Design Guide: TIDEP-01024
Obstacle Detection Reference Design Using 76-81GHz
Antenna-on-Package mmWave Sensor

Wip TEXAS INSTRUMENTS

Description Features

The TIDEP-01024 reference design demonstrates » Demonstration hardware and software using

the use of the AWR1843A0P for 3D space AWR1843AO0P for multi-functional sensing of
obstacle detection applications. The AWR1843A0P obstacle detection: smart door opening, smart

is a 76-81GHz single-chip, frequency modulated trunk opening, and parking assistance.
continuous wave (FMCW) mmWave sensor with an « Detect variety of objects: traffic cone, mesh,
integrated antenna. The sensor also has integrated metallic and plastic pole, wood, wires, and more,
DSP, MCU and a hardware accelerator for FFT at near range around car body and chassis
processing. + Integrated antenna-on-package and small form
This design provides a reference software-processing factor enables small mounting positions including
chain, which runs on the C674x DSP, enabling the door handles and bumpers

detection of several objects in both azimuth as well * Antenna-on-Package provides FOV of +70

as elevation planes, with a field of view (FOV) of +70 degrees in azimuth and 70 degrees in elevation.

degrees in azimuth and £70 degrees in elevation. A

GUI is provided to visualize the object detection. Applications

» Obstacle Detection Sensor

Resources + Ultra Short Range Radar
TIDEP-01024 Design Folder

AWR1843A0P Product Folder

AWR1843A0PEVM Tool Folder

mmWave SDK Tool Folder

EE Ask our TI E2E™ support experts

AWR1843A0P

(:g{;) 76-81 GHz elD -
i3 TExas -
INSTRUMENTS ~ Radar Acc

RF Input, sur

FFTs/ AocA Clustering

c:pDzEre P Heatmap [| CFAR | Estimate dBScan Visualization
f
TIDUEZ2 — MARCH 2021 Obstacle Detection Reference Design Using 76-81GHz Antenna-on-Package 1
Submit Document Feedback mmWave Sensor

Copyright © 2021 Texas Instruments Incorporated


https://www.ti.com/tool/TIDEP-01024
http://www.ti.com/product/AWR1843AOP
https://www.ti.com/tool/AWR1843AOPEVM
https://www.ti.com/tool/MMWAVE-SDK
https://e2e.ti.com/support/applications/ti_designs/
https://www.ti.com/sensors/mmwave-radar/automotive/applications.html#obstacle-detection-sensor
https://www.ti.com/solution/automotive-ultra-short-range-radar
https://www.ti.com
https://www.ti.com/feedbackform/techdocfeedback?litnum=TIDUEZ2&partnum=TIDEP-01024

I3 TEXAS
INSTRUMENTS
System Description www.ti.com

1 System Description

Today'’s vehicles require robust and reliable information about the objects surrounding them. Automated door
opening and parking systems rely upon this information. The TIDEP-01024 provides a reference for creating a
door-opener obstacle detection application, using TI's AWR1843A0P sensor based on 77-GHz mmWave radio-
frequency complementary metal-oxide semiconductor (RF-CMOS) technology. This mmWave sensor devices
integrate an antenna-on-package (AOP) with a 77-GHz mmWave radar front end, ARM® microcontroller (MCU)
and T1 DSP core for single-chip systems.

Other sensing technologies were considered in the past, but none of them could sense objects in 3D space

with a wide FOV like an mmwave sensor. A mmWave sensor can sense objects in environmentally challenging
conditions such as rain, night, glare, and so on. The small form factor of mmwave sensors, makes them suitable
to be placed behind the cladding or plastic door handle or in the side mirrors. This feature also makes the
sensors aesthetically pleasing. The mmWave sensors from Tl are multimode, they can function as a side radar
when the car is in motion and a door-opener sensor when the car is at rest. In this sense, the mmWave sensors
are truly smart.

This reference design demonstrates the suitability of the AWR1843AO0P for door opener obstacle detection
applications. The design targets the implementation of a wide azimuth and elevation field of view (£70°) and
close range (5 m) sensor configuration. This reference design implements algorithms for generating an azimuth-
range and elevation-range heat maps, detection, and decision using an AWR1843A0P device on a TI| EVM
module. The design provides a list of required hardware, schematics, and foundational software to quickly

begin door-opener obstacle detection product development. It describes the example usage case as well as the
design principle, implementation details, and engineering tradeoffs made in the development of this application.
High-level instructions for replicating the design are provided.

1.1 Key System Specifications
Table 1-1. Key System Specifications

PARAMETER CONFIGURATION
Device AWR1843A0P
Field of view 140deg horizontal, 140deg vertical
Maximum range 5m
Range resolution 4 cm
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2 System Overview

The ODS reference design from Tl is built around the AWR1843A0P evaluation board and the software demo
code. The system is optimized and built for ODS applications to detect objects within a 5 m range.

2.1 Block Diagram
2.1.1 Obstacle Detection Application Software Block Diagram

As described in Figure 2-1, the implementation of the obstacle detection application example in the signal-
processing chain consists of the following blocks implemented as DSP code executing on the C674x core in the
AWR1843A0P.

* Range processing
— For each antenna, 1D windowing, and 1D fast Fourier Transform (FFT)
— Range processing is interleaved with the active chirp time of the frame
* Range-angle heat-map generation
— Generate angle spectrum for each range bin using covariance beamforming or Capon beamforming.
— Outputs Range-Elevation angle heat-map and Range-Azimuth angle heat-map.
» Object Detection

— On each range-angle heat-map, search a single peak cross angle for each range bin, then apply one
dimension CFAR check on the peak angle cross the neighboring range bins.

— Take the union (or interception) of the two peak sets detected from the two range-angle heat-maps.
» Doppler estimation
— For each detected range bin, estimate the Doppler output and apply non-coherent combination among all
antennas. Find the peak index and used it as the Doppler index of the detected target.

— Outputs the Range-Doppler output of this Doppler peak index and used later for angle estimation.
* Angle of arrival estimation
— Calculate the two-dimensional angle spectrum using 2D FFT.
— Single peak search on this two-dimensional angle spectrum and calculate azimuth and elevation angle
associated with the peak location.

» Clustering
— Perform DBSCAN-based clustering algorithm every fixed number of frames and report the results.
— Output the number of clustering and properties like clustering center and size.
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Figure 2-1. Block Diagram

2.2 Highlighted Products

2.2.1 AWR1843A0P Single-Chip Radar Solution

The AWR1843AO0P is an integrated, single-chip, FMCW sensor capable of operation in the 76 to 81 GHz
band (see Figure 2-2). The sensor is built with the low-power, 45-nm, RFCMOS process from Tl and enables
unprecedented levels of integration in an extremely small form factor. It integrates a wide FOV antenna-on-

package. The AWR1843AO0P is an ideal solution for low-power, self-monitored, ultra-accurate radar systems in
the automotive and industrial space.

There are several benefits of an antenna-on-package technology:
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» Small form factor: Antenna on the PCB takes up almost ~30% of the board space. With the antenna now
integrated on the package, the size of the sensor reduces by ~30% compared to conventional sensors. This
helps in easy vehicle integration.

» Faster design cycle: Developer need not spend time on simulation and characterization of the antenna
parameters.

» Lower PCB cost: Low cost FR4 based PCB can be chosen for design instead of expensive roger’s
materialbased PCB.
The AWR1843AO0P has the following features:

* AWR1843 radar device
* Antenna on Package with three TX antennae and four RX antennae
» Power management circuit, to provide all the required supply rails from a single 5-V input
* Built-in calibration and self-test (monitoring):
— ARM Cortex-R4F-based radio control system
— Built-in firmware (ROM)
— Self-calibrating system across frequency and temperature
*  On-chip memory: 2 MB RAM

AWR1843A0P

4RX - -
(AOP)

T ane BT
(AGP] 76-81 GHz

INSTRUMENTS  RadarAcc

i3 TEXAS

Figure 2-2. AWR1843A0P Block Diagram

For more details see the AWR1843A0P product folder.

2.3 Design Considerations

2.3.1 System Design Theory

2.3.1.1 Usage Case Geometry and Sensor Considerations

The AWR1843A0P combines the AWR1843AO0P silicon with a wide FOV antenna on package. The AWR1843
silicon is a radar-based sensor that integrates a fast FMCW radar front end with both an integrated ARM R4F
MCU and Tl C674x DSP for advanced signal processing. The configuration of the AWR1843AO0P radar front end
depends on the configuration of the transmit signal and the configuration and performance of the RF transceiver

and the available memory and processing power. This configuration influences key performance parameters of
the system.

The key performance parameters at issue are listed with brief descriptions.
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Range

— Range is estimated from a beat frequency in the de-chirped signal that is proportional to the round trip
delay to the target. For a given chirp ramp slope, the maximum theoretical range is determined by the
maximum beat frequency that can be detected in the RF transceiver. The maximum practical range is then
determined by the SNR of the received signal and the SNR threshold of the detector.

Range resolution

— This is defined as the minimum range difference over which the detector can distinguish two individual
point targets, which is determined by the bandwidth of the chirp frequency sweep. The higher the chirp
bandwidth, the finer the range resolution.

Range Accuracy

— This is often defined as a rule of thumb formula for the variance of the range estimation of a single point
target as a function of the SNR.

Maximum velocity

— Radial velocity is directly measured in the low-level processing chain as a phase shift of the dechirped
signal across chirps within one frame. The maximum unambiguous velocity observable is then determined
by the chirp repetition time within one frame. Typically this velocity is adjusted to be one-half to one-fourth
of the desired velocity range to have better tradeoffs relative to the other parameters. Other processing
techniques are then used to remove ambiguity in the velocity measurements, which will experience
aliasing.

Velocity resolution

— This is defined as the minimum velocity difference over which the detector can distinguish two individual
point targets that also happen to be at the same range. This is determined by the total chirping time within
one frame. The longer the chirping time, the finer the velocity resolution.

Velocity accuracy

— This is often defined as a rule of thumb formula for the variance of the velocity estimation of a single-point
target as a function of the SNR.

Field of view

— This is the sweep of angles over which the radar transceiver can effectively detect targets. This is a
function of the combined antenna gain of the transmit and receive antenna arrays as a function of angle
and can also be affected by the type of transmit or receive processing, which may affect the effective
antenna gain as a function of angle. The field of view is typically specified separately for the azimuth and
elevation. The AWR1843A0P antennae have a field of view of £70° in both azimuth and elevation.

Angular resolution

— This is defined as the minimum angular difference over which the detector can distinguish two individual
point targets that also happened to have the same range and velocity. This is determined by the number
and geometry of the antennas in the transmit and receive antenna arrays. This is typically specified
separately for the azimuth and elevation.

Angular accuracy

— This is often defined as a rule of thumb formula for the variance of the angle estimation of a single point
target as a function of SNR.
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2.3.1.2 Antenna Configuration

The TIDEP-01024 uses four receivers and three transmit antennas, as shown in Figure 2-3. When the system
operates in time-division multiplexed (TDM) MIMO mode, a nonuniform, synthesized array of twelve antennae
is achieved, as shown in Figure 2-3. The TDM mode of operation is achieved by transmitting chirps using TX1,
TX2 and TX3 in an alternate fashion. This antenna fashion has been designed for directional of arrival (DOA)
detection in both azimuth and elevation.

Rxd Rx3 Rx2 Rxi MIMOQ Virtual Antenna Array

©0 0
N2
Tx1 .

[A/Z

Tx2 .

l N2
Tx3 .

Figure 2-3. AWR1843A0P-Antenna Pattern

2.3.1.3 Processing Chain

—

A2

An example processing chain for obstacle detection is implemented on the AWR1843A0OP EVM. The main
processing elements involved in the processing chain consist of the following:

* Front end — Represents the antennas and the analog RF transceiver implementing the FMCW transmitter
and receiver with the various hardware-based signal conditioning operations.

* ADC - The ADC is the main element that interfaces to the DSP chain. The ADC output samples are buffered
in ADC output buffers for access by the digital part of the processing chain.

» EDMA controller — A user-programmed DMA engine employed to move data from one memory location to
another without using another processor. The EDMA can be programed to trigger automatically, and can be
configured to reorder some of the data during the movement operations.

» (€674 DSP - This is the digital signal processing core that implements the configuration of the front end
and executes the main signal processing operations on the data. This core has access to several memory
resources as noted further in the design description.

*  ARM R4F — This ARM MCU can execute application code, including further signal processing operations and
other higher level functions. In this application, the ARM Cortex R4F primarily relays target list data over the
UART interface. There is a shared memory visible to both the DSP and the R4F.

The processing chain is implemented on the DSP and Cortex R4F together. There are several physical memory
resources used in the processing chain, as described in Table 2-1.

Table 2-1. Physical Memory Resources

SECTION NAME SIZE (KB) AS MEMORY USED DESCRIPTION
CONFIGURED (KB)

L1D SRAM 16 16 Layer one data static RAM is the fastest data access for DSP,
and used for most time-critical DSP processing data that can
fit in this section.

L1D Cache 16 16 Layer one data cache caches data accesses to any other
section configured as cache-able. The LL2, L3, and HSRAM
are configured as cache-able.

L1P SRAM 28 24 Layer one program static RAM is the fastest program access
RAM for DSP, and used for most time-critical DSP program
that can fit in this section.

L1P Cache 4 4 Layer one cache caches program accesses to any other
section configured as cache-able. The LL2, L3, and HSRAM
are configured as cache-able.

L2 256 176 Local layer two memory is lower latency than layer three for
accessing and is visible only from the DSP. This memory
is used for most of the program and data for the signal
processing chain.
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Table 2-1. Physical Memory Resources (continued)
SECTION NAME SIZE (KB) AS MEMORY USED DESCRIPTION
CONFIGURED (KB)

L3 1024 600 Higher latency memory for DSP accesses primarily stores the
radar cube and the range-Doppler power map. It is a less
time-sensitive program. Data can also be stored here.

HSRAM 32 Shared memory buffer between the DSP and the R4F relays
visualization data to the R4F for output over the UART in this
design.

As described in Figure 2-4, the implementation of the obstacle-detection example in the signal-processing chain
consists of the following blocks implemented as DSP code executing on the C674x core in the AWR1843A0P:
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Figure 2-4. System Process Chain

* Range processing — For each antenna, EDMA is used to move samples from the ADC output buffer to
DSP’s local memory. A 16-bit, fixed-point 1D windowing and 16-bit, fixed-point 1D FFT are performed. EDMA
is used to move output from DSP local memory to radar cube storage in layer three (L3) memory. Range
processing is interleaved with active chirp time of the frame. All other processing happens each frame, except
where noted, during the idle time between the active chirp time and the end of the frame.

* Range-angle heat-map calculation — Two heat maps are computed: Range-Elevation-Angle and Range-
Azimuth-Angle Heatmaps. A linear antenna array is formed at the azimuth plane to compute the azimuth
angle spectrum for each range bin, and another linear antenna array is formed at elevation plane to compute
the elevation angle spectrum. For example, in the ODS EVM board TDD MIMO configuration, the visual
antenna array is shown in Figure 2-5. The Range-Elevation-Angle heat-map is computed using the 3-RX
virtual horizontal antennae circled in Figure 2-5. The Range-Azimuth-Angle heat-map is computed using the
4-RX virtual horizontal antennae circled in Figure 2-6. A 3-RX signal can be formed as linear antenna array in
elevation plane to compute range-elevation spectrum.

I N2

—

N2

Figure 2-5. Virtual Antenna Array for Range-Elevation-Angle Heat-Map Calculation
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Figure 2-6. Virtual Antenna Array for Range-Azimuth-Angle Heat-Map Calculation

The angle spectrum is computed using the covariance BF approach, as shown in Equation 1.

Spectrum(8) = abs[A(8)*R,*A(6)"] M

* Object Detection — The detection is done in the range-angle domain. Due to the limited angle resolution in
our antenna pattern, object detection is limited to single target per range bin. In each range bin, a single peak
is found which indicates the best angle in this range bin. Then, a CFAR window is formed to check whether
this [range, angle] pair standout compare to its range neighbors. From range-azimuth heat-map and range
elevation heat-map, two sets of peaks are found. Then configuration can choose to take the union or the
interception of the two peak sets to form the final detection sets. The output is stored in the L2 memory

» Doppler estimation — For each detected point in range-angle space, Doppler is estimated using Doppler FFT.
The output is stored in the L2 memory.

* Angle of arrival estimation — For each detected point, Doppler output for all the antenna is used to calculate
the two-dimensional angle spectrum. Then the azimuth angle and elevation angle are then calculated from
the single peak in the 2D angle spectrum. The output is stored in the L2 memory.

Figure 2-7. Angle Spectrum

2.3.2 Configuration Profile

The example in the mmWave SDK distribution that represents this design lets users push the Radar
configuration, using a Profile Configuration file (see Figure 2-8), over UART to the device.

The mmWave SDK user's guide (included in the mmWave SDK distribution) describes the semantics of the
following commands in detail. The following sequence of commands represents the configuration choices
described in previous sections representing the functionality of the ODS. The cfarCfg and dbscanCfg commands
are described in more detail in the User's Guide included with the software release.
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1 sensorStop

2 flushCfg

3 dfeDataCutputMode 1

4 channelCfg 15 7 O

5 adcCfg 2 1

€ adcbufCfg -1 0 0 1 1

profileCfg 0 77 7 7 5

8 chirpCfg O

4 chirpCfg 1

10 chirpCfg 2
0
0

0 0 0 67.978 1 256 5020 0 0 36
1
2
4

= O oo
O oo
O oo
O oo

11 frameCfg 6 0 100 1 O
12 lowPower
13 guiMonitor 1

4 cfarCfg 1 4 12 8 2 350 30 2 0 5 50 0.5
15 dbscanCfg 4 4 13 20 3 256

16 sensorStart

o N O

00
4 2

Figure 2-8. ODS Profile Configuration
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3 Hardware, Software, Testing Requirements, and Test Results
3.1 Required Hardware and Software

The AWR1843A0P EVM from Tl is an easy-to-use evaluation board for AWR1843A0P mmWave-sensing
devices. The ODS radar application runs on the AWR1843A0P EVM and connects to a visualization tool which
runs on a PC connected to the EVM over a USB.

For details regarding use of this board, see the AWR1843A0P Evaluation Module. For details regarding the
visualization tool, see the software release User's Guide.

3.1.1 Hardware
The AWR1843AO0P core design includes the following:

*  AWR1843AO0P device: a single-chip, 77-GHz, antenna-on-package radar device with an integrated DSP.

* Power management network uses power management-integrated circuit (PMIC) DC/DC supply LP87524J.

» Power can be taken from the USB port or the 2.1mm barrel jack.

+ EVM also hosts a device to assist with onboard emulation and UART emulation over a USB link with the PC.

3.1.2 Software and GUI

» The ODS AOP demo application is based on the mmWave SDK. The software of the ODS AOP demo
is available in the Tl Resource Explorer at http://dev.ti.com/tirex/#/. It is located in the Software\mmWave
Sensors\Automotive Toolbox\Labs\Obstacle Detection AOP. The version of the Automotive Toolbox must be
3.3.0 or higher. The ODS demo application is also available under the resource explorer menu of Code
Composer Studio™ (CCS).

* The GUI for the ODS reference design is at the same location previously mentioned. For detailed information
about how to run the demo and GUI, see the User’s Guide , located under the ODS demo directory of the
resource explorer.
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3.2 Testing and Results
3.2.1 Test Setup

The tests were performed in a lab environment. The sensor was placed at a height of 100 cm. Two types of tests
were performed.

The first type of tests includes tests of different objects at a range of 0 m to 2 m. For these specific tests different
types of objects were placed within the range 0 m to 2 m at various angles. The detections shown in the pictures
are the maximum detection at specific ranges and angles.

The second type of tests includes tests of targets such as pedestrian, bicycle with rider at a range of up to 5m.

Note

The AWR1843A0P EVM must be placed vertically in order to set the antenna in azimuth position. See
setup in Figure 3-1.

3.2.2 Test Results
Table 3-1 summarizes the test results.
Table 3-1. Test Results

OBJECT o o o . . . R
DESCRIPTION -70 -50 -30 0 30 50 70
Metal Pole y V N N N N J
Plastic J J J J v | |
Pole

Wood Post v N N N J N N
Small Bicycle y N N N N J J
Concrete Block

(8"x8"x16”) v v \ N N N J
Cone v N N N N N N

Please note that the results provided in this table assume different ranges. For example detection of some of
these objects may not be achieved at all the angles at a range of 2m. In Figure 3-1, the wood post is detected at
2m at an approximate maximum angle of 65 degrees.

Following are snapshots of the testing setup with associated GUI measurements.

The reflected points are clustered. A cluster is rendered as a cube. The size of the cube is computed based on
the size of the cluster. Red is used to render objects within 1 m. Green is used to render objects at a distance
larger than 1 m. In the GUI, the bright red square shows the location of the sensor.
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Figure 3-1. Wood Post
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Figure 3-2. Plastic Pole
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Figure 3-3. Shopping Cart
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Figure 3-4. Small Bicycle

TIDUEZ2 — MARCH 2021 Obstacle Detection Reference Design Using 76-81GHz Antenna-on-Package 15
Submit Document Feedback mmWave Sensor

Copyright © 2021 Texas Instruments Incorporated


https://www.ti.com
https://www.ti.com/feedbackform/techdocfeedback?litnum=TIDUEZ2&partnum=TIDEP-01024

13 TEXAS

INSTRUMENTS

Hardware, Software, Testing Requirements, and Test Results www.ti.com
Figure 3-5. Trash Can
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Figure 3-6. Vertical Concrete Blocks - 3D View
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Figure 3-7. Wet Floor Sign
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Figure 3-8. Horizontal Concrete Block
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Figure 3-9. Multiple Object Detection
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4 Design and Documentation Support
4.1 Design Files

Schematics

To download the schematics, see the design files at TIDEP-01024

Bill of Materials
To download the bill of materials (BOM), see the design files at TIDEP-01024

Altium Project
To download the Altium Designer® project files, see the design files at TIDEP-01024
4.2 Software

Software Files

The software of the ODS AOP demo is available in the TI Resource Explorer at http://dev.ti.com/tirex/#/. It is
located in the Software\mmWave Sensors\Automotive Toolbox\Labs\Obstacle Detection AOP.

4.3 Documentation Support

1. Texas Instruments, AWR1843A0P Data Sheet
2. Texas Instruments, AWR18xx/16xx/14xx /68xx Technical Reference Manual
3. Texas Instruments, mmWave SDK, tools folder

4.4 Support Resources

TI E2E™ support forums are an engineer's go-to source for fast, verified answers and design help — straight
from the experts. Search existing answers or ask your own question to get the quick design help you need.

Linked content is provided "AS IS" by the respective contributors. They do not constitute Tl specifications and do
not necessarily reflect Tl's views; see TlI's Terms of Use.

4.5 Trademarks
TI E2E™ and Code Composer Studio™, and are trademarks of Texas Instruments.
All trademarks are the property of their respective owners.
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IMPORTANT NOTICE AND DISCLAIMER

TI PROVIDES TECHNICAL AND RELIABILITY DATA (INCLUDING DATA SHEETS), DESIGN RESOURCES (INCLUDING REFERENCE
DESIGNS), APPLICATION OR OTHER DESIGN ADVICE, WEB TOOLS, SAFETY INFORMATION, AND OTHER RESOURCES “AS IS”
AND WITH ALL FAULTS, AND DISCLAIMS ALL WARRANTIES, EXPRESS AND IMPLIED, INCLUDING WITHOUT LIMITATION ANY
IMPLIED WARRANTIES OF MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE OR NON-INFRINGEMENT OF THIRD
PARTY INTELLECTUAL PROPERTY RIGHTS.

These resources are intended for skilled developers designing with Tl products. You are solely responsible for (1) selecting the appropriate
TI products for your application, (2) designing, validating and testing your application, and (3) ensuring your application meets applicable
standards, and any other safety, security, regulatory or other requirements.

These resources are subject to change without notice. Tl grants you permission to use these resources only for development of an
application that uses the Tl products described in the resource. Other reproduction and display of these resources is prohibited. No license
is granted to any other Tl intellectual property right or to any third party intellectual property right. Tl disclaims responsibility for, and you
will fully indemnify Tl and its representatives against, any claims, damages, costs, losses, and liabilities arising out of your use of these
resources.

TI's products are provided subject to TI's Terms of Sale or other applicable terms available either on ti.com or provided in conjunction with
such Tl products. TI's provision of these resources does not expand or otherwise alter TI's applicable warranties or warranty disclaimers for
TI products.

Tl objects to and rejects any additional or different terms you may have proposed.
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