint. A

downwa rd-looking rada r allows for tight turns to be negotiated without any concern for



false targets. Since the distance to the surface is short, low-power radar can be used

without any interference to other systems. A painted line with metal particles provides an

inexpensive and robust guideline without environment concerns of ground moisture,

mapping capabilities, frost or subsurface movement. The guidance system control can be

similar to well-known embedded wire systems without any active roadway infrastructure.

Another embodiment has a downward-looking, lateral position-sensing UWB (Ultra Wide

Band) impulse radar system with a multiple-antenna array. A microwave reflector, such as a

metallic paint, tape, strip, metallic mesh, corner reflectors, frequency-selective surfaces,

round wire, flat conductor, or pipe can be distributed along the roadway path in the

direction of vehicle travel on the pathway surface or slightly below the surface, preferably

longitudinally along the center of a vehicle lane. The vehicle can be automatically steered to

follow the microwave reflector.

Another embodiment has a downward-looking impulse radar sensor mounted to the vehicle

for use in guiding a land vehicle along a pathway, wherein the radar sensor consists of a

plurality of receive/transmitter antennas and a signal processor coupled to receive signals

received by the antennas to determine path lengths from each antenna to the microwave

reflector to guide the vehicle along the pathway. A microwave reflector has different

reflective properties than the pathway and is distributed along the pathway in the direction

of vehicle travel.

Another embodiment is a method for guiding a vehicle along a pathway by directing radar

waves downward toward the ground and an installed elongated microwave reflector

distributed along the pathway, receiving radar waves form the ground and the microwave

reflector, processing the received radar waves with the transmitted radar waves to

determine the position of the elongated microwave reflector respect to the vehicle, and

guiding the vehicle to follow the elongated microwave reflector.

The radar systems described herein have, in certain cases, the advantage that it is an active

system giving all-weather and day-or-night performance and has the inherent capability of

sensing distance and direction to targets.



Example Embodiments

Figs. 1A and I B show the side view and top view, respectively, of a preferred embodiment

of a vehicle guidance system. A vehicle 180 traveling down a roadway or pathway 300

following a microwave reflector 200 using a downward looking radar sensor 100. The

pathway 300 where the microwave reflector 200 can be installed is not limited to roads,

streets, and highways, but could include lawns, fields, terrain, rooms in a building, parking

lots, warehouses, depots, and manufacturing floors. The microwave reflector 200 could be

implemented on the surface or slightly below the surface. The vehicle 180 can be any

mobile platform such as, for example, a car, truck, tractor-trailer, motorcycle, lawnmower,

motorized wheelchair, utility vehicle, mining equipment, golf cart, or tractor. In Fig. 1A, the

radar sensor 100 sends signals 1111 t o the road surface 300 and the microwave reflector

200 and receives signals 1110 from the road surface 300 and the microwave reflector 200.

The received signals 1110 are processed t o determine an approximate position of the

microwave reflector 200 relative t o the radar sensor 100, which is attached t o the front of

the vehicle 180, and therefore, the position of the front of the vehicle 180 relative to the

microwave reflector 200. The position of the vehicle 180 relative t o the microwave reflector

200 is used t o guide the vehicle 180 along the path of the microwave reflector 200.

Figs. 2A, 2B, and 2C show how several vehicles 180, 181, and 182 attached with the radar

sensor 100 are guided through an intersection using a preferred embodiment. As shown in

Fig. 2A, the vehicle 180 uses the radar sensor 100 t o detect the path of the microwave

reflector 200 t o follow the roadway until the vehicle 180 moves into the intersection where

it encounters a Y in the microwave reflectors materials 200 and 210. Figs. 2B and 2C

illustrates in more detail two examples of the Y section in the microwave reflector 200. Fig.

2B shows that the microwave reflector 200 follows a straight path, whereas the microwave

reflector 210 veers off t o the right. Since the radar is looking downward, rather than

forward, the radar sensor 100 detects the two microwave reflectors 200 and 210, and the

vehicle's computer (not shown in this figure) directs the vehicle 180 to follow either

microwave reflector 200 or 210. As an example of operation in Fig. 2A, the vehicle 180

tracking the microwave reflectors 200 and 210 would like to turn right at the intersection.

As the vehicle 180 enters the intersection, the vehicle computer would select t o follow



microwave reflector 210. Once the right turn is made, the rada r sensor 100 wou ld detect

microwave reflectors 210 and 208, and the vehicle com puter wou ld select the microwave

reflector 208 t o follow. The microwave reflectors 200 and 210 can either be made of the

same microwave reflective materia ls or two different types of microwave reflective

materia ls.

Fig. 2B shows that there is physica l sepa ration between the microwave reflector 200 and

210 by dista nce , whereas Fig. 2C shows no sepa ration prior t o the Y featu re. There may

be other configurations where two or more microwave reflectors might be necessa ry or

desira ble . The vehicle 180 is assumed to be a ca r or pickup truck, but there are situations

where articu lated vehicles, such as tractor-trailers, need t o make a left turn prior t o turni ng

right t o prevent the trailer from running over the sidewa lk. In a simi la r manner as shown in

Fig. 2A, vehicles 181 and 182 can fol low the different microwave reflectors 200, 206, 208,

and 210 using the rada r sensor 100 t o travel to the desi red destination . Fig. 2A does not

show all the possible turns and configurations the vehicles cou ld make in or nea r an

intersection .

Figs. 3A, 3B, and 3C i l lustrate one embodi ment of the downwa rd looking rada r sensor 100

in operation. Fig. 3A shows one embodi ment of the rada r sensor 100 with three

transmitting and receiving antennas 1101, 1102, and 1103 perpendicular t o vehicle travel

and spaced by distance Xio between adjacent anten nas, at dista nce of Y above the roadway

300 and the microwave reflector 200. The spacing of the antennas can be equa l dista nces

as shown in Fig. 3A for equal resol ution or at different dista nces t o provide more resolution

nea r the center of the rada r sensor 100 tha n towa rds the end sections. The radar sensor

100 tra nsmits signals and receives signa ls via a bea m pattern 1125 . The microwave reflector

200 in this embodiment provides a different return signa l tha n the roadway 300, as

i l lustrated in Fig. 3B, which is the gra ph of the return signa l amplitude over the microwave

reflector 200. When the rada r antenna 1102 is directly above position x0,the amplitude of

the retu rned signa l 810 is at its maxi mum value. If the anten na 1102 is slightly t o the left or

right of this position, the amplitude wou ld be a level 814. Further t o the left or right, the

signa l amplitude 810 wou ld be at levels 816 or 812. If the rada r antenna 1102 is over the

roadway 300 and not close t o the microwave reflector 200, then the retu rned signa l



amplitude 810 would at level 818. If the received signals are processed from all three

antennas, then the output 704 can be derived for the displacement of the radar sensor 100

in the lateral direction, x . Fig. 3C shows the output 704 of the radar sensor 100 vs. the

distance x from the microwave reflector 200. At the center position 804, xo, the radar

sensor 100 is directly centered with the microwave reflector 200. Therefore, the output 704

is zero and no steering correction is needed. If the radar sensor 100 were mounted on the

center of the front of the bumper, the vehicle would be following the microwave reflector

precisely along the microwave reflector 200. If the radar sensor 100 moves slightly t o the

right or left to positions 805 or 803, the radar output 704 would be a +L1 level or -LI level,

respectively. The vehicle computer receiving this information from the radar sensor 100

would steer the vehicle t o minimize this error. Likewise, at positions 806 and 807, the

radar sensor 100 has moved too far t o the right, and therefore, the output 704 would be

greater, at levels +L2 and +L3, respectively. Similarly, at positions 802 and 801, the radar

sensor 100 has moved too far t o the left, and therefore, the output 704 would be negative

and at greater amplitude, at levels -L2 and -L3, respectively. The output 704 can be used as

a guidance signal for the vehicle to direct the steering mechanism to alter the vehicle lateral

direction so that the vehicle follows the microwave reflector 200. Alternatively, the output

704 can be used as a prompting signal to alert the driver that a steering correction is

recommended to better follow the microwave reflector 200.

Figs. 4A-4E illustrate another embodiment of a system with two different microwave

reflectors. Fig. 4A shows two different microwave reflectors 200 and 210 with different

microwave reflective properties or with the same reflective properties but separated by a

physical distance. The microwave reflector 200 reflects frequencies in a first frequency

region such as a region around 10 GHz, and the other microwave reflector 210 reflects

frequencies in a second frequency region such as a region around 24 GHz. The radar sensor

102 transmits and receives both frequency regions via a plurality of the antennas 1104.

Each antenna 1104 transmits both frequencies via signals 1113 and receives both signals

1112 from the roadway surface 300 and the two microwave reflectors 200 and 210. The

radar sensor 102 can process the signals at the two different frequencies from the different

surfaces similarly to what is illustrated in Fig. 4B. In Fig. 4B, the signal 820 is a return

amplitude from the antenna for the first frequency region moving in the x direction, which is



lateral t o the direction travelled. Xi is the position where the antenna 1104 is over the

microwave reflector 200. Similarly, the signal 821 is a return amplitude from the antenna

for the second frequency region moving in the x direction, which is lateral to the direction

travelled. X2 is the position where the antenna 1104 is over the microwave reflector 210.

The radar sensor 102 outputs a signal 704 for tracking the microwave reflector 200 and a

signal 705 for tracking the microwave reflector 210 relative t o the movement over the radar

sensor 102 in the lateral direction X. A guidance computer on the vehicle can select

between either microwave reflectors t o follow and, therefore, the path the vehicle take on

the roadway. The microwave frequencies selected for the various microwave reflectors,

one or more, t o reflect or absorb can be close in frequency, e.g., 10.0 and 10.5 GHz, or far

apart, e.g., 10 GHz and 122 GHz. In some configurations, two or more microwave reflectors

will have multiple selective frequency surfaces and the radar sensor can process the

multiple microwave reflectors and provide the guidance computer with multiple paths to

follow.

Fig. 4 B shows narrow beamwidths of the antenna 1104. Therefore, a single detection level

825 suffices t o indicate that the antenna 1104 is over the microwave reflector 200. Fig. 4C

shows broader beamwidths of the antenna 1104, and, therefore, several detection levels

such as 825 and 829 may be utilized. The roadway return signal is shown t o be at level 823

for both antenna beamwidths. Narrow antenna beamwidths provide a more defining signal

when over the microwave reflector 200 and, therefore, fewer false detections, but more

antennas may be required to provide similar resolution t o that of broader beamwidth

antennas. Higher microwave frequencies, such as 122 GHz, require smaller antennas than

lower microwave frequencies, such as 5 GHz, for similar antenna beamwidths. Figs. 4D and

4 E show the outputs 704 and 705, respectively, of the radar sensor 102 of the error level

versus the X direction.

Fig. 5 shows a block diagram of one embodiment of the vehicle guidance system which

includes the radar sensor 100, a vehicle controller or guidance computer 500, a vehicle

steering system 510, a speed control system 520, and a vehicle location system 530. The

output 704 of the radar sensor 100, which detects the position of the microwave reflector

200 relative t o the radar sensor 100, is sent to the vehicle controller 500. The vehicle



controller 500 sends signals based on information from the radar sensor 100 and possibly

other sensors (not shown) t o the steering system 510, speed control system 520, and the

vehicle location system 530. The vehicle controller 500 is programmed t o steer the vehicle

in an appropriate direction t o follow the microwave reflector 200 in this embodiment.

The microwave reflectors that are illustrated in various embodiments are made out of

materials t o either absorb or reflect microwave frequencies compared to the ground or

roadway surfaces. Figs. 6A-6N show some of the configurations, but there are many

combinations. Fig. 6A a shows microwave reflector 220, which is a metallic paint, tape, or

strip and, typically, provides a reflected return signal that is significantly different than the

roadway surfaces 300. And the return signal would be similar over the transmitting

frequency. Fig. 6B shows a microwave reflector 222 made of a metallic mesh such as

aluminum or metal screen wire. The return signal depends on the mesh size and/or spacing

and can be made t o be a frequency-selective surface by the pattern and size of the pattern.

The metallic mesh would be easier t o install in soil near the surface without affecting plants

and water runoff. Fig. 6C shows a microwave reflector 224, which can be applied as a

metallic paint, tape, or strip, but the width of the reflector is narrow. Fig. 6D shows a

microwave reflector 226, which contains small metallic corner reflectors attached to a tape,

strip, o r roadway. These corner reflectors provide a high returned signal regardless of

whether the antenna angle is aligned relative t o the microwave reflector. Figs. 6E-6K show

microwave reflectors that are frequency-selective surfaces that can attached to the

roadway with tape, paint, o r strips. These frequency-selective surfaces may made up of

many small dipoles, loops, or combination of both in a repeatable pattern. Fig. 6 E shows a

microwave reflector 228 with Y dipoles. Fig. 6F shows a microwave reflector 230 made up

of rectangular loops. Fig. 6G shows a microwave reflector 232 with cross dipoles. Fig. 6H

shows a microwave reflector 234 with round loops. Fig. 6 1 shows a microwave reflector 236

with solid loops. Fig. 6J shows a microwave reflector 238 with angle dipoles. Fig. 6K shows

a microwave reflector 240 with a combination of cross loops with end dipoles. Many

configurations are possible. Each configuration of a microwave reflector with frequency-

selective surfaces will have certain amplitude, phase, and frequency response

characteristics. Fig. 6L shows a microwave reflector 242 with small and large cross dipoles.

The reflector 242 can have dual frequency characteristics. With a radar sensor transmitting



and receiving both frequencies, the vehicle guidance computer will have two signals t o track

the same reflector, creating system redundancy. Fig. 6M shows a microwave reflector 241

made up a conductor, which can be either a round wire or a flat wire. Higher resolution

radars can track a narrow reflector, such as an appropriately sized reflector 241. Fig. 6N

shows a microwave reflector 243 made of a metallic tube.

Figs 7A and 7B show top and front views of the microwave reflector 220. Fig. 7A shows the

top view of the reflector220, and Fig. 7B shows front view of the reflector 220 either

painted, taped on, or installed as strip on the roadway 300. Painting a metallic material on

the roadway can be done in a manner similar t o current highway painting procedures except

the paint is metallic and highly reflective to microwaves, whereas current highway systems

use specialized paint that is highly visible t o light or headlights. Thus, the procedure for

painting a microwave-reflective paint involves little or no additional expense compared t o

current roadway line painting.

Figs. 8A and 8B show the top and side views of the microwave reflector 232. Fig. 8A shows

the top view of the reflector 232 with a crossed dipole pattern making this surface

microwave frequency selective. Fig. 8B shows the pattern painted on a specialized

substrate 233 which enhances its frequency properties. The microwave reflector 232 can be

created by painting a metallic pattern on the roadway with a specialized painting wheel

having a cross-dipole pattern. This procedure may be more expensive than painting just the

metallic paint as in Figs. 7A and 7, but creates a frequency-selective surface.

Figs. 9A and 9B show another embodiment of the microwave reflector 232. Fig. 9A shows a

top microwave reflector 232 with cross dipoles. Fig. 9B shows a side view of the microwave

reflector 233, which acts as a microwave frequency absorber over certain frequencies. In

this embodiment, the microwave reflector is a tape with the metallic cross dipole pattern

232, sandwiched between two dielectric materials 252 and 254 over a metallic ground plane

250. The tape can be applied t o the roadway surface.

Figs. 10A and 10B show returned signal amplitude vs. frequency transmitted for different

types of microwave reflectors. Fig. 10A shows the frequency bandpass response from the



reflected signals with a frequency-selective surface that reflects the band of frequencies.

Fig. 10B shows the frequency bandstop response from the reflected signals with a

frequency-selective surface such as the one in Fig. 9B. In some embodiments, the radar

sensor is designed t o track a null for the microwave reflector instead of high amplitude

signal.

The downward-looking radar sensor 100 in Fig. 1 can utilize a variety of types of radar such

as, for example, CW (Continuous Wave), monopluse, dual-frequency, FMCW (Frequency

Modulated Continuous Wave), UWB, UWB impulse radar, or a combination of various types.

The radar preferably operates at microwave frequencies from 0.3 t o 1000 GHz. The

following sections illustrates embodiments of the different radar sensors.

Fig. 11 shows one embodiment of a radar unit in a radar sensor assembly. One or more

such radars may be needed t o create the radar sensors referenced previously. In this

embodiment, the radar is a CW radar that operates at microwave frequencies from 0.3 to

1000 GHz. The signal 1116 is generated by a oscillator 400 and sent out of the transmitting

antenna 402. In this embodiment, the transmitting and receiving antennas are separate,

but in other embodiments, a single antenna could be used both transmission and reception.

The returned signal 1114 is received by a receiving antenna 404 and converted via a mixer

408 with the transmitted signal via a path 406. The converted signal outputs a baseband

signal, which is the DC amplitude of the returned signal 1114. The baseband signal is

amplified by an amplifier 410 and filtered by a low-pass filter 412. The output of the filter

412 is compared t o two different detection levels 416 and 417 via comparators 414 and 415,

respectively. In this embodiment, the output 420 will be high if the processed signal

amplitude is greater than the detection level 416. Likewise, the output 421 will be high if

the processed signal amplitude is greater than the detection level 417. This embodiment

shows two detection levels, but there can be a single detection level or many detection

levels for each radar unit incorporated in a radar sensor system. This embodiment down-

converts the microwave signals directly t o baseband, but it is also possible t o use a

superheterodyne-type radar receiver and/or t o do processing at an intermediate band.



Figs. 12-15 show some other embodiments of different radar configurations. Fig. 12 shows

an embodiment of radar sensor 106 with seven individual radars units 150-156. Each radar

unit transmits, via an antenna 1106, a signal 1121 and receives a signal 1120. The received

signal 1120 is processed for detecting the surface (not labeled) o r the microwave reflector

202. The radar units 150-156 each has several detection levels, and the output of each

radar unit 150-156 is sent t o a processor 434 via signaling lines 1504, 1514, 1524, 1534,

1534, 1544, 1554, and 1564, respectively for the radar units 150-156. The processor 434

can assign weights t o each input from each radar unit and generate an outputs signal 704

similar t o Fig. 3C, which shows different amplitude levels as the radar sensor 106

transverses in the lateral direction from the microwave reflector 202.

Fig. 13 shows another embodiment for a radar sensor 108. The radar sensor 108 uses a

single transmitter/receiver unit 435 and switches each antenna 1135 via a switch 1130.

Each antenna 1135 is switched to be connected for a period of time sufficient for a signal to

be sent and received from the roadway surface 300 and the microwave reflector 202 via

that particular antenna. The unit 435 processes each signal from the multiple antennas and

derives an output 704, which represents the position of the antennas 1135 relative to the

microwave reflector 202.

Fig. 14 shows another embodiment for a radar sensor 110. The radar sensor 110 uses a

single transmitting antenna 1402 placed higher than the individual received antennas and

having a wider beam antenna pattern signals 1117. The received signals 1115 are received

via individual antennas 1403 and processed by a processing and F circuitry unit 436 t o

provide an output 704. The output 704 represents the lateral distance of the received

antennas 1403 from the microwave reflector 202.

Fig. 15A-15C show top views of different placement of antennas 1410 for radar sensors 172,

174, and 176, respectively. If there are separate transmitting and receiving antennas, the

placement can be similar but spaced slightly apart from the each other t o yield a desired

beamwidth pattern. In Fig. 15A, the antennas 1410 are spaced uniformly at distance Xo in a

horizontal row. In Fig. 15B, the antennas 1410 are in two rows with a slight offset. In Fig.

15C, the antennas are in three rows.



Fig. 15D shows the side view of a different placement of antennas 1410 spaced both

horizonta lly at a dista nce Xo and vertica lly, at a dista nce d . A strong signa l is likely t o be

received by either the top set of antennas or the bottom set of antennas depending on the

dista nce. The anten nas can be designed for two or more frequencies or multiple antennas

can be used at each selective freq uency.

Fig. 15E shows the side view of the placement of antennas 1412 at an angle q and simila r

sepa ration dista nce. This antenna placement allows for detecting the signa ls from a

microwave reflector offset t o the side instead of directly below. Fig. 15 Fshows the top view

of the placement of antennas 1413 at an angle looki ng slightly forwa rd or slightly backwa rd

from the rada r sensor.

There are many different configu rations of antenna placements and the above

configurations are just examples and not an exhaustive cata log of all possible

configurations. In addition t o placement of anten nas on a rada r sensor, there cou ld be

multiple rada r sensors attached t o the front, the side, or the rea r of the vehicle at various

heights.

Different rada rs can be used to determine the position of the microwave reflector relative

t o the vehicle. Fig. 16 shows a simila r CW rada r as Fig. 11 with simila r com ponents except

the processed signa l from the low-pass f i lter 415 is sent directly into the A/D converter of

the rada r processor 425. The rada r processor 425 can be, for example, a microcontroller, a

data processing unit, a com puter, a sma rt device, or digita l processor. The signa l 1123 is

generated by a osci llator 400 and sent out of the tra nsmitting anten na 402. The returned

signa l 1122 is received by a receiving antenna 404 and converted via a mixer 408 with the

transmitted signa l via a path 406. The converted signa l outputs a baseband signa l, which is

the DC amplitude of the retu rned signa l 1122. The baseba nd signa l is amplified by an

amplifier 411 and f i ltered by a low-pass filter 415 and sent t o the A/D converter of the rada r

processor 425



Fig. 17 shows a FWCW (Frequency-Wave Continuous Wave) radar. In this embodiment, the

processor 425 generates a DC (direct current) signal via a DAC (digital-to-analog converter)

421 to control a VCO (voltage controlled oscillator) 410. The VCO 410 generates a signal

1130 and sends the signal 1130 through the antenna 414. The signal 1132 is received via an

antenna 416 and combined by a mixer 418 with the transmitting signal via path 412. The

output of the mixer 418 is amplified and filtered via unit 419 and sent t o the A/D (analog-to-

digital) converter 420. The processor 425 receives the signal from the A/D convertor 420

and processes the signal for distance and amplitude information. An advantage of using a

FMCW radar over CW radar is that both the distance and signal amplitude can be

determined.

Fig. 18 shows an embodiment of an UWB impulse radar unit. In this embodiment, the UWB

impulse radar unit generates short pulses via a pulse generator 440 and transmits the short

pulses through an antenna 436, and then the signal propagates t o the ground surface and

microwave reflector (not shown). When the signal meets the ground surface and

microwave reflector, some of the signal is reflected from the ground surface, but

significantly more of the signal is reflected from the microwave reflector and propagates

back t o the antenna 435. The returned ground surface signals can be filtered out by several

methods. One method is t o select only signals above a certain amplitude threshold.

Another method is t o receive signals without the reflector and then use that base signal t o

filter out the ground surface. There are many other schemes t o filter out all or some of the

ground surface signals. The signals 1142 from the ground surface and microwave reflector

are amplified by an amplifier 449 and sent t o a sampler/data acquisition unit 442. The

sampler/data acquisition unit 442 samples the received signal 1142 at various times from

the initial transmit signal 1140 generated by a timer 430 via the pulse generator 440. The

timer 430 initiates the pulse via pulse generator 440, but the timer 430 is also used for

timing signal t o sample the incoming delays. The incoming signal 1142 is sampled in time at

different delays and the amplitude of the incoming signal 1142 is recorded at those different

times. At a certain time, the returned signal will be of a certain amplitude representing the

returned signal from the microwave reflector. A computer 428 processes the information

from the sampler/data acquisition unit 442 t o determine, at least approximately, the

distance from the radar unit t o the microwave reflector. The time delay between the



transmitted signal 1140 and the received signal 1142 represents the distance between the

radar unit and the microwave reflector. The impulse radar uses pulses with short duration

and wide frequency band t o provide high-resolution distance measurements. Advantages of

this embodiment include high accuracy and low power.

Fig. 19 shows an impulse radar unit 454 as described above with multiple transmitter and

received antennas 1151-1155. As shown in Fig. 19, this embodiment, is a multiple-input,

multiple-output radar system comprising an antenna array 1150, an impulse radar

subsystem 454, and a computer 480. The antenna array 1150 is composed of multiple

antennas 1151-1155, typically between two t o several hundred antennas. The antennas can

be of any types know in the art such as, for example, printed antennas, waveguide

antennas, dipole antennas, or Vivaldi broadband antennas. The antenna array 1150 can be

linear or two-dimensional, flat or conformal t o the region of interest.

The impulse radar unit 454 generates microwave signals and transmits the microwave

signals via the antenna array 1150. The impulse radar unit 454 receives the returned signals

from the antenna array 1150. The signals can be, for example, pulse signals, stepped-

frequency signals, or the like. The generation circuitry within the impulse radar 454 can

involve oscillators, synthesizers, mixers, or it can be based on pulse-oriented circuits such as

logic gates or step-recovery diodes. The conversion of the signals can include down

conversions, sampling, /or the other similar techniques. The impulse radar can perform

transmission and reception with multiple antennas at a time or select one transmit and one

receive antenna at a time. The impulse radar unit preferably has data acquisition capability

t o collect and digitize the signals from the antenna array 1150. The data acquisitions

capability will typically include analog-to-digital converters, data buffers, and filtering

functions. The computer 480 may convert the collected signals into responses

characterizing the microwave reflector 459 and performs algorithms for converting the sets

of responses into image data (two- or three-dimensional) of the microwave reflector. The

microwave reflector image can be determined in respect t o the antenna array 1150

alignment; therefore, the orientation of the microwave reflector 459 can be determined

with respect t o the antenna array 1150. Fig. 20 shows another embodiment of a radar

sensor 116, which is typically an impulse radar sensor, with a multiple antenna array 1417



having two or more antennas positioned towards the microwave reflector 200 and the

ground surface 300. The radar sensor 116 sends out signals 1119 from the antenna array

1417 via one or more the array's constituent antennas. Received signals 1118 can be

processed for distance, amplitude, and angle t o the microwave reflector 200. With this

embodiment, each antenna provides information t o the radar sensor 116 t o continuously

track the microwave reflector 200 with all the antennas. The radar antenna array 1417 can

track side reflectors, as shown by way of example in Fig. 21. In this embodiment, the radar

sensor 116 includes an antenna array mounted on the front side of the vehicle 182 and

tracking the side microwave reflector 284. The microwave reflector 284 can be installed

along the side of the roadway or the center of the roadway, and the reflector can be a

continuous reflector or intermittent sections of reflective material.

Figs. 22A-22C illustrate a dual-band microwave reflector scheme. Fig. 22A illustrates a dual-

band microwave reflector 244 as a painted strip, taped strip, or installed strip with small and

large dipole crosses for reflecting two different microwave frequencies or frequency bands.

The vehicle 180 uses a dual-band radar 102 or two separate radar sensors t o follow the

microwave reflector 244 on the straight roadway surface 300 shown in Fig. 22B. On the

straight section of the roadway 300, the dual-band microwave reflector scheme allows for

redundancy on the microwave reflector 244. If, for any reason, one frequency or one band

of frequencies is interfered with or not operating satisfactorily, the other frequency or band

of frequencies would allow for continual operation. When in the intersection, as shown in

Fig. 22C, the dual-band microwave reflector 244 splits into separate bands as microwave

reflectors 246 and 248 at a location Xi. The microwave reflector 246 continues for some

distance on the straight section of the roadway and then reverts back t o the dual-band

reflector 244 at location X2 . The microwave reflector 248 veers off t o the right and then

reverts back t o the dual-band reflector 244 at distance X3 . An onboard vehicle controller,

not shown, would either track the microwave reflector 246 t o go straight through the

intersection or would track the microwave reflector 248 t o make a right turn.

Figs. 23A-23C illustrate another dual-band microwave reflector scheme. Fig. 23A illustrates

a dual-band microwave reflector 250 as painted strip, taped strip, or installed strip with



alternating sections of small dipole crosses 246 and sections of large dipole crosses 248 for

reflecting two different microwave frequencies or two different bands of microwave

frequencies. The vehicle 180 uses a dual-band radar sensor 102 or two or more separate

radar sensors t o follow the microwave reflector 250 on the straight roadway surface 300, as

shown in Fig. 23B. On the straight section of the roadway 300, the dual-band microwave

reflector scheme allows for redundancy on the microwave reflector 250. If, for any reason,

one frequency or band of frequencies is interfered with or not operating well, the other

frequency or band of frequencies can allow continued operation. When in the intersection,

as shown in Fig. 23C, the dual-band microwave reflector 250 splits into separate bands and

microwave reflectors 246 and 248 at a location Xi. The microwave reflector 246 continues

for distance on the straight section of the roadway and then reverts back to the dual-band

reflector 250 at location X2. The microwave reflector 248 veers off t o the right and then

reverts back t o the dual-band reflector 250 at location X3. The onboard vehicle controller,

not shown, would either track the microwave reflector 246 t o go straight through the

intersection or would track the microwave reflector 248 t o make a right turn. Figure 23A

shows different microwave reflectors 246 and 248 spaced closed to each other, but these

reflectors could be spaced with gaps of road surface between the reflectors. Besides

frequency differences between the two microwave reflectors, the microwave reflectors

could have similar or different frequency properties, but the physical size and shape of the

different microwave reflectors could be used t o distinguish different pathways. For

example, the microwave reflector 246 could have a narrow shape, and the microwave

reflector 248 could have a wide shape, such that the radar imaging process could distinguish

the two different physical microwave reflectors.

Fig. 24 shows another embodiment of the radar sensor scheme. Here, the vehicle is a

robotic lawnmower 188 with a radar sensor 104 mowing a field 320 by following embedded

microwave reflectors 261, 263, 265, and 267. The microwave reflectors 261, 263, 265, and

267can be installed in the soil just below the vegetation, e.g., grass. Also, one could use pre-

installed irrigation pipes or install irrigation pipes in a certain configuration as the

microwave reflectors for the radar sensor t o track. Fig. 24 shows two vehicles 188 and 189,

but they can be the same vehicle at different locations on the field 320. In this

embodiment, the radar sensor 104 installed on the vehicles is longer than the width of the



vehicle. The first vehicle 188, located at coordinates xi, vi, tracks the microwave reflector

261 with the left side of the radar sensor 104, and the second vehicle 189 located at

coordinates x2,y2, tracks the microwave reflector 263 using the right side of the radar sensor

104. The vehicles 188 and 189 can move towards the right after each travelling around the

field by the onboard vehicle controller, not shown, and pick up the next (more inwardly, as

shown) microwave reflector. There are other configurations for installation of the

microwave reflectors such as installation of a microwave reflector installed at a section of

the field t o join adjacent microwave reflectors.

Another configuration shown in Figs. 25A and 25B allows the radar sensor 100 on one side

of the vehicle t o move t o the other side by a mechanical movement mechanism. Fig. 25A

shows a top view of a vehicle 190 with a mechanical mechanism 713 that moves the radar

sensor 100 along an entire sensor guide 118. Fig. 25B shows a front view of the just the

radar sensor 100 and the guide 118. This embodiment employs a mechanical means to

move the smaller radar, but the radar sensor can be designed t o electronically move the

beam using a multiple-antenna radar array or have a significant number of antennas spaced

across the entire sensor guide 118.

Fig. 26A and 26B show side and top views of an agricultural tractor 184 with the radar

sensor 100 mounted on the front of the tractor 184. The radar sensor antennas are pointed

downward towards the ground surface 302. A microwave reflector 210 is installed slightly

below the surface at a distance/depth x . The radar sensor 100 receives returned signals

reflected from the ground surface and from the embedded microwave reflector 210. An

onboard computer, not shown, could steer the tractor 184 along the embedded microwave

reflector 210 or prompt a driver (not shown) t o adjust the tractor's steering to better align

its trajectory t o the reflector 210

Another application of the radar sensor scheme is shown in Fig. 27. In this embodiment, a

radar sensor 119 is mounted on the front of an indoor mobile appliance 190, e.g., a vacuum

cleaner, floor scrubber, ice resurfacing machine (e.g, Zamboni ® brand machine). The

microwave reflector 244 may be installed under the carpet or floor board in a room 340.

The mobile appliance 190 tracks the microwave reflector 244 and its onboard



computer/steering mechanism (not shown) could steer the mobile appliance around the

room following the microwave reflector 224 (or assist an operator who performs manual

steering). The microwave reflector 244 can be installed in a rectanglular or other suitable

pattern with different microwave reflective surfaces to provide guidance information to the

onboard computer via the radar sensor 119.

As shown in Fig. 28, the radar sensor 100 can track location markers 731, 732, and 733

made from different reflective surfaces, besides the microwave reflector 220 for lateral

control. In this embodiment, the vehicle 188 using the radar sensor 100 follows the

microwave reflector 220 and also indicates when the vehicle is over the location markers

731, 732, and 733.

For redundancy and higher reliability, the radar sensor 100 can be integrated with other

sensors such as a GPS receiver 901, Lidar sensor 902, vision sensor 903, forward-looking

radar 904, or other location sensors 905, as shown in Fig. 29. The output of a onboard

processor 437 may include highly reliable location information 914, steering information

912, and speed information 910.

Conclusion

The terms and descriptions used above are set forth by way of illustration and example only

and are not meant as limitations. Those skilled in the art will recognize that many

variations, enhancements and modifications of the concepts described herein are possible

without departing from the underlying principles of the invention. The scope of the

invention should therefore be determined only by the following claims and claims presented

in any continuing patent or patent application, with full recognition of the scope of all

equivalents t o every element in such claims.



CLAIMS:

1) An apparatus for guiding a land vehicle along a pathway on which one or more

microwave reflectors with different reflective signals than the pathway are distributed along

the pathway in the direction of the vehicle travel, the apparatus comprising:

a downward-looking radar sensor mounted to the vehicle, wherein the radar sensor

radiates a signal t o and detects signal from the microwave reflectors on the pathway.

2) An apparatus as in claim 1, wherein the radar sensor comprises of a CW radar.

3) An apparatus as in claim 1, wherein the radar sensor comprises of a FMCW radar.

4) An apparatus as in claim 1, wherein the radar sensor comprises of a monopluse radar.

5) An apparatus as in claim 1, wherein the radar sensor comprises of multi-frequency radar.

6) An apparatus as in claim 1, wherein the radar sensor comprises of UWB radar.

7) An apparatus as in claim 1, wherein the radar sensor comprises of UWB impulse radar.

8) An apparatus as in claim 1, wherein the down-looking radar sensor has a plurality of

antennas disposed in a single line perpendicular to the direction of the pathway, disposed in

two dimensions perpendicular to the direction of the pathway, or disposed in three

dimensions perpendicular to the direction of the pathway.

9) An apparatus as in claim 1, wherein the microwave reflector comprises a metallic paint,

tape, strip, metallic mesh, corner reflectors, frequency-selective surfaces, round wire, flat

conductor, or pipe.



10) An apparatus as in claim 9, wherein the frequency-selective surfaces comprises of

dipoles, loops, combination of dipoles and loops, cross dipoles, rectangular loops, Y

junctions, or crosses.

11) An apparatus as in claim 1, wherein the pathway is one of a road, street, highway, lawn,

field, open terrain, room in a building, manufacturing floor, parking lot, warehouse, or

depot.

12) A method for guiding a vehicle along a pathway, the method comprising:

directing radar waves downward toward the ground and an elongated microwave

reflector distributed along the pathway;

receiving radar waves form the ground and the microwave reflector; and,

processing the received radar waves and the transmitted radar waves to determine

an approximate position of the elongated microwave reflector with respect to the vehicle.

13) The method in claim 12, wherein the vehicle is controlled to follow the elongated

microwave reflector.

14) An apparatus for use in guiding a land vehicle along a pathway having a microwave

reflector with different reflective properties than the pathway distributed along the

pathway in the direction of vehicle travel, the apparatus comprising:

a downward-looking impulse radar sensor mounted to the vehicle wherein the radar

sensor consists of a plurality of receive/transmitter antennas, a signal processor coupled to

receive signals received by the antennas to determine path lengths from the antennas to

the microwave reflector to guide the vehicle along the pathway.

15) An apparatus as in claim 14, wherein the microwave reflector comprises a metallic

paint, tape, strip, metallic mesh, corner reflectors, frequency selective surfaces, round wire,

or pipe.

16) An apparatus as in claim 14, wherein the pathway is one of a road, street, highway,

lawn, field, open terrain, room in a building, manufacturing floor, parking lot, warehouse, or

depot.



17) And apparatus as in claim 14, wherein the down-looking impulse radar sensor has a

plurality of antennas disposed in a single line perpendicular to the direction of the pathway,

disposed in two dimensions perpendicular to the direction of the pathway, or disposed in

three dimensions perpendicular to the direction of the pathway.

18) A method for guiding a vehicle along a pathway, the method comprising:

directing radar waves downward toward the ground and an elongated microwave

reflector distributed along the pathway using a plurality of receiver/transmitter antennas

that receive or transmit impulse radar pulses;

receiving radar waves from the ground and the microwave reflector via the

antennas; and,

processing the received radar waves to determine different path lengths to the

elongated microwave strip to determine an approximate position of the elongated

microwave reflector with respect to the vehicle.

19) The method in claim 18, wherein the vehicle is controlled to follow the elongated.
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