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(57) Abregeé/Abstract:

A system, apparatus, and method are disclosed for a super-resolution imaging radar (S
generator that propagates bursts of radio frequency (RF) energy. Each burst contains a nu

RIR). The SRIR employs a pulse signal

IS an ancilla pulse, and the remaining pulses are propagated towards an object. An array b

ucket detector (AB

mber of pulses. One pulse of each burst

D) collects pulses that

are reflected from the object. Also, the ancilla pulses are propagated through a virtual lens. A virtual scanning detector detects the
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(57) Abrege(suite)/Abstract(continued):

virtual ancilla electric
Further, a coincider

fleld. A processor calculates a virtual ancilla electric field, which would be present at the scanning detector.
ce circult calculates a cross-time correlation function of the electric fields of the reflected pulses that are

collected by the ABD and the virtual ancilla electric field. The coincidence circuit uses cross-time correlation function results to

generate pixels of an

Image of the object.
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(57) Abstract: A system, apparatus, and method are disclosed for a super-resolution imaging radar (SRIR). The SRIR employs a
pulse signal generator that propagates bursts of radio frequency (RF) energy. Each burst contains a number of pulses. One pulse of
cach burst 1s an ancilla pulse, and the remaining pulses are propagated towards an object. An array bucket detector (ABD) collects
pulses that are reflected from the object. Also, the ancilla pulses are propagated through a virtual lens. A virtual scanning detector
detects the virtual ancilla electric field. A processor calculates a virtual ancilla electric field, which would be present at the scan-
ning detector. Further, a coincidence circuit calculates a cross-time correlation function of the electric fields ot the retlected pulses
that are collected by the ABD and the virtual ancilla electric field. The comcidence circuit uses cross-time correlation function re-
sults to generate pixels of an image of the object.
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SUPER-RESOLUTION IMAGING RADAR

BACKGROUND

The present disclosure relates to super-resolution imaging radar (SRIR). In
particular, it relates to super-resolution imaging radar that uses high-order imaging in

order to achieve enhanced resolution.

SUMMARY

The disclosure describes a super-resolution imaging radar (SRIR), including a
pulse sighal generator. The pulse signal generator propagates N number of bursts of
radio frequency (RF) energy. Each burst contains M+1 single pulses. One of the single
pulses of each burst is an ancilla pulse, and the remaining M pulses of each burst are
propagated towards an object of interest. The SRIR also includes an array bucket
detector (ABD), wherein the ABD coliects pulses that are reflected from the object, and
a processor, wherein the processor uses the ancilla pulses, properties of a virtual lens,
and properties of a virtual scanning detector to calculate a virtual ancilla electric fieid,
which would be present at the virtual scanning detector wherein the ancilla pulses are
propagated through the virtual lens. The SRIR also includes a coincidence circuit,
wherein the coincidence circuit calculates a cross-time correlation function of the
electric fields of the reflected pulses that are collected by the ABD and the virtual ancilla
electric field. The coincidence circuit uses cross-time correlation function results to

generate pixels of an image of the object.

The present disclosure also describes a system, apparatus, and method for
super-resolution imaging radar. In one or more embodiments, the super-resolution
imaging radar involves a pulse signal generator that propagates N number of bursts of
radio frequency (RF) energy. Each burst contains M+1 number of single pulses. One
of the single pulses of each burst is an ancilla pulse, and the remaining M pulses of

each burst are propagated towards an object of interest. Also, an array bucket detector

(ABD) collects pulses that are reflected from the object.

In one or more embodiments, the ancilla pulses are propagated through a virtual
lens. In addition, a virtual scanning detector is used to detect the virtual ancilla electric

field propagated through the virtual lens. Additionally, a processor uses the ancilla

1
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pulses, virtual lens properties, and virtual scanning detector properties to calculate a
virtual ancilla electric field, which would be present at the virtual scanning detector.
Further, a coincidence circuit calculates a cross-time correlation function of the electric
fields of the reflected pulses that are collected by the ABD and the virtual ancilla electric
field calculated by the processor. The coincidence circuit uses cross-time correlation

function results to generate pixels of an image of the object.

In some embodiments, the M number of pulses sequentially illuminate the object.
In at least one embodiment, the N number of bursts Is inversely proportional to the
granularity of the image of the object. In one or more embodiments, the ABD comprises
a plurality of RF antenna elements. In at least one embodiment, the condition

K' = : K, must be satisfied. K,.represents the transverse component of the wave

M

vector of the imaging fields emitted in each burst, and KaL represents the transverse

component of the wave vector of the virtual ancilla field.

In one or more embodiments, the amplitudes of the reflected pulses that are
collected by the ABD are stored in digital form. The cross-time correlation function Is
computed using data that is stored in digital form. In some embodiments, the cross-
time correlation function is related to an image-pixel intensity at a location of the virtual

scanning detector. In at least one embodiment, the cross-time correlation function Is
HAM+VH =
G e )(x2,;'):

x'l.f

given by xo, o | | _
B Z <E0./ (TO./' 7 'XZI)EU (Tl/ g Z)'”Eﬁfﬁ (TM/ ” Z)Eﬂ-{z (n{,f g l)'”EU (Tl} ? Z)EOJ (TO./ A2 )>

j=|

location of the virtual scanning detector; j = burst index that corresponds to location x,,
=1.2,... N: E = electric field; E* = complex conjugate of the electric field; and T = time of

arrival of each burst.

The disclosure also describes a method for obtaining super-resolution images,
involving providing a super-resolution imaging radar (SRIR). The SRIR involves a pulse
signal generator, an array bucket detector (ABD), a processor for calculating a virtual
lens, and a virtual scanning detector and a coincidence circuit. The method aiso
involves propagating with the pulse signal generator N number of bursts of radio
frequency (RF) energy. Each burst contains M+1 number of single pulses. One of the

single pulses of each burst is an ancilla pulse, and the remaining M number of pulses of
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each burst are propagated towards an object of interest. The method also involves
collecting with the ABD pulses that are reflected from the object, propagating the anciila
pulses through the virtual lens, and calculating with the processor a virtual ancilia
electric field, which would be present at the virtual scanning detector, by using the
ancilla pulses, virtual lens properties, and virtual scanning detector properties. The
method also involves calculating with the coincidence circuit a cross-time correlation
function of the electric fields of the reflected pulses that are collected by the ABD and
the virtual ancilla electric field calculated at a virtual scanning detector plane, and
generating with the coincidence circuit pixels of an image of the object by using cross-

time correlation function results.

The disclosure also describes a method for obtaining super-resolution images
involves providing a super-resolution imaging radar (SRIR). In one or more
embodiments, the SRIR comprises a pulse signal generator, an array bucket detector
(ABD), a virtual lens, a virtual scanning detector, a processor, and a coincidence circulit.
The method also involves propagating with the pulse signal generator N number of
bursts of radio frequency (RF) energy, where each burst contains M+1 number of single
pulses. One of the single pulses of each burst is an ancilla pulse, and the remaining M

number of pulses of each burst are propagated towards an object of interest.

The method further involves collecting with the ABD pulses that are reflectea
from the object. The method also involves propagating the ancilla pulses through the
virtual lens and detecting with the virtual scanning detector the virtual ancilla electric
field. In addition, the method involves calculating with the processor a virtual ancilla
electric field, which would be present at the virtual scanning detector by using the ancilla
pulses, virtual lens properties and virtual scanning detector properties. Also, the
method involves calculating with the coincidence circuit a cross-time correlation function

of the electric fields of the reflected pulses that are collected by the ABD and the virtual
ancilla electric field detected at a virtual scanning detector plane. Lastly, the method

involves, generating with the coincidence circuit pixels of an image of the object by

using cross-time correlation function resulits.

The disclosure also describes a super-resolution imaging radar (SRIR). The
SRIR includes a pulse signal generator. The pulse signal generator propagates N

bursts of radio frequency (RF) energy. Each burst contains M+1 single pulses. One of
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the single pulses of each burst is an ancilla pulse, and the remaining M pulses ot each

burst are propagated towards an object of interest. The SRIR also Includes an array
bucket detector (ABD), the ABD collects pulses that are reflected from the object. The
SRIR further includes a virtual lens, through which the ancilla pulses are propagated.
The SRIR also includes a virtual scanning detector that detects the virtual ancilla
electric field, and also includes a processor that uses the ancilla pulses, virtual lens
properties, and virtual scanning detector properties to calculate a virtual ancilla electric
field, which would be present at the virtual scanning detector. The SRIR also includes a
coincidence circuit, wherein the coincidence circuit calculates a cross-time correlation
function of the electric fields of the reflected pulses that are collected by the ABD and
the virtual ancilla electric field. The coincidence circuit uses cross-time correlation

function results to generate pixels of an image of the object.

The disclosure also describes a super-resolution imaging radar (SRIR) involves a
pulse signal generator that propagates N number of bursts of radio frequency (RF)
energy. Each burst contains M+1 number of single pulses. In addition, one of the

single pulses of each burst is an ancilla pulse, and the remaining M pulses of each burst
are propagated towards an object of interest. The super-resolution imaging radar
further involves an array bucket detector (ABD) that collects pulses that are reflected

from the object, and a lens. The ancilla pulses are propagated through the lens.

Also, the super-resolution imaging radar involves a scanning detector that
detects the ancilla electric field. In addition, the super-resolution imaging radar involves
a coincidence circuit that calculates a cross-time correlation function of the electric fields

of the reflected pulses that are collected by the ABD and the ancilla electric field. The

coincidence circuit uses cross-time correlation function results to generate pixels of an

image of the object.

The disclosure also describes a method for obtaining super-resolution images

involves providing a super-resolution imaging radar (SRIR). The SRIR comprises a
oulse signal generator, an array bucket detector (ABD), a lens, a scanning detector, and
a coincidence circuit. Also, the method involves propagating with the pulse signal
generator N number of bursts of radio frequency (RF) energy. Each burst contains M+1
number of single pulses. And, one of the single pulses of each burst is an ancilla pulse,

and the remaining M pulses of each burst are propagated towards an object of Interest.

3A
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Further, the method involves collecting with the ABD pulses that are reflected
from the object, and propagating the ancilla pulses through the lens. In addition, the
method involves detecting with the scanning detector the ancilla electric field
propagated through the lens to the scanning detector plane. Further, the method
involves calculating with the coincidence circuit a cross-time correlation function of the
electric fields of the reflected pulses that are collected by the ABD and the ancilla
electric field detected by the scanning detector. Also, the method involves generating
with the coincidence circuit pixels of an image of the object by using cross-time

correlation function results.

DRAWINGS

These and other features, aspects, and advantages of the present disclosure will
become better understood with regard to the following description, appended claims,

and accompanying drawings where:

3B
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FiG. 1 dlustrates a schematic diagram of a super-resolution imaging radar

{(SRiK}, in accordance with at leasi one embodiment of the present disclosure.

(s, 2 shows test data from a simulation of a super-resoiution imaging radar, in

accorgance with at ieast one embodiment ot the present gisclosure.

UESCRIPTION

the methods and apparatus disclosed herein provide an operative system for

super-resolution  Imaging radar {(SRKRIR). Specifically, this system relates o

super-resoiution imagng radar hat uses high order imaging in order o achieve
enhanced resoiufion.

the disclosed system modifies a technigue known as "ghost imaging” in ths

aptical regime, and adapis it for yse with high-resoiution maging radar. This modifisd

technigue empiloys the fourth-order corelation of the electnic fields in the microwave Of

racio frequency (R regime o orm an image that has a 100x resolution improvement
over current state-of-the-art imaging radar. A direct comparison of the disclosed sysiem
with the current state-of-the-art in iImaging radar shows that the point spread funchion
(FSF) can be decreased from 5-10 m o ~ 0.045 m.

imaging radar works very much like g fiash camera in that it provides its own
ight to Hluminate an area on the groung and i takes a snapshot picture. But uniike &
camera, Imaging radar uses radio wavelengths. A flash camera sends out a puise of

ght {Le., the flash) and records on fim the iight that s reflecied back at it through the

camera iens. insiead of using a camera iens and film, Imaging radar empioys a radar

antenna and agigital computer tapes and/or memory {0 record the images. imaging

radar measures {he slrength and round-trp time of the microwave signals that are

amitied by the radar antenna and refiected off a distani surface or ohiect. As such, a

radar image only shows the Hght that was reflecied back lowards the radar antenna.

Currently, there are two main lypes of imaging radar that are used {0 generate

high-resoiulion radar images. hese two main types are synthelic aperture radar (SAK)

and inverse synthelic aperiure radar (ISAR).  The first of these two lypes, synthelic
aperture radar, s a8 form of radar in which mulliple radar images are processed 1o yield

nigher-resgiution images than would bDe possible by using convenlional means.

synthelic aperiure radar uses {1) one or more antennas mounied on a moving platform,

4
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sych as an aiplane of spacecraft, to dluminate a target area; (2} uses many

low-directivity smail siationary aniennas that are scatiered over an area near the target

area; oF {3) uses combinations thereof. In the case where many low-directivity small
stationary antennas are gmployed, the many echo wavelorms received at the differant

antenna positions are post-processed {0 rescive the {arget ares.

As such, a disadvaniage of synithetlic aperture radar s thatl since synthelic

aperture radar can only be implemented by using one or more moving anfennas over
relatively immobile targets, using mullipie stationary antennas over a relatively large
area, or using combinations thereoi, i requires a high cost, compiex system. Addilional
disadvaniages of synihelic aperiure radar inciude the fact that it requires a ot of data
storage and the fact thatl it reguires much posi-processing in order {0 generate the

resuiling image.

the second of the two main types of imaging radar that are used o generale

nigh-resolution radar images 8 mverse synthelic aperiyre radar.  inverse synthetlic
aperture radar is used (o generaie a two-dimensional (20D) high-resoiution image of a
targel. Inverse synthelic aperture radar images are produced by rolating the target and

processing the resuitant Loppier histories of the scatlering centers.

Luring operation of an inverse synthetic aperture radar, it the {argel rotates in
the azimuth direction at a constant rale through a small angle, scatlers will approach or
recede from the radar at g rate depending on the cross range position, which is the

distance normal to the radar line of sight with the ongin being iocated al the center of

the target axis of rolation. The rotation will resull in the generalion of cross range
dependent Doppler frequencies, which c¢an De sorted by a Founer fransform.  This
operalion is equivalent {o the generation of a large synithelic aperture phased array

antenna, which s formed by the coherent summation of the receiver gutputs for the

varving targef and/or antenna geometries. As such, if the target is rolated through small
angles, {he resulling inverse synthelic aperture radar image s the fwo-dimensional
Fourier transtorm of the received signal as a tunchion of frequency and the target aspedd

angie.

Conversety, i the target is rofated through large angles, the Doppler frequency

history of a scatter 18 non-iinear and oliows a sine-wave lrajectory. The Loppier

frequency history cannot pe processed directly by a Fourter transtorm because the
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smeared Doppler freguency nistory will result in a ioss of ¢cross range resolution. the
maximum angie of rolalion thatl is processed by an unmodified Fourier transform is

determined by the constraint that the aperlure phase error across the synihesized

aperture should vary by iess than a specified arbitrary amount, which s usually 45

degrees.

nverse synthetic aperiure radar has a few disadvantages. One disadvaniage

s thal inverse synihetic aperlure radar reguires motion, which is usuaily a rotation,
petween the image and the sensor. Other disadvaniages inciude the iact thal inverse
synthelic aperture radar requires a 1ol of dala storage and significant posi-processing in

order (o obtain the resulling image of the {arget.

it should be noled that both of the aforementioned types of imaging radar,

synthelic aperture radar and inverse synthetic aperiure radar, are limited 10 using

secong order corrglations of the electric tields i order {0 producs the resuling mage.

Currently, there are no Known lechnigues thal use higher order correlations for radar

imaging. ihe sysiem of the present disclosure empioys higher order correiations

between electromagnelic fields al radar freguencies (¢ form images. By semploying

nigher order imaging, the resolution i1s enhanced due {o the mathematical superposition

af many exponeniial products.

the disclosed technigue is simiiar {o "comncigence imaging or ghost imaging n
the optical regime. However, a number of modificalions are required in order {0 be able
{6 empioy the lechmigque for a radar configuration. In ghost imaging, an object is imaged

through the light that lluminales the object and the light that is collected by a single-

pixel detiecior that has no spalial resolution {(Le., a buckel deleclor). This is
accomplished through the use of iwo spatially correlated beams. One of the beams
fiuminates the obiect, and the pholons transmitied by the gbject are collected by the
bucket defector. the olher beam impinges on a mullipixel detector {e.g., a charge-
coupled device {CCL) camera) without ever passing through the object. Nevertheless,

oy correlaling the inlensities measured by ihe bucket delector with the intensilies of

cach pixel in the muilipixel detecior, an image of the object is reconstruciad.

The system of the present discliosure uses a tecnnigue hat s simiar to the

technigue used in ghost maging. The man difference between these wo lechnigues s

that the system of the present disclosure images an object through the use of radic
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frequency (RF) energy and, conversely, ghost imaging images an object through the
use of beams of light. A detailed discussion of the technigue empioyed by the sysiem

af the present disciosure follows.

N he following descriplion, numerous details are set forth in order 1o provide a
more thorough description of the system. It will be apparent, however, {0 one skilled In

the art, that the disclosed system may be pracliced without these spectiic details. In the

other instances, weall known tealures have nol been described in delall so as not {o

Lunneceassarity obscure the sysiem.

Fi(s. 1 shows a schemalic diagram of a super-resoiution imaging radar (SRR}
100, in accordance wiih at least one embodiment of (he present disciosure. In his
figure, the super-resoiution Imaging radar comprises a puise signal generator 105, an
array bucket defector (ABD) 110, a virfual lens 115, a virtual scanning detector 120, 3

processor (not shown ), and a comngigence circuit 125.

During operation of the super-resolution imaging radar (SRR}, the pulse signal
generator 105 propagates N number of bursis 130 of radio freguency (RE) energy.
-ach burst 130 of RE energy contains M+1 singie pulses 135, One of the single puises
of each burst 130 is an ancilla puise 140, and the remaining M pulses of each burst 130
are propagated iowards an object 145 of interest. As seen in this figure, M pulses
saquentially #luminate the object 145, tThe N number of bursis 130 s inversely

proportional to the granularnty of the resuliant image of the object 145.

An array bucke! detecior 110 collects the pulses 150 that are reflected from the

opject 145, In one or more embodiments, the array buckel delector 110 comprises a

pluraiity of RE antenna elements. Various types of KF antenna elemenits may be
ampioyed for the array buckel delector 110 of the present disciosure. In some
embodiments, the amplitudes of the reflected puises 150 that are coliected by the aray

buckel deteclor 110 are slored in digital form.

Also shiown i this figure, the ancilla puises 140 are propagated through a

virtual lens 115, the transverse components of the wave veciors of the imaging fields

KL emitted in each burst 130 must satisfy the condition K, =—-—K;, relative to the

fransverse component of the wave vecior of the virlual ancilia eleciric field KaL.
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After a virtual ancilla eleclric field 18 propagaied through the virtual lens, a

virfual scanning delector 120 delects the virfual ancilia electric field along a plane 155.

A processor uses the ancilla pulses 140, wvirtual lens 115 properties, and virtual

scanning delector 120 properties 1o caiculate a virtual anciila electnc field, which would
be present at the virtual scanning detector 120. A coincidence circuit 125 1s used o
caiculale the cross-time correlation function of the elecinc figids of the reflected puises
150 that are collecied by the array bucket deiecior 110 and the virtual ancilla electric
field calcuiated by the processor. i one or more embodiments, the coincidence circut
125 uses the amplitudes of the refiected puises 150 thal are collected by the array
bucket detector 110 and are siored in digital form to compute the cross-time correlation

function.

in analogy with the coincidence imaging case, the cross-ime correlalion
function, which s related o the mage pixel intensity at x,,, 18 given Dy

-

N, * * SR « - X, 18 e localion
— ; AT ¥ ' ‘ ' ; 4 ° BT AN = Y
L <F 0/ KZ—OJ; 0¥ 5 \’F iy (TL, 2 Z} e ’E_Mj (TM; , ¢ )F My QT&@' 9 z,), ' j-:l J (Th ; £ ,"E-i)j \Ti)j o X7 5 }>

N
L.
;7

=

H

of the virtual scanning delecior 120. And, X, is the localion of the object 143, Alsg, | =
1. 2..., N} and j is burst index that corresponds to location x,, =1, £,.., N. In addition, &

is the electnic field, £ is the complex conjugate of the electric field, and T 18 the ime of

arrivat of each burst 130, In alternalive embodiments, vanous other types of cross-time

correlation funciions may be used wilh the disciosed system. it should be noted that all
of the funclions that reside in the box labeled “virtual” in this figure may be performed

virfually by software.

in alternagtive embodiments, some or all of the items that reside in the box
labeled "virtuall may actuslly be non-virtual devices. For example, in al ieast one
embodiment, a {angible Kb lens may be substifuied for the virtual lens 115 depicied in

this figure. Additionally, in some embodiments, a {angible scanning delector may be

subpsiiitied for the virtual scanning detector 120 of this system. In any embodiment

where a “virtual device 18 present, a processor is used {0 calculate the appropriate

aiectnic fisld.

After the coincidence circuit 125 computes the cross-time correlation funclion,

the comnacidence circull 125 uses the cross-lime correlation funclion resuiis o generate

£
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pixels of an image of the object 145. Each burst 130 is used to generate one pixel of
the resulting image. Subsequent bursts 130 fully paint an image of the object 145. As

such, the number of bursts 130 will determine the granularity of the final image.

FIG. 2 shows test data from a simulation of a super-resolution imaging radar, In
accordance with at least one embodiment of the present disclosure. For this simuiation,
software developed for quantum ghost imaging was adapted to simulate the super-
resolution imaging radar of the present disclosure. For this process, several
assumptions were made for the sake of simplicity, but the basic elements were
preserved. For this particular simulation, radiation at 1.76 cm (17.0 GHz) was used to
lluminate an object that was formed by two apodized reflectors of 0.5 m radius. The
two-apodized reflectors were separated by 1.0 m, and located at 3.0 Km from the
source. The object was illuminated by bursts with M pulses, and the resulting images
are shown in this figure. As can be seen in this figure, when the object is illuminated by
either 50 or 100 puises, the outline of the target Is completely blurred. When the
number of pulses is increased to 200-265, a fully resolved picture of the object Is

obtained.
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THE EMBODIMENTS OF THE INVENTION IN WHICH AN EXCLUSIVE
PROPERTY OR PRIVILEGE IS CLAIMED ARE DEFINED AS FOLLOWS:

1.
O
10
15
20
2.
29

A super-resolution imaging radar (SRIR), the SRIR comprising:

a pulse signal generator,

wherein the pulse signal generator propagates N number of bursts of radio

frequency (RF) energy,
wherein each burst contains M+1 single pulses,

wherein one of the single pulses of each burst is an ancilla pulse, and the
remaining M pulses of each burst are propagated towards an object of

interest;

an array bucket detector (ABD), wherein the ABD collects pulses that are

reflected from the object;

a processor, wherein the processor uses the ancilla pulses, properties of a
virtual lens, and properties of a virtual scanning detector to calculate a
virtual ancilla electric field, which would be present at the virtual scanning
detector wherein the ancilla pulses are propagated through the virtual

lens: and

a coincidence circuit, wherein the coincidence circuit calculates a cross-

time correlation function of the electric fields of the reflected pulses that

are collected by the ABD and the virtual ancilla electric field,

and wherein the coincidence circuit uses cross-time correlation function

results to generate pixels of an image of the object.

A super-resolution imaging radar (SRIR), the SRIR comprising:

a pulse signal generator,

wherein the pulse signal generator propagates N number of bursts of radio

frequency (RF) energy,

wherein each burst contains M+1 single pulses,

10
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The SRIR of claim 1 or 2, wherein the condition K',, =

where,
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wherein one of the single pulses of each burst is an ancilla pulse, and the
remaining M pulses of each burst are propagated towards an object of

Interest:

an array bucket detector (ABD), wherein the ABD collects pulses that are

reflected from the object;

a virtual lens, wherein the ancilla pulses are propagated through the virtual

lens:

a virtual scanning detector, wherein the virtual scanning detector detects

the virtual ancilla electric field:

a processor, wherein the processor uses the ancilla pulses, virtual lens
properties, and virtual scanning detector properties to calculate a virtuai
ancilla electric field, which would be present at the virtual scanning

detector; and

a coincidence circuit, wherein the coincidence circuit calculates a cross-
time correlation function of the electric fields of the reflected pulses that

are collected by the ABD and the virtual ancilla electric field,

and wherein the coincidence circuit uses cross-time correlation function

results to generate pixels of an image of the object. .

The SRIR of claim 1 or 2, wherein the M number of pulses sequentially illuminate

the object.

The SRIR of claim 1 or 2, wherein the N number of bursts Is inversely

proportional to the granularity of the image of the object.

The SRIR of claim 1 or 2, wherein the ABD comprises a plurality of RF antenna

elements.

1

K;, must be satisfied
M

11
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KL represents the transverse component of thé wave vector of the

imaging fields emitted in each burst, and

Kal represents the transverse component of the wave vector of the virtual

ancilla field.

The SRIR of claim 1 or 2, wherein the amplitudes of the reflected pulses that are

collected by the ABD are stored in digital form.

The SRIR of claim 7, wherein the cross-time correlation function is computed

using data that is stored in digital form.

The SRIR of claim 1 or 2, wherein the cross-time correlation function is related to

an image pixel intensity at a location of the virtual scanning detector.

The SRIR of claim 1 or 2, wherein the cross-time correlation function is given by:

Gz(A//Jrl)()—C- | ) _
2)

v o o | | | ., Where
— Z < Ly, (1o, %, VB (20 By (T DE, (T, 0.0 E (71_,- > )Eo.; (To.; A2, )>

=

X,, = location of the virtual scanning detector;

j = burst index that corresponds to location %,, =1, 2,.., N;

E = electric field;
E* = complex conjugate of the electric field; and
T = time of arrival of each burst.
A method for obtaining super-resolution images, the method comprising:
providing a super-resolution imaging radar (SRIR),

wherein the SRIR comprises a pulse signal generator, an array bucket
detector (ABD), a processor for calculating a virtual lens, and a virtual

scanning detector and a coincidence circuit;

12
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propagating with the pulse signal generator N number of bursts of radio

frequency (RF) energy,

wherein each burst contains M+1 number of single pulses,

wherein one of the single pulses of each burst is an ancilla pulse, and the
remaining M number of pulses of each burst are propagated towards an

object of Interest;

collecting with the ABD pulses that are reflected from the object;
propagating the ancilla pulses through the virtual lens;

caiculating with the processor a virtual ancilla electric field, which would be
present at the virtual scanning detector, by using the ancilla pulses, virtual

lens properties, and virtual scanning detector properties;

calculating with the coincidence circuit a cross-time correlation function of
the electric fields of the reflected pulses that are collected by the ABD and

the virtual ancilla electric field calculated at a virtual scanning detector

plane; and

generating with the coincidence circuit pixels of an image of the object by

using cross-time correlation function results.

A method for obtaining super-resolution images, the method comprising:.

providing a super-resolution imaging radar (SRIR),

wherein the SRIR comprises a pulse signal generator, an array bucket

detector (ABD), a virtual lens, a virtual scanning detector, a processor,

and a coincidence circuit;

propagating with the pulse signal generator N number of bursts of radio

frequency (RF) energy,

wherein each burst contains M+1 number of single pulses,

13
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wherein one of the single pulses of each burst is an ancilla pulse, and the
remaining M number of pulses of each burst are propagated towards an

object of interest;

collecting with the ABD pulses that are reflected from the object;
propagating the ancilla puises through the virtual lens;

detecting with the virtual scanning detector the virtual ancilla electric field;

calculating with the processor a virtual ancilla electric field, which would be
present at the virtual scanning detector, by using the ancilia pulses, virtual

lens properties, and virtual scanning detector properties;

calculating with the coincidence circuit a cross-time correlation function of
the electric fields of the reflected pulses that are collected by the ABD and

the virtual ancilla electric field detected at a virtual scanning detector

plane; and

generating with the coincidence circuit pixels of an image of the object by

using cross-time correlation function results.

The method for obtaining super-resolution images of claim 11 or 12, wherein the

M pulses sequentially illuminate the object.

The method for obtaining super-resolution images of claim 11 or 12 wherein the
N number of bursts is inversely proportional to the granularity of the image of the

object.

The method for obtaining super-resolution images of claim 11 or 12, wherein the

ABD comprises a plurality of RF antenna elements.

The method for obtaining super resolution images of claim 11 or 12, wherein the

1

v K’ must be satisfied where,

condition K',, =

KL represents the transverse component of the wave vector of the

imaging fields emitted in each burst, ana

14
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Kal represents the transverse component of the wave vector of the virtual

ancitla field.

The method for obtaining super-resolution images of claim 11 or 12, wherein the
amplitudes of the reflected pulses that are collected by the ABD are stored in

digital form.

The method for obtaining super-resolution images of claim 17, wherein the cross-

time correlation function Is computed using data that is stored in digital form.

The method for obtaining super-resolution images of claim 11 or 12, wherein the
cross-time correlation function is related to an image pixel intensity at a location

of the virtual scanning detector.

The method for obtaining super-resolution images of claim 11 or 12, wherein the

cross-time correlation function is given by:

N

{)

G ) (552.;' ) - Z <E;/‘ (TO.;' ? 552./’ )E:J (Tl/ 1)

I =|

E,-:z;' (T,««(; 1 )Eu,' (TM/ i)k ¥ (TI/ 1 )Eo_/ (To,; ’ 552./‘ )> , Where
X,; = location of the virtual scanning detector;

j = burst index that corresponds to location X, = 1. 2.... N

E = electric field:

E* = complex conjugate of the electric field; and
T = time of arrival of each burst.

A super-resolution imaging radar (SRIR), the SRIR comprising:
a pulse signal generator means,

wherein the pulse signal generator means propagates N bursts of radio

frequency (RF) energy,

wherein each burst contains M+1 single pulses,

15
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wherein one of the single pulses of each burst is an ancilla pulse, and the
remaining M pulses of each burst are propagated towards an object of

Interest;

an array bucket detector (ABD) means, wherein the ABD means collects

pulses that are reflected from the object;

a virtual lens means, wherein the ancilla pulses are propagated through

the virtual lens means:;

a virtual scanning detector means, wherein the virtual scanning detector

means detects the virtual ancilia electric field:

a processor means, wherein the processor means uses the ancilla pulses,
virtual lens means properties, and virtual scanning detector means
properties to calculate a virtual ancilla electric field, which would be

present at the virtual scanning detector means; and

a coincidence circuit means, wherein the coincidence circuit means
calculates a cross-time correlation function of the electric fields of the
reflected pulses that are collected by the ABD means and the virtual

ancilla electric field,

and wherein the coincidence circuit means uses cross-time correlation

function results to generate pixels of an image of the object.

A super-resolution imaging radar (SRIR), the SRIR comprising:

a pulse signal generator,

wherein the pulse signal generator propagates N number of bursts of radio

frequency (RF) energy,

wherein each burst contains M+1 number of single pulses,

wherein one of the single pulses of each burst is an ancilla pulse, and the

remaining M pulses of each burst are propagated towards an object of

interest;

16
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an array bucket detector (ABD), wherein the ABD collects pulses that are

reflected from the object;
a lens, wherein the ancilla pulses are propagated through the iens;

a scanning detector, wherein the scanning detector detects the ancilla

electric field: and

a coincidence circuit, wherein the coincidence circuit calculates a cross-
time correlation function of the electric fields of the reflected pulses that

are collected by the ABD and the ancilla electric field,

and wherein the coincidence circult uses cross-time correlation function

results to generate pixels of an image of the object.

A method for obtaining super-resolution images, the method comprising:

providing a super-resolution imaging radar (SRIR),

wherein the SRIR comprises a pulse signal generator, an array bucket
detector (ABD), a lens, a scanning detector, a processor, and a

coincidence circuift;

propagating with the pulse signal generator N bursts of radio frequency

(RF) energy,
wherein each burst contains M+1 single pulses,

wherein one of the single pulses of each burst is an ancilla pulse, and the
remaining M number of pulses of each burst are propagated towards an

object of interest;

collecting with the ABD pulses that are reflected from the object;
propagating the ancilla pulses through the lens;

detecting with the scanning detector the ancilla electric fielq,

17
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calculating with the coincidence circuit a cross-time correlation function of
the electric fields of the reflected pulses that are collected by the ABD and

the ancilla electric field detected by the scanning detector; and

generating with the coincidence circuit pixels of an image of the object by

using cross-time correlation function results.

18
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