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RANGE-INDEPENDENT RESOLUTION RADAR

TECHNICAL FIELD

[0001] The invention is generally directed to radar systems. In particular it provides an

apparatus, method and system suitable for creating range-independent resolution radar.

BACKGROUND

[0002] The spatial resolution of radar systems typically depends on the beamwidth, the size of
the radar antennas, and the distance between the radar and the target. Consequently, there is

typically a tradeoff between these factors and achievable resolution in radar sensing.

[0003] Traditionally, spatial resolution could be increased by increasing the antenna size. For
example, as the antenna aperture size is increased, the beamwidth of the antenna (i.e., 3 dB
attenuation with respect to the peak) decreases. An approximate expression for the inverse
relation between the antenna size (D) and the 3 dB beamwidth (BW) for a horn antenna is
BW=70M/D, where A is the wavelength. As a result of the decreased beamwidth, the spot size
on the target decreases as well, enabling the detection of smaller features on the target. The
enlargement of the antenna size needs to be done on either or both the transmitter’s and the
receiver’s antennas of the radar in order to improve the radar resolution. However, the use of
large antennas, such as large reflector dishes or arrays of antenna elements, can increase the
system cost, size, and weight. In addition, it may be necessary to mechanically rotate or move
the antenna or target in order to observe different features on the target such that the relevant
area on the target would be illuminated. Larger antennas can be made by constructing phased
arrays that use, for example, digital beamforming, or multi-static methods. However, phased
array antennas add complexity in the form of individual feeds, transceivers, and phase shifters,

and/or processing sections.

[0004] Spatial resolution can also be increased by moving the radar system closer to the target.

FIG. 1 shows the effect of antenna size, target distance, and beamwidth on the spot size on the
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target. For a given antenna size (D) and 3 dB beamwidth (BW), the spot size on the target (X)
depends on the distance (R) between the target and the radar antenna. The spot size can be
approximated as X=2Rtan[A/(2D)], where A is the wavelength. However, moving the antenna
closer to the target is not always a practical approach, as one cannot always control the distance
between the radar and the target. In addition, the spot size does not decrease with the radar-
target distance when the distance becomes shorter than the far-field distance D¥\. In fact, the
minimum spot size close to the antenna is of the order of the antenna aperture size itself, as is

shown in FIG. 2.

[0005] Super-resolution techniques can also be used to improve the resolution of radar systems.
Super-resolution techniques, however, may require increased processing power and
sophisticated algorithms. In addition, many super-resolution techniques require a high signal-
to-noise ratio for efficient processing. Other techniques, such as monopulse can also be used to

increase the resolution.

[0006] What is needed is a radar system with resolution independent of the range to the target.

Therefore, there is a need in the art to address the aforementioned problem.

SUMMARY

[0007] Viewed from a first aspect, the present invention provides an apparatus for imaging, the
apparatus comprising: a radar transmitter configured to transmit a radar signal; a first cell
comprising a first antenna and a first delay element, wherein the first cell is configured to
receive the radar signal from the radar transmitter and to retransmit the radar signal after a first
known time delay from the first delay element; and a radar receiver configured to receive the

retransmitted radar signal from the first cell.

[0008] Viewed from a further aspect, the present invention provides a method for imaging, the
method comprising: transmitting a first radar signal by a radar transmitter; receiving at least

some portion of the radar signal at a first antenna of a first cell; generating, by a first delay
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element, a first time delayed signal based on the received at least some portion of the radar
signal; retransmitting the first time delayed signal by the first antenna of the first cell; receiving
the at least some portion of first time delayed signal by a radar receiver; and constructing an
image, wherein constructing the image comprises determining the absence of a target based on
the presence of the first time delayed signal and the presence of a target based on the absence of

the first time delayed signal.

[0009] Viewed from a further aspect, the present invention provides a system for imaging, the
system comprising: a radar, wherein the radar comprises: a radar transmitter configured to
generate a radar signal, and a radar receiver; and a cell array, wherein the cell array comprises:
a first cell, wherein the first cell comprises a first antenna and a first delay element connected to
the first antenna, wherein the first antenna and the first delay element are configured to receive
the radar signal, generate a first time delayed radar signal by the first delay element, and
transmit the first time delayed radar signal such that at least some portion of the first time
delayed radar signal is incident on the radar receiver, and a second cell, wherein the second cell
comprises a second antenna and a second delay element connected to the second antenna,
wherein the second antenna and the second delay element are configured to receive the radar
signal, generate a second time delayed radar signal by the second delay element, and transmit
the second time delayed radar signal such that at least some portion of the second time delayed

radar signal is incident on the radar receiver.

[0010] The present invention relates to improving the performance of radar, spectroscopy and
imaging systems by (i) performing single or multi-pixel imaging with a single fixed beam radar
regardless of the size of the radar-antenna, and (i) providing a super-resolution of the target

edges, at the order of a wavelength or less, that is independent from the target distance.

[0011] The invention, in an embodiment, further relates to a novel technique for radar imaging
that achieves super-resolution of a target profile edges by placing an array of cells containing
true delays or lumped delays behind the target. In an embodiment, the resolution of the radar is
determined, in part, by the size of the cells. Typical cells can be of the order of a wavelength,

and the resolution of the radar is of the same order. This resolution can be achieved regardless
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of the size of the illuminating and receiving radar antennas, and regardless of the distance
between the radar and the target. The cell structure is, in an embodiment, composed of an
antennas (e.g., a horn, open ended waveguide, or patch antenna) connected to a lumped-delay
(such as phase shifter, capacitors, inductors, etc.) with e.g. short circuit after the lumped
element or true delay element (such as a waveguides, printed microstrip line, stripline, coaxial
cable, coplanar waveguide, etc.) with generally varying length or delay for each cell by e.g.
short-circuiting the delay element at the desired length. The cells are placed behind the target,
and the overall design does not require significant changes in the radar system itself. With the
described apparatus, the spatial resolution of the radar together with the cells is determined by
the size of the cells and not by the size of the radar antennas or by the radar-target distance. The

cell structure can be used with any radar system, such as continuous wave, pulsed, or other.

[0012] These and other features, aspects, and advantages of the present invention will become
understood with reference to the following description, appended claims, and accompanying

figures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] Embodiments of the present invention will now be described, by way of example only,
with reference to the accompanying drawings in which:

FIG. 1 is a diagram showing the relation of the spot size from a radar to the distance to
the target and the beamwidth, in accordance with the prior art;

FIG. 2 is a diagram showing the near-field and far-field components of the radar
beam, in accordance with the prior art;

FIG. 3 is a schematic diagram of the range independent resolution radar system,
according to an embodiment of the present invention;

FIG. 4 is a schematic of the cell array with eighteen open-ended waveguides as
antennas where each antenna is connected to a waveguide with different length by shortening the
waveguide at the desired position, according to an embodiment the present invention;

FIG. 5 is a plot of the resulting beat frequencies of a continuous wave implementation

of an embodiment of the present invention;
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FIG. 6A is a schematic of a target present in front of the cell array, according to an
embodiment of the present invention;

FIG. 6B is a plot of the beat frequencies present for a frequency-modulated
continuous-wave radar, according to an embodiment of the present invention;

FIG. 6C is a reconstructed target image, according to an embodiment of the present
invention;

FIG. 7 is a schematic of a compact structure with flat waveguide meander tunnels,
according to an embodiment of the present invention;

FIG. 7A is a schematic diagram of a top layer of a device, according to an
embodiment of the present invention, with nine antennas;

FIG. 7B is a schematic diagram of a middle signal distribution layer of a device,
according to an embodiment of the present invention;

FIG. 7C is a schematic diagram of a bottom true delay line layer of a device, according to an
embodiment of the present invention;

FIG. 7D is a schematic diagram of a multilayer device, according to an embodiment of
the present invention;

FIG. 8A is a schematic view of eight open ended waveguide antennas connected to
eight waveguides with different lengths that are illuminated by an incident field, according to an
embodiment of the present invention;

FIG. 8B is a plot of field intensities of a wave incident on the range independent
resolution radar system’s cell array, according to an embodiment of the present invention;

FIG. 8C is a retransmitted signal directivity plot, according to an embodiment of the
present invention;

FIG. 9 is a barcode like device, according to an embodiment of the present invention;
and

FIG. 10 is range independent resolution radar system incorporating lenses, according

to an embodiment of the present invention.

DETAILED DESCRIPTION

[0014] In the following detailed description of the preferred embodiments, reference is made to

the accompanying drawings, which form a part hereof, and within which are shown by way of
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illustration specific embodiments by which the invention may be practiced. It is to be
understood that other embodiments may be utilized and structural changes may be made

without departing from the scope of the invention.

[0015] A schematic diagram of the range independent resolution radar system, according to an
embodiment of the present invention, is shown in FIG. 3. The range independent radar system
300 is composed of a radar 310 and an cell array 320. The radar 310 comprises a transmitter
and a receiver. The target 390 is placed between the transmitter 310 and the cell array 320.
Each cell 325 comprises a cell antenna 326 and a true delay 327. The cell antenna 326 can be
any type of antenna suitable for transmitting and receiving signals in the radar frequency of
operation, and may be an open ended waveguide, horn, patch, dipole, slot, miniaturized
antenna, or reduced size dielectric surrounded antenna. The true delay 327 can be implemented
as a microstrip line, stripline, waveguide, coplanar waveguide, or any other transmission line
that can guide the incoming energy received by the cell-antenna and reflect it back to the radar.
Other delay elements, such as lumped elements, can be substituted for the true delay 327.
Depending on the signal to noise ratio capabilities of the radar, the gain of each antenna, the
losses of the transmission line and the coupling between cells and the transmission line, one can
reduce the antenna size and crowd the transmission line with no inherent physical limit

determined by the wavelength.

[0016] Note that the radar transmitting antenna illuminating the target and the radar receiving
antenna capturing the reflections from the target can be different or could be implemented by
the same antenna. Also note that in FIG. 3 the target does not necessary block all of the cells.
The apparatus, system, and method of embodiments of the present invention are applicable to
all the cases where it is possible to put such cells behind the target. The target may also move
within the area in front of the cells, and the imaging system may generate a series of images at
various times when the time the target is present. Each cell produces a delay caused by its
different length. For continuous-wave radars, such as frequency-modulated continuous-wave
radar, each delay would be translated to different beat frequency fy in the radar receiver. For
pulsed radars, the different delay will cause the reflected signal to arrive at a different times t, at

the radar receiver. The cell will have a known delay from the true delay 327, by which it will
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delay the radar signal. The radar receiver can determine which cells are blocked based on the
presence and/or amplitude of signal corresponding to the known time delay of the cell. Starting
from a case where the array is illuminated by the radar’s signal and there is no target
obstructing the path, the radar will measure the delay associated with all the cells in the array.
In case one or more cells are blocked by the target, the f; or t; associated with these cells will
not appear at the radar output. Since the position of the cells can be known and predetermined,
a high resolution image of the targets profile edges or the entire target can be formed. This high
resolution is enabled regardless of the radar antenna size, target-radar distance, and without the

need for traditional super-resolution methods.

[0017] FIG. 4 shows an embodiment of the cell array 320 according to an embodiment of the
present invention with eighteen open-ended waveguides as antennas where each antenna is
connected to a waveguide with different length by shortening the waveguide at the desired
position. When illuminating this structure by, for example, by a frequency-modulated
continuous-wave radar with signal whose frequency spectrum has bandwidth B around fo,
eighteen beat frequencies will be generated in the radar receiver in correspondence with the
delay of each cell. A plot of the resulting beat frequencies 510, according to an embodiment of
the present invention, can be seen in FIG. 5. Note that the cell array 320 structure can contain
any number of cells. This number can be chosen, for example, by considering the typical cell

size, the target size and the frequency of operation.

[0018] The range resolution of the radar is given as AL=c/(2B), where ¢ is the speed of light
and B, the bandwidth of the radar. Therefore, the difference in length between cells should be
larger or equal to AL. Although the example here is for frequency-modulated continuous-wave
radar, the same structure can be used with any continuous wave, pulsed, or other types of radar.
In the case of pulsed radar, the length difference of each cell will generate different delays in

the radar receiver.

[0019] FIG. 6A shows a schematic of a target 390 present in front of the cell array 320
according to an embodiment of the present invention. The target 390 will block some of the

cells and other cells of the cell array 320 may be left open. When illuminating the target and the
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cells with a beam whose size is equal or larger than the cell array, only some of the beat
frequencies 510 (f) or delays (tr) that corresponds to the cells that were left open will produce
corresponding signals at the radar receiver. The beat frequencies produced for a frequency-
modulated continuous-wave radar, according to an embodiment of the present invention, are
shown in FIG. 6B. Since the positions of the cells are known and pre-determined, an image

650 of the target can be formed, as shown in FIG. 6C.

[0020] The distance between the target and the cells is not limited to any particular value.
However, close distances are preferred so as to avoid diffraction effects in which cells that are
blocked from direct view by the target would manage to reflect some of the energy back to the

radar.

[0021] The collective field reflected back from all the cells in the structure is, in fact, an
aperture field of an antenna array. Therefore, one may randomly distribute the lengths of the
true delays of each cell in order to create random phase distribution on this aperture. In such a
way, we minimize the possibility of beam shifting that will reduce the power propagating

towards the receiving antenna of the radar.

[0022] Other configurations of the array are also possible. In an embodiment, the straight and
long waveguides that appear in FIG. 4 can be replaced by a more compact structure with flat
waveguide meander tunnels according to an embodiment of the present invention, as shown in
FIG. 7D. The top layer 710 of the device is shown in FIG. 7A. This top layer 710 has a four by
four set of open ended waveguides acting as the cell antennas. The middle layer 720 of the
device is shown in FIG. 7B. This layer has distributing tunnels from the cell antennas to the true
delays, which are waveguide tunnels in this embodiment. In this embodiment, the waveguide
tunnels are thin tunnels. A bottom layer 730 of true delays can be seen in FIG. 7C. Note that the
combined delay of a waveguide tunnel of the middle layer 720 and the true delay of the bottom
layer 730 gives the known delay value of the true delay of the cell array 320. All of the layers

combined can be seen in FIG. 7D, which produce the cell array 320.
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[0023] FIG. 8A shows a cell array 320 made up of eight open ended waveguide antennas
connected to eight waveguides with different lengths that are illuminated by an incident field,
according to an embodiment of the present invention. The illumination represents the signal
transmitted by a radar. The different lengths of the waveguides are achieved by short-circuiting
each waveguide to the desired length. The spatial pattern of the reflected wave is shown in FIG.
8B. This spatial pattern shows that each cell captured the illuminating wave and retransmitted a
wave according to the length of the true delay. llluminating a multi-cell structure with a radar
signal, such as a pulsed signal or a continuous wave signal, generates the various output signals,
such as delayed pulses or beat frequencies, from which the radar image or target profile can be
produced. Note that the differences in length among the waveguides were chosen, in an
embodiment, such that the retransmitted energy was steered by 30 degrees, as is seen in FIG.
8C. That is, a phase shift in each of the cells can be purposely introduced to change the
direction of the retransmitted signal. However, the cells can be distributed randomly in terms of
phase shifts between the cells in order to avoid beam steering of the reflected wave.

The relatively high scattered field intensities behind the waveguides seen in FIG. 8B can be
reduced as desired. This reduction can be achieved by placing radar absorbing materials around

the cells aperture.

[0024] In addition to the frequencies reflected from the target and the structure, the amplitude
of the reflected wave can be used for attaining additional information about the target. In the
case of a frequency-modulate continuous-wave radar, the frequency received corresponding to
a particular cell may have lower amplitude when the cell is partially blocked. The degree of the
attenuation can aid in determining the extent of blockage by the target. The attenuated signal
can also be used to further enhance the spatial resolution beyond the cell size. The signal
attenuation can also be used for detecting material properties. For highly conducting metallic
target, the blocked cells will emit little or no energy. If the target is made of other, only partially
absorbing materials, cells that are blocked by the target may be able to reflect some of the
energy back to the radar. In this way, the system can be used to characterize the material
composition of the target, particularly at the radar operation frequency. Note that a partially
transparent object will not obstruct the radar beam, thereby allowing the corresponding returned
signal (e.g., beat frequency components in frequency-modulated continuous-wave radar or

delayed pulses in pulsed radar) to appear, although attenuated. If the amplitude information is
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considered, the target object’s image is still generated by noting that the corresponding
frequencies return with lower power due to attenuation. The attenuated signal can provide
information on the transparency of the object, which is determined by the material, its

thickness, and its shape.

[0025] The system can also aid in the determination of the target thickness. The characteristics
of the returned signal will be dependent on the target thickness for some materials. In the case
of cells that partially blocked or partially transparent, reference frequency signals and additional
beat frequencies signals that correspond to energy travelling back and forth multiple times to
the cell are generated. This information can be used to determine the target thickness in these
cases. Furthermore in the case of continuous wave radar, cells that are partially blocked may
generate frequencies that correspond to waves travelling back and forth multiple times to and from
the cells before they are received by the radar. These frequencies will indicate that they are not
fully blocked, improving the spatial resolution to a size below the cell size. Spatial resolution
better than the wavelength can be obtained if the distance of the blocking object from the delay
line aperture is shorter than a wavelength, and if the aperture size of the delay lines itself is smaller
than a wavelength. The limit to the spatial resolution is the aperture dimension as long as the delay

line is able to guide a wave at the given small aperture dimension.

[0026] The cell array 320 may also be configured to create a barcode like device. The barcode
like device, according to an embodiment of the present invention, is shown in FIG. 9. This low-
profile device has nine patch antennas and nine printed transmission lines with each
transmission line connected to an antenna. By using a phased array or a focal plane array, the
beam of the radar can be focused or directed towards any of the cells separately. In this case,
other applications such as a wireless barcode can be implemented. Each cell can be connected
to a certain length and repetitions between true delay lengths are allowed since the beam is
pointed to a specific cell and read its delay, generating a numerical value based on the delay.
These numerical values can be combined into a barcode value. Since the total number of
possibilities, even with low number of cells, is very large, a barcode like device can be

implemented.
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[0027] A method for improving the resolution for targets smaller than the cell array, according
to an embodiment of the present invention, is shown in FIG. 10. If a small target is placed in
front of a multi-cell structure and blocks only small number of cells, the resolution of the
formed image can be improved by adding a first lens 910 and a second lens 920, placing the
target 390 between the lenses, and locating the cell array 320 after the second lens 920 as
shown. In this way, the target’s projected shape on the cells is larger, and more cells are
effectively blocked. This lens system leads to improvement in the image resolution in

comparison to the case without the lenses.

[0028] Although specific embodiments of the present invention have been described, it will be
understood by those of skill in the art that there are other embodiments that are equivalent to the
described embodiments. Accordingly, it is to be understood that the invention is not to be

limited by the specific illustrated embodiments, but only by the scope of the appended claims.

[0029] While the foregoing written description of the invention enables one of ordinary skill to
make and use what is considered presently to be the best mode thereof, those of ordinary skill
will understand and appreciate the existence of variations, combinations, and equivalents of the
specific embodiment, method, and examples herein. The invention should therefore not be
limited by the above described embodiment, method, and examples, but by all embodiments
and methods within the scope of the invention. To the extent necessary to understand or
complete the disclosure of the present invention, all publications, patents, and patent
applications mentioned herein are expressly incorporated by reference therein to the same

extent as though each were individually so incorporated.

[0030] Having thus described exemplary embodiments of the present invention, those skilled in
the art will appreciate that the within disclosures are exemplary only and that various other
alternatives, adaptations, and modifications may be made within the scope of the present
invention. Accordingly, the present invention is not limited to the specific embodiments as

illustrated herein, but is only limited by the following claims.
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CLAIMS

1. An apparatus for imaging, the apparatus comprising:

a radar transmitter configured to transmit a radar signal;

a first cell comprising a first antenna and a first delay element, wherein the first cell is
configured to receive the radar signal from the radar transmitter and to retransmit the radar signal
after a first known time delay from the first delay element; and

a radar receiver configured to receive the retransmitted radar signal from the first cell.

2. The apparatus of claim 1, wherein the first delay element is a true delay.
3. The apparatus of either of the preceding claims, wherein the radar receiver performs the
steps of:

determining a first pixel value, wherein the first pixel value is based on the first known
time delay and an amplitude of the received retransmitted radar signal.

shading an image location of the first pixel value based on the location of the first cell.

4. The apparatus of any of the preceding claims, wherein the radar transmitter is a continuous
wave transmitter, and the first cell is configured to produce a known beat frequency at the radar

receiver from the transmitted radar signal and the retransmitted radar signal.

5. The apparatus of any of claims 1 to 3, wherein the radar signal transmitter is a pulsed
transmitter, and the radar receiver constructs an image of the target by determining the amplitude

of the retransmitted radar signal with the first known time delay.

6. The apparatus of any of the preceding claims, further comprising a second cell, wherein the
second cell comprises a second antenna and a second delay element, and wherein the second cell is
configured to receive the radar signal from the radar transmitter and to retransmit the radar signal

after a second known time delay from the second delay element.

7. The apparatus of any of the preceding claims, wherein the first antenna comprises a

waveguide antenna and the first delay element comprises a waveguide.
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8. The apparatus of claim 1, wherein the first antenna comprises a patch antenna and the first
delay element comprises a microstrip line.
9. The apparatus of claim 1, further comprising a first lens and a second lens, wherein the

first lens and second lens are located between the first cell and the radar transmitter.

10. A method for imaging, the method comprising:

transmitting a first radar signal by a radar transmitter;

receiving at least some portion of the radar signal at a first antenna of a first cell;

generating, by a first delay element, a first time delayed signal based on the received at
least some portion of the radar signal;

retransmitting the first time delayed signal by the first antenna of the first cell,

receiving the at least some portion of first time delayed signal by a radar receiver; and

constructing an image, wherein constructing the image comprises determining the absence
of a target based on the presence of the first time delayed signal and the presence of a target based

on the absence of the first time delayed signal.

11. The method of claim 10, wherein the first delay element is a true delay.
12. The method of either of claims 10 or 11, wherein the radar constructing a radar image
comprises:

determining a first pixel value, wherein the first pixel value is based on the first time
delayed signal; and
shading the image location of the first pixel value based on a first location of the first cell

antenna.

13. A system for imaging, the system comprising:
a radar, wherein the radar comprises:
a radar transmitter configured to generate a radar signal, and a radar receiver; and
a cell array, wherein the cell array comprises:
a first cell, wherein the first cell comprises a first antenna and a first delay element

connected to the first antenna, wherein the first antenna and the first delay element are configured
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to receive the radar signal, generate a first time delayed radar signal by the first delay element, and
transmit the first time delayed radar signal such that at least some portion of the first time delayed
radar signal is incident on the radar receiver, and a second cell, wherein the second cell comprises
a second antenna and a second delay element connected to the second antenna, wherein the second
antenna and the second delay element are configured to receive the radar signal, generate a second
time delayed radar signal by the second delay element, and transmit the second time delayed radar
signal such that at least some portion of the second time delayed radar signal is incident on the

radar receiver.

14. The system of claim 13, wherein the first delay element is a true delay, and the second

delay element is a true delay.

15. The system of either of claims 13 or 14, wherein the radar receiver constructs a radar
image by determining a first pixel value, wherein the first pixel value is based on the first time
delayed radar signal,

determining a second pixel value, wherein the second pixel value is based on the second
time delayed radar signal; and

arranging the first pixel value and the second pixel value into an image by shading a first
image location of the first pixel value based on the location of the first cell and shading a second

image location of the second pixel value based on the location of the second cell.

16. The system of any of claims 13 to 15, wherein:

the radar transmitter is configured to direct a first beam at the first cell and direct a second
beam at the second cell; and

the radar receiver is configured to record a first numerical value based on the first time
delayed radar signal, to record a second numerical value based on the second time delayed radar
signal, and to combine the first numerical value and second numerical value into an electronic

barcode value.

17. The system of any of claims 15 to 16, wherein the first antenna and the second antenna are
located on a first layer, and the first true delay and the second true delay are located on a second

layer.
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18. The system of claim 17, wherein the first antenna is connected to the first true delay by a
first thin tunnel waveguide, and the second antenna is connected to the second true delay by a

second thin tunnel waveguide.

19. The system of any of claims 13 to 18, wherein the radar transmitter is a continuous wave
transmitter, the first cell is configured to produce a first known beat frequency at the radar receiver,

and the second cell is configured to produce a second known beat frequency at the radar receiver.

20. The system of any of claims 13 to 19, wherein the first antenna comprises a waveguide
antenna and the first delay element comprises a waveguide, and wherein the second antenna

comprises a waveguide antenna and the second delay element comprises a waveguide.
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