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RESOLUTION ANTENNA ARRAY USING
METAMATERIALS

The basic principle of near-?eld viewing and imaging is
best illustrated by the aperture technique as is illustrated by
FIG. 1. When light is directed through a subwavelength (i.e.
sub-7») sized hole, the portion of energy that passes through

CROSS-REFERENCE TO RELATED
APPLICATIONS

the hole will at ?rst be con?ned to the dimensions of the

aperture. The exiting light being of subwavelength dimen
sions will then diffract; however, there will be a distinct

This application claims priority to a provisional applica
tion, Ser. No. 60/875,323, ?led Dec. 15, 2006, the disclosure
of which is expressly incorporated herein by reference in its

region in the vicinity of the aperture called the “near-?eld”
where the existing light beam retains the approximate dimen
sions of the hole. If this subwavelength light beam within the

entirety.

near-?eld region is used to raster scan the surface of an object,
a two-dimensional image can be created in a serial fashion

Not Applicable

(one point at a time).
In addition to near-?eld imaging techniques, image reso
lution can be improved by using metamaterials. Metamateri

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

als are arti?cial media with unusual electromagnetic proper

Not Applicable

ties that result in negative permittivity E, permeability u,
BACKGROUND

1. Field
The invention relates to antenna systems and in particular
to antenna systems used in radar applications.
2. Description of the Related Art
The resolution of all lens-based instruments is de?ned by
the ?nite dimensions of the electromagnetic wave used by a
lens. The resolving power, or the minimum separation
between two points which can be resolved (dmin), can be

20

here. For more information on the theory of metamaterials
and their uses, the reader is directed to the following sources:

T. W. Ebbesen, H. J. Lezec, H. F. Ghaemi, T. Thio, P. A. Wolff,
25

approximated by M2, where 7» is the wavelength of light. This
limitation is the result of diffraction that takes place because
of the wave nature of electromagnetic radiation. Moreover, it
should be noted that the resolution limit described above

30

35

netic radiation being used, such imaging is termed “far-?eld”
imaging or diffraction-limited viewing.
Conventional far-?eld imaging techniques are unable to
use the “near-?eld” component of the radiated ?eld. The
near-?eld component of a radiated ?eld is a standing wave, as
compared to the traveling wave of the far-?eld component. As

such, the near-?eld is evanescent in conventional systems
because it decays very rapidly as distance increases from the
object of interest, often at r3 or greater, where r is the distance
from the object of interest. For several types of radio anten
nas, it should be noted that although the near-?eld exists, its

40

45

amplitude is signi?cantly weaker than the far-?eld for
R>[2D2]/7», where k?he wavelength, D?he antenna size,
and R?he radial distance from the antenna. The boundary
between the near-?eld and the far-?eld is conservatively esti
mated at approximately M16 from the antenna or object of
interest.

50

in the Near Field”, Foresight Directorate; J. B. Pendry, A. J.
Holden, D. J. Robbins, and W. J. Stewart, “Magnetism from
Conductors and Enhanced Nonlinear Phenomena”, IEEE
Trans. Microwave Theory Tech., Vol. 47, No. 11, pp. 2075

“Imaging Properties of a Metamaterial Superlens”, Appl.
Phys. Lett., Vol. 82, No. 2, pp. 161-163, January 2003; 23.
Nassenstein, H. Phys. Lett. 29a, 175 (1969); Chew, H., D.-S.
Wang and Kerker M. Appl. Opt. 18, 2679 (1979); Wolf, E. and
Nieto-Vesperinas, M. J. Opt. Soc. Am. A 2, 886 (1985).
It may be helpful to provide a tangible example of the
effects of metamaterials by comparing how a beam of light is
affected by a material with a negative refractive index (a
metamaterial) and a material with a positive refractive index,
such as glass. If the light beam strikes the surface of the
material at an acute angle relative to the surface, the beam of
light will enter the material and refract, or bend, away from
the angle at which it entered the material. In general, a con
ventional material having a positive refractive index, such as

glass, the beam of light will refract slightly toward the normal
(i.e. an imaginary line perpendicular to the surface of the
material at the point of the beam’s entry), and continue
through the material on the opposite side of the normal.
However, with a metamaterial having a negative refractive

index, the beam of light will refract greatly by staying on the

An increasingly important and rapidly developing alterna
tive to conventional lens-based imaging is the “near-?eld”

“Extraordinary Optical Transmission through Sub-Wave
length Hole Arrays”, Nature, Vol. 391, pp. 667-69, 1998;
Anthony Holden, “Inside the Wavelength: Electromagnetics

2084, November 1999; David Smith, “Superlens breaks opti
cal barrier”, PhysicsWeb, August 2005; N. Fang, X. Zhang,

arises from the assumption that the image of an object is being
detected in the “far-?eld”, that is, a distance at which the
far-?eld dominates over all other aspects of the electromag
netic radiation. For these reasons, where resolution is limited
to no better than one-half of the wavelength of electromag

and/or negative index of refraction N (Na/(611)), that are
controlled by the design of the material. Metamaterials are
well-known by those of skill in the art and their theory and
construction is beyond the scope of what will be discussed

same side of the normal. It will be appreciated that this has
55

profound applications for near-?eld imaging. Because the

technique which provides superresolution imaging. The term

near-?eld decays so rapidly, if it is combined with a metama

“superresolution” de?nes any means for optical imaging or

terial having a negative refractive index, the rapid decay can
be controlled by placing a metamaterial within the near-?eld,
thereby allowing the near-?eld component to be captured.
Once the near-?eld is captured, it is possible to process both
the far-?eld and the near-?eld components to dramatically

spectroscopy that permits spatial resolution which exceeds
the diffraction limitation caused by the wave nature of elec
tromagnetic energy; and provides a resolution which is less

60

than one-half the wavelength of the light actually being used.
All superresolution near-?eld imaging and scanning near
?eld optical microscopy (“SNOM”) is based on the fact that
although light cannot be focused to a spot less than one-half
the wavelength of light (M2), it can be directed through a
device or article which reduces the size of the light energy to
dimensions smaller than M2 via near-?eld detection.

improve the image resolution.
Information relevant to attempts to use metamaterials in
antenna systems can be found in US. Pat. Nos. 6,958,729 and
65

7,218,285. However, both of these references suffers from
one or more of the following disadvantages: not enhancing

the near-?eld component of the wave, not using near-?eld

US 7,928,900 B2
3

4

probes, not using sub-wavelength illumination, not utilizing

of metamaterial elements, the plurality of metamaterial ele

for metal penetration, and not detecting the near-?eld of the

ments comprising a second lens. The radar system further
comprises at least one near-?eld sensing component in opera
tive communication with the at least one receive array. The

source or object to be imaged.
For the foregoing reasons, there is a need for an improved
resolution radar system that can enhance the near-?eld com
ponent of the wave, use near-?eld probes, and use sub-wave

radar system further comprises a far-?eld ?lter circuit/array
constructed and arranged to separate the far-?eld component
and the near-?eld component.
In another embodiment, the metamaterial elements form
ing the second circuit are selected from the group consisting

length illumination.
The art referred to and/or described above is not intended to

constitute an admission that any patent, publication or other
information referred to herein is “prior art” with respect to
this invention. In addition, this section should not be con

of an integrated circuit or resonator, a distributed circuit or
resonator, and a lumped element circuit or resonator, or a

combination thereof.
In another embodiment, the radar system comprises an

strued to mean that a search has been made or that no other

pertinent information as de?ned in 37 CPR. §l.56(a) exists.

amplitude discrimination component.

All U.S. patents and applications and all other published
documents mentioned anywhere in this application are incor

In yet another embodiment, the radar system includes a
far-?eld conditioning component, a near-?eld conditioning

porated herein by reference in their entirety.

component, a far-?eld processing component, a near-?eld

processing component, and a signal combining and process

SUMMARY OF THE INVENTION

ing component.
In one embodiment, the radar system comprises at least one
metamaterial transmit array and at least one near-?eld stimu
lator. The transmit array has a near-?eld and comprises a

20

In still another embodiment, the near-?eld sensing compo
nent is selected from the group consisting of at least one

near-?eld probe, at least one high impedance probe, at least

plurality of metamaterial elements, the metamaterial ele

one transmission line port, at least one antenna array, or a

ments comprising a ?rst lens. The near-?eld stimulator is used

combination thereof.

for inputting an electromagnetic signal to the transmit array

25

so that a sub-wavelength sized target is illuminated with an
electromagnetic wave.

In another embodiment, the near-?eld stimulator is
selected from the group consisting of a near-?eld probe, a
port, an antenna, or a combination thereof.

load/impedance pull, saturable magnetic, modulation/fre
30

In some embodiments, the electromagnetic wave has a

frequency of less than about 1.5 GHZ.
In at least one embodiment, the electromagnetic wave has
a frequency between about 50 kHz and about 600 MHZ.
In another embodiment, the electromagnetic wave has a

In another embodiment, the radar system comprises at least
one ?rst control component in operative communication with
the transmit array. In some embodiments, the ?rst control
component may be a varactor, pin diode network, gyrator,
quency control, or other tunable resonator components or
sub-circuits, or a combination thereof.

In yet another embodiment, the system further comprises at
least one second control component in operative communi
cation with the receive array. In some embodiments, the sec
35

ond control component may be a varactor, pin diode network,

frequency of about 100 kHz.

gyrator, load/impedance pull, saturable magnetics, modula

In at least one embodiment, the radar system further com
prises an antenna.

tion/frequency control, or other tunable resonator compo

In another embodiment, the radar system comprises at least
one ?rst control component in operative communication with

nents or sub-circuits, or a combination thereof.
40

communication with the at least one receive array and/ or the
at least one transmit array, the far-?eld ?lter circuit con

the transmit array. In some embodiments, the ?rst control

component may be a varactor, pin diode network, gyrator,

load/impedance pull, saturable magnetic, modulation/fre
quency control, or other tunable resonator components or
sub-circuits, or a combination thereof.
In at least one embodiment, the electromagnetic wave has

a frequency and incident power level suf?cient to penetrate
metal.
In another embodiment, the metamaterial elements form
ing the ?rst lens are selected from the group consisting of an

45

lens itself for the function of eliminating components from

the system, optimizing noise ?gure, blanking the front-end
50

of the metamaterial elements and lenses may be made dra
55

matically smaller without sacri?cing e?iciency. Also, by
matching the permittivity and permeability the intrinsic
impedance of air is matched allowing an incident electromag

In at least one embodiment, the radar system further com

In at least one embodiment, the radar system further com
prises at least one metamaterial receive array constructed and
arranged to receive a return wave re?ected from an object of
interest. The return wave comprises a near-?eld component
and a far-?eld component. The return wave has a frequency
less than about 1 GHz. The receive array comprises a plurality

receiver for protection and other purposes.
In another embodiment, the radar system includes compos

ites combining high permittivity materials with matched high
permeability materials. By utilizing such composites, the size

out buming through the metal.
prises a plurality of metamaterial resonators, the resonators
being dispersed near an object of interest so that clutter noise
may be reduced, or being dispersed in a region of interest so
that changes in the region may be detected.

structed and arranged to separate the far-?eld component and
the near-?eld component.
In another embodiment, the radar system includes tuning
components or combinations of tuning components in order
to perform a mixing function at the metamaterial element or

integrated circuit or resonator, a distributed circuit or resona
tor, and a lumped element circuit or resonator, or a combina

tion thereof.
In another embodiment, the electromagnetic wave is suf
?cient to damage electronics enclosed in metal with or with

In another embodiment, the system further comprising a
far-?eld ?lter circuit, the far-?eld ?lter circuit in operative

netic wave to pass into the lens with minimal re?ections. The

technique applies to isotropic and anisotropic materials. The
60

metamaterial resonators may be comprised of the high per
meability and permittivity materials or the metamaterial reso
nators may be situated in a substrate comprised of the high

permeability and permittivity materials.
In another embodiment, by partially overlapping the focal
65

points of the transmit and receive lenses, the resolution may
be improved, but at the expense of received power. As an
example, if a transmit lens and a receive lens each have a focal

US 7,928,900 B2
5

6

point that is ten meters wide, and the focal point of the receive
lens overlaps only two meters of the transmit lens focal point,
the resolution is improved at the expense of received power,
depending upon the focal point pattern. This is not an issue for

the ability to obtain a radar return from an area smaller than

the size of the radiated wavelength with an appropriately
designed lens/ antenna which helps localize the radar return.
The radar return from the sub -wavelength illuminated region

close-in applications with signi?cantly concentrated transmit

can also be received and imaged using sub-wavelength imag

power.

ing techniques in order to achieve new levels of radar resolu
tion. Similar to the way in which time delay is used to phase
standard phased array radar antenna elements, time delay can
be used in a metamaterial array to change the focal point of
the radiation to adjust the depth of a GPR scan or change other
features of the array.
In one embodiment, the radar system 10 for producing

In another embodiment, by sweeping the focal point of the
receive lens across the focal point of the transmit lens, the size
and character of the focal points can be measured. By mea
suring the focal points and incorporating control over the

focal points, the measured transmit focal point information
can be used to optimize focusing as the wave penetrates

sub -wavelength illumination includes at least one metamate
rial transmit array 15 and at least one near-?eld stimulator or

various layers of materials, including metals.
In another embodiment, isotropic or anisotropic materials
may be used for the metamaterials and/or antennas, radomes,

port 20 for inputting an electromagnetic signal 30 to the
transmit array so that a sub-wavelength target 35 is illumi
nated with an electromagnetic wave 40. The transmit array 15
includes a plurality of metamaterial elements 45 which form
a lens. The electromagnetic wave may have a frequency in the

probes.
In another embodiment, by physically or electrically
sweeping the radar lens transmitting a continuous wave (i.e.
unmodulated) tone, the receive lens will receive a modulated
return based on the spatial frequencies or shapes of the target
and the rate at which the unmodulated tone is swept past the

20

target.
In another embodiment, the metamaterial elements are

comprised of a plurality of resonators of varying designs in
order to achieve a wide bandwidth response of the radar

25

system.

tens of kilohertz range all the way up to optical frequencies in
the terahertz range. In some embodiments, the frequency is
less than about 1 GHz. In at least one embodiment, the elec
tromagnetic wave has a frequency between about 50 kHz and
about 600 MHz, while in other embodiments the frequency is
about 100 kHz.
In at least one embodiment, the near-?eld stimulator 20 is
a near-?eld probe, a port, an antenna, or combination thereof.

BRIEF DESCRIPTION OF THE SEVERAL

VIEWS OF THE DRAWING(S)
30

modulated manner) signals that would be utilized by metama
terial elements to achieve sub-wavelength illumination. As
shown in FIG. 5, the near-?eld probes 55 are aligned with a
metamaterial element 45 and in operative communication

A detailed description of the invention is hereafter

described with speci?c reference being made to the drawings.
FIG. 1 is a schematic representation of the near-?eld dif
fraction from a subwavelength aperture.
FIG. 2 is a block diagram of an embodiment of the present

Near-?eld probes are placed very near to, but not in contact
with the metamaterial elements in the transmit array. The
near-?eld probes are used to stimulate (in an unmodulated or

35

with a sense/exciter/ feed array 58.

invention depicting sub-wavelength illumination using a

Referring again to FIG. 2, in at least one embodiment, the

metamaterial transmit array.
FIG. 3 is a block diagram of an embodiment of the present

radar system includes an antenna 60. It should be noted that
the term antenna could also be taken as meaning an antenna

array. The antenna may be placed in front of, behind, to the

invention depicting sub-wavelength illumination and detec
tion using metamaterial transmit and receive arrays.

40

FIG. 4 is a block diagram of an embodiment of the present

array 15 to produce near-?eld signals. Speci?cally, the EM

invention using amplitude discrimination circuitry.

signal source 3 0 and the stimulator 20 produce a wave in order

FIG. 5 is a block diagram of an embodiment of control,

to stimulate the metamaterial elements, which produces sub

conditioning, and processing circuitry of the present inven
tion.
FIG. 6 is a graphical representations of a transmit array

side of, or inside the lens. The antenna 60 is used to stimulate
the metamaterial elements 45 of the metamaterial transmit

45

wavelength illumination.
In some embodiments, both near-?eld probes or ports and

focal point and a receive array focal point partially overlap

antennas 60 are used to stimulate the metamaterial elements

ping.

in the transmit array, as depicted in FIG. 2.
Referring now to FIG. 3, in at least one embodiment, the
DETAILED DESCRIPTION

50

further includes at least one metamaterial receive array 65,
constructed and arranged to receive a return wave 70 re?ected
from an object of interest or target, at least one near-?eld

While this invention may be embodied in many different

forms, there are described in detail herein speci?c preferred

sensing component 75, and a far-?eld ?lter circuit 80. The

embodiments of the invention. This description is an exem

pli?cation of the principles of the invention and is not
intended to limit the invention to the particular embodiments
illustrated.
For the purposes of this disclosure, like reference numerals
in the ?gures shall refer to like features unless otherwise
indicated.
Referring to FIG. 2, in at least one embodiment the present

55

in particular ground-penetrating radar (GPR), building pen
etrating radar (BPR), and metal penetrating radar (MPR), is

return wave 70 comprises a near-?eld component and a far

?eld component, and the receive array comprises a plurality
of metamaterial elements 45 forming another lens. The near

?eld sensing component 75 is in operative communication
60

invention results in sub-wavelength (sub-7») illumination.
Sub-wavelength illumination means illuminating a region
smaller than the wavelength of the electromagnetic wave
being used for the illumination. The implication for radar, and

radar system 10 for producing sub-wavelength illumination

with the metamaterial elements 45 of the receive array 65.
The sensing components 75 can be used to ensure that the
array is operating as desired and/or to provide signal(s) to
other circuits used to control the performance of the array to

ensure the array is operating properly (i.e. feedback to opti
mize performance). The near-?eld sensing component may
65

be a near-?eld probe, port or a high-impedance probe to sense

the near-?eld and convert it into electrical form, thereby

allowing processing of the near-?eld.

US 7,928,900 B2
7

8

Electromagnetic signal sources are well known in the art.
In general terms, an EM signal source may comprise a power
source, an oscillator circuit that produces the EM signal, a
modulator to control the duration of the signal, and an ampli

nescent waves are known in the art. Proper design of an SRR

causes the effective permeability and permittivity, and thus
the refractive index, of a metamaterial to be controllable. One
method of creating an SRR involves two metal disks that form

?er to strengthen the EM signal prior to transmission.

a ?oating resonant inductor-capacitor (L-C) circuit and wire.
The metal disks store electromagnetic energy. The majority

Antennas (or antenna arrays) are also well known in the art
and will not be described here. The antenna 60 is coupled to

of the energy stored in the electric ?eld for the SRR is between

the rings and is highest in magnitude close to the gaps in the
rings. The effect of the SRR is ampli?cation or concentration

the EM signal source 30 typically by a waveguide (not shown)
or transmission line (not shown) and the antenna is designed
to transmit and/or receive EM signals.
One way to create a metamaterial is by using dielectric

of the near-?eld/ evanescent waves which results in high ?eld
strength in the SRR. The receive array is comprised of a
plurality of SRRs, or metamaterial elements 45, created in an
array and forming a circuit.
The gaps in the two metal disks which form each SRR act

resonators. Dielectric resonators can resonate in TM, TE or
TM and TE modes. When the dielectric resonators are reso

nant in TM or TE modes then only one effective negative

dielectric property (permittivity or permeability) is provided
by the resonator so the other effective negative dielectric
property is provided by a resonant mode occurring in the
spacing between dielectric resonators. For cube shaped
dielectric resonators, the third mode/resonance of the cube is
usually a combined TM and TE mode, so that both negative

like capacitive plates. Each SRR has an electric ?eld strength
between these capacitive plates that can be orders of magni
tude larger than the electric ?elds in the media surrounding
the metamaterial.
The design of a traditional split ring resonator metamate
20

rial element at 100 kHz would require signi?cant volume. By

permittivity and negative permeability are provided. This

combining low-loss, high permeability ferrites with high per

design eliminates any requirements on the spacing between
elements and containing the ?elds within the cube. More
information may be found in “Application of Cubic High
Dielectric Resonator Metamaterial to Antennas,” by Jaewon
Kim and Anand Gopinath, presented in session 220 at IEEE
Antenna and Propagation Society conference in June 2007.
In one embodiment of the invention, high permittivity

mittivity materials (e. g. X7R dielectric materials with relative

materials are used for one resonant mode and high perme
ability materials are used for the other resonant mode. The

permittivities near 3500) as the metamaterial elements or the
25

substrate to the metamaterials, the size of the metamaterial
elements are reduced signi?cantly, the resonant storage
energy balances resulting in wider bandwidths and the intrin
sic wave impedance is maintained nearly at free space, pre

venting signi?cant re?ections at the dielectric material inter
30

faces. Using metamaterial elements that utilize space more
e?iciently than a split ring resonator such as a spiral resonator,

high permeability and high permittivity materials are then

dielectric cubes or newer elements reduces size. Another size

combined into one metamaterial cube lens for simultaneous
TM/TE mode resonance within the cube. For situations in
which the dielectric resonator provides a ?rst resonant mode
and the gap between resonators provides the second resonant

reduction technique is to increase the scanning rate in order to
increase the received near-?eld frequencies. Increasing the
scanning rate increases the bandwidth of the received signal,
but wide-band metamaterial techniques have been developed
to enable reception of wide-band near-?eld signals.
The ?elds of 100 kHz metamaterials extend signi?cantly in
undesirable directions where near-by structures adversely
affect the overall performance. In order to minimize the
effects caused by close-in structures, metamaterial or elec

35

mode, using high permittivity material in resonator and then
using high permeability material in the gap, or vice versa, the
size of the metamaterial elements may be dramatically
reduced. Furthermore, e?iciency is maintained in such a

design by matching the wave impedance closely to free space

40

tronic band gap insulators are used to isolate the metamaterial

or to the media the metamaterial elements are contained

within. By using high permittivity materials combined with

arrays and simplify their design. Ferrite absorbers, layered

high permeability materials, ef?cient negative permeability

media, resistor networks and other techniques are used to help
minimize distortions caused by the insulators and to enhance
their properties. In some embodiments, absorbers may be
used without band-gap or metamaterial insulators.

and permittivity are achieved using one cube in which the
separation between cubes is not critical. The bene?ts of a cube
resonator are that they are low-loss compared to metallic

45

metamaterial elements, they provide an isotropic response
which simpli?es metamaterial array and lens designs in some
cases and size reduction features are built in by using alter

nating high dielectric constant materials.

50

formed by lumped elements and combinations of all the

In one example of a cube resonator, a 1/2" cube of high

permittivity material, (such as AVX Corporations’s X7R

above elements.
The embodiment shown in FIG. 3 includes near-?eld sens

dielectric material with a relative permittivity near 3500), is
partially enclosed within a cup-shaped or open square design

of high permeability interstitial material. The permeability of

In some embodiments the circuit formed by the metama
terial elements is an integrated circuit/resonator. In at least
one embodiment, the circuit formed is a distributed circuit/
resonator. In some embodiments, the circuit/resonator is

ing components 75. Through the use of near-?eld sensing
55

the interstitial material is matched, as closely as possible, to

components 75 in communication with the metamaterial ele
ments 45, such as the metamaterial cubes or SRRs described

the permittivity of the dielectric material. The permeability

above, the evanescent near-?eld signals may be detected

and the permittivity are matched in order to create an imped

without perturbing the resonating metamaterial.

ance approximately equal to the characteristic impedance of

free space, given by ZOq/(uO/EO), or approximately 377

One embodiment of a near-?eld sensing technique
60

ohms. Thus, waves incident on the cube will not be re?ected.

radiating object, without touching it, in order to sense the
near-?eld. Near-?eld probes scan the radiating object, one

Such design may be used at frequencies in the range of about
150 kHz to about 200 kHz.

Another way to create a metamaterial is by using Split Ring
Resonators (SRR) and wires. Split Ring Resonator structures
which are smaller than the size of a wavelength, but resonate
in a way which captures and concentrates the near-?eld eva

involves the use of near-?eld probes to recover the near-?eld.
Used often in SNOM, near-?eld probes are brought near to a

65

pixel at a time, in order to completely reconstruct the object’ s
image. As shown in FIG. 5, the near-?eld probes 55 are
aligned with a metamaterial element 45 and in operative
communication with a sense/exciter/feed array 58.

US 7,928,900 B2
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Another embodiment of a near-?eld sensing technique

?eld signal, the detection of the near-?eld superimposed on
the far-?eld is possible, thereby improving the overall reso
lution of the resulting image. The same technique can be used
to detect the entire near-?eld signal.
The ampli?ers can be low-noise ampli?ers or standard
ampli?ers. As mentioned above, attenuators can also be used,

involves the use of high-impedance contact probes or at least

one transmission line port. Unlike near-?eld probes, the high

impedance probes and ports make contact with the object
being sensed.
The purpose of the near-?eld sensing components, whether
they are near-?eld probes, high impedance probes, at least

depending upon the return signal amplitudes anticipated and

one transmission line port, or some other technique, is to
sense the near-?eld and convert it into electrical form. Once

the overlap of each sub-range ADC. In a generalized system,
there will be some number N of ampli?ers/attenuators, with
each being tuned to a different amplitude for lower-level

converted, the electrical form of the near-?eld can then be

processed, allowing for near-?eld enhancement and thus

reception. Also, there may be multiple ampli?ers combined
with ?lters and/or other signal conditioning circuitry in order
to optimize reception.

improved image resolution.
In order to maximize resolution, detection of both the
near-?eld and the far-?eld is required. However, in a scanning
system, separate processing of the near-?eld and far-?eld
signals is preferable in some instances. In the embodiment

In some embodiments, as depicted in FIG. 5, the present
invention may include at least one, or a combination of,

shown in FIG. 3, a far-?eld ?lter circuit 80 is included which

components or circuits which perform the following: near

separates the near-?eld and the far-?eld. Speci?cally, the

?eld conditioning 95, far-?eld conditioning 100, near-?eld
RF front-end 105, far-?eld RF front-end 110, near-?eld pro

near-?eld is detected using a far-?eld metamaterial ?lter cir

cuit which rejects the far-?eld, thereby enabling detection of

20

cessing 115, far-?eld processing 120, and signal combining
and processing 125, in order to produce a composite radar

the very low level near-?eld signal. A portion of the metama
terial receive array 65 can be designed to ?lter out frequencies

return 126.

by selecting a relative permittivity or relative permeability to

The far-?eld conditioning is used for optimizing the power

be zero in order to null out the relatively narrow-band spec
trum of the far-?eld and allow discrimination of the wider
band near-?eld.
In at least one embodiment of the present invention, ele
ments, or control components 85, such as a varactor, pin diode

transfer between the antenna array and the RF front end,
25

controlling the direction, beamwidth, bandwidth, center fre
quency, modulation, squint, polarization, front-to-back ratio,

components or sub-circuits, or a combination thereof, may be

and other features of the antenna array to optimize reception
of the far-?eld and transmission.
As described above, the front-end stage is used to combine,
synchronize, and convert the RF frequencies received into
signals at lower frequencies that can be processed more

included in the metamaterial element circuit of the transmit

readily by a Digital Signal Processor (DSP) and/or other

and/or receive arrays in order to allow features of the ?lter
such as the center frequency, focal point and band edges to be
tuned.

analog and digital circuitry.

network, gyrator, load/impedance pull, saturable magnetic,
modulaton/ frequency control, or other tunable resonator

30
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In some embodiments of the present invention, the ampli
tudes of the near-?eld and the far-?eld can be compared and
used for discrimination. As mentioned above, the near-?eld
signal is very weak because of its evanescent characteristics.

Knowing that the far-?eld signal has a relatively large ampli
tude when compared against the near-?eld signal, and focus

the art.

Because resolution is maximized when both the far-?eld
and near-?eld are used to produce an image of the object, a

composite signal must be produced. The composite signal is
40

signals can be discriminated using equalizers, fast Fourier

Transform (FFT) techniques, wavelet transform techniques,

system, or equivalent scanning system via two or more anten
45

Another method of achieving improved radar resolution is
to partially overlap the antenna patterns of the transmit and

ampli?ers G (or frequency selective attenuators) and detec

receive arrays, as shown in FIG. 6. FIG. 6 depicts receive
50

For radiofrequency (RF) reception, an RF front-end stage
may be required prior to ADC detection. The front-end stage

is used to combine, synchronize (for pulsed systems), and
convert the RF frequencies received into signals at lower
frequencies that can be processed more readily by a Digital

nas, will be required as in traditional radar imagers (e.g.

SNOM applications).

FIG. 4 depicts an alternative embodiment for discriminat

ing between the near-?eld and the far-?eld, both the near-?eld
and far-?eld are received by a plurality of frequency selective
tors or analog-to-digital converters (ADC). The output from
the ADCs is fed into an amplitude discrimination circuit 90.

a combination of the near-?eld and the far ?eld features,

resulting in maximized resolution.
In one embodiment, the composite signal(s) is generated
from a plurality of signal samples. Most likely a scanning

ing in on a narrow frequency band, the far-?eld and near-?eld

or other frequency-time ?lter techniques.

Near-?eld and far-?eld processing refers to analog or digi
tal signal processing, which is well-known by those skilled in

55

array focal point 140 partially overlapping transmit array
focal point 145 at the region 150. By not pointing the receive
array focal point 140 directly at the transmit array focal point
145, a smaller portion of the region illuminated by the trans
mit antenna is sensed by the receive array. In this manner,
resolution is improved, but at the expense of power. Sweeping

the receive array focal point (or peak gain) versus the transmit

Signal Processor (DSP) and/or other analog and digital cir
cuitry. For low frequency metamaterials (e.g. 100 kHz), it
may be possible to perform the conversion directly by the

array focal point is similar to a technique used in some types

of optical sensors to improve image resolution. This method

metamaterial array, DSP or other analog and digital circuitry.
A plurality of ?lters and ADCs is required to provide sub
range resolution. Part of the resolution of each ADC overlaps
the previous. If lower level detection is desired, splitting the
frequency range into multipleADCs through the use of ?lters

60

in order to achieve the noise ?oor required to enable detection

65

has the added bene?t of optimizing the focus of the array in a
closed-loop manner.
In another embodiment, a ‘superlens’-like system can be

of the near-?eld signal may be desirable. By enabling the

used in which the composite signal is generated from only one
sample, rather than through scanning. By utilizing new tech
niques presented, it is possible to create a superlens which is
free of the geometry requirements of a standard superlens
(e.g. sensing via near-?eld probes or ports and generating the

high-?delity detection of both a far-?eld signal and the near

composite image via software.)

US 7,928,900 B2
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Because of temperature, vibration and circuit variations

determined by measuring a radar image or signature of a

resulting from operational and environmental factors (e.g.
temperature, humidity, etc.) it may be desirable to implement

region immediately following placement of seeds. Any dis

a control loop to ensure both the metamaterial and conven
tional arrays scan with the desired characteristics. For

determined by re-measuring the image or signature and com
paring it to the initial radar image or signature. Clearly there

example, a control loop can ensure that the metamaterial ?lter

are a number of important uses for seeding, including detect

is centered on the transmit signal and that the ?lter rejects the
returned far-?eld.
In some embodiments, the present invention may also
include circuitry in communication with the metamaterial

ing buried mines, unexploded ordinances (UXOs), tunnels,
utility lines, and improvised explosive devices (IEDs)

turbances or change in condition in the seeded region can be

In some embodiments, the seeded sub -wavelength resona
tors are used to perform the near-to-far ?eld conversion to

transmit array, and in some instances with a patch antenna
130 or other antenna array as well. The circuitry is designed as
a conditioning/combining/control array stage 135. The con

enhance GPR imaging resolution.

In other embodiments, clutter rejection is accomplished by

narrow-banding, narrow-beaming, modulation techniques,

ditioning/combining/control array stage is circuitry used for
detecting the near ?eld signals from a near-?eld probe, high
impedance probe, or other type of contact probe. It may also

and time domain techniques. Though wide-band metamate
rials have been demonstrated, most metamaterials are nar

row-band. Because of their resonant structure, metamaterials
can be designed to provide their unique properties over a
relatively narrow bandwidth and over relatively narrow

be used for stimulating metamaterial elements using a near

?eld probe. Also, the conditioning/combining/control array
stage can be used for steering the angle, beamwidth, band

width, center frequency, modulation, squint, polarization,

20

angles of incidence.
Bene?ts of narrow-band radar are that the radar becomes

focus of the main beam of the metamaterial array for recep
tion or transmission via the use of ports or probes or a separate

less susceptible to interference. A narrow-band antenna/lens

patch or other antenna array. It may provide the appropriate
signals to the patch or other antenna array. It may control the
center frequency, bandwidth and/or possibly the order of the
metamaterial ?lter by the use of tuning elements such as

is also less susceptible to noise pickup, antenna-ground
bounce induced ringing, generates less interference, and is
25

varactors, gyrators, pin diode switched elements, load/im

pedance pull, saturable magnetics, modulation/frequency
control, or other tunable resonator components or sub-cir
cuits, or a combination thereof. And, it may be used for

30

better matched to optimize transmit and receive power to
provide a wider dynamic range than is possible with a wide
band system. Generating the transmit signal for a narrow
band radar has been demonstrated and is within the state-of
the-art. However, the use of near-?eld techniques as
presented herein to improve the resolution of GPR and Build

optimizing power transfer between sensing/stimulating
arrays and the control circuitry.

ing Penetrating Radar (BPR) and Metal Penetrating Radar
(MPR) is novel and inventive.

In some embodiments, the present invention can be used

It is desirable to achieve a GPR/BPR resolution of centi
meters. To achieve centimeter resolution with standard radar

for improved metal penetrating radar. Electomagnetic fre
quencies from fractions of a hertz (Hz) to a few MHZ effec

35

requires many Giga-Hertz of bandwidth. State of the art sub

tively penetrate metal.

wavelength techniques have been achieving between about 3

Also, in some embodiments, the present invention can be
used for clutter rejection. A far-?eld return generates both a

and 700 fold sub-wavelength resolution improvement over
the diffraction limit. For narrow-band radar utilizing sub

wavelength techniques with 100 fold improvement in resolu

near-?eld wave and a far-?eld wave when it diffracts. Rocks,

soil variations, and other buried objects with features dimen
sionally smaller than the wavelength of an incident wave,
located between the desired object (or region) of interest and

40

the radar system, add noise to any radar return. These far-?eld
components will appear as clutter noise to a conventional

Ground-Penetrating Radar (GPR).

45

Reducing the effective beam width (i.e. narrow-beam) of
the GPR also reduces received arti?cial and environmental

interfering signals and noise, reduces clutter and helps facili
50

return can be processed, thus improving imaging resolution
of the object of interest. These far-?eld components will
55

Radar (GPR).
for controlled diffraction effects. The resonators can be dis
60

return wave re?ected from an object in which the return wave

includes dimensional information of the object smaller than

the incident wavelength.
Seeding is also effective in detecting changes in a location
in the ground by determining seed locations at the onset of
seeding and sensing a change in their locations. A baseline is

A narrow-band modulation technique (e.g. unmodulated
wave, Gaussian damped cycle, single cycle, etc.) may be used
in conjunction with knowledge of focal point and ultra-wide
band-like techniques (e.g. time correlation) to reduce overall
system noise, including rejection of clutter.
In some embodiments of the present invention, the sub
wavelength illumination can be used for metal penetrating

In some embodiments, clutter noise can be rejected by

“seeding” the ground with sub-wavelength sized resonators
persed on or in the ground near the object to be imaged. The
resonators are preferably optimized to enable detection of a

tate scanning which is often necessary for near-?eld tech

niques.

portions of the return noise to be subtracted out from the
far-?eld return. After the noise is subtracted out, the far-?eld

appear as clutter noise to a conventional Ground-Penetrating

is that free-space path loss is reduced, optimizing return
power of the near and far ?eld signals.

However, these noise components of the far-?eld return are

similar to the return produced by metamaterials. By placing
metamaterial elements (e.g. resonators) with known electro
magnetic characteristics near the object to be imaged, the
return noise is better de?ned, thereby allowing signi?cant

tion may use an operating frequency of approximately 300
MHz. This is a frequency at which soil attenuation is begin
ning to increase, but it is low enough in attenuation that
signi?cant soil penetration can occur with reasonable trans
mit power levels. Another bene?t of using lower frequencies

65

radar. Although sub-wavelength illumination is not required
for metal penetration, as presented earlier, sub-wavelength
illumination does improve the resolution of metal penetrating
radar. Achieving optimal resolution at metal penetrating fre
quencies will require a combination of techniques such as
sub-wavelength illumination along with the use of near-?eld
sensing components and feedback techniques such as scan
ning the receive lens focal point across the transmit lens focal

point to detect and ?ne-tune subwavelength focusing.

US 7,928,900 B2
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In some embodiments of present invention, the sub-wave

at least one near-?eld stimulator for inputting an electro
magnetic signal to the transmit array so that a sub -wave

length illumination can be used as a directed energy weapon.

length target is illuminated with an electromagnetic

A directed energy weapon using sub-wavelength illumination
techniques is superior to laser systems because of the lower
path loss, immunity to cloud cover, immunity to obscuration
caused by the burning process and provides the new capabil

wave.

2. The antenna array of claim 1, wherein the at least one
stimulator is selected from the group consisting of a near-?eld

ity of directed electromagnetic damage. Directed electromag
netic damage includes generating an electromagnetic pulse
(EMP) as well as simply producing continuously high local
ized ?eld strength. Using either EMP or high ?eld strength,

probe, port, an antenna, or a combination thereof.

3. The antenna array of claim 1, wherein the electromag
netic wave has a frequency of less than about 1.5 GHz and

the electronics in a target can be damaged (including situa

greater than about 50 KHz.
4. The antenna array of claim 1, wherein the electromag

tions where the target is EMl/EMP shielded) without damag
ing the electronics of nearby electronic systems and without

netic wave has a frequency between about 50 kHz and about
600 MHz.

5. The antenna array of claim 1, wherein the electromag

requiring the transmit power be as high as that necessary to

burn through the walls of the target system (i.e. metal pen
etrating capability). Circuits designed to protect sensitive

netic wave has a frequency of about 100 kHz.
6. The antenna array of claim 1, further comprising an
antenna, used to stimulate the metamaterial elements of the

electronics from EMP would be ineffective against such a
weapon as the sensitive electronics would be exposed directly

to high-level electromagnetic ?elds penetrating the metal
enclosure housing the electronics.

metamaterial transmit array to produce near-?eld signals.
7. The antenna array of claim 1, further comprising at least
20

wavelength sized region, the signal to noise of the return
signal from the sub-wavelength region is increased. The tech
niques described above for clutter rejection can be used in

transmit array, the ?rst control component being selected
from the group consisting of tunable resonant components
and tunable resonant sub-circuits.
25

9. The antenna array of claim 1, wherein the electromag
netic wave is suf?cient to damage electronics enclosed in

The above disclosure is intended to be illustrative and not

exhaustive. This description will suggest many variations and
30

elements shown in the individual ?gures and described above
may be combined or modi?ed for combination as desired. All
these alternatives and variations are intended to be included

within the scope of the claims where the term “comprising”
means “including, but not limited to”.

35

Further, the particular features presented in the dependent
within the scope of the invention such that the invention
should be recognized as also speci?cally directed to other

at least one metamaterial receive array, the at least one
receive array constructed and arranged to receive a
return wave re?ected from an object of interest, the
return wave comprising a near-?eld component and a

metamaterial elements, the plurality of metamaterial
40

elements comprising a second lens; and
at least one near-?eld sensing component in operative com
munication with the at least one receive array.

45

11. The antenna array of claim 10, further comprising a
far-?eld ?lter circuit, the far-?eld ?lter circuit constructed and
arranged to separate the far-?eld component and the near

?eld component.
12. The antenna array of claim 10, wherein the metamate
rial elements comprising the ?rst lens and the second lens are
selected from the group consisting of an integrated circuit or
50

resonator, a distributed circuit or resonator, and a lumped
element circuit or resonator, or a combination thereof.

which creates a dependency from a prior antecedent-possess

13. The antenna array of claim 10, further comprising an

amplitude discrimination component.

ing claim other than the speci?c claim listed in such depen
dent claim below.

This completes the description of the preferred and alter

metal with or without burning through the metal.
10. The antenna array of claim 1, further comprising:

far-?eld component, the return wave having a frequency
less than about 1 GHz and greater than about 50 KHz,
the at least one receive array comprising a plurality of

claims can be combined with each other in other manners

embodiments having any other possible combination of the
features of the dependent claims. For instance, for purposes of
claim publication, any dependent claim which follows should
be taken as alternatively written in a multiple dependent form
from all prior claims which possess all antecedents refer
enced in such dependent claim if such multiple dependent
format is an accepted format within the jurisdiction (e.g. each
claim depending directly from claim 1 should be alternatively
taken as depending from all previous claims). In jurisdictions
where multiple dependent claim formats are restricted, the
following dependent claims should each be also taken as
alternatively written in each singly dependent claim format

8. The antenna array of claim 1, wherein the electromag
netic wave has a frequency and incident power level suf?cient
to penetrate metal.

conjunction with sub-wavelength illumination.
alternatives to one of ordinary skill in this art. The various

one ?rst control component, the at least one ?rst control

component in operative communication with the at least one

In at least one embodiment of the present invention, the
sub -wavelength illumination can be used for clutter rejection.
By focusing the energy of the incident radiation on a sub

14. The antenna array of claim 10, further comprising a
55

far-?eld conditioning component, a near-?eld conditioning

nate embodiments of the invention. Those skilled in the art

component, a far-?eld processing component, a near-?eld

may recognize other equivalents to the speci?c embodiment

processing component, and a signal combining and process

described herein which equivalents are intended to be encom

ing component.

passed by the claims attached hereto.

15. The antenna array of claim 10, wherein the at least one

What is claimed is:
1. An antenna array comprising:

near-?eld sensing component is selected from the group con
sisting of at least one near-?eld probe, at least one impedance
port, at least one high impedance probe, at least one antenna,

at least one metamaterial transmit array, the at least one

at least one antenna array, or a combination thereof.

60

transmit array comprising a plurality of metamaterial
elements, the at least one transmit array having a near

16. The antenna array of claim 10, further comprising at
65

least one second control component, the at least one second

?eld, the plurality of metamaterial elements comprising

control component in operative communication with at least

a ?rst lens; and

one receive array, the at least one second control component

US 7,928,900 B2
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being selected from the group consisting of tunable resonant
components and tunable resonant sub-circuits.
17. The antenna array of claim 10, Wherein the receive

at least one near-?eld stimulator for inputting an electro
magnetic signal to the transmit array so that a sub -Wave

array comprises high permittivity and high permeability

wave, Wherein the electromagnetic wave has a fre

length target is illuminated With an electromagnetic

materials.
18. The antenna array of claim 10, Wherein the transmit

quency less than about 1 GHZ and greater than about 50

KHZ;

array comprises high permittivity and high permeability

at least one metamaterial receive array, the at least one

materials.
19. The antenna array of claim 10, further comprising
tuning components to implement a mixing function at the
metamaterial elements, lens, or antennas.
20. The antenna array of claim 10, Wherein the receive
array has a ?rst focal point, and Wherein a transmit array has
a second focal point, the ?rst focal point being swept across
the second focal point of the transmit lens or vice versa, the

receive array constructed and arranged to receive a
return wave re?ected from an object of interest, the
return wave comprising a near-?eld component and a

far-?eld component, the return wave having a frequency
less than about 1 GHZ and greater than about 50 KHZ,
the at least one receive array comprising a plurality of

metamaterial elements, the plurality of metamaterial
elements comprising a second lens;

?rst focal point and the second focal point only partially

at least one near-?eld sensing component in operative com

overlapping.

munication With the at least one receive array; and
a far-?eld ?lter circuit, the far-?eld ?lter circuit constructed

21. An antenna array comprising:
at least one metamaterial transmit array, the at least one

transmit array comprising a plurality of metamaterial
elements, the at least one transmit array having a near

?eld, the plurality of metamaterial elements comprising
a ?rst lens; and

20

and arranged to separate the far-?eld component and the
near-?eld component.
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