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(57) Abstract: Described examples include a radar system that operates in a first
mode (201) and a second mode (210). In the first mode (201), the system detects
the presence of an object within a threshold range. In response to detection of the
presence of the object, the system transitions to the second mode (210), and the
system generates range data (216), velocity data (218) and angle data (220) of the
object in the second mode (210). When the object is no longer detected within the
threshold range, the system transitions back to the first mode (201).

[Continued on next page]



WO 20197028461 A1 {10000 0N 0 0O

MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

— as to applicant’s entitlement to apply for and be granted a
patent (Rule 4.17(i1))

— as to the applicant’s entitlement to claim the priority of the
earlier application (Rule 4.17(iii))

Published:

—  with international search report (Art. 21(3))



WO 2019/028461 PCT/US2018/045393

LOW POWER MODE OF OPERATION FOR MM-WAVE RADAR
BACKGROUND
[0001] Radar systems are used in a variety of applications, including aircraft navigation,
security and defense applications, and automotive applications for driver assistive functions,
object detection, etc. Frequency modulated continuous wave (FMCW) radar systems
continuously radiate power from one or more transmit antennas to create frequency modulated
signals referred to as “chirps.” An array of receive antennas receive scattered or reflected signals
from detected objects within the range of the transmit antenna or antennas. Radar systems employ
different chirp signals at different times in order to cover multiple radar ranges, such as long and
short ranges for object detection and other uses. Some radar systems mix the receive signal with
the transmitted chirp signal to create an intermediate frequency (IF) signal to facilitate detection of
objects at different ranges (distances). A first fast Fourier transform (FFT) can be performed on
the received data to separate the objects in a range domain, and a second FFT can be performed for
relative velocity or speed separation to yield multidimensional data indicating the range and
relative velocity of detectable reflectors or objects. In essence, the distance can be estimated by
estimating the frequency of the received IF signal which in turn is related to the round-trip delay
and hence the range of a reflector or object. Velocity is estimated by observing the same object
across multiple chirps and looking at the phase rotation or movement of the frequency difference.
A third FFT can be performed across data from multiple receive chains to separate angle
information. One problem with current systems is large power consumption, particularly for
battery powered applications.
SUMMARY
[0002] In described examples, radar systems and methods use an approach with a first mode and
a second mode. In the first mode (sometimes referred to herein as the “detect only mode”), the
system detects the presence of an object, and upon detection of the object, transitions to the second
mode (sometimes referred to herein as the “regular mode”). In some examples, the system
determines the position, velocity and angle of the object in the second mode. A radar system is

described herein, including a transmitter circuit that provides chirp signals to a transmit antenna,
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and a receiver circuit and an analog-to-digital converter to generate received data based on signals
from receive antennas. The system includes a processor. The processor controls the transmitter
circuit to deliver a plurality of first mode transmit frames in the first mode. The individual first
mode transmit frames have a first mode frame duration and include first mode chirp signals. The
first mode transmit frames are temporally spaced from one another by a first mode sleep time
interval. The processor generates first mode range data based on receive data frames
corresponding to the first mode transmit frames, and transitions to the second mode in response to
detection of an object within a threshold range based on the range data. In the second mode, the
processor controls the transmitter circuit to deliver a plurality of second mode transmit frames
which are reflected off objects and then are received at the receive antenna array. The individual
second mode transmit frames have a second mode frame duration and include second mode chirp
signals. The second mode transmit frames are temporally spaced from one another by a second
mode sleep time interval. In some implementations, the first mode sleep time interval is longer
than the second mode sleep time interval. In some examples, the first mode frame duration is
shorter than the second mode frame duration.

[0003] In some implementations, the system transitions from the second mode to the first mode
in response to the object no longer being within the threshold range. In some examples, the system
transitions to the first mode when the object is no longer within the threshold range for an integer
number M or more consecutive frames, where M is greater than 1. In some examples, the
processor performs a first fast Fourier transform (FFT) on the receive data associated with the first
mode chirp signals to generate first mode range data. In some examples, the processor performs a
first FFT on the receive data associated with the second mode chirp signals to generate second
mode range data, and/or performs a second FFT on the second mode range data to generate second
mode velocity data. In some implementations, the receiver circuit includes an amplifier with an
input coupled with the receive antenna array to receive the receive signals, and an output to
provide an amplified receive signal according to an adjustable amplifier gain. The processor sets
the adjustable amplifier gain to a first gain in the first mode to cause the amplifier to operate with a
first noise figure, and sets the adjustable amplifier gain to a lower second gain in the second mode
to cause the amplifier to operate with a second noise figure, where the second noise figure is higher
than the first noise figure. In some examples, the amplifier linearity is better in the second mode

than in the first mode.
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[0004] For processing radar signals in a radar system, a method includes performing a first fast
Fourier transform (FFT) on receive data in a first mode to generate first mode range data of an
object, and to determine that the object is present within a threshold range. The method includes
transitioning to a second mode in response to determining that the object is present within the
threshold range. The method further includes performing a first FFT on receive data of the second
mode to generate second mode range data of the object, and performing a second FFT on the
second mode range data to generate second mode velocity data of the object. In some
implementations, the method includes transitioning from the second mode to the first mode when
the object is not present within the threshold range. In some examples, the method includes
transitioning to the first mode when the object is no longer within the threshold range for an integer
number M or more consecutive frames, where M is greater than 1. In some examples, the method
includes delivering a plurality of first mode transmit frames to the transmit antenna array in the
first mode, where the individual first mode transmit frames include first mode chirp signals and
have a first mode frame duration, where the first mode transmit frames are temporally spaced from
one another by a first mode sleep time interval. The method also includes generating first mode
range data based on receive data frames corresponding to the first mode transmit frames. In some
examples, the method includes delivering a plurality of second mode transmit frames (via
reflections off objects) to the receive antenna array in the second mode. The individual second
mode transmit frames have a second mode frame duration and include second mode chirp signals.
The second mode transmit frames are temporally spaced from one another by a second mode sleep
time interval. In some implementations, the first mode sleep time interval is longer than the
second mode sleep time interval. In some implementations, the first mode frame duration is
shorter than the second mode frame duration.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] FIG. 1 is a schematic diagram of a radar system.

[0006] FIG. 2 is a flow diagram of a method for processing radar signals in a radar system.
[0007] FIG. 3 is a graph showing example transmit frames with chirp signals separated by a first
mode sleep time interval in a first operating mode of the radar system of FIG. 1.

[0008] FIG 4 is a graph showing example transmit frames with chirp signals separated by a

shorter second mode sleep time interval in a second operating mode of the radar system of FIG. 1.
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DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0009] In the drawings, like reference numerals refer to like elements throughout, and the
various features are not necessarily drawn to scale. In this description, the terms “couple”,
"coupled" or "couples" includes indirect or direct electrical or mechanical connection or
combinations thereof. For example, if a first device couples to or is coupled with a second device,
that connection may be through a direct electrical connection, or through an indirect electrical
connection via one or more intervening devices and connections.

[0010] FIG. 1 shows a frequency modulated continuous wave (FMCW) radar system 100 with a
processor 102, an electronic memory 104, a transmit antenna array 106 and a receive antenna array
108. In various implementations, the transmit antenna array 106 includes one or more transmit
antennas. Accordingly, although FIG. 1 illustrates a single transmit circuit chain, the system (in
some examples) includes multiple transmit antennas 106 and separate transmit circuit chains,
where the chirp generation and voltage controlled oscillator (VCO) is shared between multiple
transmit circuit chains. The system 100 includes a transmitter circuit 110 configured to selectively
provide frequency modulated chirp signals from a frame and chirp timing circuit 112 to the
transmit antenna array 106 for transmission. The system 100 also include a receiver circuit 120
with inputs 122-1,... 122-N operatively coupled to the receive antenna array 108 in order to
receive an integer number N receive signals (RX) from a corresponding set of N receive antennas
of the array 108, where N is greater than or equal to 1. The receiver circuit 120 includes one or
more analog-to-digital converter circuits 129-1,... 129-N which provide a corresponding set of N
samples to the processor 102.

[0011] The frame and chirp timing circuit 112 in one example is a separate circuit as shown. In
one implementation, the circuit 112 is implemented by the processor 102. The frame and chirp
timing circuit 112 has an output 113 which provides a corresponding baseband signal as a series of
digital values to a digital-to-analog converter (D/A or DAC) 114. The digital values define a
suitable modulating waveform, such as a sinewave, a saw tooth waveform, a triangular waveform,
a rectangular waveform, a staircase waveform, etc. The chirp timing circuit 112 in one example
provides a control signal to the VCO 116 that determines the nature of the frequency variation,
such as saw-tooth, triangular, etc. Also, depending on the design, the DAC can be omitted, such as
using a digitally controlled oscillator instead of an analog VCO. In some examples, a digital

baseband signal is provided through a DAC that is used to impart a phase shift on the DCO output.
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In some implementations, moreover, different DACs are used to impart different phase shifts to
the signals going into different transmit antennas of the array 106 (e.g., for beam-forming). Some
implementations also impart small frequency shifts, different for each transmit antenna channel,
using a similar DAC and mixer based mechanism (not shown). For improved accuracy, some
implementations use a feedback loop around the voltage controlled oscillator (VCO) to form a
phase locked loop (PLL) structure.

[0012] The D/A converter 114 includes an output 115 that provides an analog signal to the VCO
116. The output signal from the D/A converter 114 is a modulating signal that corresponds to the
digital values provided by the frame and chirp timing circuit 112 (such as saw tooth, sinusoidal,
triangular, rectangular, staircase, etc.). In some examples, a D/A is included in each TX chain. In
some examples, a pair of D/A converters is used, one for I and one for Q, for a complex baseband,
to induce phase and/or frequency shifts on the VCO/DCO output. The VCO 116 includes an
output 117 that provides a high frequency output signal with a modulated frequency determined by
the modulating voltage amplitude of the D/A output signal. Any suitable waveforms can be used,
such as having a signal bandwidth from 10s of MHz to several GHz or more. An amplifier 118
receives the VCO output signal and provides a selected one of M distinct chirp signals TX to the
transmit antenna or antennas 106. In some examples, the amplifier path is separated for each
transmit circuit signal chain, and mixers can be used to provide phase/frequency shifting specific
to each chain.

[0013] The receiver circuit 120 includes N chains, each having an input 122-1,... 122-N
connected to provide the corresponding receive signal RX from one of the receive antennas 108 to
a corresponding low noise amplifier (LNA) 124-1,...124-N. In some examples, the LNAs 124
have a single bit or multiple bit gain adjustment feature implemented by a control register. In one
example, the transmit antenna array 106 includes 16 transmit antennas, and the receive antenna
array 108 includes 16 receive antennas. Transmit and/or receive arrays 106, 108 can individually
include any suitable number of antenna elements, such as two transmit and four receive antennas
in another non-limiting example. In some implementations, the antenna arrays could be physical
arrays or logically realized synthetic aperture arrays (Synthetic Aperture Radar or SAR) realized
using multiple radar chips working together. Amplifier outputs 125-1,..., 125-N provide
amplified high frequency signals to corresponding mixers 126-1,..., 126-N. The VCO output 117
also provides an input signal to the mixers 126-1,... 126-N. The mixers 126-1,... 126-N mix the
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transmitted signal with the received signal to down convert the receive signals to provide
corresponding intermediate frequency (IF) or baseband signals at outputs 127-1,... 127-N. In
some examples, the mixers 126 generate both the in-phase (I) and quadrature (Q) components of

the IF signal. In one example, the I component is generated by mixing the incoming signal with

cos(2m f_too fro(t)dt) and the Q component is generated by mixing the incoming signal

with sin(2r f_too f1o(7)dT1), where t and 7 represent time in seconds, and f o(7) is the instantaneous

frequency of the transmitter VCO 116 at time 7. The VGA amplifiers 128-1,... 128-N amplify the
IF signals and provide amplified IF signals to the D/A converters 129-1,... 129-N. An
intermediate frequency bandpass filter (not shown) can be included between the mixer output and
the amplifier 128 in each receive channel. In some examples, the amplifiers 128 are variable gain
amplifiers (VGAs) to amplify the IF signals.

[0014] The processor 102 in one example is configured to adjust any or all of the gains of the
LNAs 124-1,...124N, and any or all of the VGAs 128-1,... 128-N. The processor 102 in one
example changes a control register to adjust a bias of amplifier(s) 124 and/or 128 or to switch in
different loads of the amplifier(s). In some implementations, amplifiers 124 have two settings for
a high gain and a low gain according to a single control register bit. In other implementations, the
amplifier(s) have more than two gain settings (e.g., a variable gain with multiple steps controlled
by programming multiple bits of a control register). Other techniques can be used in further
embodiments to adjust the amplifier gain to a first value in the first mode and a different value in
the second mode. When the gain increases, the NF improves (i.e., a lower NF) and the linearity
degrades. Alternatively, when adjustable amplifier gain decreases, the NF degrades (i.e., rises)
and the linearity improves.

[0015] The processor 102 executes instructions of an object detection program 130 stored in the
memory 104 in order to provide object range, velocity (Doppler) and angle determination
processing with respect to the radar receive signals RX from the receive antenna array 108. The
processor 102 controls the chirp signal generation. The processor 102 in one example provides a
digital front end (DFE) processing to perform decimation filtering on the digital IF signals to
reduce the data transfer rate, and may perform other signal processing functions, such as removal
of offsets from the digital IF signals, interference monitoring on the digital IF signals, etc. In some

embodiments, a separate DFE circuit can be provided (not shown) to receive the IF signals from
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the A/D converters 129 to perform front-end processing, with a high-speed interface to transfer the
decimated digital IF signals to the processor 102.

[0016] In one implementation, the transmitter circuit 110 operates in the 77 GHz region and
produces a frequency modulated continuous wave (FMCW) signal. Frequency modulated
continuous wave radar (FMCW), also referred to as continuous-wave frequency-modulated
(CWFM) radar, is capable of determining distance, and signal processing by the processor 100
facilitates identification of detected object velocity and angle. A transmit signal TX of a known
stable frequency continuous wave varies up and down in frequency over a fixed period of time by
a modulating signal provided by the circuits 112, 114 and 116. The frequency difference between
the receive signal RX and the transmit signal TX increases with the signal delay to and from a
detected object or reflector, and is therefore proportional to the distance between the radar system
100 and the object. The reflected signals or echoes from a target or object are then mixed with the
transmitted signal via the mixers 126 to produce the intermediate frequency beat signal which can
be evaluated to determine the distance of the target after demodulation. In operation for one
example, linear frequency chirp signals are transmitted and reflected signals are received. The
receiver channel circuits down-convert the receive signals RX using the mixers 126 according to
the transmitted chirp signals from the VCO 116. After converting the IF signals into the digital
domain, the processor 102 may perform fast Fourier transforms (FFTs) and tracking algorithms
may be applied in order to detect objects in terms of distance, velocity, and angular position. The
processor 102 receives a stream of data from the receiver circuit 120 and performs chirp generation
and control of the transmitter circuit 110 via the frame and chirp timing circuit 112. The processor
102 may perform signal processing for object detection and tracking, and may communicate with
other systems in a vehicle or other host system via a network interface (not shown).

[0017] The VCO 116 generates a linear frequency ramp called a chirp (e.g., from 77GHz to
81GHz) with a Slope S. The transmitted signal is reflected off from an object and is received at the
RX antenna (after a round trip delay of 7). The received signal is mixed with the chirp to create an
intermediate frequency (IF) signal. The frequency of the IF signal depends on the delay between
the TX signal and the RX signal and is given by St (and hence this frequency is directly
proportional to the range of the object from the radar). The IF signal is digitized and then an FFT
(sometimes referred to as a “range FFT”) is performed. The location peaks in this FFT correspond

to range of the respective objects.
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[0018] The processor 102 in one example executes the object detection program instructions 130
in the memory 104 to operate on the RX data 150 to compute or determine object data 160, which
is stored in the memory 104. The object data 160 in this example includes range data 162, velocity
(Doppler) data 164, and angle data 166. The processor 102 implements first and second operating
modes as described further hereinafter, and stores mode data 140 in the memory 104. In one
example, the mode data 140 includes a bit or register indicating whether the processor 102 is
operating in a first mode (e.g., 201 in FIG. 2 below) or a second mode (e.g., 210 in FIG. 2). In
some examples, the mode data 140 includes one or more parameters, predetermined and/or
adjustable, to indicate various timing control parameters for operation in the first and second
modes. For example, the mode data 140 can include specifications to control the slope and
frequency range of the individual chirp signals, and a sleep time specifying a time between frames
that include multiple chirp signals as described further below.

[0019] The processor 102 in one example determines range data 162 and velocity data 164 using
receive data 150 from one or more receive antennas 108. In some examples, a plurality of receive
antennas are provided in the array 108 and the processor determines angle data based on receive
data from two or more receive antennas.

[0020] The processor 102 can be any suitable digital logic circuit, programmable or
preprogrammed, such as an ASIC, microprocessor, microcontroller, DSP, FPGA, etc. that
operates to execute program instructions stored in the electronic memory 104 to implement the
features and functions described herein and other associated tasks to implement a radar system
100. In some examples, moreover, the memory circuit 104 can be included within the processor
circuit 102. In some examples, the memory 102 constitutes a non-transitory computer-readable
storage medium that stores computer-executable instructions that, when executed by the processor
102, perform the various features and functions detailed herein. In operation, the processor 102
executes the program instructions 130 to generate the data 160 using fast Fourier transform (FFT)
operations and windowing techniques. .

[0021] FIG. 2 illustrates a method 200 for processing radar signals. FIG. 2 shows a non-limiting
example flow that can be implemented by the processor 102 in the system 100 of FIG. 1, and other
examples can include different variations. The method 200 implements a first operating mode 201
and a second operating mode 210. In the example of FIG. 2, the processor 102 modifies one or

both of the frame duration and/or the sleep time intervals between successive frames in the first
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and second modes 201 and 210. In some implementations, the processor 102 selectively changes
the amplifier gain settings for the LNAs 124 and/or the VGAs 128 for different gain settings in the
modes 201 and 210. For example, the processor 102 in one example sets the adjustable amplifier
gain to a first gain in the first mode 202 to cause the amplifier 124 to operate with a first noise
figure (NF). In the second mode, the processor 102 sets the adjustable amplifier gain to a lower
second gain to cause the amplifier 124 to operate with a higher second noise figure. In some
examples, the linearity of the amplifier in the second mode is better than the linearity of the
amplifier in the first mode.

[0022] Also, the illustrated example selectively switches between the modes based on detection
of one or more objects within a threshold range. A variety of different mode switching criterion
can be used by the processor 102 in other implementations. In the first mode at 202, the processor
102 causes the transmit antenna array 106 to transmit first mode chirp signals in first mode frames
with a first mode sleep time intervals between the frames. At 204, the receive antenna array 108
receives scattered or reflected signals from detected objects within the range of the transmit
antenna or antennas, and the received or reflected signals are converted to received data with the
A/D converters 129-1,... 129-N. At 206, the processor 102 performs a first Fast Fourier transform
(FFT) on the receive data of the first mode to generate range data. In some implementations using
multiple receive antennas, a first FFT is performed at 206 for each of the receive data
corresponding to each receive antennas. Also, in some examples, the results of the first FFT is
then non-coherently accumulated across antennas to create non-coherently accumulated range
data. Non-coherent accumulation involves accumulating the absolute value (i.e., magnitude) of the
corresponding first FFT values across receive antennas. In the illustrated example, the processor
102 refrains from performing a second or subsequent FFTs in the first mode, such as to conserve
power consumed by the processor 102 in performing for the computations. This implementation
can be used, such as where further information (e.g., velocity data and/or angle data) is not needed
in order to determine whether operation in the second mode is desired. In other possible
implementations, the processor can perform further processing operations, including without
limitation second or further FFTs in the first mode.

[0023] At 208 in the illustrated example, the processor 102 determines if an object is present
within a threshold range based on the range data generated at 206. In some implementations, the

processor 102 determines the presence of an object and its range by identifying samples in the
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non-coherently accumulated range-data which are above a particular threshold value. The
processor 102 determines the range of corresponding objects from the sample index of the
identified samples. If an object is not detected within the threshold range (NO at 208), the method
returns to operation in the first mode 201 at 202 until an object is detected within the threshold
range. If an object is detected within the threshold range (YES at 208), the method 200 proceeds to
the second mode 210.

[0024] In the second mode 210, at 212, second mode chirp signals are transmitted in second
mode frames with a second mode sleep time interval between the second mode frames. In one
example, the second mode sleep time interval is shorter than the first mode sleep time interval;
advantageously, this allows for power savings during the first mode and additional data during the
second mode. The shorter sleep interval in the second mode also allows for a higher update rate
for the range data, velocity data and angle data that is computed at 216, 218 and 220. In another
example, a frame duration of the second mode chirp signals is longer than a frame duration of the
first mode chirp signals, as shown in FIGS. 3 and 4 described below. This feature advantageously
facilitates power savings during the first mode 201 and allows for additional data during the
second mode 210. The larger frame duration also allows for higher fidelity in the range. At 214,
the second mode receive signal is received and converted to second mode receive data with the
A/D converters 129-1,... 129-N. At 216, a first FFT is performed on receive data (e.g., receive
data 150 in the memory 104 of FIG. 1) of the second mode to generate range data (e.g., range data
162) of the object. At 218, the processor 102 performs a second FFT on the range data (162) to
generate velocity data (164) of the object. At 220, the processor 102 performs a third FFT on the
velocity data (164) to generate angle data (166) of the object(s). At 222, the processor 102
determines whether an object is present within the threshold range using the range data 162. If so
(YES at 222), the processor 102 remains in the second mode and returns to 212. If not (NO at
222), the system transitions to the first mode 201 and returns to 202. In some implementations, the
processor 102 transitions from the second mode to the first mode (e.g., returns to 202) when the
object is no longer in the threshold range over a continuous period of M consecutive frames, where
N is greater than 1. This continuous period of M consecutive frames is sometimes referred to as a
“blackout period.”

[0025] In some implementations, the processor 102 operates in the first mode to detect the

presence of an object, and the first mode is referred to herein as a “detect only” mode. In some
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examples, the first mode includes operation on receive data from one or more receive antennas to
determine range and possibly velocity data for one or more identified objects in order to determine
whether it is desirable in a given application to initiate operation in the second mode. For example,
the processor 102 in one example determines whether any objects are detected, and if so, whether
a detected object is within a threshold range. If so, the processor 102 in one example transitions to
the second mode. In another possible implementation, the processor 102 also assesses detected
object velocity in the first mode, and selectively transitions to the second mode if an object is
detected within a threshold range and/or if a detected object is traveling at or above a threshold
velocity according to the computed velocity data. In some implementations, the processor 102
selectively refrains from determining or computing angle data in the first mode, although not a
strict requirement of all possible implementations. In other examples, the processor 102
determines range, velocity and angle data (e.g., using the data from an array of two or more receive
antennas 108) in the first mode, and selectively transitions from the first mode to the second mode
based on one or more criteria evaluated according to the range, velocity and/or angle data. In some
implementations, the first mode advantageously involves lower power consumption than
operation in the second mode. In some examples, this is accomplished using shorter frames and/or
longer sleep time interval settings between frames in the first mode compared to the frame length
and sleep time interval values used in the second mode. Also, in some examples, in the first mode
the LNA operates with lower noise figure compared to the noise figure in the second mode. The
processor 102 in one example stores frame duration, sleep time interval values and other operating
parameters for each mode in the mode data 140 of the memory 104.

[0026] An advantage of described examples is savings in power consumption. In the first mode,
the device consumes significantly less power with a tradeoff of only being able to detect the
presence of objects. In the second mode, the device consumes more power, but is able to estimate
the range, velocity, angle of objects, and perform higher layer tasks such as object classification.
Detection of an object in the first mode triggers a change to the second mode.

[0027] In some examples, moreover, the processor 102 uses selective gain adjustment to
implement mode-specific tradeoff between noise figure and linearity. In the first mode, the
noise-figure (NF) of the LNA124-1,...124-N determines the transmit time of the radar. A better
(i.e., lower) NF translates to a shorter transmit time for the same detection sensitivity, and a 3dB

improvement in noise figure reduces analog power consumption to half in one example. Because
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object parameter estimation and classification are not generally done in the first mode, LNA
linearity is of lesser importance. Accordingly, the first mode uses a mode-specific gain setting of
the LNA 124 with low NF. The operation of an LNA has an inherent trade-off between linearity
and noise figure, where the low NF is at the expense of increased non-linearity. However, since
accurate estimation of the range, velocity and angle of arrival of objects is not important in the first
mode, the increased non-linearity is not an issue. In contrast, the second mode of operation uses a
mode of the LNA with improved linearity and degraded NF, such as by changing the LNA
amplifier gain. The degraded NF indicates an increase in transmit time, but is of minimal impact
because the system 100 is expected to spend most of its time in the first mode for a wide range of
applications where detection of objects in a predetermined range is temporally sparse. Also, a
better linearity translates to better spur performance (spurs result in spurious objects in the
intermediate frequency (IF) spectrum). For example, spurious energy in received radar data
results from non-ideal component and circuit behavior. This could be due to I/Q imbalance,
nonlinear component behavior, additive interference (e.g., cross-talk), and so forth. The better
linearity in the second mode ensures reliable detection of objects (with no spurious detections),
whereas the gain adjustment in the first mode sacrifices linearity for improved noise figure.
Linearity of an amplifier is typically measured in terms of "1dB compression point", with a larger
value for the 1dB compression point, indicating a better linearity.

[0028] Referring also to FIGS. 3 and 4, the first mode sleep time interval between first mode
frames is larger than the sleep mode time interval between frames of the second mode in one
example. A longer sleep time interval in the first mode facilitates reduced power consumption
compared with operation in the second mode. FIG. 3 provides a graph 300 that shows two
example frames having frame durations 310 and 320 and a first sleep time interval 302 between the
illustrated frames during operation in the first mode. FIG. 4 provides a graph 400 that shows two
example frames having durations 410 and 420 and a shorter sleep time interval 402 between the
successive frames during operation in the second mode. In this example, the first frame durations
310 and 320 are approximately same as the second frame durations 410 and 420 of FIG. 4,
although not a strict requirement of all possible implementations. In this example, moreover, the
first sleep time interval 302 in FIG. 3 is longer than the second sleep time interval 402 of the
second mode shown in FIG 4. The graph 300 in FIG. 3 shows three example chirp signals 312,

314, 316 in the first frame, and the second frame in FIG. 3 includes three example chirp signals
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322, 324 and 326, with the first sleep time interval 302 separating the first frame and second
frames in the first mode. The graph 400 in FIG. 4 shows a first frame having a frame duration 410
and including three example chirp signals 412, 414 and 416, and the illustrated second frame
includes three example chirp signals 422, 424 and 426, with a second sleep time interval 402
separating the first and second frames. As shown in FIGS. 3 and 4, the first sleep time interval 302
is longer than the sleep time interval 402, and the system consumes less power in the first mode.

[0029] In one example, the processor 102 controls operation of the frame and chirp timing
circuit 112 to cause the transmitter circuit 110 to transmit frames that include multiple chirp
signals transmitted for a frame duration, with a controlled sleep time interval between successive
frames. The processor 102 changes one or both of the frame duration and/or the sleep time interval
when transitioning between the first and second operating modes. As used herein, the frame
duration is the amount of time during which chirp signals are transmitted by the transmitter circuit
110, and the sleep time interval is the amount of time in between successive frames. The
combination of the frame duration and the sleep time interval results in a duty cycle defined by the
frame duration divided by the sum of the frame duration and the sleep time interval for each cycle
of the transmitter operation. Generally, the duty cycle in the first mode is less than the duty cycle
in the second mode. This facilitates reduced power consumption in the first mode compared to the
second mode. In some examples, the duty cycle in the first mode is much lower than in the second
mode. For example, the first mode duty cycle in one implementation uses a fixed frame duration
and modifies the sleep time interval between the first and second modes. This example effectively
changes a cycle frequency (e.g., the duty cycle frequency). In one possible implementation, the
cycle frequency in the first mode is a few Hz, such as 1-4 Hz, and the second mode operation
provides a significantly higher cycle frequency such as 40-60 Hz (e.g., SOHz). In this example,
50Hz cycle frequency is set such that a host system can identify and track one or more objects of
interest for a given end-use application, while the much lower cycle frequency allows effective
safety determination of whether any objects of interest are within a given range of the host system.
In various examples, the adjustment of the frame duration and/or the sleep time interval between
successive frames allows tailoring of the duty cycle and/or cycle frequency in order to consume
less power in the first mode than in the second mode. This offers various benefits, such as in
battery-operated systems, where the higher power consumption of the second mode is selectively

used only when necessary, and the low-power first mode operation facilitates determination of
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whether the higher power consumption second mode is desired for a given end-use applications.
In another example, for applications that involve tracking faster moving objects, the duty cycle of
the first and/or second modes can be higher than in applications that track slower moving objects.
In yet another example, for applications that track objects at a greater distance, the duty cycle of
the first and/or second modes can be lower than in applications that track objects at a shorter
distance. Inyet another example, the sleep time interval can be adapted or changed in one or both
of the first and second modes based on the range data 162 and/or velocity data 164. For example,
the sleep time interval in the first and/or second mode can be decreased based on an indication
from the range data 162 and/or velocity data 164 that an identified object is moving closer to the
transmit antenna array 106.

[0030] The processor 102 in some examples also provides different computational operation in
the first and second modes. In other examples, the processor 102 performs the same computations
in the first and second modes. In one example in the first mode, the processor 102 performs only a
first FFT to generate the range data, and refrains from performing a second or subsequent FFT to
generate velocity or angle data. In other embodiments, in the first mode, a first FFT to generate the
range data is performed and a second FFT to generate velocity data is also performed. In the
embodiments where, in the first mode, a second FFT to generate velocity data is not performed,
additional power savings results because of the fewer calculations that are done.

[0031] The systems and methods described herein have applications in the automotive market.
For example, the systems described herein may advantageously result in power savings in
automotive radar systems. The systems and methods described herein have additional useful
applications beyond the automotive market, including: automated street lighting, automatic door
openers, obstacle avoidance in drones, intrusion detection, Gesture recognition in mobile phones,
and so forth. Low power is advantageous in many of these applications. The systems and methods
described herein result in power reduction in the above contexts.

[0032] Many of the above-mentioned applications are temporally sparse. For example,
automatic door opener will be engaged only a fraction of the time (e.g., when a vehicle is
approaching). Likewise, the time during which a gesture will be performed will be a small fraction
of a time that mobile device is on. In another example, when drones fly over sub-urban areas, the

occurrence of obstacles will also likely to be a small portion of the time that a drone in in flight.
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[0033] Also, regarding power savings, the duty cycling is adaptive based on application in some
implementations. For example, in a drone radar system application, the duty cycle can be made
dependent on the range and/or velocity of detected objects. In one implementation, the sleep time
interval 302, 402 and/or frame duration 310, 320, 410, 420 is adapted based on the range and/or
velocity of objects detected in the previous frame. In some implementations, the processor 102
computes a ratio of the range to velocity of objects detected in the previous frame, and determines
a minimum of these ratios. In some examples, the processor 102 sets the sleep time interval 302,
402 proportional to the minimum ratio.

[0034] For some applications, significant power savings can be achieved in the radar system
100. For example, for battery powered host systems using the system 100 with a 3dB NF
difference between two LNA mode-specific gain settings, the use of the lower NF mode in the
detect-only mode can potentially double battery life.

[0035] The illustrated methods may be implemented in hardware, processor-executed software
or processor-executed firmware, programmable logic, etc., or combinations thereof, and various
embodiments or implementations include non-transitory computer readable mediums having
computer-executable instructions for performing the illustrated and described methods. For
example, an electronic memory can be used to store computer executable instructions that are
executed by a processor 102 or more than one processor to implement the method of FIG. 2.
[0036] Modifications are possible in the described embodiments, and other embodiments are

possible, within the scope of the claims.
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CLAIMS
What is claimed is:
1. A radar system, comprising:
an electronic memory;
a transmitter circuit configured to deliver a plurality of transmit frames individually
including a plurality of chirps to a transmit antenna array including one or more transmit antennas;
a receiver circuit configured to receive receive signals from a receive antenna array
including one or more receive antennas;
an analog-to-digital (A/D) converter configured to generate receive data based at least
partially on the receive signals, the receive data including a plurality of receive frames individually
associated with a corresponding one of the transmit frames; and
a processor coupled to the memory, the processor configured to:
in a first mode:
control the transmitter circuit to deliver a plurality of first mode transmit
frames to the transmit antenna array, the first mode transmit frames
individually having a first mode frame duration and including first
mode chirp signals, the first mode transmit frames temporally
spaced from one another by a first mode sleep time interval,
generate first mode range data based on receive data frames corresponding
to the first mode transmit frames, and
transition to a second mode in response to detection of an object within a
threshold range based on the range data, and
in the second mode, control the transmitter circuit to deliver a plurality of second
mode transmit frames to the receive antenna array, the second mode
transmit frames individually having a second mode frame duration and
including second mode chirp signals, the second mode transmit frames
temporally spaced from one another by a second mode sleep time interval;
wherein the first mode sleep time interval is longer than the second mode sleep time
interval, or the first mode frame duration is shorter than the second mode frame duration.
2. The radar system of claim 1, wherein the first mode sleep time interval is longer than the

second mode sleep time interval.
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3. The radar system of claim 1, wherein the first mode frame duration is shorter than the
second mode frame duration.
4. The radar system of claim 1, wherein the processor is further configured, in the second
mode, to transition to the first mode when the object is no longer within the threshold range.
5. The radar system of claim 1, wherein the processor is further configured to:

in the first mode, perform a first fast Fourier transform (FFT) on the receive data associated
with the first mode chirp signals to generate the first mode range data; and

in the second mode, perform a first FFT on the receive data associated with the second
mode chirp signals to generate second mode range data, and perform a second FFT on the second
mode range data to generate second mode velocity data.
6. The radar system of claim 5, wherein the processor is further configured, in the second
mode, to perform a third FFT on the second mode velocity data to generate second mode angle
data.
7. The radar system of claim 5, wherein the processor is further configured, in the first mode,
to perform a second FFT on the first mode range data to generate first mode velocity data.
8. The radar system of claim 1, wherein the processor is further configured to change the first
or second mode sleep time interval based on the range data.
9. The radar system of claim 1, wherein the processor is further configured, in the second
mode, to decrease the second mode sleep time interval based on an indication from the range data
and velocity data that the object is moving closer to the transmit antenna array.
10.  The radar system of claim 1, wherein the receiver circuit includes an amplifier with an
input coupled with the receive antenna array to receive the receive signals, and an output to
provide an amplified receive signal according to an adjustable amplifier gain, and wherein the
processor is further configured to set the adjustable amplifier gain to a first gain in the first mode to
cause the amplifier to operate with a first noise figure, and to set the adjustable amplifier gain to a
lower second gain in the second mode to cause the amplifier to operate with a second noise figure,
the second noise figure being higher than the first noise figure.
11. The radar system of claim 10, where a linearity of the amplifier in the second mode is better

than the linearity of the amplifier in the first mode.
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12. The radar system of claim 1, wherein the processor is further configured to, in the second
mode, transition to the first mode when the object is no longer within the threshold range for an
integer number M or more consecutive frames, M being greater than 1.
13. A radar system, comprising:
an electronic memory;
a transmitter circuit configured to deliver a plurality of transmit frames individually
including a plurality of chirps to a transmit antenna array including one or more transmit antennas;
a receiver circuit configured to receive receive signals from a receive antenna array
including one or more receive antennas;
an analog-to-digital (A/D) converter configured to generate receive data based at least
partially on the receive signals, the receive data including a plurality of receive frames individually
associated with a corresponding one of the transmit frames; and
a processor coupled to the memory, the processor configured to:
in a first mode:
perform a first fast Fourier transform (FFT) on receive data of the first mode
to: generate first mode range data of an object, and determine if the
object is present within a threshold range, and
if the object is present within the threshold range, transition to a second
mode, and
in the second mode, perform a first FFT on receive data of the second mode to
generate second mode range data of an object, and perform a second FFT on
the second mode range data to generate second mode velocity data.
14. The radar system of claim 13, wherein the processor is further configured to, in the second
mode, perform a third FFT on the second mode velocity data to generate second mode angle data.
15. The radar system of claim 13, wherein the processor is further configured to, in the first
mode, perform a second FFT on the first mode range data to generate first mode velocity data.
16. The radar system of claim 13, wherein the processor is further configured to, in the second

mode, transition to the first mode when the object is not present within the threshold range.
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17. The radar system of claim 13, wherein the processor is further configured to:
in the first mode:
control the transmitter circuit to deliver a plurality of first mode transmit frames to
the transmit antenna array, the first mode transmit frames individually
having a first mode frame duration and including first mode chirp signals,
the first mode transmit frames temporally spaced from one another by a first
mode sleep time interval, and
generate first mode range data based on receive data frames corresponding to the
first mode transmit frames; and
in the second mode, control the transmitter circuit to deliver a plurality of second mode
transmit frames to the receive antenna array, the second mode transmit frames
individually having a second mode frame duration and including second mode
chirp signals, the second mode transmit frames temporally spaced from one another
by a second mode sleep time interval;
wherein the first mode sleep time interval is longer than the second mode sleep time
interval, or the first mode frame duration is shorter than the second mode frame duration.
18. The radar system of claim 13, wherein the processor is further configured to, in the second
mode, generate second mode range data of an additional object of the first FFT of the receive data
of the second mode, and transition to the first mode when both the object and the additional object
are not present within the threshold range.
19. A method for processing radar signals in a radar system, the method comprising:
in a first mode:
performing a first fast Fourier transform (FFT) on receive data of the first mode to:
generate first mode range data of an object, and determine that the object is
present within a threshold range, and
in response to determining that the object is present within the threshold range,
transitioning to a second mode; and
in the second mode, performing a first FFT on receive data of the second mode to generate
second mode range data of the object, and performing a second FFT on the second

mode range data to generate second mode velocity data of the object.
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20. The method according to claim 19, further comprising, in the second mode, performing a
third FFT on the second mode velocity data to generate second mode angle data.
21. The method of claim 19, further comprising, in the first mode, performing a second FFT on
the second mode range data to generate velocity data.
22. The method of claim 19, further comprising, in the second mode, transitioning to the first
mode when the object is not present within the threshold range.
23. The method of claim 19, further comprising:
in the first mode:
delivering a plurality of first mode transmit frames to the transmit antenna array,
the first mode transmit frames individually having a first mode frame
duration and including first mode chirp signals, the first mode transmit
frames temporally spaced from one another by a first mode sleep time
interval, and
generating first mode range data based on receive data frames corresponding to the
first mode transmit frames; and
in the second mode, delivering a plurality of second mode transmit frames to the receive
antenna array, the second mode transmit frames individually having a second mode
frame duration and including second mode chirp signals, the second mode transmit
frames temporally spaced from one another by a second mode sleep time interval;
wherein the first mode sleep time interval is longer than the second mode sleep time
interval between the second mode transmit frames, or the first mode frame duration is shorter than

the second mode frame duration.
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