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Ceiling-mounted occupancy detection
using XENSIV™ DEMO BGT60TR13C 60 GHz radar

About this document

Scope and purpose

This application note describes the waveform, signal processing chain, and hardware setup details for
segmenting and tracking human targets in a 360-degree field of view (FoV) using the 60 GHz frequency
modulated continuous waveform (FMCW) XENSIV™ BGT60TR13C radar sensor.

The focus of this application is on processing the raw data from the sensor to obtain 2D information (X, Y) that
corresponds to the target's position relative to the sensor in a 360-degree field of view. A visualization of the
target segmentation in each of the four quadrants is provided based on the recorded data from the sensor,
which is mounted on the ceiling.

Intended audience

This document is intended for design engineers, technicians, and developers of electronic systems who are
interested in developing a use case scenario for target detection and tracking using FMCW technology. The
focus of this document is on using the FMCW technology to detect people within a 360-degree field of view

when such a sensor is mounted in the ceiling.
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1 Introduction

Radar technology has come a long way in recent years, providing an array of powerful solutions that can be
integrated into a variety of smart home applications. Whether it is mounted in the ceiling of a room or located
in a different area altogether, radar can detect a person's presence and trigger the activation of smart lights,
fans, and other devices, providing a convenient and efficient way to enhance your home's automation
capabilities. In this application note, Infineon’s 60 GHz mmWave BGT60TR13C radar sensor is utilized for
occupancy detection performance when mounted in the ceiling of a room.

Besides, the angular tracking capability of the radar can also be used to realize more advance use cases such as
defining zones of detection and subsequently trigger an event, just like zones of detection are defined for video
doorbells to prevent unnecessary notifications. Similarly, an application can also be realized in an industrial
environment where the radar sensor is mounted in the ceiling and covers the perimeter around the working
robot. The radar can be used to warn the user if it comes near the vicinity of the robot.

1.1 BGT60TR13C MMIC

BGT60TR13C is a compact, multichannel FMCW radar MMIC that offers one transmitter and three receiver
antennas. The chip measures 5 mm x 6.05 mm x 0.8 mm package and includes an integrated state machine that
ensures the overall radar system operates efficiently by placing the chip into different power modes to reduce
power consumption. The integrated receiver antennas are organized in an L-shape to detect the angle of the
target in both the azimuth and elevation plane, as shown in Figure 1. For more information, see the datasheet

[1].

Figure 1 BGT60TR13C radar transceiver

Infineon offers a demo board called “Radar Baseboard MCU7” that hosts the BGT60TR13C radar chip and a
microcontroller. The DEMO BGT60TR13C board [3] is shown in Figure 2. The microcontroller collects raw ADC
data from the BGT60TR13C radar via the SPI interface and transfers it to the host/PC via the USB interface. The
SPlinterface runs at 50 MHz and the USB interface supports a high-speed rate of 480 Mbit/s. The collected data
from the BGT60TR13C is then processed in MATLAB on the host to derive the range, angle, and velocity of the
target.

For more information on the implementation of the communication protocol, see the documentation provided
in the Infineon Radar Development Kit (RDK). The RDK is available in the Developer Center Launcher from
Infineon [2].

Application note 3 Revision 1.00
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BGT60TR13C RF shield
BGT60TR13C chip

80 MHz clock
Microcontroller

Radar Baseboard MCU7

Ceiling mount

Figure 2 DEMO BGT60TR13C board with ceiling mount

Radar Baseboard MCU7
(reads data from radar
chip and transfer it to PC)

Host PC with MATLAB
wrapper from RDK

BGT60TR13C radar chip

(Tx/Rx system till ADC)

Figure 3 BGT60TR13C to capture raw data

For occupancy sensing within a room, the use case requires the detection of human targets within a room size
of up to 6 m x 6 m when the sensor is mounted on the ceiling. The human targets could be either moving or
standing still. In recording, the ceiling height is 3.6 m, as shown in Figure 4.
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Figure 4 DEMO BGT60TR13C board mounted in the ceiling of a room
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1.2 Device parameters

Table 1 Radar waveform configuration details
Parameter Value
Start/stop frequency 61.02-61.48 GHz
Samples per chirp 128

ADC sample rate 2 MHz

Chirp repetition time 0.314 msec
Frame repetition time 150.1 msec
Number of chirps per frame 64

Bandwidth 460 MHz

Rx antennas [1,2,3]

Tx power level DAC set to 31 (~+10 dBm)

To ensure that the sensor can be operated in the ISM band (61-61.5 GHz) which is available in most parts of the
world, consider a 460 MHz modulated bandwidth configuration. The waveform configuration described above
corresponds to a range resolution value of 0.32 m and a Doppler resolution value of 0.12 m/s.

1.3 Test setup and data collection

The DEMO BGT60TR13C board from Infineon is positioned at the heart of the 360-degree visual field, surveying
a test area measuring 6 m x 6 m. The origin is defined at the core of the region, where the subject is situated.
Each quadrant is assigned a number from 1 to 4, following a clockwise sequence. The sensor is installed at an
elevation of 3.6 m above the ground and is firmly attached to the ceiling, as shown in Figure 4. Its location
coincides with the center of the field of view. Furthermore, a pair of cameras are strategically mounted on the
ceiling to record video footage.

‘ . RN
Figure 5 Radar sensor and camera placement on ceiling for 360-degree field of view

To build the fixture and attach it to the ceiling, a CAD model for the DEMO BGT60TR13C board is 3D printed.
Figure 6 shows the fixture mounted at a height of 3.6 m on the ceiling.

Application note 5 Revision 1.00
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Figure 6 DEMO BGT60TR13C board fixture on the ceiling

Note: Note that the test setup shows two fixtures, but only the fixture that fits the board is used. It is
crucial to remember that during testing, the antennas are oriented in the same way as shown in
Figure 6.

The BGT60TR13C radar sensor is flipped so that the array normal points towards the ground when mounted on
the ceiling. The Rx3 position is defined as the reference origin. The direction from Rx3 to Rx1, representing the
H-plane of the array is defined as the X-axis or horizontal direction. Similarly, the direction from Rx3 to Rx2,
representing the E-plane of the array is defined as the Y-axis or vertical direction.
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Figure 7 Illustration of BGT60TR13C radar orientation details within the testing region

The grid on the left measures 1 m x 1 m and the area of interest is [-3, 3] m in both the X and Y directions. The
right shows the antenna array details from a top view after the chip has been flipped and is pointing towards
the ground.

Raw datais collected at every grid point as shown in Figure 6, within the range of [-3, 3] m at 1 m spacing. At
each point, the subject remains still for approximately 15 s. To simplify the data collection procedure and
gather data from multiple grid points simultaneously, data is collected per quadrant and per row (X-direction in
Figure 6). There are a total of four quadrants and each quadrant has four rows (at 0 m, 1 m,2 m, and 3 m).
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Consequently, 16 datasets were captured in total. Each row is collected for nearly 440 frames as the subject
walks along the row, starting from Y = 0, and remains still at each meter for 15 s.

To collect the raw data from the board via USB to a PC, the MATLAB wrapper from the Radar SDK [2] and Radar
Baseboard MCUT firmware binary image are utilized. The processing chain is developed in MATLAB software,
allowing the collected raw data to be captured and processed offline.

Application note 7 Revision 1.00
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2 Radar signal processing chain

This section delves into the fundamental building blocks of the radar data processing pipeline, specifically for
segmentation and tracking applications in 2D (x, y) coordinates, based on the ceiling mount test setup
described in the previous section. The algorithm flow detailed in this document support 2D angle of arrival
(AoA) processing.

[=========-= 1 | |

Range- 0S-CFAR | . ;
Doppler Map =] I‘fl?l > > (Dopplerbin 1) , Parameter | : Tracking :
(1) Cluster \ Estimation | |
1
2D- > (D%Sp'lgr Qﬁz) detections | [ Centroid Do !
Range - FFT non- in Range- i|  Estimation o !
e — p| based coherent OS-CFAR + theta (B) |—pi| (Range, Doppler) |l | pyt. | !
(®2) MTI DBF ‘nlelgfali:;n (Dopplerbin-3) \ “35':‘[%'“ : ' 1| Modal !
) along 1 P v | Tack |
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(x3) MR i (Doppler bin -5 ! !
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Figure 8 Signal processing pipeline for segmentation and tracking in 2D (x, y) for ceiling mount-

based radar

2.1 Input raw data

The input for the signal processing pipeline, as shown in Figure 7, comes in the form of a 3D raw data matrix.
This matrix characterized by its dimensions (samples_per_chirp x number_of_chirps x nchannels) is measured
at the ADC output of the radar device. It collects data from all the three Rx channels for each frame.

2.2 Range Doppler FFT

To detect and estimate the range of the target, the raw ADC data is normalized to values between [-1, 1]. A
window-based fast fourier transform (FFT) operation is then performed on the samples for each chirp. A
Blackman window is applied to reduce side lobes and enhance the signal-to-noise (SNR) of the real signal,
which is the signal aimed to extract. Subsequently, a column-wise Fourier transform is executed over the
second dimension, the slow time, i.e., across all chirps for each sample. This process estimates the Doppler
speed and direction of the target. This entire 2D Range Doppler FFT operation can be performed
simultaneously on all three receiver channels.

2.3 2D moving target indication filter

The radar returns from static targets such as furniture or metallic poles within the field of view; remove such
objects to obtain accurate information about the actual targets in the FoV. The moving target indicator (MTI)
filter facilitates this process. The MTlI filter, an exponential filter is applied to the Range-Doppler Images
obtained from the first step. The main goal of this process is to perform exponential filtering across the Range-
Doppler Images in consecutive frames, eliminating returns from completely static targets. Returns from static
targets do not vary over time, and so they can be removed.

The Range-Doppler image at time instance 0 is denoted by x,. This image is then used for filtering for all time
steps that are greater than 0. The filter coefficient a, which lies between 0 and 1, is set to 0.3 for this particular
application.

Application note 8 Revision 1.00
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So = Xp

se=axe+ (1 —a)sg_q

Equation1

2.4 2D FFT-based digital beamforming (DBF)

Digital beamforming is performed across the spatial/Rx channels, which is the third dimension in the raw data
matrix to estimate the spatial spectrum across an angular grid. In the case of the BGT60TR13C radar, as the Rx
antennas are arranged in an L-shaped pattern, the spatial spectrum can be estimated in both directions along
which Rx13 and Rx23 channels are aligned. To achieve this, rearrange the 3D data output from the 2D MTl as a
4D matrix. Here, the third dimension includes channels from Rx1 and Rx3, while the fourth dimension includes
channels from Rx2 and Rx3.

Define your coordinate system with Rx3 channel serving as the reference element and origin. The position
vector for the remaining two Rx antennas, in x, y, and z coordinates, is defined as follows:

R_xl)z[goo]a [d, 00]
. 2
Rx2=[oE 0]—» [04, 0]

Rx3 =[000]

Equation 2

Where,

dy =d, = %= Distance between the Rx antenna element and the reference Rx elementin both xand y
directions as a function of wavelength. Furthermore, cartesian coordinates (x, y) are defined as follows:

X =r cos 8 cos @

y=rsing

Equation 3

A steering or weight vector, denoted as (w(8, ¢)), is defined in the following way so that appropriate phase
shifts can be introduced to steer the beam in direction of k.

w(,¢) = [ejﬁﬁi eJkD; ej%-D?]

-~ 2m
k= 0 [cos@cos¢p  sind]

Equation 4
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Where,
k = Wave number vector with angles 6 and ¢ respectively in X and Y direction.
D,, D, D5 = Position vector of the Rx antenna array elements, Rx;, Rx;, Rx3 from the origin.

By substituting and calculating the dot product between both k and ﬁl vectors in the above equation, it is
defined by the weight vector as follows:

w(6,¢) = ej%n(dx cos O cos ¢) ej%n(dy sin¢) 1]

Equation 5

Compute this weight vector along the grid of 6 € [0°,180°] and ¢ € [—90°,90°] to span the X-Y plane.

The multiplication of the weight vector with the Range Doppler value from each Rx channel (z,,) and the
summation of the output is equivalent to delay and sum beamforming/digital beamforming technique (DBF).

P(HJ ¢) = Z%:lzmw( 0! ¢)

Equation 6

For an antenna array with uniform spacing, this operation is equivalent to a discrete Fourier transform and it
can be computed using an FFT operation for each spatial dimension. The result of this processing chain is a 4D
matrix with the dimensions equivalent to NRng x NDop x NAz x Nel.

2.5 Detection (non-coherent integration and OS-CFAR)

The 2D FFT-based angle of arrival (AoA) step outputs a 4D matrix. To select the range and theta values of the
target, first perform non-coherent integration, i.e., sum the amplitude values along the fourth dimension (the
second angular grid sampled from the Rx23 channel direction - ¢). This process creates a 3D matrix equivalent
to NRng x NDop x NumTheta.

In the subsequent step, generate range-theta maps for the five highest SNR Doppler responses. Calculate the
SNR across each Doppler grid and sort it in descending order. Then, apply the Order Statistic Constant False
Alarm Rate (OS-CFAR) detection technique to each of the Range-theta maps to detect range-theta pairs that
exceed the detector threshold. The threshold set in the OS-CFAR is an adaptive value estimated from the
neighboring grid values, aiming to achieve a user-defined false alarm rate. For more details related to this
algorithm, see [4]. In this approach, non-coherent integration is performed along the ¢ direction instead of
coherent integration.

The range-theta pair values selected from each of the five Doppler bins are then accumulated to create a range-
theta map.

2.6 Clustering (DBSCAN)

The range-theta values that passed the detection threshold in the previous section are inputted into a
clustering algorithm block, known as density-based spatial clustering of applications with noise (DBSCAN).
Human targets tend to be spread over multiple ranges and theta bins. As such, it becomes necessary to cluster
or group together the target detections into a single target point cluster.

Application note 10 Revision 1.00
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2 Radar signal processing chain

2.7 Parameter estimation

This block is employed to estimate the range (r), theta (8), phi (¢), and radial velocity of the centroid of the points
that are grouped together by the DBSCAN algorithm.

2.7.1 Range estimation

The Doppler index is computed by deriving the maximum value from all the values for the estimated range
index. This Doppler index is then used to estimate the Doppler velocity of the targets, as follows:

Range (m) = (Range index-1) x Distance per range bin

Equation 7

Where,

. . C
Distance per range bin = ﬁ

co = Speed of light in vacuum (m/s)

B = Bandwidth (Hz)

2.7.2 Doppler estimation

The Doppler index is computed by obtaining the maximum over all the values for the estimated range index.
This Doppler index is used to estimate the Doppler velocity of the targets as follows:

Doppler FFT size

Radial Velocity (m/s) = (Doppler index —( >

) — 1)) x Doppler resolution x %

c

Equation 8

Where,
co = Speed of light in vacuum

f. = Center frequency

2.7.3 Theta and Phi estimation

To estimate the AoA of the centroid of the detections, a direction of arrival technique known as 2D Capon
technique [5] is applied on the estimated range cell data collected from all the three Rx channels. Consider 2D
Capon instead of DBF to improve the resolution of the estimated value.

For each range (r), estimated in Section 2.7.1, select the Doppler bin index of the maximum Range-Doppler
output from the Rx3/reference channel. From this specific range-Doppler pair value, select the neighboring
bins/snapshots along the Doppler dimension to estimate the covariance matrix (R). The power spectrum for
the capon angle of arrival algorithm is as follows:

P(@) = w(®)"R™Iw(¢)

Equation 9
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2 Radar signal processing chain

The power spectrum obtained using this technique improves the angular resolution of high SNR targets [5].

For 2D AoA estimation along 6 and ¢, first process the input data from Rx2 and Rx3 channels to estimate power
spectrum at ¢b. To achieve this, define the steering or weight vector along the Rx32 channel direction as follows:

w(g)=[ 1 e/a(dsin®) |

Equation 10

Note: Included an additional phase offset of 30° in Rx23 channel direction that is obtained after array
calibration and the power spectrum value is calculated across the ¢ € [-90°, 90°] with 4° bin size.

The index of the maximum P(¢) value corresponds to the estimated ¢ value of the target. In the second step,
estimate the @ for the above-estimated ¢ value by processing the data from Rx1 and Rx3 channels, while
considering the weight vector as follows:

w(6,¢) = [ ej%n(dxcosecosab) 1]

Equation 11

At the conclusion of the parameter estimation block, a list of detected targets/target measurements is
generated. Each item on this list comes with its respective parameter estimates - range (r), theta (8), phi (¢),
and speed value of the centroid.

2.8 Tracking

Apply an interacting multi-modal (IMM) filter, to track the range (r), theta (8), and Doppler speed values from
frame-to-frame. To track and update the elevation, implement an additional alpha-beta filter. The prediction
and correction filter equations for the alpha-beta filter are provided in [6].

2.9 Visualization and the application output

In the last step, the tracked range (r), theta (6), and phi (¢) values are converted to cartesian coordinate system
(x, y) based on the following equations. Combine the tracker output data collected from all four rows per each
quadrant and overlay detections from all of the four quadrants in a single plot to obtain the
presence/occupancy grid as discussed in the next section.

X =r cos 8 cos @

y=rsing

Equation 12
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3 Data processing

3 Data processing

The raw data from the recordings is first processed based on the presence detection algorithm available in RDK
[2]. The presence detection algorithm in RDK version considers single Rx channel data and Range Doppler
output with a hard thresholding technique to determine presence (1) or absence (0). See the SDK
documentation for full algorithm details [2]. The result obtained from Rx channel 3 is shown in Figure 9. It
obtains full coverage in X-dimension of 6 m range fory=0and 1 m.
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Figure 9 Output of presence detection algorithm from RDK with threshold value set to 0.0005

In Figure 9, red (1) indicates that presence is detected, while blue (0) implies that no presence is detected
despite the subject being present.

Furthermore, the raw data is processed based on the signal processing chain described in Section 2. Figure 9
and Figure 10 display the result after combining the output from all the datasets that were collected in each
quadrant. A subplot is created for each Y-axis to visualize the offset between the true and estimated Y-value
(i.e., along the Rx23 channel direction). It is observed that the accuracy of the estimated x and y values
degrades at the edge of the field of view, specifically at 3 m in the positive and negative directions of both x and
y axes.
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Figure 10 Output of the radar signal processing chain

Figure 10 displays the estimated x and y values obtained from the dataset collected within a range of [-3,3] min
both X and Y directions. The data corresponds to a single individual standing still at every 1 m spacing for 15 s.
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3 Data processing
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Figure 11 Combined plot of results

The different colors (green, blue, black, and red) in Figure 11 represent the estimates obtained from each

respective quadrant (Q1, Q2, Q3, and Q4) respectively.
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4 Summary

4 Summary

In summary, this document details the waveform configuration, mounting setup, data collection, and signal
processing flow necessary to detect targets from a ceiling-mounted BGT60TR13C radar sensor. This radar
comprises an L-shaped array in both the X and Y dimensions. Measurements are obtained from the sensor,
which is mounted at a height of 3.6 m. Process the results using both the presence detection application
available in the Radar Development Kit (RDK), which is based on Range-Doppler using a single Rx channel
processing technique and the 2D angle of arrival (AoA) processing chain described in Section 2.

Based on the test data collected, managed to detect presence in the Y-axis within the range of [-1, 1] m. With
the 2D AoA processing technique, extended this range to [-3, 1] m with an accuracy in the range of 2 m along the
E-plane direction (Rx23, Y-axis) of the array.

Consideration

In this situation, the sensor has been placed at a height of 3.6 meters due to setup restrictions, which is higher
than the typical ceiling height of 2.75 meters. However, it is still achievable to obtain a wider area of ground
coverage in a scenario with a ceiling height of 2.75 meters.
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