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(57) Abstract: A radar sensing system for a vehicle includes a transmitter, a receiver, and a processor. The transmitter is configured
to transmit a radio signal at a selected carrier frequency. The receiver is configured to receive a radio signal which includes a reflected

00 radio signal that is the transmitted radio signal reflected from an object. The receiver also receives an interfering radio signal transmitted
by a transmitter of another radar sensing system. The processor is configured to control the transmitter to transmit radio signals on the
selected carrier frequency. The processor is further configured to at least one of (i) select a carrier frequency with reduced interference

o and (ii) mitigate interference from the other radar sensing system.
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PMCW - PMCW INTERFERENCE MITIGATION

CROSS REFERENCE TO RELATED APPLICATIONS

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

Ser. No. 62/375,065, filed Aug. 15 , 201 6 , Ser. No. 62/327,006, filed Apr. 25, 2016; Ser.

No. 62/327,005, filed Apr. 25, 201 6 , and Ser. No. 62/327,004, filed Apr. 25, 201 6 , which

are all hereby incorporated by reference herein in their entireties.

FIELD OF THE INVENTION

The present invention is directed to radar systems, and more particularly to radar

systems for vehicles.

BACKGROUND OF THE INVENTION

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 system typically transmits a signal and listens for the reflection of the signal

from objects in the environment. By comparing the transmitted signal with the received

signal, a radar system can determine the distance to an object. Using multiple

transmissions, the velocity of an object can be determined. Using multiple transmitters

and receivers, the location (angle) of an object can also be determined.

There are several types of signals used in radar systems. One type of radar

signal is known as a frequency modulated continuous waveform (FMCW). In this type

of system, the transmitter of the radar system sends a continuous signal in which the

frequency of the signal varies. This is sometimes called a chirp radar system. Mixing

(multiplying) the reflected wave from a target with a replica of the transmitted signal

results in a CW signal with a frequency that represents the distance between the radar

transmitter/receiver and the target. By sweeping up in frequency and then down in

frequency, the Doppler frequency can also be determined.



Another type of radar signal is known as a phase modula

waveform (PMCW). For this type of signal, the phase of the trar

changed according to a certain pattern or code, sometimes called the spreading code,

known at the radar receiver. The transmitted signal is phase modulated by mixing a

baseband signal (e.g. with two values + 1 and - 1) with a local oscillator to generate a

transmitted signal with a phase that is changing corresponding to the baseband signal

(e.g., + 1 corresponding to a phase of 0 radians and - 1 corresponding to a phase of π

radians). For a single transmitter, a sequence of phase values that form the code or

spreading code that has good autocorrelation properties is required so that ghost

targets are minimized. The rate at which the phase is modulated determines the

bandwidth of the transmitted signal and is called the chip rate.

In a PMCW radar system, the receiver performs correlations of the received

signal with time-delayed versions of the transmitted signal and looks for peaks in the

correlation. The time-delay of the transmitted signal that yields peaks in the correlation

corresponds to the delay of the transmitted signal when reflected off an object. The

distance to the object is found from that delay and the speed of light.

A first radar system receiver may receive a signal from a second radar system

transmitter that may be incorrectly interpreted by the radar system receiver as a

reflected signal from an object. Such interference in phase-modulated continuous-wave

(PMCW) radars is referred to as PMCW - PMCW interference.

SUMMARY OF THE INVENTION

Embodiments of the present invention provide methods and a system for a first

radar system using PMCW modulation to detect interference from a second radar

system. Embodiments of the present invention also provide methods and a system to

mitigate the interference from the second radar system on the first radar system. The

PMCW-PMCW interference is detected in a number of ways. One exemplary method

includes measuring the noise floor at the receiver and determining when the noise floor

has increased over previous measurements. In another aspect of the present invention,

a second interfering PMCW radar may be discovered by turning off the transmitter of



the first radar and the first radar correlating the received signal v

have been transmitted. If the correlation peaks in the receiver o

are consistent from one correlation to a second correlation, then a second radar system

transmitting would be detected. A third method includes a first radar system's receiver

correlating a received signal with codes not used by the first radar system's transmitter

and orthogonal to the codes used at the transmitter of the first radar. A fourth method

includes changing the frequency of the transmitter and measuring the interference at

multiple frequencies.

The PMCW - PMCW interference may be mitigated in a number of ways. One

exemplary method includes the use of Hadamard codes in the phase modulation of the

transmitted signal. In accordance with another aspect of the present invention, in a

radar system operable to measure the interference level, a frequency is selected that

has minimal interference. In accordance with another aspect of the present invention,

when the user PMCW radar and an interfering PMCW radar are synchronized and using

Hadamard codes for phase modulation, orthogonal sets of modulation codes will be

used, such that each radar would use a subset of the available codes and would not

have any codes in common. In accordance with another aspect of the present

invention, when the radar system is able to transmit radio signals at multiple carrier

frequencies, a carrier frequency will be selected that does not contain as much

interference as other carrier frequencies.

In accordance with the present invention, a radar sensing system for a vehicle

comprises at least one transmitter, at least one receiver, and a processor. The at least

one transmitter is configured for installation and use on a vehicle, and operable to

transmit a radio signal. The at least one receiver is configured for installation and use

on the vehicle, and operable to receive a radio signal that includes a reflected radio

signal that is the transmitted radio signal reflected from an object. The at least one

receiver is further operable to receive an interfering radio signal transmitted by a

transmitter of another radar sensing system such that, without detection and mitigation,

the interfering radio signal would be incorrectly interpreted by the receiver as one or

more objects. The processor is able to detect the interference by performing at least



one of (i) measuring a sequence of noise levels and determining

has increased, (ii) turning off the transmitter and comparing the

one correlation to the next correlation, (iii) correlating with codes not used by the

transmitter, (iv) frequency hopping and measuring the interference at various

frequencies. The processor is also able to mitigate the interfering radio signal by

performing at least one of (i) modulating the transmitted signals with Hadamard codes,

(ii) switching a carrier frequency to a carrier frequency outside the band of the

interfering radio signal, and (iii) changing the spreading codes to distinguish interference

from a second radar (ghost targets) from real targets.

In accordance with the present invention, a method for mitigating interference in

a radar sensing system includes a transmitter and a receiver. The method includes

transmitting with the transmitter a radio signal. The method also includes receiving with

the receiver a radio signal. The received radio signal includes the transmitted radio

signal reflected from an object. The receiver also receives an interfering radio signal

transmitted by a transmitter of another radar sensing system. The interfering radio

signal interferes with the reflected radio signal. The method further includes causing the

transmitter to selectively transmit radio signals and selecting spreading codes that

reduce interference based on measuring interference levels with different spreading

codes.

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

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

accordance with the present invention;

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

present invention;

FIG. 3 is an block diagram illustrating a flow of information through a radar

receiver of the radar system of FIG. 2 ;



FIG. 4 is a block diagram illustrating a radar system with

and a plurality of transmitters in accordance with the present inv

FIGs. 5-7 illustrate aspects of how digital radar works; and

FIG. 8 illustrates capabilities of a multiple transmitter and multiple receiver radar

system.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

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 detect and mitigate the interference caused by transmitted radio signals from

another radar system. According to an aspect of the present invention, the interference

of another PMCW radar may be detected through one or more methods that include

passive steps as well as active steps. The interference is mitigated through one or

more methods that include passive steps as well as active steps that may be taken after

the presence of an interfering PMCW radar is detected.

A radar system utilizes one or more transmitters to transmit signals. These

signals are reflected from objects (also known as targets) in the environment and

received by one or more receivers of the radar system. A transmitter-receiver pair is

called a virtual radar (or sometimes a virtual receiver).

The transmitted radio signal from each radar transmitter consists of a baseband

transmitted signal, which is upconverted to an RF signal by an RF upconverter followed

by an antenna. The upconverted RF signal may be obtained by mixing the baseband

transmitted signal with a local oscillator signal at a carrier frequency. The baseband

transmitted signal used for transmission by one transmitter of the radar system might,

for example, consist of repeated sequences of random or pseudo-random binary values

for one transmitter, e.g., (-1 , - 1 , - 1 , - 1 , 1, 1, 1, - 1 , 1, 1, - 1 , - 1 , 1, - 1 , 1), although any

sequence, including non-binary sequences and non-periodic sequences could be used

and different sequences would be used for different transmitters. Each value of the

sequence is often called a chip. A chip would last a certain duration called the chip



time. The inverse of the chip time is the chip rate. That is, the c

of chips per second. In an exemplary aspect of the present inve

random binary values may be provided by a truly random number generator. The

random bit stream (with values + 1 or - 1) from the truly random number generator may

be multiplied with an output of pseudorandom binary values from a pseudorandom

number generator (PRNG). Multiplying the binary values (with values + 1 or - 1 ) from the

pseudorandom number generator and the truly random number generator may provide

for a highly efficient, high-rate output randomized serial stream of bit values even when

noise at the input of an ADC of the truly random number generator might have been

colored (which could lower the rate at which random numbers could be generated by

the ADC). Equivalently, if the representation of the binary values are 0 and 1, then the

multiplying may be replaced with an exclusive or (XOR) operation.

The transmitted radio signals are reflected from objects in the environment and

are received back at the radar receivers (or virtual receivers). Each object in the

environment may reflect the transmitted radio signal. The received signal at the radar

system would consist of the sum of the radio signals reflected from various objects

(targets) in the environment. In addition, a second radar system operating in the vicinity

of the first radar system will generate a transmitted signal that will be received by the

first radar system and interfere with the reflected signals from the first radar system.

At the receiver (receive pipeline), the received signal is down converted by

typical amplification, filtering, and mixing with in-phase and quadrature-phase

components of an oscillator. The output after down conversion and sampling is a

sequence of complex value digitized samples comprising a mathematical real

component and a mathematical imaginary component that are provided to a processor.

The baseband signals used at the transmitter and the reflected radio signals after down

conversion in the receiver are provided to correlators. The complex valued digitized

samples at the output of the down converter are correlated with various time-delayed

replicas of the baseband transmitted signals for different receivers to produce complex

correlation values over a certain duration. That is, a sequence of digitized samples that

correspond to a certain time duration of the received signal are correlated with a time-



delayed replica of the baseband transmitted signal. The proces

subsequent samples thus producing a sequence of complex cor

given time-delay. This process is also performed for different transmitter/receiver pairs

(virtual receivers).

A particular correlator that has a replica that is matched in delay to the time delay

of the reflected signal from an object would produce a large magnitude complex

correlator output. A single correlator will produce a sequence of correlator outputs that

are large if the reflected signal has a delay that matches the delay of the replica of the

baseband transmitted signal. If the velocity of the radar system is different from the

velocity of the object causing the reflection, there will be a Doppler shift in the frequency

of the reflected signal relative to the transmitted signal. A sequence of correlator

outputs for one particular delay corresponding to an object moving in the environment

will have complex values that rotate at a rate related to the Doppler shift. Using a

sequence of correlator outputs (also referred to as a scan), the Doppler shift may be

estimated and thus the velocity of the object in the environment determined. The longer

the sequence of correlator outputs used to estimate the Doppler frequency, the greater

the accuracy and resolution of the estimation of the Doppler frequency, and thus the

greater accuracy in estimating the velocity of the object.

The correlation values for various time delays and various virtual radars are

arranged in two-dimensional arrays known as time slices. A time slice is a two-

dimensional array with one dimension corresponding to delay or range bin and the other

dimension corresponding to the virtual radar (transmitter-receiver pair). The samples

are placed into respective range bins of the two-dimensional array (as used herein, a

range bin refers to a distance range corresponding to a particular time delay

corresponding to the round trip time of the radar signal from a transmitter, to the

target/object, and back to the receiver). The virtual receivers of the radar system define

one axis of the two-dimensional time slice and the range bins define a second axis of

the two-dimensional time slice. Another new time slice comprising complex correlation

values is generated every 2-30 microseconds. Over a longer time interval, herein

referred to as a "scan" (typically, in a duration of 1-60 milliseconds or longer), multiple



time slices are accumulated to form a three-dimensional radar d

dimension of the three-dimensional radar data cube is defined b

respective time slice requiring 2-30 microseconds), while the receivers (or virtual radar)

define a second axis of the three-dimensional radar data cube, and the range bins and

their corresponding time delays define a third axis of the three-dimensional radar data

cube. A radar data cube may have a preselected or dynamically defined quantity of

time slices. For example, a radar data cube may include 100 time slices or 1,000 time

slices of data. Similarly, a radar data cube may include different numbers of range bins.

A single correlator output corresponding to a particular range bin (or delay) is a

complex value that corresponds to the sum of products between a time-delayed replica

of the baseband transmitted signal—with a time-delayed replica corresponding to each

range bin—and the received down converted complex samples. When a particular

time-delayed replica in a particular range bin correlates highly with the received signal, it

is an indication of the time delay (i.e., range of the target/object) for the transmitted

signal that is received after reflecting from a target/object. Multiple correlators produce

multiple complex correlation values corresponding to different range bins or delays. As

discussed herein, each time slice contains one correlation value in a time series of

correlation values upon which Doppler processing is performed (e.g., Fast Fourier

Transform). In other words, a time series of complex correlation values for a given

range bin is used to determine the Doppler frequency and thus the velocity of a

target/object in the range bin. The larger the number of correlation values in the time

series, the higher the Doppler resolution. A matched filter may also be used to produce

a set of outputs that correspond to the correlator outputs for different delays.

There may be scans for different correlators that use replicas of the transmitted

signal with different delays. Because there are multiple transmitters and multiple

receivers, there may be correlators that process a received signal at each receiver that

are matched to a particular transmitted signal by a particular transmitter. Each

transmitter-receiver pair is called a "virtual radar" (a radar system preferably has 4

virtual radars, or more preferably 32 virtual radars, and most preferably 256 or more

virtual radars). The receive pipeline of the radar system will thus generate a sequence



of correlator outputs (time slices) for each possible delay and foi

receiver pair. This set of data is called a radar data cube (RDC)

called range bins. The part of the radar data cube for one point in the sequence of

correlator outputs is called a time slice, and it contains one correlator output for each

range bin and transmitter-receiver pair combination. Storing the radar data cube can

involve a large amount of memory, as its size depends on the desired number of virtual

radars (for example, 4-64 or more virtual radars), the desired number of range bins (for

example, 100-500 or more range bins), and the desired number of time slices (for

example, 200-3,000 or more time slices).

The complex-valued correlation values contained in a three-dimensional radar

data cube may be processed, preferably by a processor established as a CMOS

processor and coprocessor on a common/same semiconductor substrate, which is

typically a silicon substrate. In one embodiment, the processor comprises fixed function

and programmable CPUs and/or programmable logic controls (PLCs). Preferably, the

system will be established with a radar system architecture (including, for example,

analog RF circuitry for the radar, processor(s) for radar processing, memory module(s),

and other associated components of the radar system) all on a common/same

semiconductor substrate. The system may preferably incorporate additional processing

capabilities (such as, for example, image processing of image data captured by one or

more vehicle cameras such as by utilizing aspects of the systems described in U.S. Pat.

Nos. 5,877,897; 5,796,094; 6,396,397; 6,690,268 and 5,550,677, which are hereby

incorporated herein by reference in their entireties) within the common/same

semiconductor substrate as well.

The ability of a continuous wave radar system to distinguish multiple targets is

dependent upon the radar system's range, angle, and Doppler resolutions. Range

resolution is limited by a radar's bandwidth (i.e., the chip rate in a phase modulated

continuous wave radar), while angle resolution is limited by the size of the antenna

array aperture. Meanwhile, increasing Doppler resolution only requires a longer scan.

A high Doppler resolution is very valuable because no matter how close two objects or

targets are to each other, as long as they have slightly differing radial velocity (their



velocity towards or away from the radar system), they can be d

system with a sufficiently high enough Doppler resolution. Cons

next to a walking child, where the adult is moving towards the radar system at 1.5

meters per second while the child is moving towards the radar system at 1.2 meters per

second (ignoring how fast the radar system may be moving). If the Doppler resolution

of the radar system is high enough, the radar system will be able to distinguish the two

targets. However, if the radar system is only able to achieve Doppler resolutions of up

to an exemplary 0.5 meters per second, the radar system will be unable to distinguish

the two targets. Preferably, the Doppler resolution is 1 meter per second (m/s), more

preferably 0.1 m/s, and most preferably less than 0.05 m/s.

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, a 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.

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. While pulse radar systems may use shared



or separate antennas, continuous wave radars (discussed herei

antennas (for transmitting and receiving) because of their contin

The radar sensing system of the present invention may utilize aspects of the

radar systems described in U.S. patent applications, Ser. No. 15/292,755, filed Oct. 13 ,

201 6 , Ser. No. 15/204,003, filed Jul. 7 , 201 6 , and/or Ser. No. 15/204,002, filed Jul. 7 ,

201 6 , and/or U.S. provisional applications, Ser. No. 62/382,857, filed Sep. 2 , 201 6 , Ser.

No. 62/381 ,808, filed Aug. 3 1 , 201 6 , Ser. No. 62/327,003, filed Apr. 25, 2016, 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 , Ser. No. 62/327,01 7 , filed Apr. 25, 201 6 , Ser. No.

62/327,01 8 , filed Apr. 25, 201 6 , and/or Ser. No. 62/31 9,61 3 , filed Apr. 7 , 201 6 , which

are all hereby incorporated by reference herein in their entireties.

For a PMCW type of radar, the phase of the transmitted signal is changed

according to a certain pattern or code, sometimes called the spreading code, known at

the radar receiver (see FIGs. 5-7). The faster the phase is changed, the wider the

bandwidth of the transmitted signal. This is sometimes called spread-spectrum

because the signal power is spread over a wide bandwidth. As illustrated in FIGs. 5-7,

the pattern may be implemented as a pseudorandom binary code, where 0s indicate no

phase shift and 1s indicate a 180 degree (π radian) phase shift. In an aspect of the

present invention, the pattern may be implemented as a truly random serialized bit

stream. In an aspect of the present invention, there may be different types of codes,

with each transmitter of a radar system using a separate code. In other modes each

transmitter transmits with a single code that is modulated according to a Hadamard

transform described below.

At the receiver, a bank of correlators may be used. Each correlator would have

one input receiving the complex digitized samples from the down converter. The other

input would be different delayed replicas of the transmitted baseband signal. The

output of the correlators is used to detect objects in the environment, their location and

velocity. Alternatively, a matched filter may be used that produces a so-called pulse



compressed signal with time resolution proportional to the invers

transmitted signal. The matched filter output sequence correspc

bank of correlators. Spreading codes with good autocorrelation values are important in

single transmitter, single receiver, phase-modulated continuous wave radars.

Radars with a single transmitter and a single receiver can determine distance to

a target but cannot determine a direction or an angle of a target from the radar sensor

or system. To achieve angular information, either multiple transmitters or multiple

receivers (or both) are needed. The larger the number of transmitters and receivers,

the better the resolution possible. A system with multiple transmitters and multiple

receivers is also called a multiple-input, multiple-output or MIMO system. In a multiple

transmitter, multiple receiver radar system, the receive pipeline for each receiver of the

radar system may have a matched filter for each of the transmitter codes. A matched

filter is an alternative way of implementing a set of correlators corresponding to different

delays or range bins. As discussed herein, a quantity of virtual radars is defined by the

number of transmitters and the number of physical receivers (quantity of transmitters

times quantity of physical receivers equals the quantity of virtual radars). A receiver

may also be referred to as a virtual receiver. A radar system with only a single

transmitter will have virtual receivers that are physical receivers, which may still be

referred to as virtual receivers.

A radar determines the range of an object or a distance to an object by

determining how long it takes the echo of the transmitted signal to be heard back at the

receive pipeline of the radar. From this measured time delay and knowing that the

electromagnetic signals travel at the speed of light (or ultrasonic signals travel at the

speed of sound) the distance can be determined. A typical way of determining the time

delay is by correlating the received signal with multiple time-delayed replicas of the

transmitted signal (via the use of range bins, as discussed herein). When a particular

time-delayed replica corresponding to a particular range bin correlates highly with the

received signal (which results in a larger magnitude of the correlation value as

compared to a different time-delayed replica that does not correlate highly with the

received signal), it is an indication of the time delay (or equivalent range) for the



transmitted signal that is received after reflecting from an object

multiple objects in the environment, there will be multiple time d <

be high magnitude correlation values. While a receiver could correlate the received

signal with all possible delays, generally there is a finite set of delays with which the

receiver will correlate (that is, the range bins).

The ranges corresponding to the different time delays generated by replica

signals are the above mentioned range bins. They may also be known as "range

gates." The accuracy of range determination increases as the bandwidth of the

transmitted signal increases (as the rate at which the phase of the signal changes) and

as the number of time-delay replicas increase. A receiver that uses a matched filter

may generate correlation values for all possible time delays (each range bin). This

matched filter receiver will still have a range resolution that depends on the bandwidth

of the transmitted signal.

A radar system can determine the velocity of an object by measuring the

frequency offset between the transmitted signal and the received signal. The signal

reflecting from a moving object will have a frequency shift relative to the transmitted

signal. This is called the Doppler effect and the frequency shift is called the Doppler

shift. Doppler is most noticeable with regards to trains passing through a road crossing

where the frequency of the sound will go down once the train has passed the road

crossing. The signal reflected off an object moving toward the radar sensor will have a

higher frequency than the transmitted signal, and an object moving away will have a

lower frequency. If the radar sensor is also moving, then it is the relative velocity

between the radar sensor and the object that will determine the amount of frequency

shift. Thus, measuring the frequency shift will determine the relative velocity of an

object in the environment. The time duration of the received signal used to estimate the

Doppler shift of the transmitted signal will determine the accuracy or resolution of the

Doppler frequency.

The correlation of replicas of the transmitted signal modified at different time

delays and different frequency shifts is an indication of the range and velocity of the



objects in the environment. A virtual radar can estimate the rani

objects in the environment.

Because there can be multiple objects in the environment with different ranges

and different velocities there may be multiple reflections with different delays and

different frequency shifts. It is important in many applications to measure the frequency

shift for different objects at different ranges to determine the velocity of individual

objects. Each object in a given range will generate a frequency shift that should be

estimated.

The frequency shift of a received signal at a particular range bin may be

measured by looking at the sequence of phase values of the correlator output of the

receive pipeline over a set of correlations or time slices. The phase shift Α between

two consecutive correlator outputs that are separated in time ∆Τ will correspond to a

frequency shift, Af, that can be determined as Ai = Αφ /ΑΤ . The longer the time duration

of the transmitted signal, the more accurate the determination of frequency shift of an

object at a particular range bin.

While the description above focused on a single transmitter-receiver pair, if there

are Ντ transmitters and N R receivers there will be 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 simply 64 virtual radars. As illustrated in FIG. 8 , when

three transmitters (Tx1 , Tx2, Tx3) are being received by three receivers (Rx1 , Rx2,

Rx3), each of the receivers is receiving the transmission from all of the transmitters.

Each of the receivers is receiving the sum of the reflected signals caused by all three of

the transmissions at the same time. Each receiver may 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.



Collecting and storing all the information to determine the

each object corresponding to each virtual receiver requires signi

resources. The required memory resources necessary to achieve sufficient Doppler

resolution may run into the tens of megabytes to 100 megabytes or more. For example,

the amount of memory necessary to store the complex correlation values for a single

scan of 1,000 time slices from 64 virtual radars when that scan accumulates samples

across 100 range bins for the 64 virtual radars would be more than 25 megabytes (see

FIG. 3). In accordance with an aspect of the present invention, there are preferably 100

range bins, more preferably 200 range bins, and most preferably 500 range bins in each

time slice.

FIG. 4 illustrates an exemplary phase modulated continuous wave radar system

400. As illustrated in FIG. 4 , the radar system 400 comprises a plurality of receivers

and their respective antennas 406 and a plurality of transmitters and their respective

antennas 408. The radar system 400 also includes a flash memory 4 12 , and optionally

a random access memory 4 10 . The random access memory 4 10 , for example, an

external DRAM, may be used to store radar data cube(s) instead of using the limited

internal (on-chip) memory (e.g., SRAM), and may also be used to store selected range

bins from a greater number of radar data cubes for concatenating for micro-Doppler

processing. The radar system also includes a variety of interconnections to an

automotive network, e.g., Ethernet, CAN-FD, and Flexray.

Hadamard Codes:

Hadamard codes may be used as modulation codes (spreading codes) in MIMO

radars to avoid interference between co-located radar transmitters. The shortest

Hadamard code is a code of length 2 usually denoted by H2. An exemplary Hadamard

code of length 2 (H2) is illustrated in the matrix below:

1 1
2 = 1 1



The codewords or spreading codes are the rows in the m

the two codewords are ( 1 , 1) and ( 1 , - 1 ) . The two rows in this m

the sense that the sum of the products of the components is zero. That is, the product

of the first element in each row ( 1 , and 1 in the above example of a length 2 code),

summed with the product of the second element in each row ( 1 , and - 1 above) is 1+ (-1 )

or zero. The codewords can be repeatedly transmitted by a radar transmitter. In the

above example a long sequence can be generated by repeating the same codeword. In

this case we say the period is 2 . A Hadamard of size 4 (length or period 4) can be

constructed from a Hadamard of size two as follows. An exemplary Hadamard code of

length 4 (H4) , which is constructed from the Hadamard of size two, is illustrated in the

matrices below:

H 2 H 2H 4 =
H 2 H 2

1 1 1 1
1 1 1 - 1
1 1 - 1 - 1
1 1 - 1 + 1

The Hadamard code of size four has four codewords which are the four rows of the

above matrix. The codewords are orthogonal in the same sense as the two element

Hadamard, namely that the sum of the products of the elements are zero. So any two

distinct codewords (or rows) of the Hadamard matrix will be orthogonal. This process

can be repeated to generate a Hadamard of size eight, and all powers of 2 (2, 4 , 8 , 16 ,

32 . . .) . There are Hadamard matrices in which the size is not a power of two as well.

An exemplary Hadamard code of size or length 8 (He), which is also constructed from

other Hadamard codes, is illustrated in the matrices below:



+ H4 + H4
H 8 = + H4 H4

+ H 2 + H 2 + H 2 + H 2

+ H 2 H 2 + H 2 - H 2

+ H 2 + H 2 H 2 - H 2

+ H 2 H 2 H 2 + H 2

+ 1 + 1 + 1 + 1 + 1 + 1 + 1 + 1
+ 1 - 1 + 1 - 1 + 1 - 1 + 1 - 1
+ 1 + 1 - 1 - 1 + 1 + 1 - 1 - 1
+ 1 - 1 - 1 + 1 + 1 - 1 - 1 + 1
+ 1 + 1 + 1 + 1 - 1 - 1 - 1 - 1
+ 1 - 1 + 1 - 1 - 1 + 1 - 1 + 1
+ 1 + 1 - 1 - 1 - 1 - 1 + 1 + 1
+ 1 - 1 - 1 + 1 - 1 + 1 + 1 - 1

An exemplary radar system with four transmitters may use any four of the eight

rows (codewords) of the Hadamard matrix for transmitting modulated signals. As long

as the receiver uses the same four codes (as the transmitter) to correlate with, the

signals transmitted by a first transmitter and reflected off an object will be orthogonal to

any signals transmitted by other transmitters (in the same or different radars) that are

reflected off the same object. Note that a first signal transmitted from a first transmitter

that is reflected off of a first object will not be orthogonal to a second signal transmitted

from a second transmitter that is reflected off of a second object, even in the same radar

system.

A Hadamard code may be combined with other codes to generate an exemplary

spreading code for each radar transmitter. For example, consider a code of length 7 ,

namely c = [-1 , - 1 , - 1 , 1, 1, - 1 , 1]. From this code and a Hadamard code of length four,

a set of four spreading codes for modulating signals for the four transmitters may be

generated. The four codewords are now of length (period) 28 but are still orthogonal.

An exemplary combined spreading code and Hadamard code (Si) is illustrated in the

matrix below:

+ c + c + c + c

+ c —c + c —c
S i

+ c + c — —

+ c —c —c



Such combinations of codewords and Hadamard codes

repeating the code c multiple times. For example, if d is M repe

c , c , c] where there are M copies of c used to generate d , then the codewords of S2,

illustrated in the matrix below, are still orthogonal.

+ d + d + d + d
+ d - d d - d

2 = + d + d - d - d
+ d - d - d + d

While Hadamard codes may be used as spreading codes to reduce interference

between the virtual radars of a single radar system, they may also be used to aid in

detecting and mitigating interferences from other PMCW radar systems.

PMCW - PMCW Interference Detection:

In accordance with an aspect of the present invention, an exemplary detection

method includes determining whether there is a second PMCW radar operating and

potentially interfering with a first PMCW radar by turning off the transmitter (or

transmitters) of the first PMCW radar and monitoring for a received signal that was sent

by the second PMCW radar. If the first and second PMCW radars are using different

spreading codes but with identical periods, then the transmitted signal from the second

radar will produce various cross correlations in the first PMCW radar when received by

the first PMCW radar. If it is determined that the correlation values stay the same in

each range bin, even when the transmitter is off, such correlation values are likely due

to the PMCW radar receiving a transmitted signal from another PMCW radar. That is, if

the correlations peaks stay nearly the same in every range bin from one set of

correlation values to the next set when the transmitter is off, then an interfering second

radar transmitter is likely the cause. By integrating or averaging over multiple

correlations, these correlation values will accumulate coherently (with the same

complex phase), at least over some number of correlations. Using this, the presence of

a second PMCW radar can be determined.



When the two radars using codes with a different operatic

least one radar is using an aperiodic code (a code that does not

indication of PMCW to PMCW interference is a raised noise floor. The radars can

monitor the noise floor level in order to estimate the level of interference. When the

radar(s) detect a rise in the noise floor level, one of the radars can switch to using a

periodic code with the same period as the other radar, or both radars can switch to

using a code with a known period (known a priori, for example, as part of a convention

or standard, or by measuring the period used by the other radar). When the radar(s)

switch to using periodic codes with the same period, ghosts will appear, and the noise

level may go down (depending on the codes used).

Hadamard-Based Interference Detection:

Hadamard codes, as described above, are known orthogonal codes. A multiple-

input radar may use Hadamard codes in order to avoid signal interference between

virtual radars in a same radar system. The size of the Hadamard code matrix will be at

least as long as the number of transmitters (e.g., a radar system with four transmitters

will need a Hadamard code matrix with at least four rows of codewords). However, if

the Hadamard code matrix is longer than the number of transmitters in a particular radar

system, then there are codewords that will not be used by the transmitters. These extra

codes may be used to determine noise or interference levels. For example, by

correlating not only with the Hadamard codes being used, but also at least one

Hadamard code not being used, the interference level may be measured with the

Hadamard code not being used. In other words, when the receiver does a correlation

with the additional Hadamard code (that is not used by the radar system's transmitters),

significant correlation values will likely be due to another PMCW radar transmitting.

Because the desired signal will be orthogonal to this extra code, the desired signal will

not contribute to the interference measurement. In this way the level of interference

alone may be determined while still measuring the range/velocity/angle of targets.

The above interference detection methods may also be combined with frequency

hopping to listen and estimate channel interference levels as a function of frequency. In



accordance with an aspect of the present invention, a PMCW ra

frequency may be shifted between two or more frequencies in o

interference levels on a plurality of available frequencies. At each transmission

frequency, a Hadamard-based spreading code may be used that contains more

codewords than the number of transmitters in the PMCW radar. The unused

codewords may be used to measure the interference as described above. The

interference level may then be measured as a function of frequency. By measuring the

interference at multiple frequencies, the transmitter can locate the frequency with the

smallest amount of interference. As discussed herein, determining interference as a

function of transmission frequency may be used as part of a mitigation technique in

combination with carrier frequency shifting where the interference levels are determined

to be lower than at another carrier frequency.

PMCW - PMCW Interference Mitigation:

Phase-modulated continuous-wave (PMCW) radars transmit phase-modulated

signals. As discussed herein, the phase of the transmitted signal is modulated using a

code, sometimes called a spreading code. As also discussed herein, the radar receiver

receives signals reflected from objects, and correlations with delayed replicas of the

transmitted waveform generated at the receiver are determined. The delays used for

the correlations depend on the range at which an object should be detected. With this

method, the range of an object may be determined by looking for peaks in the

correlations. By repeating the correlations and processing a sequence of the

correlations, the Doppler shift in the received signal compared to the transmitted signal

can be estimated, and thus the object velocity may be estimated. In addition, by using

multiple antennas, the angle of the object may also be determined.

A common concern with PMCW radars is that a second vehicle also using a

PMCW radar may transmit phase-modulated signals that are received by a first

vehicle's PMCW radar. In other words, the first vehicle's PMCW radar receives its own

reflected signals that it transmitted as well as signals directly propagated from the



second vehicle's PMCW radar. The first vehicle's PMCW radar

the second vehicle's PMCW radar may cause the PMCW radar

indicate objects that are not present, sometimes called ghost targets. This is especially

true if the spreading code is periodic in that the sequence of chips in a spreading code

repeats with some period. Discussed herein are a variety of methods and systems that

may mitigate the effect of this interference.

A method of mitigating the effect of interference is to narrow the modulation

bandwidth to avoid frequency bands that have significant interference. One radar

system might use one frequency band that overlaps partially with another radar system

when operating at the full bandwidth capability of each radar system. By narrowing the

bandwidth of each system, the overlap can be eliminated and the interference between

the signals reduced. One way to reduce the bandwidth is to change the chip rate of the

modulated signal. By reducing the chip rate, the bandwidth occupied is reduced and

the amount of overlap of the signals between different radars will be reduced.

Spreading Code Length Adjustments:

For PMCW radars using periodic spreading codes, a ghost target may appear in

the same range bin for each set of correlation values corresponding to all range bins.

That is, the correlation values for a set of range bins (delays) are repeated every time

the code repeats. Therefore, another PMCW radar using the same operational period

will show up as a ghost target in the same range bin from one period to the next period

of the code (assuming a small relative velocity).

For example, using an exemplary vehicle moving at a relative velocity (of a

second radar relative to a first radar) of 250 mph or 112 meters/second using a radar

with a chip rate of 500 Mchps, the chip duration is 2 nano seconds and a sequence

period is 500 chips, which corresponds to a 1 microsecond period. In this time period,

the relative distance could change by only 112 micrometers. Since radio signals travel

at the speed of light, the difference between a delay of a first period signal and a delay

of a second period signal would be less than 2/1 0,000 of a chip. Therefore, between

periods of the sequence, the range bin of an object would not change significantly, even



when moving very fast. That is, it will take about 5,000 periods

range of the object to change by the distance corresponding to

meters for the example calculation).

One mitigation technique to use if targets change range bins infrequently is to

change the spreading code used and determine if the ghost target has moved, while

other targets remain in the same range. If a target has moved, then it can be

determined that the target is not an actual target but a ghost target due to a second

transmitter. If the code is changed periodically and an average of correlations are

computed, the ghost targets will be averaged out. In other words, while the ghost

targets are still detected, because they are identified, they can be ignored. Such

techniques may be used to reduce the interferences so that PMCW - PMCW

interference is reduced to only particular Doppler values and/or particular angle bins.

Frequency hopping radars:

As mentioned above, in a PMCW radar system that can measure the

interference levels of a plurality of possible transmission frequencies, the PMCW radar

system may choose a transmission frequency that has a minimum of interference

detected. Alternatively, a PMCW radar system, without knowing the interference levels

at different carrier frequencies, may frequency hop from one carrier frequency to

another carrier frequency. If two PMCW radars are both frequency hopping, but with

different hopping patterns, the signal interference from one PMCW radar to the other

PMCW radar will only occur when both PMCW radars hop to the same carrier frequency

(such that both PMCW radars are simultaneously transmitting at the same carrier

frequency). In such a way, a PMCW radar system may passively mitigate PMCW -

PMCW interference without ever having to determine interference levels or take an

action to avoid a specific interference occasion.

If the interference level is also monitored at each transmission frequency, an

appropriate weighting of the different correlation values at different transmission

frequencies may be used to minimize the effect of the interference. For example,

transmission frequencies with a high level of interference may be nearly ignored while



transmission frequencies with a low amount of interference can

combining correlation outputs. In this system, users of different

need to be coordinated or synchronized. With frequency hopping and weighting

correlation values corresponding to carrier frequencies with minimal interference more

heavily than correlation values corresponding to carrier frequencies with higher levels of

interference, improved performance may be obtained.

Synchronized Hadamard codes for different users:

Interference may also be mitigated to some extent by roughly synchronizing two

PMCW radars. Such synchronization would have to be cooperative. For example, a

first vehicle and a second vehicle may each have PMCW radars that are able to

cooperate with each other to mitigate interference when the first vehicle is approaching

the second vehicle. The largest signals received by the PMCW radars in this scenario

are those transmission signals that are propagated directly from the first vehicle to the

second vehicle, or vice versa. The time delays for these two propagation paths are

identical. If both PMCW radars were synchronized, then each PMCW radar could

transmit with different orthogonal code-based spreading codes, such as the Hadamard-

based spreading codes described above, but with a unique set of codes. That is, each

PMCW radar would use a subset of the available codes and the two subsets would not

have any codes in common. If a delay between the first and second vehicles was

known and one of the PMCW radars delayed transmission by this propagation delay,

then the interference from one radar system would be orthogonal to the codes used by

the other radar system.

For example, the first radar may transmit a signal (modulated by a codeword of

the Hadamard code) from time 0 to time T. The second radar system would receive this

signal from a time τ to Τ+τ. This signal would reflect off the second vehicle and be

received by the first radar system from a time 2τ to Τ+2τ. If the second radar system

transmitted a signal from time to Τ+τ, this second signal would be received by the first

radar system from time 2τ to Τ+2τ. That is, the reflected signal from the first radar

would be received back by the first radar synchronized with the signal transmitted from

the second radar. Because both of the transmitted signals are phase modulated using



orthogonal Hadamard codes and are synchronized, there would

the second radar to the first radar (as the two signals are orthog

synchronized). However, there could still be interference when the second radar

receives a transmitted signal from the first radar that is not synchronized with the signal

received back by the second radar. Such arrangements may work well for one of the

two radar systems but not the other. Optionally, the two radar systems could alternate

which radar transmits with an appropriate delay to make the signals orthogonal at one

of the two radar receivers.

If the propagation delays between vehicles are much smaller than the period of

the Hadamard-based signal used, then even with a loose synchronization between

signals, where the signals are offset but where only a few chips of the underlying

sequence (not the Hadamard sequence) can be used, orthogonality may still be

maintained at both radar receivers. In this case, one approach is to discard at the

receiver one of the repetitions of the inner spreading code c . This gives up some signal

processing gain but reduces the interference level.

Switching Operational Periods:

When the noise floor increases sufficiently (due to an interfering radar using a

different operational period (or aperiodic)), a first PMCW radar of a first vehicle may turn

off its transmitters for a known amount of time. A second PMCW radar of a second

vehicle may notice that the first PMCW radar has stopped transmitting and determine

that a PMCW radar signal interference condition exists. A possible response may be for

the first and second PMCW radars to then begin taking turns transmitting and not

transmitting based upon their independent detections of each other. Optionally, an

exemplary radar system may use a randomization algorithm to choose a time slot to

transmit, especially if there are multiple interferers. Such a process is similar to that

used by Ethernet CSMA-CD.

When noise floor increases in a radar system sufficiently (due to an interferer

using a code with different period (or aperiodic codes)), both PMCW radars may notice

the increased noise floor, and both PMCW radars may switch to a periodic code with a



known (same) period. Then, additional mitigation techniques, s

may be used.

Therefore, exemplary methods and systems of the present invention may

mitigate interference in a PMCW radar system caused by transmitted radio signals from

another PMCW radar system. The interference of the other PMCW radar system may

be mitigated through passive (e.g., periodically or aperiodically shifting transmission

frequencies) steps that may be taken whether or not an interfering PMCW radar system

has been detected and active steps (e.g., synchronizing transmissions between the two

PMCW radar systems) that may be taken after the presence of the interfering PMCW

radar is detected.

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 transmitter configured for installation and use on a vehicle, and further

configured to transmit a radio signal at a selected carrier frequency;

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

configured to receive a radio signal, wherein the received radio signal includes a

reflected radio signal that is the transmitted radio signal reflected from an object;

a processor configured to control the transmitter to transmit radio signals on the

selected carrier frequency;

wherein the receiver also receives an interfering radio signal transmitted by a

transmitter of another radar sensing system, and wherein the interfering radio signal

interferes with the reflected radio signal; and

wherein the processor is further configured to at least one of (i) select a carrier

frequency with reduced interference and (ii) mitigate interference from the other radar

sensing system.

2 . The radar sensing system of Claim 1, wherein the transmitter is further

configured to transmit the radio signal at one of a plurality of carrier frequencies, and

wherein the processor is further configured to control the transmitter to selectively

transmit radio signals on a selected one of the plurality of carrier frequencies.

3 . The radar sensing system of Claim 2 , wherein the selected one of the plurality of

carrier frequencies is selected from a subset of at least two or more carrier frequencies

of the plurality of carrier frequencies.

4 . The radar sensing system of Claim 2 , wherein the processor is further configured

to measure interference levels at each of the carrier frequencies of the plurality of

carrier frequencies and to select a carrier frequency for transmission with a lower level

of interference than another carrier frequency.



5 . The radar sensing system of Claim 4 , wherein the proces

to select a carrier frequency for transmission based at least in p ;

where transmission frequencies are weighted based upon interference level

measurements.

6 . The radar sensing system of Claim 1, wherein the processor is further configured

to control the transmitter to selectively transmit radio signals at one of the carrier

frequencies of the plurality of carrier frequencies in a periodic fashion.

7 . The radar sensing system of Claim 1, wherein the processor is further configured

to control the transmitter to selectively transmit radio signals at one of the carrier

frequencies of the plurality of carrier frequencies in an aperiodic fashion.

8 . The radar sensing system of Claim 1, wherein the processor is further configured

to control the transmitter to turn off for a period of time when interference from an

interfering radio signal is detected.

9 . The radar sensing system of Claim 1, wherein the processor is further configured

to control the transmitter to turn off and back on for a variable amount of time when

interference from an interfering radio signal is detected.

10 . The radar sensing system of Claim 9 , wherein the transmitter turning off and on

is synchronized with the other radar sensing system such that the transmitter is not

transmitting when a transmitter of the other radar sensing system is transmitting.

11. The radar sensing system of Claim 1, wherein the transmitter is further

configured to phase modulate the radio signal for transmission according to a spreading

code, and wherein the receiver is further configured to correlate the received radio

signals using the same spreading code as used by the transmitter, and wherein the

receiver is further configured to correlate the received radio signals with a spreading

code that is different from the spreading code used by the transmitter, such that the



receiver determines correlation values for the interfering radio si

reflected radio signal, and wherein the determined correlation v

the processor to determine the interferences levels corresponding to each carrier

frequency of the plurality of carrier frequencies.

12 . The radar sensing system of Claim 1, wherein the transmitter is further

configured to phase modulate the radio signal for transmission according to an

aperiodic spreading code, and wherein the receiver is further configured to measure a

noise floor of the received radio signal, and wherein the processor is further configured

to switch the transmitter to a periodic spreading code when the noise floor increases

above a threshold, and wherein both radars sensing systems have the same period.

13 . The radar sensing system of Claim 1, wherein the processor is further configured

to temporarily turn off the transmitter to measure an interference level to detect the

presence of other radar systems operating simultaneously.

14. The radar sensing system of Claim 13 , wherein the processor is further

configured to measure the interference level in part by determining a noise floor.

15 . The radar sensing system of Claim 13 , wherein the processor is further

configured to detect the presence of other radar systems by comparing correlation

values from different scans when the transmitter is off.

16 . The radar sensing system of Claim 1, wherein the processor is further configured

to mitigate interference from the other radar sensing system by varying a signal

bandwidth of the transmitted radio signal, and wherein the transmitted signal bandwidth

is varied by adjusting the chip rate of the spreading code.

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

a transmitter configured for installation and use on a vehicle, and further

configured to transmit a phase modulated radio signal using a spreading code;



a receiver configured for installation and use on the vehic

configured to receive a radio signal, wherein the radio signal inc

radio signal reflected from an object, and wherein the receiver correlates the received

radio signal with a spreading code that matches the spreading code used by the

transmitter; and

a processor;

wherein the receiver also receives an interfering radio signal transmitted by a

transmitter of another radar sensing system, and wherein the interfering radio signal

interferes with the reflected radio signal;

wherein the spreading codes used by both radars have the same period; and

wherein the processor is configured to adjust at least one of the transmitter and

the receiver to limit interference from the other radar sensing system.

18 . The radar sensing system of Claim 17 , wherein the processor is further

configured to synchronize the transmitter with the other radar sensing system when a

delay between the transmitter and the other radar sensing system is estimated, and

wherein the transmitter uses a spreading code that is of a different subset of a set of

spreading codes than the subset of spreading codes of the set of spreading codes used

by the other radar sensing system, such that the interfering radio signal is nearly

orthogonal to one of the reflected radio signals to reduce the level of interference

between the reflected radio signal and the interfering radio signal.

19 . The radar sensing system of Claim 17 , wherein the transmitter and the other

radar sensing system alternate transmission such that the transmitter transmits when

the other radar sensing system is not transmitting and vice versa.

20. The radar sensing system of Claim 17 , wherein the processor is further

configured to control the transmitter to periodically turn off and back on for a variable

amount of time when interference from an interfering radio signal is first detected and at

least until the transmitter is synchronized with the other radar sensing system.



2 1 . The radar sensing system of Claim 17 , wherein the receh

to correlate the received radio signal with a spreading code that

spreading code that is used by the transmitter, such that the receiver determines

correlation values for the interfering radio signal without the reflected radio signal, and

wherein the correlation values are measured by the processor to determine the

interferences levels.

22. The radar sensing system of Claim 17 further comprising:

a plurality of transmitters, wherein the plurality of transmitters is configured to

transmit a phase modulated radio signal using a different spreading code for each

transmitter of the plurality of transmitters; and

a plurality of receivers, wherein the plurality of receivers is configured to correlate

the received radio signal with a spreading code that matches the spreading code used

by a corresponding transmitter of the plurality of transmitters.

23. A method for mitigating interference in a radar sensing system comprising a

transmitter configured for installation and use on a vehicle and a receiver configured for

installation and use on the vehicle, the method comprising:

transmitting with the transmitter a radio signal;

receiving with the receiver a radio signal, wherein the received radio signal

includes the transmitted radio signal reflected from an object;

receiving with the receiver an interfering radio signal transmitted by a transmitter

of another radar sensing system, wherein the interfering radio signal interferes with the

reflected radio signal;

causing the transmitter to transmit radio signals; and

selecting spreading codes that reduce interference based on measuring

interference levels with different spreading codes.

24. The method of Claim 23, wherein selectively transmitting radio signals comprises

selectively transmitting radio signals in one of a periodic fashion and an aperiodic

fashion.



25. The method of Claim 23 further comprising shutting off th

period of time when interference from an interfering radio signal

periodically turning off and back on the transmitter for a variable amount of time.

26. The method of Claim 25, wherein the periodicity of the transmitter turning off and

on is synchronized with the other radar sensing system, such that the transmitter is not

transmitting when a transmitter of the other radar sensing system is transmitting.

27. The method of Claim 23 further comprising:

phase modulating the radio signal for transmission according to a spreading

code;

correlating with the receiver the received radio signal using the same spreading

code as used by the transmitter; and

correlating with the receiver the received radio signal with a spreading code that

is different from any spreading code that is used by the transmitter, such that the

receiver determines correlation values for the interfering radio signal, and wherein the

correlation values are measured to determine the interference levels.
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because they relate to subject matter not required to be searched by this Authority, namely:
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because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

Claims Nos.:
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).
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This International Searching Authority found multiple inventions in this international application, as follows:

See extra sheet(s).

1. I I As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. IAs all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. I IAs only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

1-16
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This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1 . In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group I, claims 1-16, drawn to a radar sensing system for a vehicle.
Group II, claims 17-22, drawn to a radar sensing system for a vehicle, the radar sensing system comprising: a transmitter configured for
installation and use on a vehicle.
Group III, claims 23-27, drawn to a method for mitigating interference in a radar sensing system.

The inventions listed as Groups I, I I and III do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT
Rule 13.2, they lack the same or corresponding special technical features for the following reasons: the special technical feature of the
Group I invention: control the transmitter to transmit radio signals on the selected carrier frequency as claimed therein is not present in
the invention of Groups II and III. The special technical feature of the Group I I invention: transmit a phase modulated radio signal using
a spreading code; wherein the receiver correlates the received radio signal with a spreading code that matches the spreading code used
by the transmitter; wherein the spreading codes used by both radars have the same period as claimed therein is not present in the
invention of Groups I or III. The special technical feature of the Group III invention: selecting spreading codes that reduce interference
based on measuring interference levels with different spreading codes as claimed therein is not present in the invention of Groups or II.

Groups I, I I and III lack unity of invention because even though the inventions of these groups require the technical feature of a radar
sensing system for a vehicle, the radar sensing system comprising: a radar sensing system for a vehicle, the radar sensing system
comprising: a transmitter configured for installation and use on a vehicle; a receiver configured for installation and use on the vehicle,
and further configured to receive a radio signal, wherein the received radio signal includes a reflected radio signal that is the transmitted
radio signal reflected from an object; wherein the receiver also receives an interfering radio signal transmitted by a transmitter of another
radar sensing system, and wherein the interfering radio signal interferes with the reflected radio signal, this technical feature is not a
special technical feature as it does not make a contribution over the prior art.

Specifically, US 2016/001851 1 A 1 (TEXAS INSTRUMENTS INCORPORATED) 2 1 January 2016 (21 .01 .2016) teaches a radar sensing
system for a vehicle (Paras. 7 and 38), the radar sensing system comprising: a transmitter configured for installation and use on a
vehicle (Paras. 38-40 and Fig. 5); a receiver configured for installation and use on the vehicle, and further configured to receive a radio
signal, wherein the received radio signal includes a reflected radio signal that is the transmitted radio signal reflected from an object
(Paras. 40 and 48); wherein the receiver also receives an interfering radio signal transmitted by a transmitter of another radar sensing
system, and wherein the interfering radio signal interferes with the reflected radio signal (Paras. 57 and 62 and Fig. 8).

Since none of the special technical features of the Group I, I I or III inventions are found in more than one of the inventions, unity of
invention is lacking.
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