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MICROWAVE DATUM TOOL

Background

The present invention relates generally to measurement systems and methods,

and more particularly, to such systems and methods that can be utilized to project

reference datums through visually opaque objects, e.g., walls.

In the field of surveying, several well-known methods can be employed for

implementing a variety of measurements between two or more points. These

conventional methods, however, suffer from a number of shortcomings. For example,

direct (point to point) measurements will not work if a measurement path between points

cannot be penetrated with an infrared or a visible light beam. X-ray systems exist to

image through and inside opaque objects. However, the use of such X-ray systems is

typically limited as they are expensive, and can be potentially hazardous.

Hence, there exists a need for enhanced methods and systems for projecting

reference datums through visually opaque objects, such as walls. There is also a need

for such methods and systems that can be employed in the field of construction, as well

as in other fields.

Summary

In one aspect, the present invention employs a beam of microwave radiation to

penetrate an obstruction, e.g., a visibly opaque wall, separating two locations to generate

a reference between those locations. Many materials typically utilized in construction

are transparent to microwave radiation of appropriate frequency. A transmitted

reference beam having one or more appropriate frequency components can be projected

through a visually opaque obstruction, e.g., a wall, to interact with a positionally and/or

angularly sensitive detection device that can sense the transmitted beam. Some

embodiments of the invention operate in a single-pass mode in which a radiation beam is

transmitted once through the obstruction, e.g., a wall, and is sensed by a detection device

(e g-, a plurality of sensors operating in a differential mode). Alternatively, other

embodiments of the invention operate in a double-pass mode in which a radiation beam

(e.g., microwave beam) emitted by a microwave source passes through the obstruction



(e.g., a wall), reflects from a reference device, passes back through the obstruction and is

positionally sensed.

In another aspect, the invention provides a measurement system that includes a

source of microwave radiation having one or more wavelengths capable of penetrating

through a visibly opaque obstruction, e.g., a wall. The source can be movably

positioned on one side of the obstruction for illuminating thereof. The system can

further include a microwave reflecting element disposed on another side of the

obstruction, where the reflecting element is capable of reflecting at least a portion of the

radiation transmitted through the obstruction. A plurality of radiation sensors are

positioned relative to the obstruction so as to detect, e.g., differentially, at least a portion

of the reflected radiation transmitted through the obstruction to determine a position of

the source relative to the reflective element.

In a related aspect, the radiation source generates radiation with one or more

wavelengths in a range of about 1 GHz to about 24 GHz (e.g., in a range of about 1 to

about 2 GHz, or in a range of about 10 GHz to about 24 GHz) or any other suitable

wavelength range. Some examples of suitable microwave sources include, without

limitation, Gunn oscillators, magnetrons, IMPATT diodes, Dielectric Resonator

Oscillators (DROs), MIMICs or other suitable radiofrequency oscillators.

In another aspect, the sensors are positioned relative to one another and the

source so as to generate a differential null signal when the source, and more particularly

the propagating direction of the radiation generated by the source, and the reflective

element are substantially aligned. By way of example, the sensors can be positioned to

generate a differential null signal when an optical axis of the source is aligned (its

extension would intersect) with a reference location of the reflective element (e.g., its

geometrical center).

In another aspect, a measurement system is disclosed that includes an

electromagnetic imager adapted to generate images of an interior portion of a visibly

opaque obstruction, where the imager comprises a source coupled to a focusing element

for focusing radiation directed to a proximal side of the obstruction into an interior

portion thereof and a detector for detecting at least a portion of the radiation propagating

back from the obstruction. The system further includes a reflective focusing element

disposed on a distal side of the obstruction for reflecting at least a portion of the



radiation propagating through the obstruction. The detector detects at least a portion of

the reflected radiation for determining an alignment of the source relative to the

reflective element.

In a related aspect, the obstruction comprises a wall, and the reflective focusing

element has a focal length of about 1 of the wall's thickness.

In another aspect, a measurement system is disclosed that comprises a source of

radiation adapted to generate a radiation beam having at least one wavelength capable of

penetrating an obstruction (e.g., a visibly opaque one), where the source is movably

positioned on one side of the obstruction for illuminating thereof with said radiation

beam. The system further includes at least two sensors positioned on another side of the

obstruction such that each sensor detects at least a portion of radiation transmitted

through the obstruction so as to determine a position of said source relative to a

reference point on said obstruction.

In a related aspect, in the above system, the sensors are adapted to differentially

detect the radiation. For example, the sensors are adapted to generate a null signal when

the source is aligned with said reference point.

In another aspect, the radiation source is capable of generating radiation with one

or more frequency components in a range of about 1 GHz to about 24 GHz, e.g., in a

range of about 10 GHz to about 20 GHz.

In another aspect, the invention provides a measurement method, which

comprises movably disposing a radiation source on one side of a visibly opaque

obstruction, said source generating radiation having at least one wavelength capable of

penetrating through the obstruction. The method further calls for associating a reference

element to a location at an opposed side of the obstruction, where the element is

reflective to said at least one wavelength. A radiation beam having said wavelength is

directed from the source to the obstruction such that at least a portion of said radiation

penetrates the obstruction to illuminate said reflective element, and at least a portion of

radiation reflected by the element is detected, e.g., differentially, at two or more spatially

separate locations so as to determine a position of the source relative to the reflective

element.



Further understanding of various aspects of the invention can be obtained by

reference to the following detailed description in conjunction with the associated

drawings, which are described briefly below.

Brief Description of the Drawings

FIGURE IA schematically depicts an exemplary measurement system in

accordance with one embodiment of the invention,

FIGURE IB schematically depicts the propagation of radiation from the source

in the measurement system of FIGURE I A via a proximal side of the wall into its

interior to be reflected by a reflecting element disposed at a distal side of the wall,

FIGURE 2 schematically depicts an exemplary measurement system in

accordance with another embodiment of the invention in which a source and a detector

are disposed on the same side of an obstruction,

FIGURE 3 schematically depicts geometrical disposition of a source and four

detectors of an exemplary measurement system according to an embodiment of the

invention relative to one another,

FIGURE 4 schematically depicts a microwave source and four sensor channels

suitable for use in some embodiments of the invention,

FIGURE 5 schematically depicts the profile of a measurement tool according to

one embodiment of the invention having an interface providing visual indicators for

indicating direction to null,

FIGURE 6 schematically depicts an imager incorporating a measurement system

according to one embodiment of the invention for referencing coordinates on the back of

a wall to those on the front, in which the MD reflector has a focal length that is about 1A

of the thickness of the wall, and



FIGURE 7 schematically depicts another embodiment of the invention in which

a single pass of microwave radiation through an obstruction, e.g., a wall, is employed to

align a radiation beam illuminating the obstruction from one side with a coordinate point

on another side of that obstruction.

Detailed Description

The term "visibly opaque obstruction," as used herein, generally refers to a piece

of material that substantially (or completely) blocks the passage of visible radiation (e.g.,

radiation having wavelengths in a range of about 400 nm to about 700 nm) therethrough.

By way of example, a beam of light can lose more than about 90% of its intensity as it

passes through the obstruction. Without loss of generality, in the following

embodiments, the visibly opaque obstruction is assumed to be a wall. It should,

however, be understood that the measurement systems and methods of the invention can

be employed to project reference datums through other types of obstructions.

FIGURES I A and IB schematically depict an exemplary measurement system

that comprises a measurement tool in accordance with one embodiment of the invention

that can operate in a double-pass mode. The tool includes a radiation source 10 (a

source of microwave radiation in this embodiment) and a radiation detector 12 that can

be movably disposed on a proximal side of a wall 14. The microwave radiation source

projects a beam of microwave radiation through the proximal side of the wall. A

reflecting microwave optical device 16 (herein also referred to as the Microwave Datum

or MD) is placed on the distal side of the wall, centered on the measurement point of

interest. By way of example, the MD can comprise a reflecting Fresnel Zone Plate

(FZP) with a focal distance chosen to be slightly longer than the thickness of the wall.

For example, the MD can be a flat sheet typically composed of thin metal foil in a series

of concentric zones. An adhesive can be applied to a surface of such a flat MD to allow

it to be readily attached to the wall surface. The measurement tool can then be placed

against the proximal surface of the wall and moved along that surface to sense the power

reflected from the MD, thus determining the location of the MD on the distal side of the

wall, as discussed in more detail below.



Preferably, the MD has a focal length chosen to image the source behind itself,

as illustrated in Figure IB; that is, the image is at a focal distance slightly longer than the

sum of the thickness of the wall and the known distance between the source and the

proximal side of the wall. Generally, the preferred focal length can be calculated using

the well known imaging relationship:

J (C+/) V '

where f is the focal length of a lens and O and I are the object and image distances

respectively.

For the MD:

_ (S +W)(S +W +d)
/MD (2S +2W +d) (2)

where / MD is the focal length of the MD, S is the distance from the source to the

proximal side of the wall, W is the thickness of the wall, and d is a predetermined

distance behind the source at which the source image is to be formed.

In some embodiments, when the measurement tool is centered on the datum, an

alert signal is provided to the user. When the source and the datum are not aligned, one

or more indicators (e.g., a set of arrows) on the tool indicate the direction of the datum

position, that is, the direction in which the source should be moved to align it with the

datum. In some embodiments, the relative position of the source and the datum is

defined by a vector extending from a fiducial point on the source to a reference point on

the datum By way of example, in some embodiments, the source and the datum are

considered aligned when an optical axis of the source (e.g., characterized by a central

ray of a beam emitted by the source) is directed towards a reference point (e.g., the

geometrical center) of the datum.

In this exemplary embodiment, the measurement system operates by

differentially sensing a cone of microwave radiation rays forming a beam that is

reflected from the MD. The tool's detector functions as a nulling sensor that provides



directional information when off null (i.e., when not exhibiting a null signal) to allow the

user to quickly converge on the null position. FIGURE I B further illustrates the optical

geometry in this embodiment. The source emits a cone of radiation that is transmitted

through the wall to the MD. The MD retro-focuses the radiation power to a position

behind the proximal surface of the wall. Before coming to focus, the power traversing

through the space above the source is collected by sensor B's aperture and is sensed.

The power below the source is likewise collected and sensed by sensor A. When the

MD is located on the optical axis, the power sensed by sensor B is substantially equal to

that sensed by sensor A. In this embodiment, a second pair of sensors (sensors C and D

in FIGURE 3) are located in and out of the page (along an axis perpendicular to one

along which sensors A and B are disposed), thus resulting in a total of 4 sensors that are

differentially connected to sense two degrees of freedom (X and Y). This geometry is

illustrated in FIGURE 3, which schematically shows the source and sensor channels as

viewed from the distal side of the wall.

In this embodiment, the following sensing algorithm can be implemented in an

electronic circuit to compute a normalized difference signal:

VDcltaY = k(PA - PB)/(PA+PB) (3)

where:

P A = power sensed by channel A

P B = power sensed by channel B

Vneita Y= the output of the circuit with a given datum misalignment

K a constant, and likewise:

Vocitax = k(Pc-PD)/(Pc+P D)

where C and D represent the sensors into and out of the plane of the page.

The above algorithm produces an output of zero when the tool is aligned on the .

MD. The output swings from minus to zero and then plus as the tool is scanned across

the MD position.



The focal distance and diameter of the MD can be easily tailored to

accommodate various wall thicknesses In general, thicker walls require MDs having

longer focal lengths, in accordance with Equation (1) Furthermore, with thicker walls it

is preferable for the MDs to have larger diameters Generally, the diameter of the MD

increases in proportion to thickness of the wall to maintain the cone angle of the light

forming the image of the source As measured by well known optical parameter f/#, the

preferred cone angle is simply

f/#M = d/D, (4)

where d is the predetermined distance behind the source at which the source image is to

be formed and D is the desired diameter of the beam in the plane of the detectors In

some embodiments, D is preferably equal to the diameter of the circle that circumscribes

the 4 detectors surrounding the source

In some embodiments, the microwave detection method is a standard microwave

technique known as frequency modulated continuous wave (FMCW) A single Gunn

oscillator source, for example, including a resonant cavity provides microwave output

power This cavity is also connected to the 4 sensor channels to act as a local oscillator

for detection (shown m FIGURE 4) Each of the 4 sensor channels uses, for example, a

Schottky diode for detection of the collected microwave power In some embodiments,

the tool is battery powered with a 4 5 to 9 V battery

In some embodiments, the tool is fairly compact with approximate dimensions

of, for example, 3" in diameter by 3" m height (shown in FIGURE 5) Further, in some

embodiments, the user interface includes an on/off button and visual indicators, e g , 4

LEDs which light up to indicate direction to null Upon reaching a null, the visual

indicators provide a selected signal to the user to indicate alignment of the source with

the MD, e g , all 4 LEDs will blink In some embodiments, the radiation source, the

sensors, the user interface and the ancillary electronic circuitry are incorporated in a

hand-held housing

In general, the frequency of operation depends on the type of material from

which the obstruction, e g , a wall, is formed By way of example, in case of a drywall,

some embodiments of the invention employ a radiation frequency in a range of about 10



GHz to about 24 GHz, as radiation in that frequency range exhibits good transmission

through a drywall. In case of a wall formed of concrete, a lower frequency might be

required. Scattering of the microwave beam by inhomogeneities in the concrete is

reduced with a lower frequency microwave source (longer wavelength). For example, a

radiation frequency in a range of about 1 to about 2 GHz can be employed for

obstructions formed of concrete, as radiation in that frequency range transmits better

through concrete. Moreover, in the case of concrete (and other cases when suitable),

some embodiments employ a VA wavelength thickness of a low index of refraction

material (plastic) to impedance match the transition of microwaves between air and

(high index) concrete.

In addition, in many embodiments, the intensity of the radiation emitted by the

source is selected such that the intensity of the radiation reaching the detectors (e.g., via

one or two passages through the obstruction) is sufficient for an adequate signal-to-noise

ratio of the detectors' outputs. By way of example, in some embodiments, the power

output of the source is in a range of about 10 micro-Watts to about 10 milli-Watts, and

the intensity of a radiation beam emitted by the source is in a range of about 10 micro-

Watts per square centimeter to about 10 milli-Watts per square centimeter.

With reference to FIGURE 4 in this exemplary embodiment, the geometry of the

source and sensor horn antennas is chosen to allow a wide angular admittance of

microwave beams without significant attenuation. This results in a small aperture width.

Although the above embodiments are implemented by employing a differential

detection system, in other embodiments, a non-differential detection system can be

utilized. For example, a source can be aligned with the MD by maximizing the power

detected non-differentially by a detector as a function of the detector's position.

With reference to FIGURE 2, in another embodiment, a radiation source 10 is

optically coupled to abeam splitter 18 that passes the radiation from the source, through

the wall, onto the MD 16. The beam splitter directs the back-propagating radiation,

generated via reflection of the incident radiation by the MD, onto a detector 12. By way

of example, the detector 12 can include a plurality of detecting modules that

differentially detect the reflected radiation, e.g., in a manner discussed above, so as to

provide an indication of the relative alignment of the source and the MD. The source,



the beam splitter and the detector can be disposed in a portable housing that can be

readily moved so as to align the source with the MD.

In some embodiments, the MD reflector is coated with a non-marring adhesive

and hence it can be easily relocated on the distal side of the wall so as to function as a

reference datum.

In another embodiment, a camera (imager), such as has been disclosed in a co-

pending patent application no. 11/353,882 entitled "Electro-Magnetic Scanning Imager,"

filed on February 14, 2006, which is herein incorporated by reference in its entirety, can

be utilized in conjunction with the MD to reference coordinates on the back of an

obstruction (e.g., a wall) to those on the front. By way of example, in one embodiment,

the camera includes a radiation source that generates radiation that is capable of

penetrating the wall (e.g., radiation with frequency components in a range of about 1

GHz to about 24 GHz). A focusing element coupled to the radiation source focuses the

radiation onto an object plane within the wall, and directs at least a portion of the

focused radiation propagating back from that object plane onto a detector of the camera

A scanning mechanism coupled to the focusing element causes scanning of the focused

radiation on the object plane (in some embodiments, the mechanism provides scanning

along one dimension and the movement of the camera by a user provides scanning in an

orthogonal dimension). A processor maps the detected radiation to the scanned locations

to generate an image of the object plane, which can then be presented to a user in a

display module of the camera. In some embodiments, when utilized in conjunction with

the MD, the camera scans the front of the wall and sees where the MD reflector is. In

such a case, the focal length of the MD is preferably chosen to be 1A of the wall

thickness so that the MD would provide a 1:1 image of radiation from the camera

focused about halfway into the wall, as shown schematically in FIGURE 6 . In this

manner, the coordinates on the back of the wall can be referenced to those on the front.

Metals generally reflect or scatter microwave radiation at different frequencies.

In some embodiments of the invention, the attenuation of microwave radiation through a

path can be assessed to determine whether that path is free (or at least substantially free)

of metals. For example, in the above double-pass embodiment, the intensity of

microwave radiation reflected from the MD and detected by the sensors can be



compared with the intensity of the radiation illuminating the wall to determine whether

the path of the radiation through the wall is substantially free of metal.

FIGURE 7 schematically depicts another embodiment of the invention in which

a single pass of microwave radiation through an obstruction, e.g., a wall, is employed to

align a radiation beam illuminating the obstruction from one side with a coordinate point

on another side of that obstruction. This exemplary embodiment includes a microwave

source 10 that generates radiation with wavelengths suitable for penetration through the

wall 14. A detector 12, which comprises four sensors (two of which A and B are

shown), symmetrically disposed relative to one another, differentially detects the

radiation that has passed through the wall. For example, the detector can be aligned with

a coordinate point A on the back surface of the wall by detecting a null signal generated

by the detector when the central ray of a cone of diverging microwave radiation from the

source illuminating the wall is aligned with that coordinate point.

Those having ordinary skill in the art will appreciate that various modifications

can be made to the above embodiments without departing from the scope of the

invention.



What is claimed is:

1. A measurement system, comprising

a source of radiation having one or more wavelengths capable of

penetrating through an obstruction, said source being movably positioned on one

side of the obstruction for illuminating thereof with said radiation,

a reflecting element disposed on another side of the obstruction, said

reflecting element being capable of reflecting at least a portion of the radiation

transmitted through the obstruction, and

a plurality of radiation sensors positioned relative to the obstruction so as

to detect at least a portion of the reflected radiation transmitted through the

obstruction so as to determine a position of said source relative to said reflective

element.

2 . The system of claim 1, wherein said obstruction is visibly opaque.

3. The system of claim 1, wherein said reflecting element is an imaging element.

4. The system of claim 1, wherein said sensors differentially detect said reflected

radiation.

5 . The system of claim 1, wherein said sensors are positioned as so to generate a

null signal when said source and said reflective element are substantially aligned.

6. The system of claim 1, wherein said source generates microwave radiation with

one or more frequency components in a range of about 1 GHz to about 24 GHz.

7. The system of claim 6 wherein said source generates microwave radiation with

one or more frequency components in a range of about 1 GHz to about 2 GHz.

8. The system of claim 6, wherein said source generates microwave radiation with

one or more frequency components in a range of about 10 GHz to about 20 GHz.



9. A measurement system, comprising

an electromagnetic imager adapted to generate images of an interior

portion of a visibly opaque obstruction, said imager comprising a source coupled

to a focusing element for focusing radiation directed to a proximal side of the

obstruction into interior portion thereof and a detector for detecting at least a

portion of the radiation propagating back from the obstruction, and

a reflective focusing element disposed on a distal side of the obstruction

for reflecting at least a portion of the radiation propagating through the

obstruction,

wherein said detector detects at least a portion of the radiation reflected

by the reflective element for determining an alignment of said source relative to

said reflective element.

10. The system of claim 9, wherein said obstruction comprises a wall, and said

reflective focusing element has a focal length of about of a thickness of said

wall.

11. The system of claim 9, wherein said imager source generates radiation with

frequency components in a range of about 1 to about 24 GHz.

12. A measurement method, comprising

movably disposing a radiation source on one side of a visibly opaque

obstruction, said source generating radiation having at least one wavelength

capable of penetrating through said obstruction,

associating a reference element to a location at an opposed side of said

obstruction, said element being reflective to said at least one wavelength,

directing a radiation beam having said wavelength from the source to the

obstruction such that at least a portion of said radiation penetrates the obstruction

to illuminate said reference element, and

detecting at least a portion of radiation reflected by said element at two or

more spatially separate locations so as to determine a position of the source

relative to the reflective element.



13. The method of claim 12, further comprising selecting said at least one

wavelength to be in a range of about 1 GHz to about 24 GHz.

14. The method of claim 13, further comprising selecting said at least one

wavelength to be in a range of about 10 GHz to about 20 GHz.

15. The method of claim 12, wherein said detecting step comprises differentially

detecting said reflected radiation at said two or more locations.

16. The method of claim 12, wherein the step of associating said reflective element

with a location comprises disposing said reflective element on a surface of said

obstruction.

17. The method of claim 12, wherein the step of directing the radiation further

comprises positioning the source so as to illuminate said reflective element by

the radiation beam.

18. The method of claim 12, wherein determining a position of the source relative to

the reflective element comprises determining an angle of incident of said

radiation beam on said reflective element.

19. A measurement system, comprising

a source of radiation adapted to generate a radiation beam having at least

one wavelength capable of penetrating a visibly opaque obstruction, said source

being movably positioned on one side of the obstruction for illuminating thereof

with said radiation beam, and

at least two sensors positioned on another side of the obstruction such

that each sensor detects at least a portion of radiation transmitted through the

obstruction so as to determine a position of said source relative to a reference

point on said obstruction.



20 The system of claim 19, wherein said sensors are adapted to differentially detect

said radiation

2 1 The system of claim 20, wherein said sensors are adapted to generate a null

signal when said source is aligned with said reference point

22 The system of claim 20, wherein said radiation source is capable of generating

radiation with one or more frequency components in a range of about 1 GHz to

about 24 GHz

23 The system of claim 22, wherein said radiation source is capable of generating

radiation with one or more frequency components in a range of about 10 GHz to

about 20 GHz

24 A measurement method, comprising

directing microwave radiation along a measurement path,

determining attenuation of the radiation after at least one passage along

said path, and

estimating metal content along said path based on said attenuation

25 The method of claim 24, wherein said directing step comprises utilizing at least

two different microwave wavelengths

26 The method of claim 25, further comprising estimating the metal content based

on a difference between attenuation of said wavelengths
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