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VIRTUAL RADAR CONFIGURATION FOR 2D ARRAY

CROSS REFERENCE TO RELATED APPLICATION

[oooi] The present application claims the filing benefit of U.S. provisional application

Ser. No. 62/395,583, filed Sep. 16 , 201 6 , which is hereby incorporated by reference

herein in its entirety.

FIELD OF THE INVENTION

[0002] The present invention is directed to radar systems, and in particular to radar

systems for vehicles.

BACKGROUND OF THE INVENTION

[0003] The use of radar to determine range and velocity of objects in an environment is

important in a number of applications including automotive radar and gesture detection.

A radar typically transmits a signal and listens for the reflection of the signal from

objects in the environment. By comparing the transmitted radio signals with the

received radio signals, a radar system can determine the distance to an object. Using

Doppler processing, the velocity of an object can be determined. Using various

transmitter and receiver combinations, the location (angle) of an object can also be

determined.

SUMMARY OF THE INVENTION

[0004] The present invention provides multiple-input, multiple-output (MIMO) virtual

array methods and a system for achieving better performance in a radar system in

determining the angles of an object/target. MIMO antenna techniques offer the potential

for substantial improvements in azimuth and elevation angle accuracy and resolution.

[0005] Automotive radar with MIMO technology is now entering the market place with

modest improvements in angle capability, primarily in the azimuth angle dimension, with

less capability in the elevation angle dimension. To support autonomous driving,



substantially better capability in both azimuth and elevation will be required to detect

and determine the angles of closely spaced objects and to image individual objects.

[0006] Therefore, improved MIMO antenna configurations are needed to provide the

required resolution in azimuth and elevation within the constraints of the physical

antenna size and performance/cost of the radio frequency (RF) and digital signal

processing components. Improved MIMO antenna configurations are disclosed herein.

[0007] A radar sensing system for a vehicle in accordance with an embodiment of the

present invention includes a plurality of transmitters, a plurality of receivers, and a

plurality of receive antennas and transmit antennas. The plurality of transmitters is

configured for installation and use on a vehicle, and operable to transmit radio signals.

The plurality of receivers is configured for installation and use on the vehicle, and

operable to receive radio signals that include transmitted radio signals reflected from

objects in the environment. A selected antenna configuration provides a quantity of

receive antennas and transmit antennas for a desired two-dimensional angle capability

for a given board size.

[0008] A radar sensing system for a vehicle in accordance with an embodiment of the

present invention includes a plurality of transmitters and a plurality of receivers, and a

plurality of receive and transmit antennas arranged according to MIMO antenna

topologies that comprise transmit and receive antennas with uniform spacing of virtual

phase centers as well as sparse array configurations with non-uniform spacing of the

virtual phase centers in both horizontal and vertical dimensions.

[0009] A radar sensing system for a vehicle in accordance with an embodiment of the

present invention includes a plurality of transmitters and a plurality of receivers, and a

plurality of receive and transmit antennas arranged according to MIMO antenna

topologies that provide a virtual receive sub-array with antennas spaced by half a

wavelength (λ/2) while using transmit and receive antennas spaced by greater than λ/2

through the uniform spacing of the transmit antennas by an integer multiple of λ/2 and

uniform spacing of the receive antennas by a different integer multiple of λ/2.



[ooio] A radar sensing system for a vehicle in accordance with an embodiment of the

present invention includes a plurality of transmitters and a plurality of receivers, and a

plurality of receive antennas and transmit antennas in an MIMO antenna configuration

comprising one of: (i) a MIMO configuration with a minimum quantity of antennas and

minimum antenna board size for a desired 2D angle capability; (ii) a MIMO configuration

comprising TX antenna and/or RX antenna spacing substantially greater than half a

wavelength (λ/2) and compatible with wide field of view (FOV), wherein selected TX

antenna and/or RX antenna sizes are selected for enhanced detection range while still

yielding a virtual uniform linear array (ULA) of λ/2 spacing with no grating lobes; (iii) a

MIMO configuration comprising TX antenna and/or RX antenna spacing substantially

greater than λ/2 that yields a virtual receive array with uniform phase center spacing of

less than the TX or RX phase center spacing, but greater than λ/2, yet with the

capability to suppress resulting grating lobes; (iv) a MIMO configuration wherein at least

one of quantity, size, and spacing of TX antennas and RX antennas are selected for a

desired 2D angle capability; and (v) a MIMO configuration with a selected spacing

and/or layout for a desired level of azimuth and elevation capability for a given quantity

of TX and RX antennas.

[ooii] These and other objects, advantages, purposes and features of the present

invention will become apparent upon review of the following specification in conjunction

with the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] FIG. 1 is a plan view of an automobile equipped with a radar system in

accordance with the present invention;

[0013] FIG. 2A and FIG. 2B are block diagrams of radar systems in accordance with the

present invention;

[0014] FIG. 3 is a block diagram illustrating a radar system with a plurality of

transmitters and transmit antennas and a plurality of receivers and receive antennas in

accordance with the present invention;



[0015] FIG. 4 illustrates capabilities of a radar system with multiple transmitters and

transmit antennas and multiple receivers and receive antennas;

[0016] FIG. 5A is a diagram illustrating a two dimensional (2D) MIMO configuration in

accordance with an aspect of the present invention;

[0017] FIG. 5 B is a diagram illustrating a 2 D virtual receive array synthesized by the

MIMO configuration of FIG. 5A;

[0018] FIG. 6A is a diagram illustrating 2 D MIMO configuration in accordance with

another aspect of the present invention;

[0019] FIG. 6 B is a diagram illustrating a 2 D virtual receive array synthesized by the

MIMO configuration of FIG. 6A in accordance with an aspect of the present invention;

[0020] FIG. 7A is a diagram illustrating a 2 D MIMO configuration in accordance with

another aspect of the present invention;

[0021] FIG. 7 B is a diagram illustrating a 2 D virtual receive array synthesized by the

MIMO configuration of FIG. 7A in accordance with an aspect of the present invention;

[0022] FIG. 8 is a diagram illustrating an example antenna comprised of multiple

radiating elements in accordance with the present invention;

[0023] FIG. 9A is a diagram illustrating a 2 D MIMO configuration in accordance with

another aspect of the present invention;

[0024] FIG. 9 B is a diagram illustrating a 2 D virtual receive array synthesized by the

MIMO configuration of FIG. 9A in accordance with an aspect of the present invention;

[0025] FIG. 10A is a diagram illustrating a 2 D MIMO configuration in accordance with an

aspect of the present invention;

[0026] FIG. 10 B is a diagram illustrating a 2 D virtual receive array synthesized by the

MIMO configuration of FIG. 10A in accordance with an aspect of the present invention;

[0027] FIG. 11A is a diagram illustrating a 2 D MIMO configuration in accordance with an

aspect of the present invention;

[0028] FIG. 11B is a diagram illustrating a 2 D virtual receive array synthesized by the

MIMO configuration of FIG. 11A in accordance with an aspect of the present invention;

[0029] FIG. 12A is a diagram illustrating a 2 D MIMO configuration in accordance with an

aspect of the present invention;



[0030] FIG. 1 B is a diagram illustrating a 2D virtual receive array synthesized by the

MIMO configuration of FIG. 12A in accordance with an aspect of the present invention;

[0031] FIG. 13A is a diagram illustrating a 2D MIMO configuration in accordance with an

aspect of the present invention;

[0032] FIG. 13B is a diagram illustrating a 2D virtual receive array synthesized by the

MIMO configuration of FIG. 13A in accordance with an aspect of the present invention;

[0033] FIG. 14A is a diagram illustrating a 2D MIMO configuration in accordance with an

aspect of the present invention;

[0034] FIG. 14B is a diagram illustrating a 2D virtual receive array synthesized by the

MIMO configuration of FIG. 14A in accordance with an aspect of the present invention;

[0035] FIG. 15A is a diagram illustrating a 2D MIMO configuration in accordance with an

aspect of the present invention;

[0036] FIG. 15B is a diagram illustrating a 2D virtual receive array synthesized by the

MIMO configuration of FIG. 15A in accordance with an aspect of the present invention;

[0037] FIG. 16A is a diagram illustrating a 2D MIMO configuration in accordance with an

aspect of the present invention; and

[0038] FIG. 16B is a diagram illustrating a 2D virtual receive array synthesized by the

MIMO configuration of FIG. 16A in accordance with an aspect of the present invention.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0039] The present invention will now be described with reference to the accompanying

figures, wherein numbered elements in the following written description correspond to

like-numbered elements in the figures.

[0040] Exemplary embodiments of the present invention accomplish better two-

dimensional (2D) angle capability over the current state of the art via exemplary multiple

input, multiple output (MIMO) antenna topologies in accordance with the present

invention. Improvement in angle capability includes better angle resolution for more

reliable detection of multiple closely spaced objects as well as better quality imaging for

contour detection and identification of individual objects.



[0041] Angle resolution is known to scale linearly with the length of the MIMO virtual

receiver array, which in turn depends on the number of transmit and receive antennas

and their spatial distribution.

[0042] Therefore, as described herein, the present invention provides methods and a

system for achieving better 2D angle performance in a radar system where a MIMO

antenna configuration provides an efficient quantity of antennas and antenna board size

for a given level of two-dimensional angle capability.

[0043] In an aspect of the present invention, the exemplary MIMO antenna topologies

are scalable in the size and spacing of the TX and RX antennas, as well as the number

of antennas, and the resulting 2D angle capability.

[0044] FIG. 1 illustrates an exemplary radar system 100 configured for use in a vehicle

150. In an aspect of the present invention, a vehicle 150 may be an automobile, truck,

or bus, etc. As illustrated in FIG. 1, the radar system 100 may comprise one or more

transmitters and one or more receivers 104a-1 04d that interface with a control &

processing module 102 and an indicator 106. Other configurations are also possible.

For example, modules 104a-1 04d can be complete radar sensors, each with one or

multiple transmitters and one or multiple receivers and their own individual control &

processing module.

[0045] FIG. 1 illustrates receivers/transmitters 104a-1 04d placed to acquire and provide

data for object detection and adaptive cruise control. The radar system 100 (providing

such object detection and adaptive cruise control or the like) may be part of an

Advanced Driver Assistance System (ADAS) for the automobile 150.

[0046] FIG. 2A illustrates an exemplary radar system 200 with an antenna 202 that is

time-shared between a transmitter 206 and a receiver 208 via a duplexer 204. As also

illustrated in FIG. 2A, output from the receiver 208 is received by a control and

processing module 2 10 that processes the output from the receiver 208 to produce

display data for the display 2 12 . As discussed herein, the control and processing

module 2 10 is also operable to produce a radar data output that is provided to other



control units. The control and processing module 2 10 is also operable to control the

transmitter 206. FIG. 2B illustrates an alternative exemplary radar system 250 with a

pair of antennas 202a, 202b, a separate antenna 202a for the transmitter 206 and

another antenna 202b for the receiver 208.

[0047] Radars with a single transmitter/antenna and a single receiver/antenna can

determine distance to a target/object but cannot determine a direction or an angle of an

object from the radar sensor or system (unless the transmit antenna or receive antenna

is mechanically scanned). To achieve angular information, either multiple

transmitters/antennas or multiple receivers/antennas or both are needed. The larger

the number of transmitters and receivers (with corresponding antennas), the better the

resolution possible. A system with multiple transmitters and multiple receivers is also

called a multiple input, multiple output or MIMO system. As discussed herein, a quantity

of virtual receivers/antennas (a quantity of physical transmitters times a quantity of

physical receivers equals a quantity of virtual receivers/antennas).

[0048] An exemplary MIMO radar system is illustrated in FIG. 3 with multiple

transmitters 306 connected to multiple transmit antennas 304 and multiple receivers

308 connected to multiple receive antennas 302. Using multiple antennas allows a

radar system 300 to determine the angle of objects/targets in the environment.

Depending on the geometry of the antenna system 300, different angles (e.g., with

respect to the horizontal or vertical) can be determined. The radar system 300 may be

connected to a network via an Ethernet connection or other types of network

connections 314. The radar system 300 includes memory 3 10 , 3 12 to store software

used for processing the received radio signals to determine range, velocity, and location

of objects/targets in the environment. Memory may also be used to store information

about objects/targets in the environment.

[0049] The radar sensing system of the present invention may utilize aspects of the

radar systems described in U.S. Pat. Nos. 9,753,1 2 1 ; 9,599,702; 9,575,1 60 and

9,689,967, and U.S. patent applications, Ser. No. 15/41 6,21 9 , filed Jan. 26, 201 7 , Ser.

No. 15/492,1 59, filed Apr. 20, 201 7 , Ser. No. 15/491 , 1 93, filed Apr. 19 , 201 7 , Ser. No.



15/492,1 60, filed Apr. 20, 201 7 , Ser. No. 15/496,038, filed Apr. 25, 201 7 , Ser. No.

15/496,31 3 , filed Apr. 25, 201 7 , Ser. No. 15/496,314, filed Apr. 25, 201 7 , Ser. No.

15/496,039, filed Apr. 25, 201 7 , Ser. No. 15/598,664, filed May 18 , 201 7 , and Ser. No.

15/689,273, filed Aug. 29, 201 7 , and U.S. provisional application Ser. No. 62/528,789,

filed Jul. 5 , 201 7 , which are all hereby incorporated by reference herein in their

entireties.

[0050] With MIMO radar systems, each transmitter signal is rendered distinguishable

from every other transmitter by using appropriate differences in the modulation, for

example, different digital code sequences. Each receiver correlates with each

transmitter signal, producing a number of correlated outputs equal to the product of the

number of receivers with the number of transmitters. The outputs are deemed to have

been produced by a number of virtual receivers, which can exceed the number of

physical receivers. In general, if there are N transmitters (TxN) and M receivers (RxM),

there will be N x M virtual receivers, one for each transmitter-receiver pair.

[0051] FIG. 4 illustrates a MIMO antenna configuration with three transmitters/antennas:

Tx1 , Tx2, and Tx3 (41 0) and three receivers/antennas: Rx1 , Rx2, Rx3 (420). Each of

the three receivers/antennas receives and processes the signals from each of the three

transmitters/antennas resulting in nine virtual receivers/antennas: Vrx1 , Vrx2, Vrx3,

Vrx4, Vrx5, Vrx6, Vrx7, and Vrx9 (430). The spatial distribution of the virtual receive

antennas is given by the spatial convolution of the positions of the transmit and receive

antennas.

[0052] In a preferred radar system of the present invention, there are 1-8 transmitters

and 4-8 receivers, or more preferably 4-8 transmitters and 8-1 6 receivers, and most

preferably 16 or more transmitters and 16-64 or more receivers.

Two-Dimensional Arrays for Desired Virtual Radar Configurations:

[0053] In an aspect of the present invention, FIG. 5A illustrates an exemplary MIMO

antenna configuration 500 that is most efficient in terms of a number of antennas and an



antenna board size for a given level of 2D angle capability. The multiple-input, multiple-

output (MIMO) configuration illustrated in FIG. 5A incorporates 3 transmit antenna

elements 5 10 and N receive antenna elements 520, 530. The antenna elements 5 10 ,

520, 530 are placed in a manner that minimizes the physical size of an antenna board

needed to synthesize virtual uniform linear receive arrays in both the horizontal and

vertical dimensions, with a length equal to twice a physical length of the corresponding

receive arrays. The key design features include two uniform linear arrays of receive

antennas, one being composed of N H antennas disposed horizontally (520) with spacing

∆ Η and the other being composed of Nv antennas disposed vertically (530) with spacing

∆ν, (the total number of receive antennas N = N H + Nv) and with corresponding transmit

antennas separated by a distance equal to Nx ∆χ where Nx equals the number receive

antennas and ∆χ equals the spacing between the receive antennas in the corresponding

uniform linear receive array. As illustrated in FIG. 5A, an exemplary horizontal linear

array 520 of receive antenna elements is arranged along one edge of an antenna

board, while an exemplary vertical linear array 530 of receive antenna elements is

arranged along an adjacent edge of the antenna board.

[0054] The MIMO virtual array 540 formed by the antenna configuration of FIG. 5A is

illustrated in FIG. 5B. Two uniform virtual linear receive arrays 550, 560 are

synthesized, one disposed horizontally (550) with 2NH virtual antennas spaced by ∆ Η

and one disposed vertically (560) with 2Nv virtual antennas spaced by ∆ν, the number of

virtual receive antennas being twice the number of antennas in the corresponding real

receive array of FIG. 5A.

[0055] As described above, MIMO configurations in accordance with the present

invention may be arranged that provide 2D angle capability with aperture doubling in

both the horizontal and vertical dimensions with only 3 transmit antennas and with

placement of the transmit and receive antennas in a manner that minimizes the physical

size of the antenna board for the given level of 2D angle capability. The given level of

2D angle capability (and antenna board size) scales by the number of receive antennas

incorporated (NH + Nv = N) and their spacing (∆ Η and Dv).



[0056] The MIMO configuration and virtual receiver arrays illustrated in FIGs. 5A and

5B, respectively, provide 2D angle capability via two uniform linear arrays. For target

detection and angle measurement, the two linear arrays can be processed

independently or combined coherently to form a composite antenna response prior to

detection and/or angle measurement. In either case, the virtual receiver array is rather

sparse with inherent tradeoffs in 2D angle performance compared to a fully filled 2D

array (e.g., with respect to detection of multiple objects at different azimuth or elevation

angles or imaging of a single distributed object).

[0057] The symbols "X" in FIG. 5A represent the positions of the phase centers of the

respective transmit and receive antennas. The antennas themselves may consist of

single or multiple radiators depending on the required gain and beamwidth of the

particular MIMO antennas. FIG. 8 illustrates an exemplary antenna 8 10 consisting of

three linear arrays of radiators that are arranged as vertical columns of radiators 820.

Each of the three vertical columns of radiators consist of three individual radiators 830

connected by feed lines 840. The three vertical columns of radiators are combined into

a single antenna port using a three-way power combiner 850. The phase center 860 of

the example antenna is indicated by the symbol "X".

[0058] In general, each of the various transmit and receive antennas can be of different

size and incorporate a different number and/or configuration of radiators. The size of

the individual transmit and receive antennas will constrain the minimum spacing

between their phase centers (for example, ∆ Η and ∆ν in FIG. 5) to be used in the MIMO

configuration.

[0059] The MIMO antennas can be implemented using well known antenna structures

and fabrication techniques, including multi-layer printed circuit board antennas with, for

example, microstrip feed lines and patch radiators, substrate integrated waveguide

(SIW) feed lines and SIW slotted radiators, coplanar waveguide feed lines with SIW

slotted radiators, or suitable combinations thereof. Other common types of feed and

radiator structures can be used as well. The antenna illustrated in FIG. 8 would typically

be recognized to represent patch radiators 830 connected by microstrip feed lines 840.



[0060] In general, to improve radar detection range and/or angle capability, large arrays

of antennas are needed leading to increased size and/or cost. The number of antennas

in the array can be reduced by spacing the individual antennas by a distance greater

than λ/2 (where λ is wavelength of the transmitted radio signal) with the inherent penalty

of grating lobes (multiple ambiguous replicas of the mainlobe and/or large radiation side

lobes produced by antenna arrays when element spacing is too large).

[0061] In another aspect of the present invention, FIG. 6A illustrates an exemplary

MIMO antenna configuration 600 using a linear array of transmit antennas 6 10 and a

linear array of receive antennas 620 with uniform spacing substantially greater than λ/2,

yet producing a virtual receive sub-array 630 (illustrated in FIG. 6B) with antennas

spaced λ/2 apart. For a given number of antennas, this style of MIMO antenna

configuration synthesizes a longer virtual receiver array compared to MIMO

configurations with transmit and/or receive antennas spaced by λ/2.

[0062] Furthermore, larger higher-gain antennas can be incorporated compared to

MIMO configurations with antennas spaced by λ/2. Benefits of this exemplary style of

MIMO configuration that incorporates larger higher-gain antennas in a manner that

produces a longer virtual receive array with λ/2 spacing can include enhanced detection

range and improved angle capability without introducing grating lobes.

[0063] The enabling innovation that synthesizes a MIMO virtual receive sub-array with

antennas spaced λ/2 while using transmit and receive antennas spaced by greater than

λ/2 is uniform spacing of the transmit antennas by an integer multiple of λ/2 and uniform

spacing of the receive antennas by a different integer multiple of λ/2. The resulting

MIMO virtual receive array may produce a few antennas at either end with a no n

uniform spacing greater than λ/2. These antennas with non-uniform spacing can either

be discarded or the "holes" (640) in the virtual array can be filled to further extend the

length of the uniform virtual linear array 630. A number of different known techniques

can be used to fill the holes. These techniques, which include linear prediction

methods, fill the resulting holes produced through the non-uniform spacings and extend



the length of the portion of the virtual receive sub-array with uniform spacing of virtual

antennas via array interpolation techniques.

[0064] For the MIMO antenna configuration of FIGs. 6A and 6B, the length of the

resulting virtual receive array 630, and the associated angle capability, scales with the

number of transmit and receive antennas incorporated, Ντχ and NRX respectively, and

their respective spacings, (Νλ/2) and (N+/-K) λ/2, respectively. The antennas can be

oriented for a desired direction of 1D angle capability (e.g., either horizontally or

vertically) or two sets of transmit and receive antennas can be used for 2D angle

capability (e.g., one set with horizontal orientation and another set with vertical

orientation).

[0065] In another aspect of the present invention, FIGs. 7A and 7B illustrate another

MIMO configuration in accordance with the present invention. This particular MIMO

configuration combines the MIMO configurations of FIGs. 5A and 5B and FIGs. 6A and

6B in a manner to further improve 2D angle capability. The exemplary MIMO

configuration 700 of FIG. 7A is the MIMO configuration of FIG. 5A with the addition of

the NTX transmit antennas of FIG. 6A (61 0 from FIG. 6A shown as 740 in FIG. 7A) with

the additional constraint that N H horizontally disposed receive antennas are spaced by

∆ Η = (N+/- Κ)(λ/2). This exemplary MIMO configuration synthesizes a MIMO virtual

receive array 750 composed of several virtual sub-arrays, as illustrated in FIG. 7B.

Attributes of this exemplary MIMO configuration include a more fully filled (less sparse)

2D virtual receive array (780) compared to the MIMO configuration of FIGs. 5A and 5B,

aperture doubling in both the horizontal dimension and vertical dimension (virtual

receive antennas 760 and 770, respectively) in a manner that minimizes the physical

size of the antenna board for a given level of 2D angle capability and a virtual receive

sub-array 790 with antennas spaced by λ/2 while using transmit and/or receive

antennas spaced by greater than λ/2 (740 and 720, respectively).

[0066] The various sub-arrays illustrated in FIG. 7B can be processed independently for

target detection and angle measurement, combined coherently to form a composite

antenna response prior to detection and/or angle measurement, or various



combinations of the sub-arrays can be processed independently or combined

coherently. In any case, the diversity of virtual receive arrays illustrated in FIG. 7B

improve 2D angle capability in a synergistic manner compared to the MIMO

configurations illustrated in FIGs. 5A and 5B and FIGs. 6A and 6B.

[0067] For example, the benefit of the more fully filled (less sparse) 2D virtual receive

array (780) shown in FIG. 7B compared to the 2D array of FIG. 5B (550 + 560) includes

improved 2D angle resolution capability with respect to multi-target discrimination

(detection of multiple objects at different azimuth or elevation angles) and also with

respect to imaging a single distributed object. Further, if the spacings of the transmit

antennas and/or receive antennas used to synthesize the 2D virtual receive array are

greater than λ /2 (as may be desired to produce a narrow beam), the antennas in the 2D

virtual array will likewise be spaced by greater than λ/2 resulting in grating lobes. For

the MIMO configuration of FIGs. 7A and 7B, the 1D virtual receive sub-array 790 with

λ/2 spacing mitigates the horizontal grating lobes of the 2D virtual receive subarray 780

and can also be used in a similar manner to improve upon the horizontal resolution and

accuracy of the 2D array (see FIG. 7B). The 1D virtual receive array 760 can be used

in a similar manner to further improve upon the horizontal resolution and accuracy.

[0068] The 1D horizontal virtual sub-array 790 with λ/2 spacing of FIG. 7B, can be

oriented vertically if desired by orienting the transmit antennas 740 of FIG. 7A vertically.

Alternatively, another set of transmit antennas similar to 740, but oriented vertically, can

be added to the MIMO configuration of FIG. 7A to produce a 1D vertical virtual sub-

array similar to 790 but oriented vertically.

[0069] For a given MIMO antenna configuration, it's known that interchanging the

transmit antennas and the receive antennas will yield the same MIMO virtual receive

array. For example, referring to FIGs. 5A and 5B, to synthesize the MIMO virtual

receive array of FIG. 5B, the receive antennas RXi through RXN could instead be

transmit antennas and the transmit antennas TXi through TX3 could instead be receive

antennas.



[0070] For a given MIMO antenna configuration, it's also know that the virtual receive

array is determined by the relative location of the transmit antennas to each other and

the relative location of the receive antennas to each other but not the relative location of

the transmit antennas to the receive antennas. Hence the position of the set of transmit

antennas relative to the position of the set of receive antennas can be adapted as

needed to tailor the antenna board dimensions without affecting the resulting MIMO

virtual receive array. For example, referring to FIG. 5 , the set of three transmit

antennas 510 can be relocated relative to the set of N receive antennas (520 + 530)

without affecting the MIMO virtual receive array 540.

[0071] Note, it is known that the MIMO virtual receive array represents the far field

response of the MIMO antenna layout. Although the far field response of the MIMO

antenna layout is not affected by the relative position of the set of transmit antennas to

the set of receive antennas, the near field response is affected and can be determined

using ray tracing techniques for the specific layout of the transmit antennas and receive

antennas.

[0072] The 2D MIMO configurations as depicted herein do not necessarily provide

symmetrical angle capability in the horizontal and vertical directions. Depending on the

application, it may be appropriate to provide asymmetrical angle capability, for example,

better angle capability in the horizontal direction compared to the vertical direction. For

the 2D MIMO configurations herein, angle capability in a given direction can be adapted

by the variable parameters illustrated and/or by suitable orientation of the sets of

transmit antennas and receive antennas.

[0073] In accordance with aspects of the present invention, FIGs. 9 through 16 illustrate

additional exemplary 2D MIMO configurations with a specific number of transmit (TX)

and receive (RX) antennas configured for different horizontal and vertical angle

capabilities. An exemplary quantity of TX and RX antennas can vary from 12 TX x 16

RX antennas to 24 TX x 32 RX antennas with a corresponding quantity of virtual receive

(Vrx) antennas from 192 to 768. For each configuration, the vertical angle capability can

be tailored based on the vertical spacing parameter ∆ .



[0074] The above exemplary MIMO antenna configurations include eight exemplary

configurations to yield a desired outcome. The quantity of TX, RX, and Vrx antennas

involve tradeoffs in angle resolution versus the requirements imposed on the physical

size of the antenna board as well as the requirements imposed on the radio frequency

(RF) and digital signal processing components and the resulting cost implications.

[0075] Radar horizontal and vertical angle resolution determine the capability to

distinguish (discriminate) multiple closely spaced objects and to image a single

distributed object. Horizontal and vertical angle resolution are proportional to the

azimuth and elevation beamwidths of the (virtual) receive array and can be further

improved via angle super-resolution processing techniques. In the automotive radar

frequency band of 77 GHz, the 2D MIMO configurations here-in can yield azimuth and

elevation beamwidths from 5.0 to 1.5 deg. while incorporating from 3 TX x 8 RX (24 Vrx)

antennas to 12 TX x 16 RX ( 192 Vrx) antennas. The corresponding physical size of the

antenna board would vary from about 40 mm x 40 mm to 100 mm x 100 mm. The

number of antennas is within the emerging capabilities of low-cost, single chip

RFCMOS MMICs now being developed.

[0076] Automotive radar with azimuth and elevation beamwidth less than 1.5 deg. can

be accomplished with 2D MIMO configurations here-in incorporating additional

antennas, for example up to 24 TX x 32 RX (768 Vrx), at the expense of increased

physical size of the antenna board and increased cost of the supporting RF, analog and

digital chipset (e.g., the need for multiple RFCMOS MMICs).

[0077] Angle resolution for the purposes of target imaging is typically on the order of the

antenna beamwidth. Using super-resolution signal processing, angle resolution can be

improved to on the order of one-half to one-third of the beamwidth. For adequate

imaging capability for automotive radar, it is estimated that angle resolution on the order

of one to two degrees is needed. For a given angle resolution metric, the radar image

quality (object contour quality) will depend on the distribution of radar signal scattering

in position and strength along the contour of the object.



[0078] Thus, embodiments of the present invention provide adequate accuracy and

resolution capabilities necessary to support a variety of convenience and safety

functions including full speed range adaptive cruise control, forward and side collision

warning and avoidance, and automated parking as well as emerging autonomous

driving functions including traffic jam pilot and highway pilot up to fully autonomous

operation. As discussed herein, the exemplary embodiments incorporate MIMO

configurations with uniform spacing of the virtual phase centers as well as sparse array

MIMO configurations with non-uniform spacing of the virtual phase centers in both the

horizontal and vertical dimensions.

[0079] Changes and modifications in the specifically described embodiments can be

carried out without departing from the principles of the present invention which is

intended to be limited only by the scope of the appended claims, as interpreted

according to the principles of patent law including the doctrine of equivalents.



CLAIMS:

1. A radar sensing system for a vehicle, the radar sensing system comprising:

a plurality of transmitters configured for installation and use on a vehicle, and

operable to transmit radio signals;

a plurality of receivers configured for installation and use on the vehicle, and

operable to receive radio signals which include transmitted radio signals reflected from

objects in the environment; and

a plurality of receive antennas and a plurality of transmit antennas arranged in a

selected antenna arrangement, wherein the selected antenna arrangement is selected

for a desired resulting virtual receive array.

2 . The radar sensing system of claim 1, wherein the selected antenna arrangement

realizes a virtual receive array with virtual antennas spaced a half wavelength (λ/2)

apart.

3 . The radar sensing system of claim 2 , wherein the wavelength is defined by the

transmitted signal frequency.

4 . The radar sensing system of claim 2 , wherein the selected antenna arrangement

comprises transmit antennas and receive antennas with individual spacings greater

than λ/2

5 . The radar sensing system of claim 4 , wherein spacings between each transmit

antenna of the plurality of transmit antennas are a uniform spacing of an integer multiple

of λ/2, and wherein spacings between each receive antenna of the plurality of receive

antennas are a uniform spacing of a different integer multiple of λ/2.

6 . The radar sensing system of claim 1, wherein the selected antenna arrangement

is a multiple-input, multiple-output (MIMO) antenna configuration.



7 . The radar sensing system of claim 1, wherein the selected antenna arrangement

is a two-dimensional arrangement of antennas.

8 . The radar sensing system of claim 1, wherein the selected antenna arrangement

is chosen for a given quantity of receive antennas and a given quantity of transmit

antennas for a given board size need.

9 . The radar sensing system of claim 1, wherein the selected antenna arrangement

is chosen for a given quantity of receive antennas and a given quantity of transmit

antennas needed for a desired level of two-dimensional angle capability.

10 . The radar sensing system of claim 1, wherein a portion of the transmit antennas

are arranged into a linear array, and wherein the receive antennas are arranged into at

least one linear array.

11. The radar sensing system of claim 10 , wherein the at least one linear array of

receive antennas comprises one of: (i) at least one horizontal array, (ii) at least one

vertical array, and (iii) at least one horizontal array and at least one vertical array.

12 . The radar sensing system of claim 1, wherein the selected antenna arrangement

comprises at least two linear arrays of receive antennas, one disposed horizontally and

one disposed vertically, and wherein the selected antenna arrangement further

comprises three transmit antennas arranged a distance from each other according to

the length of the two linear arrays of receive antennas.

13 . The radar sensing system of claim 1 , wherein dimensions of a resulting two-

dimensional virtual receive array are at least twice the size of the dimensions of the

selected receive antenna arrangement, such that an antenna board size is minimized

and quantities of transmit antennas and receive antennas are also minimized.



14. The radar sensing system of claim 1, wherein the selected antenna arrangement

comprises at least two linear arrays of receive antennas, one disposed horizontally and

one disposed vertically, and wherein the selected antenna arrangement further

comprises three transmit antennas arranged a distance from each other according to

the length of the two linear arrays of receive antennas, and wherein the selected

antenna arrangement further comprises at least one linear array of transmit antennas

arranged an equidistance from each other, and wherein the resulting virtual receive

array includes a two-dimensional virtual receive array with dimensions at least twice the

size of dimensions of the selected receive antenna arrangement and includes at least

one one-dimensional virtual receive array with λ/2 spacing, such that an antenna board

size is minimized and quantities of transmit antennas and receive antennas are also

minimized.

15 . The radar sensing system of claim 1, wherein the virtual receive sub-array

comprises no grating lobes.

16 . The radar sensing system of claim 1, wherein the uniform spacings of the

transmit antennas and the receive antennas suppress grating lobes in the resulting

virtual receive sub-array.

17 . The radar sensing system of claim 1, wherein the virtual receive array comprises

one or more virtual antennas with non-uniform spacing greater than λ/2, and wherein

the virtual receive array is modified according to one of at least one of the one or more

virtual antennas is discarded, and resulting holes produced through the non-uniform

spacings are filled to extend the length of the portion of the virtual receive array with

uniform spacing of virtual antennas via array interpolation techniques.

18 . The radar sensing system of claim 1, wherein the plurality of receive antennas

and the plurality of transmit antennas are swapped without changing the resulting virtual

receive array.
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