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AN1297: Custom Direction-Finding

Solutions using the Silicon Labs Bluetooth
Stack (3.

Bluetooth 5.1 introduced support for Direction Finding by adding
the option to send and receive Constant Tone Extensions KEY POINTS
(CTEs) after Bluetooth packets. This makes it possible to
measure the phase of the incoming signal on different antennas.
However, calculating the direction of the incoming signal from « 1Q samples

the measured phases is the responsibility of the application, and « Phase compensation
not of the Bluetooth stack. This document explains the interface
between the stack and the application regarding phase
measurements to enable implementing custom direction-finding
solutions using Silicon Labs’ Bluetooth stack. The information in
this document provides an alternative to using the Silicon Labs
customizable reference implementation, and is intended for
developers who have a deep understanding of direction-finding
algorithms and prefer to develop their own solution.

e Constant Tone Extension
¢ Antenna Switching

Developers who prefer to start with the Silicon Labs customizable direction-finding so-
lution should refer to AN1296: Application Development with the Silicon Labs RTL
Library instead of this document.
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1 Introduction

This document explains how The Silicon Labs Bluetooth stack supports Direction Finding. Before going forward, the reader must have a
basic knowledge of Direction Finding. To learn the basics, refer to UG 103.18: Bluetooth® Direction Finding Fundamentals. Reading the
Technical Overview of Bluetooth direction Finding published by the Bluetooth SIG: https:/www.bluetooth.com/wp-content/up-
loads/Files/developer/1903 RDF Technical Overview FINAL.pdf is also recommended.

Direction Finding, which is estimating the angle of the incoming signal, is based on the concept of antenna arrays, where multiple antennas
specially arranged in space sample the same reference signal. The reference signal is a continuous wave where both frequency and
phase are maintained over a time interval long enough to be sampled on all antennas. The samples are then turned into phase differences,
and phase differences are turned into angle estimation.

Since Bluetooth 5.1 introduced Constant Tone Extensions (CTEs) that can be applied after regular Bluetooth packets, the Silicon Labs
Bluetooth stack makes it possible to sample these extensions on different antennas and provide the antenna samples to the application.
This document explains the antenna sample format. The samples can be used by anyone who wants to implement their own direction-
finding application that turns antenna samples into angle estimation.

If you are unfamiliar with direction finding, or if you are familiar with the concept but you do not have a deep understanding of angle
estimator algorithms, Silicon Labs strongly recommends using the RTL library in your application. The RTL library provides a full solution
to calculate the angle of the incoming signal from antenna samples in a real world environment. To learn more about the Silicon Labs
solution, refer to AN1296: Application Development with the Silicon Labs RTL Library. If you decide to continue development using the
Silicon Labs RTL library, you can skip this document.
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2 Constant Tone Extension

21 Concept

To determine the angle of the incoming signal it is essential to transmit a signal with continuous phase, constant amplitude, and constant
frequency over a time period long enough to be sampled by all receiver antennas. Transmitting a CW (continuous wave) signal for a long
time is not recommended outside of test environments, because it has a very sharp spectrum and can cause serious interference with
other devices working in the 2.4 GHz frequency range. Therefore, a short CW must be used, and the transmitter and the receiver must
be synchronized so that both know when the CW signal is sent.

Many solutions can be found to overcome this simple problem, and indeed there are many indoor positioning solutions on the market
already using direction-finding algorithms. None of them is based on a well-known standard, however. The Bluetooth standard, in contrast,
is widespread, and it solves the synchronization problem by its nature: Bluetooth packets are sent with very strict timing, and the peer
devices resynchronize their clocks on each reception.

Bluetooth 5.1 introduced a new method to request and send short CW signals as an extension of a normal package. This extension is
called Constant Tone Extension (CTE), and it is sent after the CRC of the package when requested.

CTEs can be sent both through a connection (in LL_CTE_RSP packets after an LL_CTE_REQ packet was received), and in periodic
advertisements (in AUX_SYNC_IND packets). Additionally, the Silicon Labs Bluetooth stack provides a non-standard solution where
CTEs can be sent in extended advertisements (AUX_ADV_IND packets), which makes Direction Finding much more scalable regarding
the number of assets to be located. For more info on CTEs see the Bluetooth Core Specification, v5.1 or later.

2.2 Sending and Receiving CTEs

To enable CTE responses on a connection use the APl s1 bt cte transmitter enable connection cte () onthe CTE
transmitter side. To send a CTE request from the receiver to the transmitter, use the APl s1 bt cte receiver enable con-
nection cte () on the receiver side. If CTE responses are enabled on the transmitter side, the Bluetooth stack automatically re-
sponds to each CTE request with a CTE response.

To transmit CTEs in periodic advertisements, first start a periodic advertiser on the transmitter side and then use the API
sl bt cte transmitter enable connectionless cte (). To start listening to CTEs attached to periodic advertise-
ments, first establish a periodic synchronization on the receiver side and then use the APl s1 bt cte receiver enable con-
nectionless cte().

To transmit CTEs in Silicon Labs proprietary extended advertisements, first start a (regular) extended advertisement on the transmitter
side, and then use the APl s1 bt cte transmitter enable silabs cte (). To start listening to CTEs attached to Silicon
Labs proprietary extended advertisements, first start scanning on the receiver side and then use the API sl_bt_cte_receiver_enable_si-
labs_cte().

Any time a CTE is received by the Bluetooth stack (either via connection or in advertisements), the Bluetooth stack raises an iq_report
event. Depending on the mode of transmission, this means either an sl_bt_evt_cte receiver_connection_iqg_report event, an
sl_bt_evt_cte_receiver_connectionless_iq_report event, or an sl_bt_evt_cte_receiver_silabs_iq_report event. Each event includes an ar-
ray of IQ samples. The following sections detail what these samples mean and how to interpret them.

Note: To get the APlIs listed above working, CTE Transmitter and CTE Receiver Software components need to be installed in your project.
For more information on the API see the Bluetooth API Reference on http://docs.silabs.com.
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3 Interpreting IQ Samples

3.1 Sampling

Although the Constant Tone Extension is a simple continuous wave — with a variable length of 16 us to 160 us — it is divided into periods
as defined in the Bluetooth Core Specification (Vol. 6, Part B, Section 2.5).

The first 4 us of the Constant Tone Extension is called the guard period and the next 8 us is called the reference period. After the reference
period, the Constant Tone Extension consists of a sequence of alternating switch slots and sample slots, each either 1 ps or 2 ps long,
as specified by the application using the CTE Transmitter and CTE Receiver APIs. 2-ys slots make it possible to use a cheaper RF switch
between the antennas that has a longer transition time. 1-ys slots make it possible to sample each antenna multiple times, which can
help reduce the effect of noise and result in better accuracy.

AoA transmit

Continuous transmission

AoA receive: 1 us switching and sampling slots
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SO e 00000000 0 e e @ O e
A0A receive: 2 us switching and sampling slots
Guard period Reference period Switch | Sample | Switch | Sample Switch | Sample
(4 ps) (8 us) slot slot 1 slot slot 2 s slot slot 37
oo o O 0000 00 e e IR

Once a CTE has started, the radio starts sampling the In-phase (I) and Quadrature (Q) components of the baseband signal with its native
sample rate. The samples are then downsampled to 1 sample/us sample rate. The first 4 samples (taken in the guard period) are dis-
carded, then 8 samples (taken in the reference period) are stored in the sample buffer. Finally, every sample taken in switching slots is
discarded and every sample taken in sample slots is stored in the sample buffer. In case of 2-us slots, only one sample is kept for each
sample slot. Stored samples are marked with filled circles on the previous figure.

At this point, N =8 + (L — 12) / 2/ S number of samples are in both the In-phase () and in the Quadrature (Q) sample buffer, where L is
the length of the CTE in microseconds, and S is the length of the slots in microseconds. The | and Q samples are merged into a common
1Q sample buffer with 2N elements so that | and Q samples follow each other alternating:

1(0), Q(0), I(1), Q(1), 1(2), Q(2), I(3), Q(3), ... I(N), Q(N).

This 1Q sample buffer is passed to the application for further processing.
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3.2  Antenna switching

The goal of CTE is, to be able to sample the same continuous wave on different antennas. Since the radio can only sample on one
antenna at a time, an RF path switching network must be created among the antennas, as shown in the following figure.

#4

control 1 control

control

This way, any antenna can be connected with the EFR32 through control pins. The Bluetooth stack is designed so that it can drive up to
six output pins to control the RF switches during CTE reception. With this solution up to 64 antennas can be addressed. As an example,
on the previous image the four antennas can be addressed with the following addresses:

address ‘ pin1 pin0 ‘ antenna ‘
0x00 0 0 #1
0x01 0 1 #2
0x02 1 0 #3
0x03 1 1 #4

The six control pins can be selected in the configuration file of the Platform > Radio > RAIL Utility, AoX software component.

Y Filter : Configurable Components [_] Installed Components [_] cor

¥ Platform -
» Board ‘
» Board Drivers
» Bootloader
» CMSIS
» Commeon
» Device
» Driver
» Machine Learning
» Peripheral
v Radio
RAIL Library, Multiprotocol
@ RAIL Library, Single Protocol
RAIL Utility, Antenna Diversity Configuration \x:x

@ RAIL Utility, AoX o
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The antenna switching pattern, which is the order of addressing the different antennas, can be set with the CTE Receiver and CTE
Transmitter Bluetooth APIs as described in the Bluetooth API Reference. For example, to set the antenna switching pattern for connec-
tionless AoA mode, use the following code:

// Antenna switching pattern
static const uint8 t antenna array(l6] = { O, 1, 2, 3, 4, 5, ¢, 7, 8, 9, 10, 11, 12, 13, 14, 15 };

sl bt cte receiver enable connectionless cte(sync_handle,
CTE_SLOT DURATION,
CTE_COUNT,
sizeof (antenna array),
antenna array);

The Bluetooth stack automatically controls the antenna switch pins in the switch slots of the CTE according to the defined switching
pattern. The switching pattern can have any length between 1 and 35. It is repeated over the CTE time period, in other words once the
end of the pattern is reached it starts over, and this is repeated until the end of the CTE signal. Note that the first switch happens after
the reference period, which means that the first antenna in the pattern will be sampled 8 times.

Considering all of this, a switching pattern of [4 3 2 1] results in the following 1Q samples:

141Q4 [14]Q4|14]/Q4|14]Q4 14 Q414 Q4|14 Q4 14]Q4|I13|Q3|I12]Q2 1M |Q1]14]Q4]13]|Q3

where the indices mean the address of the antenna. Note, that the addresses do not necessarily have to be consecutive values starting
from 0. Addresses can be any value between 0 and 63 and they should always be derived from the RF switching network.

3.3 Phase Retrieval

IQ samples are passed to the application in a form of a uint8 array, with each | and Q sample taking 1-1 byte. Note, however, that | and
Q samples are signed integers, which means that the uint8 values must be casted to int8 values immediately after the application receives
them from the Bluetooth stack. Using uint8 values is simply a limitation of the BGAPI.

I and Q samples represent the in-phase and quadrature components of the signal, that is
s(t) = I(t) cos(2 T f t) + Q(t) sin(2 T f t),

where s(f) is the incoming signal, fis the carrier frequency and ¢ is time. If the signal is phase-modulated (or frequency-modulated, which
can be derived from phase modulation), it can be written in the following form:

s(ty=Acos(2 ft+ ¢@(t)) = Acos(2 T ft) cos((t) )— A sin(2 T ft) sin( ¢(f) ),

where A is the amplitude of the signal and ¢(f) is the instantaneous phase. From these equations the | and Q components of a phase
modulated signal correspond to

It)y=Acos(e(f)) and Q(f)=-Asin(e(t))

from which it is easy to retrieve the amplitude and the instantaneous phase of the signal:

A= I?+Q? ¢ = atan2(—Q, 1)

Note that the amplitude does not represent the absolute amplitude of the signal, since it is compensated with AGC (automatic gain
control). To learn the absolute amplitude of the signal, RSSI must be accounted for as well. Direction-finding algorithms do not usually
need to do this, since all that matters is the phase difference and amplitude difference between antennas.

3.4 Phase Compensation

Ideally, all antennas should be sampled at the same time to easily calculate the phase difference between them. However, this is not
possible with a single radio. The only way to sample more than one antenna is time division, which also means that the sampling is shifted
in time.

Note that, if antennas are not sampled at the same time, then even if ¢(f) is constant and same for all antennas, there will be a phase
increase of ¢, = 2nfAt between two samples, where f is the carrier frequency and At is the time difference between two samples.
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Although the incoming signal is mixed and downsampled by the radio such that the central frequency of the channel corresponds to a DC
signal in the baseband, the CTE will not have zero frequency in the baseband for two reasons:

e CTE is not using the central frequency. Instead it is generated as a sequence of continuous non-whitened 1’s, which corresponds to
a continuous wave with the frequency of f. + fa, where f; is the central frequency of the channel and fa is the frequency deviation.
This corresponds to a frequency of fa in the baseband.

¢ Oscillators are not always perfectly tuned, which results in an offset between the ideal carrier frequency and the real carrier frequency.
This again introduces a frequency shift forset in the CTE frequency.

Considering this, the frequency of the CTE signal in the baseband is fa + forset, Wwhere fao = 250kHz according to the Bluetooth specification,
and forset is in the order of 10kHz. Consequently, the phase shift between two consecutive samples with a 1-ps difference is around ¢ =
2t(fa + forrse)t = 2m -0.25 -1 = 0.57 = 90°. Taking the offset frequency into account as well, it might vary between 80°-100°.

Since the reference samples are taken on the same antenna, they can be used to measure the actual phase shift over a 1-ys time period.
It is strongly recommended to calculate the phase shift for each packet, as it may vary between packets. That is, every time an iq_report
event is received, the first 8 IQ samples should be used to determine the phase shift for the actual packet. This can be done either by
averaging the phase differences between the first 8 samples or by applying a median filter on those phase differences.

Note, however, that once a phase shift for 1 s is calculated, this value should be multiplied and used to compensate for the phase shift
between samples after the reference period due to the non-sampled switching slots, as illustrated in section 3.1 Sampling. For 1- ys slots,
2 times the value should be used, and for 2- ys slots, 4 times the value should be used.

The content of the IQ sample buffer for a k-long antenna switching pattern is illustrated in the following figure along with the expected
phase differences between the consecutive IQ samples, assuming that there is no phase shift between the antennas due to oblique angle
of arrival.

Reference samples Switching pattern Switching pattern
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4 Angle of Arrival / Angle of Departure

The previous sections primarily discuss the case of Angle of Arrival (AoA) method, where the transmitter sends a continuous wave on a
single antenna, and the receiver samples the incoming signal on multiple antennas.

In the Angle of Departure (AoD) method, the antenna switching happens on the transmitter side, and the receiver samples the incoming
signal on a single antenna. This, however, does not change anything on the structure and interpretation of the IQ samples. The fact that
antenna switching happens on the transmitter side does not affect the result at all. The only difference is in the configuration. In the case
of AoD the switching pins must be set up on the transmitter, and both the transmitter and the receiver must know the switching pattern.
This contrasts with AoA, where the switching pattern need only be configured on the receiver side.
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