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SOFTWARE DEFINED AUTOMOTIVE RADAR SYSTEMS

CROSS REFERENCE TO RELATED APPLICATIONS

[oooi] The present application claims the filing benefits of U.S. provisional applications,

Ser. No. 62/327,003, filed Apr. 25, 201 6 , Ser. No. 62/327,004, filed Apr. 25, 201 6 , Ser.

No. 62/327,005, filed Apr. 25, 201 6 , Ser. No. 62/327,006, filed Apr. 25, 201 6 , Ser. No.

62/327,01 5 , filed Apr. 25, 201 6 , Ser. No. 62/327,01 6 , filed Apr. 25, 201 6 , 62/327,01 7 ,

filed Apr. 25, 201 6 , and Ser. No. 62/327,01 8 , filed Apr. 25, 201 6 ; and is a continuation-

in-part of U.S. patent application, Ser. No. 15/481 ,648, filed Apr. 7 , 201 7 , which claims

the filing benefits of U.S. provisional applications, Ser. No. 62/31 9,61 3 , filed Apr. 7 ,

201 6 , and Ser. No. 62/327,003, filed Apr. 25, 201 6 , which are all hereby incorporated by

reference herein in their entireties.

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, velocity, and angle (elevation or azimuth) of

objects in an environment is important in a number of applications including automotive

radar and gesture detection. A radar typically transmits a radio frequency (RF) signal

and listens for the reflection of the radio signal from objects in the environment. A radar

system estimates the location and velocity of objects, also called targets, in the

environment by comparing the received radio signal with the transmitted radio signal. It

would be advantageous to have a radar system that can adapt various aspects of the

radar transmitted signal and receiver processing to different environments and different

objective functions.



SUMMARY OF THE INVENTION

[0004] The present invention provides methods and a radar system that can operate

under a variety of environments, a variety of external information, and with a variety of

objective functions to modify the transmission and reception processing at a given time

to optimize the system with respect to a given objective function. The invention

accomplishes better performance by adaptively changing the system including changing

the transmitted signal characteristics such as the baseband signal, the bandwidth, the

frequency, and the power and the set of transmitting antennas that are used. Better

performance is also obtained by changing the receiver processing including the

receiving antennas, interference mitigation techniques to be employed, length of time of

the signal used to process a received signal to determine range.

[0005] 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, a memory,

and a control unit. The plurality of transmitters is configured for installation and use on

a vehicle and operable to or configured to transmit modulated radio signals. The

plurality of receivers are configured for installation and use on the vehicle and operable

to or configured to receive radio signals that are transmitted radio signals reflected from

an object in the environment. Each transmitter of the plurality of transmitters comprises

a digital processing unit, a digital-to-analog converter, an analog processing unit, and a

transmit antenna. Each receiver of the plurality of receivers comprises a receive

antenna, an analog processing unit, an analog-to-digital converter, a digital front end

processing unit, and a digital back end processing system. The control unit is operable

to or configured to select an operating mode and to modify the plurality of transmitters

and the plurality of receivers. Range information data produced by the digital front end

processing unit is stored in the memory and then processed by the digital back end

processor, as directed by the control unit. The range information data, which includes

range information of objects in the environment, is stored in the memory for different

receivers and for different scans. The processing of the range information data is

controlled by the control unit.



[0006] A method for operating a dynamically adaptable, modulated continuous wave

vehicular radar system in accordance with an embodiment of the present invention.

The method includes providing a transmitter and a receiver, both configured for

installation and use on a vehicle. The transmitter is operable to or configured to

transmit a modulated radio signal. The receiver is operable to or configured to receive a

radio signal that is a transmitted radio signal reflected from an object in the

environment. The receiver comprises a dynamically adaptable digital front end

processor and a dynamically adaptable digital back end processor. In response to

environmental conditions and an operational status, an operating mode and a

modification of an operational parameter of at least one of the transmitter and the

receiver are selected, the selection depending on a need for one of a best range

resolution and a best velocity resolution. Range information data is stored into memory

that was produced by the digital front end processing unit. The digital back end

processor is directed to process a selected portion of the range information data, based

upon the selected operating mode.

[0007] 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

[0008] FIG. 1 is a plan view of an automobile equipped with a radar system in

accordance with the present invention;

[0009] FIGS. 2A and 2B are block diagrams of single transmitter and receiver in a radar

system;

[ooio] FIG. 3 is a block diagram of multiple transmitters and multiple receivers in a radar

system;

[ooii] FIG. 4 is a block of a single receiver and single transmitter;

[0012] FIG. 5 is a graph illustrating an exemplary transmitted signal using an m-

sequence of length 3 1 in accordance with the present invention;

[0013] FIGS. 6-9 are graphs illustrating exemplary matched filter outputs over time in

accordance with the present invention;



[0014] FIG. 10 is a graph illustrating an exemplary imagery part of filter output vs a real

part of filter output in accordance with the present invention; and

[0015] FIGS. 11a , 11b, 11c , and 11d are block diagrams illustrating exemplary steps to

signal processing in accordance with the present invention.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0016] 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. Methods and systems of the present invention

may achieve better performance from a radar system when there is a near object and a

far object. Exemplary embodiments of the present invention accomplish better

performance by adjusting the radar system to the environment, the objective and inputs

external to the radar system. The invention accomplishes better performance by

adapting the radar system under software control.

[0017] The radar sensing system of the present invention may utilize aspects of the

radar systems described in U.S. Pat. Nos. 9,575,1 60 and/or 9,599,702, and/or U.S.

patent applications, Ser. No. 15/41 6,21 9 , filed Jan. 26, 201 7 , and/or Ser. No.

15/292,755, filed Oct. 13 , 2016, and/or U.S. provisional applications, Ser. No.

62/382,857, filed Sep. 2 , 201 6 , and/or Ser. No. 62/381 ,808, filed Aug. 3 1 , 2016, which

are all hereby incorporated by reference herein in their entireties.

[0018] As illustrated in FIG. 1, there may be multiple radars (e.g., 104a-1 04d)

embedded into an automobile. Each of these could employ the ideas contained in the

present invention. 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 virtual receivers 104a-1 04d, control

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

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.

[0019] A radar system operates by transmitting a signal and then listening for the

reflection of that signal from objects in the environment. By comparing the transmitted

signal and the received signal, estimates of the range to different objects, the velocity of

different objects and the angle (azimuth and/or elevation) can be estimated.

[0020] There are several different types of signals that transmitters in radar systems

employ. A radar system may transmit a continuous signal or a pulsed signal. In a

pulsed radar system, the signal is transmitted for a short time and then no signal is

transmitted. This is repeated over and over. When the signal is not being transmitted,

the receiver listens for echoes or reflections from objects in the environment. Often a

single antenna is used for both the transmitter and receiver and the radar transmits on

the antenna and then listens to the received signal on the same antenna. This process

is then repeated. In a continuous wave radar system, the signal is continuously

transmitted. There may be an antenna for transmitting and a separate antenna for

receiving. One type of continuous wave radar signal is known as frequency modulated

continuous wave (FMCW) radar signal. In FMCW the transmitted signal is a sinusoidal

signal with varying frequency. By measuring the time difference between when a

certain frequency was transmitted and when the received signal contained that

frequency the range to an object can be determined.

[0021] A second type of continuous wave signal used in radar systems is a phase

modulated continuous wave (PMCW) signal. In this type of radar system, the

transmitted signal is a sinusoidal signal in which the phase of the sinusoidal signal

varies. Typically, the phase during a given time period (called a chip period or chip

duration) is one of a finite number of possible phases. A spreading code consisting of

sequence of chips, (e.g., + 1 , + 1 , - 1 , + 1 ,-1 ,...) that is mapped (e.g., + 1 - 0 , - 1 - π) into

a sequence of phases (e.g., 0 , 0 , π, 0 , π,...) that is used to modulate a carrier to

generate the radio frequency (RF) signal. The spreading code could be a periodic

sequence or could be a pseudo-random sequence with a very large period so it appears



to be a nearly random sequence. The spreading code could be a binary code (e.g., + 1

or - 1 ) . The resulting signal has a bandwidth that is proportional to the rate at which the

phases change, called the chip rate, which is the inverse of the chip duration. By

comparing the return signal to the transmitted signal the receiver can determine the

range and the velocity of reflected objects.

[0022] There are several ways to implement a radar system. One way, shown in FIG.

2A uses a single antenna 202 for transmitting and receiving. The antenna is connected

to a duplexer 204 that routes the appropriate signal from the antenna to the receiver

(208) or routes the signal from the transmitter 206 to the antenna 202. A control

processor 2 10 controls the operation of the transmitter and receiver and estimates the

range and velocity of objects in the environment. A second way to implement a radar

system is shown in FIG. 2B. In this system, there are separate antennas for

transmitting (202A) and receiving (202B). A control processor 2 10 performs the same

basic functions as in FIG. 2A. In each case, there may be a display to visualize the

location of objects in the environment.

[0023] A radar system with multiple antennas, transmitters and receivers is shown in

FIG. 3 . Using multiple antennas allows a radar system to determine the angle (azimuth

or elevation or both) of targets in the environment. Depending on the geometry of the

antenna system different angles (e.g., azimuth or elevation) can be determined.

[0024] The radar system may be connected to a network via an Ethernet connection or

other types of network connections 314. The radar system will have memory (31 0 , 3 12)

to store software used for processing the signals in order to determine range, velocity

and location of objects. Memory can also be used to store information about targets in

the environment.

[0025] A basic block diagram of a PMCW system with a single transmitter and receiver

is shown in FIG. 4 . The transmitter 400, as shown in FIG. 4 , consists of a digital signal

generator 4 10 , followed by a digital-to-analog converter (DAC) 420. The output of the

DAC followed is up converted to a RF signal and amplified by the analog processing

430 unit. The result is then used as the antenna 440 input. The digital signal generator



generates a baseband signal. The receiver, as shown in FIG. 4 , consists of a receiving

antenna 460, an analog processing unit that down amplifies the signal and mixes the

signal to baseband 470. This is followed by an analog-to-digital converter (ADC) 480

and then digital baseband processing 490. There is also a control processor (not

shown) that controls the operation of the transmitter and receiver. The baseband

processing will process the received signal and may generate data that can be used to

determine range, velocity and angle.

[0026] Radars must operate in various environments. For example, an automotive

radar must operate in urban areas, suburban areas, rural areas, rain, snow, deserts,

parking lots, garages, construction zones, to name a few. Depending on the installation

location of the radar in an automobile, the transmitted signal might be reflected off of

parts of the automobile. For example, reflections from a bumper in the automobile

might create very strong self-interference. The set of environments an automobile is

expected to operate in is extensive. Depending on the environment different types of

signals might be used. A radar signal appropriate for one environment will not be the

best signal to use in a different environment. The receiver processing used will also

depend on the environment. The environment might be determined from the radar itself

but also could be obtained by the radar from external sources (e.g., other vehicles,

cellular networks, GPS).

[0027] In addition to operating in multiple environments, radar systems may have

different performance objectives. Range resolution, maximum unambiguous range,

Doppler resolution, angular resolution, and field of view are some of the objectives of a

radar system. The smallest separation of two objects, such that they are recognized as

two distinct objects by a radar, is known as the range resolution of the radar. The range

resolution is inversely proportional to the bandwidth of the transmitted signal. A short-

range radar (SRR) might provide a range resolution that is sub-meter (e.g., less than 5

cm) but only for distances from 0 to less than 30 meters. A long-range radar might have

a much larger range resolution. Another performance measure is the maximum

unambiguous range, Du. This is the maximum distance of an object such that the

distance can be correctly (unambiguously) determined from the received (reflected)



signal. If the delay of the reflected signal can be confused with another (shorter) delay

due to the period of the transmitted signal, then the distance to the object cannot be

unambiguously determined. A long-range radar (LRR) might have a maximum

unambiguous range out to several hundred meters whereas a SRR might have an

unambiguous range out to several tens of meters.

[0028] Doppler resolution refers to the capability of a radar to discriminate the velocity of

different targets. There is a maximum Doppler shift that a radar can determine without

ambiguity. This is known as the maximum unambiguous velocity. A radar system using

multiple antennas can determine the angle of a target relative to some reference in

either the horizontal plane (azimuth) or the elevation angle (angle relative to the

horizontal plane). A set of angles for which a radar can detect an object is called the

field of view. Generally, with a fixed number of antennas, a large field of view would

result is less angular resolution while a narrow field of view can provide better angular

resolution. With certain antenna configurations, the elevation angle of an object can be

determined.

[0029] The description herein includes a radar system in which there are Ντ transmitters

and NR receivers Ντ x N R virtual radars, one for each transmitter-receiver pair. For

example, a radar system with eight transmitters and eight receivers will have 64 pairs or

64 virtual radars (with 64 virtual receivers). When three transmitters (Tx1 , Tx2, Tx3)

generate signals that are being received by three receivers (Rx1 , Rx2, Rx3), each of the

receivers is receiving the transmission from each of the transmitters reflected by objects

in the environment. Each of the receivers is receiving the sum of reflected signals due

to all three of the transmissions at the same time. Each receiver can attempt to

determine the range and Doppler of objects by correlating with delayed replicas of the

signal from one of the transmitters. The physical receivers may then be "divided" into

three separate virtual receivers, each virtual receiver correlating with a replica of one of

the transmitted signals. In a preferred radar system of the present invention, there are

1-4 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.



[0030] As mentioned earlier, there are various types of signals used in radar systems. A

pulsed radar transmits a signal for a short duration of time then turns off the transmitter

and listens for reflections. A continuous wave radar transmits a continuous signal. One

type of continuous wave radar signal is known as frequency modulated continuous

wave (FMCW) signal. The frequency of this signal is varied from some low frequency

value to a high frequency value over some time interval and then repeats. Another type

of continuous wave radar signal is known as phase modulated continuous wave

(PMCW). The phase of the transmitted signal is varied in PMCW. Often the variation of

the phase is according to a spreading code. The spreading code may be binary (e.g.,

+ 1 and - 1) in which case the phase of the transmitted signal at any time takes on one of

two possible values (e.g., 0 and π radians). Spreading codes with more than two levels

can also be used. Often the code repeats after a certain duration in time duration,

sometimes called the pulse repetition interval (PRI). Various types of spreading codes

can be used. These include pseudorandom binary sequence (PRBS) codes also called

m-sequences, almost perfect autocorrelation sequences (APAS), Golay codes, constant

amplitude zero autocorrelation codes (CAZAC) also known as Frank-Zadoff-Chu (FZC)

sequences, as well as many other codes that can be used. In a radar system with a

single antenna, a single spreading code is used. The autocorrelation of this single code

determines the capability of the radar to estimate the range (range resolution and

maximum unambiguous range). Codes with good autocorrelation properties include

Barker sequences, m-sequences, FZC sequences, and Golay codes. These codes

have small sidelobes (the off-center autocorrelation). Codes that have ideal

autocorrelation (e.g., Golay codes, CAZAC) can have range sidelobes in the presence

of non-zero Doppler shift that will limit the detectability of far targets in the presence of

near targets.

[0031] In a multiple-input, multiple-output (MIMO) system, there are multiple transmitters

that operate simultaneously. Each transmitter uses a spreading code and thus multiple

codes are needed, one for each transmitter. In this case (multiple transmitters), codes

that have good autocorrelation, as well as good cross correlation properties are



desirable. Generally, the better the autocorrelation of codes, the worse the cross

correlation properties.

[0032] FIG. 5 shows a baseband signal which has a period of Lc=31 . The chips in this

example are from a maximal length sequence (m-sequence) of length Lc=31 generated

by an exemplary shift register of length 5 . Note that the signal repeats every Lc chips or

LcTc seconds. The pulse repetition rate is RPR=1/(I_CTC). The transmitted signal is

generated from the baseband signal by modulating the baseband signal onto a carrier

frequency to generate a radio frequency signal.

[0033] As illustrated in FIG. 4 , the received signal is down-converted to a complex

baseband signal via an RF front end analog signal processing 470. The analog signal

processing involves amplification, mixing with a local oscillator signal, and filtering. The

mixing is with two sinusoidal signals that are 90 degrees out of phase (e.g., cosine and

sine or in-phase and quadrature-phase signals). After down conversion, the complex

analog baseband signal is converted to a complex baseband digital signal by using

analog-to-digital converters (ADCs) 480. The complex baseband digital signal (output

by the ADCs 480) is then the input to a digital processing unit 490. The digital

processing unit 490 performs correlations or matched filtering. The correlators multiply

the received complex baseband signal by a delayed replica of the baseband transmitted

signal and then the result is accumulated over a certain time interval. A bank of

correlators where each correlator has a different delay used for the replica of the

baseband transmitted signal will produce a set of correlations that correspond to

different ranges of objects. In essence, a correlator that has a particular delay of the

baseband transmitted signal is looking for the presence of a reflection from an object at

a distance corresponding to the particular delay for the particular correlator, and for

which the round-trip delay is the delay used for the baseband transmitted signal.

[0034] A matched filter is a device that produces all correlations for all possible delays.

That is, the output of the matched filter at a given time corresponds to a correlation with

a given delay applied to the transmitted signal when doing the correlation. The matched

filter provides all possible correlations. Note that the matched filter should produce a



complex output because the input is complex. Alternatively, there could be a filter for

the real part of the input and a filter for the imaginary part of the input. A matched filter

can also be implemented by a fast Fourier transform (FFT) of the received complex

baseband signal and the corresponding transmitted signal, multiplying the results, and

then taking an inverse fast Fourier transform (IFFT).

[0035] FIG. 5 illustrates a baseband signal which has a period of Lc=31 . The chips in

this example are from a maximal length sequence (m-sequence) of length Lc=31

generated by an exemplary shift register of length 5 . Note that the signal repeats every

Lc chips or LcTc seconds. The pulse repetition rate is RPR=1/(I_CTC). The transmitted

signal is generated from the baseband signal by modulating the baseband signal onto a

carrier frequency to generate a radio frequency signal.

[0036] FIG. 6 shows the real part of the output of a matched filter due to the transmitted

baseband signal shown in FIG. 5 . Here it is assumed the radar started to transmit at

time 0 and there is no delay between the transmitter and receiver. That is, there is an

object at distance 0 . The matched filter output before a full period of the signal is

transmitted generates partial correlations. That is, it correlates with only a portion of the

code because only a portion of the code has been transmitted. Only after the entire

period of the code has been transmitted does the correlation reach a peak. In

continuous operation, an object that has a delay of one period of the spreading code will

appear to have the same delay as an object at distance 0 . Thus, a radar using this

system cannot determine whether the delay is 0 , one period of the spreading code, two

periods of the spreading code, and so on. Therefore, the maximum unambiguous range

in this case corresponds to at most one period of the spreading code. A longer

spreading code will yield a larger maximum unambiguous range. A delay of τ

corresponds to a range of xc/2 where c is the speed of light. The factor of two is

because the delay corresponds to the round-trip time from the radar to the target and

back to the radar. Here the assumption is that the transmitter and receiver are

approximately co-located.



[0037] FIG. 7 illustrates the real part of the output of the matched filter when there are

two objects that have a differential range delay of 2 chip durations. The filter output

shows two distinct peaks in the output of the matched filter.

[0038] For PMCW radar systems that utilize nonideal spreading codes and correlate

over a certain time interval, the autocorrelation is not ideal. That is, the sidelobes are

not zero. The sidelobes of a near target can mask the peak of the correlation for a far

object or target because the signal from the near object or target is far stronger than the

signal from the far object or target.

Range Estimation

[0039] FIG. 8 illustrates the case where the differential round trip delay between two

targets is one chip duration. In this case, two objects cannot be distinguished and thus

the range resolution of this would correspond to the differential distance corresponding

to a duration of half (½) a chip. If Tc denotes the chip duration and Lc denotes the

number of chips in one period of the transmitted sequence, then the rate at which the

sequence is repeated is Rpr=1/(l_cTc), which is sometimes referred to as the pulse

repetition rate even though this is a continuous type of signal. If c denotes the speed of

light, then the range resolution is given by:

D R=(TC/2)C=C/(2RPR LC) .

If a signal repeats every TpR or at rate RPR , then the maximum unambiguous range Du

is:

DU=CTPR/2=(C T C L C)/2=C/(2RPR) .

Two targets separated by the maximum unambiguous range will appear to the radar

systems as being at the same range. This is sometimes called range aliasing. If the

chip duration, Tc, is decreased, then the range resolutions would improve proportionally.

However, changing the chip duration changes the bandwidth, which might be limited by

regulations. If there are 3 1 chips per period of the spreading code, there are at most 3 1

different ranges that can be distinguished. As an example, if Tc=1 0 nanoseconds (a



chiprate of 100 Mchips/second), then the range resolution would be limited to 1.5

meters. That is, two objects separated by less than 1.5 m would cause reflected signals

to be less than a chip duration apart in delay. For this example, the maximum

unambiguous range would be 46.5 m . That is, an object at a distance of 46.5 m would

cause a reflected signal to have a delay exactly equal to the period of the signal and

thus would appear as an object at a distance of 0 m. A longer spreading code would

provide for a larger unambiguous range. For example, a spreading code of length 1023

would provide a maximum unambiguous range of about 1,534 m .

Velocity Estimation

[0040] Another goal of an exemplary radar system is to estimate the differential velocity

between the radar system and a target. Because targets in the environment, or the

radar itself, are moving, the signal reflected from an object will not have the same

frequency as the transmitted signal. This effect is known as the Doppler Effect and can

be used to determine the relative velocity of targets in the environment. Suppose the

differential (radial) velocity of the target relative to the radar system is ∆ν and the carrier

frequency is fc. Then, the Doppler frequency shift is f D = 2AV fc/c. This is because

there is a Doppler shift of AVfc/c between the radar transmitter and the target and then

an additional AVfc/c Doppler shift of the reflected signal from the target to the radar

receiver. For example, a carrier frequency of 79 GHz with a differential velocity of 300

km/hour = 83.3m/s would result in a frequency shift of about 44 kHz. A frequency shift

of f D corresponds to a differential velocity of V = ( D)C /(2 fc).

[0041] Suppose that a signal, for example an m-sequence, is repeated N times. This is

called a scan. The period of the signal is LcTc. The time duration of the scan is

N* LcTc. During each repetition, a correlation with a spreading code with a given delay

(e.g., corresponding to the delay with a given target) is calculated. This correlation

calculation generates a complex number for a given delay and this repeats N times

during a scan. The N complex numbers can be used to determine the Doppler

frequency shift at the given delay. In the absence of Doppler frequency shift the

complex correlation values will be constant. In the presence of a Doppler shift the



complex correlation values will rotate. The rate of rotation will be related to the Doppler

frequency. FIG. 9 illustrates the real and imaginary parts of the matched filter output

when there is a Doppler shift. FIG. 10 illustrates the complex values at the peak

correlation outputs. As can be seen, the matched filter output is rotating around a circle.

The rate of rotation is a measure of the Doppler frequency. Knowing the Doppler

frequency allows a calculation of the relative velocity of a target.

[0042] One way to estimate the Doppler frequency is to use a fast Fourier transform

(FFT) on the complex samples. With this approach to estimating the frequency shift

due to Doppler, with N points as the input to the FFT, there will also be N frequency

points generated. The frequency resolution possible is over the range of frequencies

from a negative frequency of -RPR/2 to a positive frequency + RPR/2 or a range of RPR.

Thus, the spacing between frequency points will be fR=RpR /N . This is the frequency

resolution. This corresponds to a velocity resolution of:

Vr=C Rpr /(2fcN).

[0043] If the complex correlation samples are produced at a rate of RPR=1/TPR=1/I_CTC,

then the frequency range that those points represent is limited to -RPR/2 to +RPR/2.

Thus, the maximum unambiguous differential frequencies fu that can be represented is

given by - Rpri/2 < fu < +R ri/2. When this is converted to velocity, the result is that the

maximum unambiguous velocity is limited to values in the interval shown below:

- CRPR / (4 fc)< V u < +CRPR/(4 fc).

[0044] Increasing the repetition rate increases the maximum unambiguous velocities

that can be determined. However, increasing the repetition rate decreases the

maximum unambiguous range that can be determined. The product of the maximum

unambiguous velocity and maximum unambiguous range is limited as

- c2/ (8 fc)< DuVu< c2/ (8 fc)

which is independent of the various parameters of the transmitted signal, except the

carrier frequency.



[0045] The product of the velocity resolution and the range resolution is given as

DrVr = C 2/(4FCLCN)

where Lc is the number of chips in a single period of the spreading code and N is the

number of points in the FFT used to determine the velocity. For a fixed scan time (LcN

Tc) and fixed chip duration Tc, there is a tradeoff between the resolution possible for the

range and the resolution possible for the velocity. By increasing N and decreasing Lc,

the velocity resolution improves at the expense of range resolution. Similarly,

decreasing N and increasing Lc will improve the range resolution at the expense of

velocity resolution.

[0046] In some systems the signal has Lc chips per period but this sequence is

repeated M times and the correlation values are accumulated to generate a signal

complex sample for a given range. The sequence of such samples is then used for

Doppler processing.

[0047] The above illustrates a tradeoff between the maximum unambiguous range and

the maximum unambiguous velocity that only depends on the carrier frequency. An

increased product of unambiguous velocity and range can only be obtained if the carrier

frequency is decreased. In some circumstances, it might be desirable to obtain a larger

unambiguous range at the expense of a smaller unambiguous velocity (or vice versa).

Thus, a system that can adjust the repetition frequency of the signal would be able to

adjust to different objectives. There is also a tradeoff between range resolution and

velocity resolution for a given bandwidth and scan duration. In some situations, it would

be advantageous to have better range resolution while in other cases it would be

beneficial to have better velocity (or Doppler) resolution. Thus, it would be of benefit to

be able to adjust the system parameters depending on the objective function of interest

to obtain either the best range resolution or the best velocity resolution (with a given

fixed time interval for the scan).

[0048] As an example, consider a radar system with a desired scan duration (time to

produce a velocity estimate) of 0.1 ms ( 100 scans per second). Suppose the chip rate



is fixed at 10 8 seconds and the carrier frequency is 79 GHz. A spreading code period of

100 chips would allow 1000 repetitions in the scan time. This corresponds to an

unambiguous range of 150 m and an unambiguous velocity estimate range of (-950m/s,

+950m/s). On the other hand, a spreading code period of 1,000 would allow only 100

repetitions of the code in the same time. The unambiguous range would increase to

1,500 m , while the unambiguous velocity would decrease to (-95m/s, +95m/s).

[0049] At the receiver it is necessary to store the complex outputs of the correlators for

different possible ranges and for different receivers. A sequence of N complex samples

needs to be stored for a particular range and a particular virtual receiver (a receiver

matched to a particular spreading code of a transmitter) in order to determine an

estimate of the velocity for an object at a particular range. For example, suppose that

there are 5 1 range bins desired to locate potential targets and the number of

repetitions of the code is 1024. This would require storing 5 12x1 024 complex numbers

with each complex number requiring 4 bytes of storage. This would require more than 2

million bytes of storage per virtual receiver. If there are 4 transmitting antennas and 16

receiving antennas then this would require about 134Mbytes of storage, much more

than is practical with current storage limits integrated onto a chip. On the other hand,

storing this off chip would require a significant amount of time to transfer data. At a rate

of 1600 Mbytes/second only about 12 transfers could happen per second. The number

of virtual receivers determines the possible angle resolution. More receivers can

provide more angular resolution at the expense of additional storage or at the expense

of worse range or velocity resolution. Thus, the storage restrictions limit either the

angular resolution, the range resolution, or the velocity resolution.

[0050] In automotive radar systems, there are various objects in the environment that

reflect the transmitted signals of the radar. Some of the objects are stationary objects

such as road signs, parked cars, light poles and such. There are numerous such

objects that are stationary but since the automobile containing the radar is moving,

these objects generate reflected signals with Doppler shift relative to the transmitted

signal. On the other hand, there are objects such as other vehicles which are not

stationary in the environment and have a different Doppler shift than stationary objects.



Often, the stationary objects appear as a dense collection of radar returns for different

ranges and different angles, whereas nonstationary objects are rather sparse in the

environment. These characteristics can be exploited in processing the data obtained

from the signals received from objects in the environment.

[0051] In addition to the above, interference from other radar systems needs to be

accounted for. Interfering radars could be using the same type of signals as the vehicle

in which the invention of this patent is installed. It is also possible that the interfering

radar system is using a different type of signal (e.g., FMCW vs. PMCW). It would be

useful to be able to mitigate in some way the effect of interfering radar systems.

Different types of interference will require different mitigation techniques. Mitigation of

the effects of interfering systems generally will not be ideal and it is often the case that

the mitigation, while reducing the effect of the interference, will also degrade the desired

signal in some manner. If no interfering radar system is present, then it would be

desirable to not employ the mitigation technique. As such, it would be desirable to have

a radar system that can adapt to the environment present.

[0052] In a preferred embodiment, the processing of the signals is shown in FIGS. 11a ,

11b, 11c , and 11d . FIG. 11a illustrates exemplary processing modules for a transmitter.

A code generator 1102 generates a spreading code. The output of the code generator

1102 is modulated with a digital modulator 1104 to generate a complex baseband

signal. The modulation is accomplished in two parts. In the first part the code is

mapped to a complex sequence of in-phase and quadrature phase components at the

digital modulator 1104. The result is converted to an analog signal by the digital-to

analog converter (DAC) 1106. The output is further shaped with a pulse shaper 1108 to

generate a complex baseband analog signal. This signal is up-converted with a TX

Mixer 1110 . An oscillator 1124 is the other input to the mixer to produce a radio

frequency (RF) signal. The oscillator signal is also used at the receiver. This is

indicated by the connection of the oscillator to components in FIG. 11b. The result of

up-conversion is then amplified by a power amplifier 1120 before transmission by an

antenna 1122. A master clock 1126 is used to control the timing of the oscillator and to

control the timing of the digital circuitry. The master clock 1126 and the oscillator are



also shared with the transmitter circuitry shown in FIGS. 11b and 11c . The output of the

digital modulator 1104 is shared with the receiver so that the receiver can apply

interference cancellation. The output of the code generator 1102 is shared from the

transmitter to receiver so appropriate correlation or matched filtering can be applied at

the receiver.

[0053] FIG. 11b illustrates exemplary analog processing circuitry of the receiver.

Various blocks or modules are illustrated. One or more receiving antennas are

connected to a switch 1142 that connects one of the antennas 1140 to a receiver.

There can be more than one receiver so that different antennas can be connected to

different receivers. Not all the antennas need to be connected to a receiver. Because

there can be very strong self-interference from the transmitted signal reflecting off of

nearby objects (e.g., a bumper), the analog interference cancellation unit 1146 is

employed. A signal from the cancellation unit 1146 can be provided to the digital

processing where additional interference cancellation can be done. The output of the

analog interference cancellation 1146 is provided to a low noise amplifier 1148. The

low noise amplifier output is mixed down to baseband by an RF mixer that also uses the

oscillator signal (from FIG. 11a). The resulting low pass complex baseband analog

signal is filtered (with low pass filter 1152), and further amplified (with gain control 1154)

before being converted to a digital signal by an analog-to-digital converter (ADC) 1156.

The result of the ADC 1156 is fed to digital processing circuitry shown in FIG. 11c .

[0054] FIG. 11c illustrates exemplary digital processing circuitry of the receiver. Various

signal processing blocks or modules are illustrated. First, a saturation detection block

1160 detects whether the ADC input has caused the ADC 1156 to saturate. This

detection can be used to adjust the gain in the gain control 1154. Next, a change in the

sample rate can be performed ( 1 162) to reduce the amount of processing necessary.

After resampling, correction for any mismatch in I , Q gain or non-orthogonality can be

employed (via l/Q Correction module 1164). Additional interference can be cancelled in

a digital interference canceller 1166. Information from the processing done by the

analog cancellation unit 1146 can be used (as shown by the connection from FIG. 11b)

by the digital interference cancellation unit 1166. This can more accurately (as



compared to the analog interference canceller 1146) remove interference from near

targets, including the bumper. Further interference cancellation (with large target

canceller 1168) can be done to minimize the effect of sidelobes of a near target on the

detectability of a further target. Interference from other radar systems, such as an

FMCW system, can also be incorporated (such as FMCW/Tone Canceller 1170) into the

digital processing. The resulting information is stored in a buffer 1174. This allows all

digital processing to be suspended temporarily in order to not create unwanted radio

frequency interference from the digital processing. Finally, the signal is processed by

correlating with a correlator 1176, with delayed versions of the code from the code

generator ( 1 102). The correlator(s) 1176 could be implemented in a number of ways

including a matched filter and an FFT-based approach. The samples of the output of

the correlator or matched filter ( 1 176) are stored in memory as radar data cubes (RDC),

such as RDC1 ( 1 178). The correlation values for different delays, different receivers,

and different times are stored in the radar data cube. The information from RDC1 is

processed further to determine object velocity and angle (e.g., azimuth or elevation or

both). The information from the correlators for one scan may be stored in different parts

of the radar data cube so that data can be written in one part of the memory RDC1 and

used for Doppler and angle processing while other parts of the memory corresponding

to different scans are being read for Doppler and angle processing. The sizes of these

different parts of the memory can be different, corresponding to different performance

objectives. Further software control of the processing of information stored in RDC1

may be performed to determine the velocity of targets.

FIG. 1d illustrates the back-end digital processing. The front-end analog and

digital processing, illustrated in FIGs. 11a-c, processes the received signal and stores

the processed information (complex signals) in the radar data cube 1 (RDC1 ) . The

information is related to signals reflected from objects as a function of time (one of the

dimensions) at various distances (a second dimension) and for various receivers (a third

dimension). Information from various receivers is stored in a common memory. To

determine the velocity of an object, a particular "slice" of the radar data cube is

processed. A slice of a cube refers to a two-dimensional subset of the data where one

of the variables (either range, time, or receiver) is fixed. Processing can also be done



on the information with the range and Doppler fixed. In this case, the data is one

dimensional and is known as a skewer. The slice of RDC1 where range is fixed, and the

virtual receiver is fixed, but the sequence of correlation values for different times are

varied, can be used to calculate a Doppler shift. By taking the fast Fourier transform of

RDC1 , with respect to the time dimension, the Doppler at a given range, and for a given

virtual receiver, can be determined. This information is stored in radar data cube 2

(RDC2). The Doppler processing ( 1 180) has as input of time samples and performs a

Fourier transform processing (e.g., FFT, DFT or channelizer) to generate Doppler

information stored in RDC2 ( 1 182). The time samples can be windowed as needed or

zero padded, depending on the radar system objective and/or external inputs. One type

of windowing is a rectangular window which allows for accurately estimating the peak of

strong signals at the expense of poorer sidelobe suppression. A Dolph-Checyshev

windowing supports greater side-lobe suppression to allow detection of weaker signals

that would otherwise be hidden by the side-lobes of the stronger signals. The signal

samples can also be padded to obtain better Doppler sampling granularity. The window

used and the padding employed are fully controllable from the control processor. Radar

data cube 2 (RDC2) stores complex samples in three dimensions: range, Doppler, and

virtual receiver.

The next step in processing the data is using the RDC2 information to calculate

the angle of arrival for a particular range and a particular Doppler shift. This is done in

angle processor 1184. The resulting information is stored in RDC3 which has

dimensions corresponding to range, Doppler, and angle (azimuth and/or elevation).

The angle of arrival processing ( 1 184) does a beam forming type of algorithm on the

RDC2 data as a function of the virtual receiver. The angle processor does beam

forming using a steering vector to weight the different receiver outputs and combine the

weighted outputs. The beam forming used will depend on the particular set of antennas

employed, as configured by the control processor. Aspects of such beam forming are

also discussed in U.S. patent application Ser. No. , filed concurrently with the

present patent application, and titled SOFTWARE DEFINED AUTOMOTIVE RADAR

(Attorney Docket UHN01 P-1 19), which is hereby incorporated by reference herein in its

entirety.



[0057] Since the antennas are switchable, the angle of arrival calculation is dependent

on the selection of antennas. Storage of information in RDC2 and RDC3 can be

implemented with a first in, first out (FIFO) buffer where all the information associated

with a particular scan (e.g., range, Doppler and virtual receiver) are not necessarily

stored simultaneously but are being written into the FIFO while other information is

being read out.

[0058] The analog processing of the received signal from the antenna to the ADC is

called the analog front end. The processing of digital signals from the ADC to RDC1 is

called the digital front end. The control of these operations is done by a processor as

described in the above incorporated U.S. patent application Ser. No. , filed

concurrently with the present patent application and titled SOFTWARE DEFINED

AUTOMOTIVE RADAR.

[0059] The same processor controls the further processing of signals from RDC1 to

RDC3 and then post RDC3 processing. This processing of digital signals from the

RDC1 to generate Doppler information and angle information, along with the range

information already determined, which is stored in radar data cube 3 (RDC3), is called

the digital back end.

[0060] As mentioned above, the signals to be used for transmitting, and the receiver

processing to be employed, depend on a number of different factors including the

environment (e.g., an urban area, suburban area, parking lot, garage, construction zone

etc.). Different, changing objectives for the radar system might be desired (e.g., small

range resolution, small velocity resolution, small angular resolution, etc.). Different

types of interference might be present in the radar system (e.g., FMCW radars, PMCW

radars, etc.). Therefore, it is desirable to be able to dynamically adapt the radar to

different environments, different performance objectives, different external inputs, and

different types of interference. Embodiments of the present invention provide for a

software controllable adaptable radar system.



Radar Data Compression

In a radar system, Doppler processing typically comprises performing a fast

Fourier transform (FFT) using a sufficiently long time series of complex data at the input

to the FFT. This Doppler processing is performed independently on multiple time

series, captured simultaneously by multiple virtual receivers for multiple range bins.

However, the entire time series must be available before FFT processing can begin.

This requires partial time series to be stored in memory as the points of the time series

are captured, which can result in a large amount of memory being used. To enable

longer scans, or scans with more virtual receivers, or more range bins, and using a

limited amount of memory, it is desirable to first compress the time series as they are

captured, then store the compressed representations in memory, and once they are

fully captured, decompress them prior to performing Doppler processing on them. The

compression should be lossless to avoid introducing compression artifacts into the data.

There are various lossless compression algorithms that can be employed. For

example, MPEG4-audio lossless coding (MPEG4-ALS) is one compression standard

that has various parameters that can change the amount of compression and change

the complexity of the algorithm. In MPEG4-ALS, data is the input to a predictor. The

difference between the predicted value and the actual value is compressed using a form

of entropy coding. Data may be optionally converted from complex in-phase and

quadrature (l/Q) format to phase angle and magnitude format prior to the prediction

step. After prediction, residual values (the difference between the predicted value and

the actual value) are compressed using an arithmetic or entropy encoding algorithm.

Within a given range bin, predictors predict samples of data based on the value of

samples from adjacent virtual receivers (to either side of the sample being predicted),

and from previous time samples for the same virtual receiver. Inter-range bin prediction

may also be used. The compression of data that is stored in RDC1 (for later Doppler

processing) is controlled by software and can be adapted to achieve certain objectives,

such as processing time and memory requirements.



Compensating for Doppler Shift:

[0062] Doppler shift has an adverse effect on a radar system's ability to correlate a

received signal with various delayed or shifted versions of the transmitted signal to

determine range. Because the phase of the received signal rotates due to Doppler shift,

the magnitude of the peak corresponding to the delay of a target (so called zero-shift)

decreases with increasing Doppler. Also, the average magnitude of the non-zero-shift

"sidelobes" increases with increasing Doppler. The effect is that the SNR for the target

in question is reduced and the SNR for all targets in all other range bins (non-zero

shifts) decreases because the noise or interference from one target is now spread over

different range bins. Naturally, largest target(s) cause the largest sidelobes. The

present invention incorporates a method and device for compensating for Doppler shift,

comprising:

a . Identifying a set of the largest (highest received signal) targets;

b. Estimating the Doppler velocity for the largest targets using a median, a

weighted arithmetic mean, or a weighted geometric mean of the Doppler for

several adjacent range bins that correspond to the target;

c 1 . Calculating the phase shift, ι, from one complex correlator input sample to

the next complex correlator input sample, corresponding to the estimated

Doppler velocity; and/or

c2. Calculating the phase shift, φ2, from one complex correlator output sample to

the next complex correlator output sample, corresponding to the estimated

Doppler velocity; and

d . Derotating the Nth complex (pre or post correlator) sample by N* φι or N* φ2.

[0063] A processor controls the identification of the set of largest targets. In the case of

a single large target, no additional memory is required. In the case of two or more large

targets, multiple (full or partial) RDC1 cubes are required. The processor also controls

the estimation of the Doppler of the large target(s).



On Demand Multi-Scan Micro-Doppler:

[0064] In a radar system, achieving high Doppler resolution requires long scans.

Practical limitations on the length of a scan, such as memory usage, and the desire to

obtain frequent updates from the radar, limit the maximum achievable Doppler

resolution in a single scan. Typical scans may be able to achieve Doppler resolutions of

up to 0.1 meters/second. A system and methods for achieving high resolution Doppler

measurements for selected targets by combining information from multiple scans is

described in detail in U.S. Pat. No. 9,599,702.

[0065] While memory considerations prevent saving the entire raw radar data cube

('RDC1 ') from multiple scans, it is possible to identify and save only a subset of the data

cube (e.g., a small subset of the range bins), the subset comprising a time series of

complex valued samples of the signal from each virtual receiver for the range bin, or

bins, of interest.

[0066] Once the data for a particular range bin (or bins) has been saved to memory for

multiple consecutive scans, using the same scan parameters, micro-Doppler post

processing can be performed, comprising the steps of concatenating or joining or linking

each time series, optionally inserting zeros in the time series to compensate for any

delays between scans, performing a fast Fourier transform (FFT) on each time series to

convert them from the time domain to the Doppler frequency domain (or alternatively

using a channelizer), followed by any angle-of-arrival processing (e.g., beamforming or

angle super-resolution) that may be desired. The decision about when to perform such

multi-scan processing and for which range bins to process is controlled a processor.

Fully pipelined architecture:

[0067] The present invention provides a fully reconfigurable, pipelined radar

architecture, which allows the user to perform different radar scans for different use

case scenarios while keeping the memory requirements fairly small. Aspects of such

pipelined radar architecture are described in the above incorporated U.S. patent



application Ser. No. , filed concurrently with the present patent application and

titled SOFTWARE DEFINED AUTOMOTIVE RADAR. The architecture comprises:

1. A programmable PRN generator for non-periodic (PRBS based codes) and periodic

codes (with support for Hadamard Matrix). The PRN generator supports switching

of periodic codes for each FFT point as well as constructing PRBS sequences based

on fully configurable HW generated PRBS sequences.

2 . Fascia reflection self-Interference mitigation. Self-interference mitigation is

discussed in U.S. patent application Ser. No. , filed concurrently with the

present application and titled VEHICULAR RADAR SYSTEM WITH SELF-

INTERFERENCE CANCELLATION (Attorney Docket UHN01 P-1 2 1) , which is

hereby incorporated by reference herein in its entirety.

3 . FIR decimation (Reduce frequency from 2 GHz to 75 MHz) /FIR range walking

/FMCW canceler.

4 . An FFT based correlator for range bins.

5 . A Correction engine for successive cancelation as well as amplitude and phase

correction.

6 . Compression/de-compression of a radar data cube (time samples),

7 . FFT channelizers or Doppler processing.

8 . Angle of arrival computation (delay and sum / FFT)

9 . Decimation to store only relevant information out of the radar data cube.

Only items 4 and 5 require a full radar data cube (RDC1 ) . The steps afterwards

require a much smaller temporary storage since the computations are done more or

less in flight. The processing of the radar data cube is in general done faster compared

to the accumulation of the new radar data cube to ensure minimal memory overhead.

The control processor controls these operations.



Ghost interference removal:

[0069] In a PMCW radar, mitigation of the adverse effects of interference from other

PMCW radars is difficult because, without knowledge of the exact code and carrier

frequency used by the interfering radar, there is no straightforward way to suppress the

interference. The spectrum spreading caused by the interfering radar's use of pseudo

random code sequences results in an elevated noise floor, which in turn reduces a

radar's ability detect weak targets.

[0070] The present invention proposes a method and device to isolate and suppress the

interference from another PMCW radar using periodic spreading codes, comprising the

steps of: using a first periodic code with the same period as the interfering PMCW radar

(but not necessarily the same code, or the same carrier frequency), capturing a first N

time samples (aka: FFT points), then repeating with a second periodic code with the

same period as first periodic code, and capturing a second N time samples, optionally

repeating this process one or more additional times for a total of K times, and then

performing Doppler processing on each of the K sets of N time samples to compute K

frequency spectrums. The control processor compares the frequency spectrums and

identifies the peaks (the "inconsistent signals") whose magnitude varies across the K

frequency spectrums and the peaks (the "true signals") whose magnitude remains

constant (or nearly so) across the K frequency spectrums. The control processor

modifies or instructs the hardware to modify all captured time samples to remove

frequencies that correspond to the inconsistent signals. Finally, a single FFT is

performed over all K* N modified samples. This technique has been shown to lower the

noise floor by 20 dB or more. Methods for mitigating interference from other PMCW

radars is discussed in U.S. patent application, Ser. No. 15/41 6,21 9 , filed Jan. 26, 201 7 ,

which is hereby incorporated by reference herein in its entirety.

[0071] The control processor identifies the existence of one or more interfering radars.

The control processor also controls the type of spreading codes being used (the period,

the type, etc.). Lastly, the control processor also controls the choice of K and N used

for interference estimation.



Memory Reduction by Beamforminq and Decimation/Sparsification:

The present invention provides a method and device for reducing the amount of

post Doppler processing data, in a phased array radar system, that must be stored to

memory for performing subsequent processing. The method comprises the steps of:

• Performing spatial windowing and beamforming (e.g., delay and sum) on one or

more input (complex) sample vectors from RDC2 for a given range and Doppler for

various virtual receivers to produce output complex sample vectors (RDC3) for the

corresponding range and Doppler and angle.

• The control processor identifies a region of samples in RDC3. In a preferred

embodiment, this region corresponds to a band of low absolute velocity that includes

ground clutter.

• Samples of RDC3 in the identified band are stored in a separate memory buffer

called a static slice. The samples in the identified band are tagged as being

included in the static slice. The complete set of RDC3 samples are processed by a

decimator/sparsifier.

• For each untagged sample in RDC3, the decimator/sparsifier compares the

magnitude of the sample to one or more thresholds configured by the control

processor. Depending on the outcome of the comparison, a set of samples,

including the sample, are stored in one of one or more distinct memory buffers.

Preferably, the set of samples are samples with similar Doppler, range and/or angle

(azimuth and/or elevation). In the preferred embodiment, the set includes all

samples with the same range and Doppler. These buffers are called the sparsified

RDC3 (sRDC3). In a preferred embodiment, different thresholds may be configured

for different range bins. In another preferred embodiment, the thresholds are

determined by analyzing histograms of RDC3 sample magnitudes. Different

histograms may be computed for different subsets of RDC3 (e.g., one histogram per

range bin).



• The samples stored in the static slice or the sparsified RDC3 (sRDC3) may be

stored as complex numbers (real and imaginary part), magnitude only, or both.

Which mechanism to store is determined by the control processor.

The above steps of processing are controlled by the control processor in order to

achieve the performance objectives.

Asynchronous, Parallel, Memory Efficient MUSIC Engine:

The present invention provides a method and device for performing adaptive on-

demand super resolution angle-of-arrival (AoA) processing on a subset of the range,

Doppler, angle space (i.e., a subset of RDC3), comprising the steps of:

• Using a control processor to analyze the static slice and sRDC3 to identify regions of

interest. In a preferred embodiment, the region of interest is a local maximum of the

magnitude of the samples. The control processor tracks regions of interest over

time including multiple scans.

• Using a control processor to choose a subset of range, Doppler, angle space based

on past and current samples of the static slice and/or sRDC3 in the regions of

interest, in which to perform super resolution angle of arrival processing.

• Using a control processor to select a subset of the range bins of RDC1 on which to

perform Doppler processing. In the preferred embodiment, the Doppler processing

is performed by a channelizer. Using a control processor to select a subset of the

Doppler bins (channels) to perform super resolution processing.

• Using a control processor to configure a MUSIC engine to provide super resolution

processing on the subset of range, Doppler, and angle space. In preferred

embodiment, the configuration includes spatial smoothing steps, parameters for

singular value decomposition (SVD) calculation (e.g., a maximum number of

iterations and precision threshold), an estimated number of signal eigenvectors, and

steering vector matrix). In the preferred embodiment, the control processor



configures the MUSIC engine by providing commands and parameters through a

FIFO.

• Using a MUSIC (Multiple Signal Classification) Engine configured by the control

processor to determine location of peaks in the angular dimension for the specified

subset of range, Doppler, and angle space, comprising the steps of:

o Calculating a sample covariance matrix from one or more samples of input

data.

o Performing spatial smoothing on the covariance matrix.

o Calculating the singular value decomposition of the covariance matrix.

o Using the singular values to estimate the number of signals.

o Using a sub-matrix of the left unitary matrix (representing the noise subspace)

to compute the MUSIC spectrum over a specified range of angles.

o Writing to an output FIFO a list of angles corresponding to peaks of the

MUSIC spectrum occurring in the specified range of angle.

Compressing Range Bins Dynamically and Adaptively (Variable Range Bins):

In case of a PMCW-based radar system, range bins are used to identify how far

objects are from the radar. The range bin resolution is usually linear, which means if

the range bin resolution is 0.1 m , then 900 range bins are required for a distance of 10-

100 m . This results in a large radar cube overhead. The larger the distance, the larger

can be the range resolution. The range bins can be compressed, assuming for example

that the range resolution can be 1 percent of the distance, which means at 10 m the

range resolution is 0.1 m, at 20 m it is 0.2 m , at 30 m it is 0.3 m , and so on. If variable

range bins are used, several range bins can be combined to a single range bin when

the object is far away, thereby effectively reducing the total number of required range

bins.



[0075] This approach can also be used to reduce the number of total range bins if object

locations are known or object positions are being tracked. Assume for example, that

the range between 10-1 00 m is using a range resolution of 2.5 m, which implies 36

range bins. And as soon as a range bin contains objects to be tracked, only that

quadrant is used, with higher resolution range bins. The present invention uses a

control processor to configure the resolution around tracked objects with much higher

resolution compared to the areas without objects.

[0076] The system thus has reduced memory requirements by compressing several

range bins into a single range bin using a configurable variable range bin parameter on

a per range bin basis. Care is needed prior to aggregating range bins as the SNR will

be negatively impacted. For close objects and near empty ranges, this is likely a good

trade off. The control processor controls the ranges and resolutions that are correlated

with by the pipeline processing.

[0077] Changes and modifications in the specifically described embodiments can be

carried out without departing from the principles of the 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 transmitter configured for installation and use on a vehicle, wherein the

transmitter is configured to transmit a radio signal;

a receiver configured for installation and use on the vehicle, wherein the receiver

is configured to receive a radio signal, and wherein the received radio signal is a

transmitted radio signal reflected from an object in the environment;

a memory;

a control unit configured to select an operating mode and to modify an

operational parameter of at least one of the transmitter and the receiver, wherein an

operating mode is selected based on environmental conditions and operational status,

and based on one of a best range resolution and a best velocity resolution; and

wherein range information data produced by the receiver is stored in the memory

and then subjected to further processing, as directed by the control unit, based upon the

selected operating mode.

2 . The radar sensing system of Claim 1, wherein the transmitter comprises a digital

processing unit, a digital-to-analog converter, an analog processing unit, and a transmit

antenna, and wherein the receiver comprises a receive antenna, an analog processing

unit, an analog-to-digital converter, a digital front end processing unit, and a digital back

end processing system.

3 . The radar sensing system of Claim 2 , wherein the control unit is configured to

modify at least one of (i) a digital processing unit of the transmitter, (ii) a digital-to-

analog converter of the transmitter, (iii) an analog processing unit of the transmitter, and

(iv) a transmit antenna of the transmitter, and wherein the control unit is configured to

modify at least one of (i) a receive antenna of the receiver, (ii) an analog processing unit

of the receiver, (iii) an analog-to-digital converter of the receiver, (iv) a digital front end

processing unit of the receiver, and (v) a digital back end processing system of the

receiver.



4 . The radar sensing system of Claim 2 , wherein the data stored in the memory,

before Doppler processing by the digital back end processor, is compressed, as

controlled by the control unit.

5 . The radar sensing system of Claim 4 , wherein the compression used is MPEG4-

audio lossless coding.

6 . The radar sensing system of Claim 1, wherein after the range information data is

stored in the memory, a sequence of samples, as selected by the control unit, is padded

with zero valued samples prior to Doppler processing, as configured by the control unit.

7 . The radar sensing system of Claim 1 further comprising a plurality of transmitters

and a plurality of receivers, wherein the control unit is configured to select an operating

mode and to modify an operational parameter of at least one transmitter of the plurality

of transmitters and of at least one receiver of the plurality of receivers.

8 . The radar sensing system of Claim 7 , wherein before Doppler processing, a

window function, controlled by the control unit, is applied to a sequence of samples for a

given range and receiver, wherein the plurality of receivers includes virtual receivers.

9 . The radar sensing system of Claim 7 , wherein the control unit is operable to

configure at least one receiver of the plurality of receivers to process the range

information data stored in the memory, and wherein the at least one receiver is

configured to:

identify a set of objects with a highest received signal strength;

estimate a Doppler velocity for the objects using one of a median, weighted

arithmetic mean, and weighted geometric mean of corresponding samples for different

range bins associated with the object;

calculate one of a first phase shift, from one complex correlator input sample to a

next complex correlator input sample, that corresponds to the estimated Doppler

velocity, and a second phase shift, from one complex correlator output sample to a next



complex correlator output sample, that corresponds to the estimated Doppler velocity;

and

derotate an Nth complex sample pre or post correlator by a multiple of one of the

first phase shift and the second phase shift, depending on which phase shift was

estimated.

10 . The radar sensing system of Claim 7 , wherein the control unit is operable to

configure at least one receiver of the plurality of receivers to process the range

information data stored in the memory, and wherein the at least one receiver is

configured to:

choose an object for which better Doppler estimation is desired;

store multiple time scans corresponding to a range of a desired object; and

perform Doppler processing on extended information from multiple scans to

obtain more precise Doppler information.

11. The radar sensing system of Claim 7 , wherein the control unit is operable to

configure at least one transmitter of the plurality of transmitters, and at least one

receiver of the plurality of receivers to process the range information data stored in the

memory;

wherein the at least one transmitter is configured to transmit with a first periodic

code with a given period N;

wherein the at least one receiver is configured to store first N time correlator

output samples;

wherein the at least one transmitter is configured to transmit with a second

periodic code with a same period as the first periodic code;

wherein the at least one receiver is configured to store the second N time

samples;

wherein the at least one receiver is configured to perform Doppler processing on

each of K sets of N time samples to compute K frequency spectrums;



wherein the at least one receiver is configured to compare a frequency spectrum

and identify frequencies where a Doppler magnitude is large in one spectrum but varies

across the K frequency spectrums;

wherein the at least one receiver is configured to identify frequencies where the

Doppler magnitude is large and remains substantially constant across the K frequency

spectrums;

wherein the at least one receiver is configured to modify all captured time

samples to remove Doppler processed samples corresponding to frequencies that

correspond to inconsistent signals; and

wherein the at least one receiver is configured to perform a single FFT over all

K* N modified samples.

12 . The radar sensing system of Claim 7 , wherein the control unit is operable to

configure at least one receiver of the plurality of receivers to process the range

information data stored in the memory;

wherein the at least one receiver is configured to perform spatial windowing and

beamforming on one or more input complex sample vectors from Doppler information

stored in a radar data cube 2 (RDC2) for a given range and Doppler for various

receivers and/or virtual receivers to produce output complex sample vectors stored in a

radar data cube 3 (RDC3) for the corresponding range and Doppler and angle;

wherein the at least one receiver is configured to identify a region of samples in

the RDC3 corresponding to a band of low absolute velocity that includes known ground

clutter;

wherein the at least one receiver is configured to store samples of the RDC3 in

the identified band in a separate memory buffer called the static slice;

wherein the at least one receiver is configured to tag the samples in the identified

band as being included in the static slice;

wherein the at least one receiver is configured to process the complete set of

RDC3 samples by one of a processing the complete set of RDC3 samples by a

decimator and a sparsifier;



wherein the at least one receiver is configured to compare a magnitude of a

sample to one or more thresholds configured by the control unit for each untagged

sample in the RDC3 and the decimator or the sparsifier;

wherein the at least one receiver is configured to store a set of samples that

depends upon an outcome of the comparison; and

wherein the at least one receiver is configured to include the sample in one or

more distinct memory buffers.

13 . The radar sensing system of Claim 12 , wherein the set of samples stored

includes all samples with a same range and Doppler.

14. The radar sensing system of Claim 1 , wherein different thresholds are

configured for different range bins.

15 . The radar sensing system of Claim 12 , wherein the thresholds are determined by

analyzing histograms of RDC3 sample magnitudes.

16 . The radar sensing system of Claim 12 further comprising a plurality of

transmitters and a plurality of receivers, wherein the control unit is configured to select

an operating mode and to modify an operational parameter of at least one transmitter of

the plurality of transmitters and of at least one receiver of the plurality of receivers;

wherein the control unit is operable to configure at least one receiver of the

plurality of receivers to process the range information data stored in the memory;

wherein the at least one receiver is configured to analyze a static slice and a

sparsified RDC3 (sRDC3) to identify regions of interest;

wherein the at least one receiver is configured to track regions of interest over

time, including multiple scans, by storing relevant information in the memory;

wherein the at least one receiver is configured to choose a subset of the range,

Doppler, angle space based on past information and current samples of the static slice

and/or the sRDC3 in the regions of interest in which to perform super resolution angle of

arrival processing;



wherein the at least one receiver is configured to select a subset of the range

bins of a RDC1 on which to perform Doppler processing;

wherein the at least one receiver is configured to select a subset of the Doppler

bins to perform super resolution processing;

wherein the at least one receiver is configured to configure a MUSIC (Multiple

Signal Classification) engine to provide super resolution processing on the subset of

range, Doppler, angle space;

wherein the at least one receiver is configured to configure the MUSIC engine to

determine location of peaks in the angular dimension for a specified subset of range,

Doppler, angle space;

wherein the MUSIC engine is configured to calculate a sample covariance matrix

from one or more samples of input data;

wherein the MUSIC engine is configured to perform spatial smoothing on the

covariance matrix;

wherein the MUSIC engine is configured to calculate a singular value

decomposition of the covariance matrix;

wherein the MUSIC engine is configured to use the singular values to estimate a

number of signals;

wherein the MUSIC engine is configured to use a sub-matrix of the left unitary

matrix representing the noise subspace to compute the MUSIC spectrum over a

specified range of angles; and

wherein the MUSIC engine is configured to write to an output FIFO a list of

angles corresponding to peaks of the MUSIC spectrum occurring in the specified range

of angles.

17 . The radar sensing system of Claim 16 , wherein the Doppler processing is

performed by a channelizer.

18 . The radar sensing system of Claim 16 , wherein the configuration includes setting

the number of spatial smoothing steps, and the parameters for singular value

decomposition (SVD) calculation.



19 . The radar sensing system of Claim 16 , wherein the control unit configures the

MUSIC engine by providing commands and parameters through a FIFO.

20. The radar sensing system of Claim 1, further comprising a plurality of

transmitters and a plurality of receivers, wherein the control unit is configured to select

an operating mode and to modify an operational parameter of at least one transmitter of

the plurality of transmitters and of at least one receiver of the plurality of receivers, and

wherein the control unit further configures each transmitter of the plurality of transmitters

and each receiver of the plurality of receivers to correlate with a specified set of range

bins to generate the range information data stored in memory.

2 1 . The radar sensing system of claim 20, wherein consecutive range bins differ by

larger amounts when the range is large, and by smaller amounts when the range is

smaller.

22. The radar sensing system of Claim 1, wherein a modification of the processing of

the range information data is dependent on external information received by the radar

system.
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