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Abstract  

This thesis aims at evaluating a proposed interferometry Angle of Arrival 
method for Bluetooth Low Energy and investigating the feasibility of using it 
together with current technology in a keyless entry access control solution. 
The current technology is an evaluation kit from Texas Instrument that is used 
together with various types of antennae arranged in arrays. An in-depth look 
at it revealed that it does not implement the proposed Angle of Arrival method 
for Bluetooth Low Energy but the deviations are minor. Results obtained from 
tests with delay lines show enough accuracy for a keyless entry access control 
solution. However, none of the tested antenna types do. The work concludes 
that current technology cannot be used as a keyless entry access control 
solution due to strong antenna dependencies. Future work is thus proposed to 
be done on antenna development.  
 
 

Sammanfattnin g 

Detta arbete syftar till att utvärdera en förslagen interferometri Angle of 
Arrival-metod för Bluetooth Low Energy samt undersöka möjligheten att 
använda den tillsammans med nuvarande tekniken i nyckellös 
åtkomstkontroll. Den nuvarande tekniken är ett utvärderingspaket från Texas 
Instrument som används tillsammans med olika typer av antenner. En 
utförlig undersökning av tekniken avslöjade att den inte implementerar den 
föreslagna Angle of Arrival-metod för Bluetooth Low Energy men avvikelserna 
är minimala. Resultat som erhållits från tester med fördröjningslinjer visar 
tillräckligt noggrannhet för nyckellös åtkomstkontroll. Men ingen av de 
testade antenntyperna gör det. Arbetet drar slutsatsen att den nuvarande 
tekniken inte kan användas som nyckellös åtkomstkontroll på grund av starka 
antennberoende. Framtida arbete föreslås således att fokusera på 
antennutveckling. 
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LIST OF ACRONYMS AND ABBREVIATIONS 
 
AoA - Angle of Arrival 
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GATT - Generic Attribute Profile 
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I&Q data - In-phase and quadrature components data 
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RF - Radio Frequency 
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uDMA - DMA - Direct Memory Access 
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1 Intr oduction  

1.1 Backgr ound  
 
Mechanical door locks and keys have been used for hundreds of years as an 
access control method. With the advancement of electronics, a shift has 
undergone towards electronic physical access control. It is based on 
presenting an electronics based key to a lock mounted on a door and the 
transference of data between lock and key to unlock the door. One method by 
which electronic physical access control has been realized is by the use of 
RFID. A more recent type of access control, though not yet fully consumer 
product realizable, is the so-called keyless entry access control, where the user 
is not required to actively use the key for the access control system to function. 
One way of accomplishing this is by wirelessly transmitting data via 
electromagnetic waves from the key to the lock. Such a method however 
requires information about the position of the key. Without such information, 
a key already present on the inside could potentially open a door without there 
ever having been an intention doing so and in doing so making entry possible 
for someone on the outside lacking the proper access privileges, a problem 
known as the inside/outside problem.  
 
Outdoor positioning has been made possible through the global positioning 
system (GPS)[1]. However, even though multiple approaches for indoor 
positioning has been proposed in literature, a widely accepted solution for 
indoor positioning has yet to emerge[2] thus leaving the indoor/outdoor 
problem unsolved for indoor environments. A potential solution is the 
addition of Angle-of-Arrival (AoA) capabilities to the Bluetooth Low Energy 
(BLE), a proposal currently pending. Assa Abloy believes it to be a suitable 
candidate, not only because of its potential in solving the indoor 
inside/outside problem, but also due BLE being widely integrated in 
smartphones and other devices, which could possibly reduce the additionally 
required resources for widespread deployment of a keyless entry access 
control solution.  
 
The project builds on the idea of using BLE and an AoA method to realize a 
keyless entry access control solution. It evaluates whether current technology 
can be used to achieve accuracy levels believed by Assa Abloy to be required 
for solving the inside/outside problem. Moreover, these accuracy levels have 
to be achieved under constraints on physical size of the system. The 
component occupying the most physical space in the system are the antennae 
used for the project. A project which aims to design and deliver antennae for 
use in this project’s evaluation of the system is running in parallel.  
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1.2 Problem  
Accurate positioning data is essential to realize a reliable keyless entry access 
control system. The problem to be solved is whether this can be realized using 
an AoA method, within various environmental conditions, using current 
technology and a small physical footprint utilizing BLE. 

The project will evaluate how data filtering and various AoA estimation 
algorithms impact positioning accuracy in a keyless entry access control 
system realized with BLE. Such an evaluation is performed by gathering 
experimental data for statistical analysis. The project outcome, based on the 
results from the statistical analysis, will comprise a solution to the problem if 
less than 30˚ positioning accuracy can be achieved. 

1.3 Methodolog y / Methods  
The accuracy of the AoA estimations made by a system will be evaluated 
through tests where measurement data is obtained. This data is then analysed 
and fitted to a normal distributions. Thus, the method used in this project to 
acquire the results is a quantitative method.  

The project focuses solely on AoA methods based on phase interferometry. No 
other wireless localization techniques will be included, the reason being that 
the proposal to add AoA capabilities to Bluetooth only handles a phase 
interferometry based AoA method. Moreover, no work to find suitable 
antennae for use in this project will be conducted. Such work will be 
conducted in another project running in parallel to this one. 

1.4 Outline ( Dispo sitio n) 
The report starts by presenting a theoretical background to the project in 
section 2. Including an introduction to the principle of AoA, a general 
estimation scheme and AoA accuracy implications. Following that is an 
introduction to the operation of BLE and a review of the Direction Finding 
Working Groups (DFWG) AoA proposal. Lastly, In-phase and quadrature 
component data is presented and how that data type has been visualized for 
parts of this project. Section 3 presents models and simulations of the method 
and system. It starts by presenting the used AoA estimation algorithm 
followed by how the phase difference between I&Q data samples are 
calculated. Section 3 then proceeds by presenting what impact errors the input 
parameters of the AoA estimation algorithm has on the accuracy. Section 3 
concludes by presenting where some of these errors originate from and how 
non-valid phase differences can be identified. Section 4 details an outline and 
a description of the work conducted to obtain the content of the subsequent 
section, section 4.1, which introduces the system used for the evaluation of 
Angle of Arrival based positioning for keyless entry access control. The results 
from that evaluation is then presented in section 5. Lastly, the conclusions 
drawn from the results of this project is presented in section 6 together with 
future work.  
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2 Theoreti cal Backg roun d 

In this section the theoretical background on which this project is based upon 
will be presented. Firstly the principle of AoA is described, then how non-
perfect accuracy impact the AoA estimation and how different numbers of 
dimensions affect the possible positions of a credential. Bluetooth Low Energy 
is then presented and the pending proposal to add AoA capabilities to it’s core. 
In the end, what I&Q data is and how it has been illustrated during this 
project is presented.  

2.1 Angle of arri val 
This section will introduce the principle upon which AoA is based on and what 
methods can be used to estimate it. How non-perfect accuracy impact the AoA 
estimation is then presented and lastly how different numbers of dimensions 
affect the possible positions of a credential 

2.1.1 Princi ple 
AoA is a wireless angle based positioning method which utilizes a minimum of 
two prior known and fixed locations to estimate the position of a third 
unknown location[6],[7],[8]. As the name suggests, the fundamental principle 
by which this method operates is by estimating an angle between the location 
of arrival and the unknown position to be located. This can be accomplished in 
various ways. There exists, however, one common criterion that must be 
fulfilled in order for them to work. This criteria originates from the definition 
of a plane angle1 
 
“A plane angle is the inclination to one another of two lines in a plane which 

meet one another and do not lie in a straight line.” 
 

thus, the criterion is related to two intersecting lines. Moreover, the minimum 
amount of information required to define a line is two points. Furthermore, 
two lines that intersect share a common point. Thus, the minimum amount of 
points required for an angle to exist is three. Therefore, when the unknown 
position is meant to be determined, a minimum of two additional (known) 
positions in the same reference system is required. Taking this into account, 
the principle of AoA can be formulated as follows 
 

The principle of AoA is to estimate an angle between two intersecting lines, 
constructed with a minimum of three locations. 

 
In the sections that follow, the two prior known locations will be referred to as 
the receiver and the location to be estimated as the transmitter.  

                                                   
 
 
 
1 Euclids Elementa, Book 1, Definition 8 
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2.1.2 AoA estima tion techn iques 
With an established principle of AoA, formulated in 2.1.1, the focus now shifts 
to how an AoA estimation is perform. This section introduce different 
techniques which can be utilized to perform AoA estimations, the one this 
project has focused on and for what reason.  
 
AoA is a wireless method for estimating the position of an unknown location. 
All techniques that aim to accomplish this require transfer of information 
from a transmitter to a system’s receiver. This can be achieved in various 
ways, ranging from electromagnetic waves to compression and decompression 
of the medium surrounding the system. Since the technique to be evaluated is 
a proposal for BLE, a wireless standard that transfers information via 
electromagnetic waves, the project will focus on this technique. Moreover, the 
proposal explicitly states what properties of the electromagnetic wave to 
exploit in order to obtain an AoA estimation. According to the proposal, phase 
data is to be used. Phase data is acquired by sampling a minimum of two 
antennae, calculating the phase for each sample and taking the difference in 
phase between pairs of antennae.  
 

2.1.3 AoA estima tion ex plo iting the phas e of an ele ctrom agnetic wave 
During the last millennium, research and scientific discoveries has led to a 
deep understanding of shapes, size, space, and relative positions. Building 
shapes around the two known and the one unknown locations together with 
phase data obtained by the receiver from the transmitter can be used for 
positioning. This section will describe the general concept of estimating the 
AoA for the unknown position utilizing what was stated previously.  
 
As described in 2.1.1, the minimum amount of locations required in order to 
define an angle is three; if one transmitter is meant to be located, two 
additional locations are needed. These locations can be defined by way of an 
antenna array in the receiver, with a known separation distance � . This 
situation is depicted in the top of Figure 1, where the transmitter (green) is 
radiating an electromagnetic wave that eventually reaches the receiver 
antenna array (red). If the distance between the transmitter and the receiver 
array is much larger than �, the incoming wave can be approximated to a 
plane wave. The approximation is shown in the top left box in Figure 1, 
illustrated as a dashed line. If the receiver placed as depicted in the top right 
box, a right angle triangle is formed, and the geometrical shape of the triangle 
can be used to estimate the desired angle. This can be done as shown in the 
bottom box. Additional information however is required for the estimation of 
the angle. Side � of the constructed triangle has a length which equals the 
propagation speed of the wave, multiplied with the time it takes to propagate 
that distance and thus � = � ∙ (�� − ��) . When the electromagnetic wave 
propagates in air, the propagation speed � can be approximated to the speed 
of light. Furthermore, if the spacing between the antennae is less than one 
wavelength, the actual time difference between the two antennae can be 
calculated. This can be done by calculating how much time one unit of angle 
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corresponds to and multiplying this value with the phase difference between 
the two antennae, the time difference (�� − ��)  is obtained. With this 
information, the angle α can be calculated as shown in the bottom box of 
Figure 1.  
 
 

 
Figure 1. AoA estimation exploiting properties of an electromagnetic wave. 
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2.1.4 Phase data based AoA estimation i n 2 and 3 dime nsional  space  
Using the phase difference between two antennae to calculate one side of the 
triangle comes with some drawbacks. The extent of these drawbacks also 
correlates with the dimensionality of the space in which the angle is estimated. 
This section will introduce the non-deterministic characteristic of AoA in both 
2 and 3 dimensional space.  
 

2-dimensional space 
The angle is calculated by the measured and calculated phase difference. 
However, a problem arises due to the fact that multiple positions give rise to 
the same phase difference. This results in a set of locations in which the 
transmitter is equally likely to be located in. This is illustrated in Figure 2, 
where two transmitters (green) and one antenna array (red) is present. When 
the angle between the line through the antenna array and both credentials are 
equal but with opposite sign, the resulting phase difference is the same. 
Furthermore, any position on the lines having an angle α with the line through 
the antenna array is a possible position. 
 

 
Figure 2: Equally probable transmitter locations in a 2-dimensional space. 
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3-dimensional space 
Adding a third dimension to the situation illustrated for two dimensions 
further extends the implications demonstrated for two dimensions. All 
positions forming an angle α when subtended to a point on the line through 
the antenna are equally likely to be the true position of the transmitter, as 
depicted in Figure 3. Furthermore, given a continuous space, a cone shape is 
formed where the surface of the cone represents all positions where the 
transmitter is equally probable to be located, as shown in Figure 4.  

 
Figure 3: Equally probable transmitter locations in 3-dimensional space.  

 
Figure 4: Transmitter location surface in 3-dimensional space. 
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2.1.5 Accurac y impa ct on trans mitter location in 2- and 3-dime nsional 
space 

The accuracy impact on transmitter location for both 2- and 3-dimensional 
space will be discussed below, starting with the 2-dimensional case and then 
proceeding with the 3-dimensional case.  
 

Given a system with an associated accuracy Δ operating in a 2-dimensional 
space, an area within which the transmitter can exist is formed. An illustration 
depicting the impact of the systems associated accuracy can be seen in Figure 
5. The calculated angle α is placed between the black line going through the 
antenna array and the line towards the credentials. Due to the accuracy of the 
system, the probability of this angle being the real angle is less than 1. Given 
the accuracy ±Δ of the system, the transmitter is said to exist somewhere 
inside the area constrained by the transparent red lines. As depicted in Figure 
5, these lines form angles α±Δ relative to the line through the antenna array. 

 
Figure 5: AoA accuracy impact in 2-dimesional space. 

 
Going from 2- to 3-dimensional space can intuitively be thought of as rotating 
the 2 dimensional shape around the line going through the receiver. Rotating 
the area formed by the accuracy illustrated in Figure 5 yields a volume. Thus, 
the impact of the system accuracy in 3 dimensions is a volume in which the 
transmitter can exist. This is depicted in Figure 6. 
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Figure 6: AoA accuracy impact in 3-dimesional space. 

 

2.2 Bluetooth  Low  Energ y (BLE)  
Bluetooth is a wireless communication protocol, allowing multiple devices to 
communicate. This section will present aspects of the Bluetooth protocol vital 
to this project. This is done by first describing the general operation and lastly 
by looking at the used frequencies. 

2.2.1 Bluetooth  genera l op eration  
This section will give a brief introduction to the general operations of 
Bluetooth that are relevant to the project.  
 
The Bluetooth protocol, like many other communication protocols, is built by 
layers, each with its own set of features and functions. Depending on what is 
meant to be accomplished by an application, different parts of these layers are 
used. A Bluetooth profile is a way to define what features and functions from 
each layer that are to be used in order to accomplish a specific task [3, p. 252]. 
Various types of profiles exist, one of which is the Generic Attribute Profile 
(GATT). This is a profile based on the Attribute Protocol (ATT), a protocol 
which allows a devices to reveal information to another device [3, p. 2172]. 
The GATT profile defines a framework for data stored and transported by the 
ATT and common operations [3, p. 254]. This is done through one or more 
services, which themselves are composed of characteristics or references to 
other services. A service is a set of data and associated behaviours needed to 
accomplish a specific task [3, p. 255].  Furthermore, characteristics are values 
used in services together with properties, setup information describing how 
the values are accessed, and information of how they are represented or 
displayed [3, p. 256]. All of the aforementioned is summarized in the 
illustration seen in Figure 7. 
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Figure 7: Bluetooth layers, profiles, services and characteristic (inspired by 

figure 6.1 & 6.3 in [3, pp. 252, 255]). 

2.2.2 Bluetooth  low energy channe ls and fre quenci es  
This section will present what frequencies BLE operates at and especially the 
ones used in this project. 
 
Bluetooth Low Energy operates in the 2.4 GHz ISM band, which consists of all 
frequencies between 2400 – 2483.5 MHz. This band is divided into 40 RF 
channels spaced 2MHz apart where each RF channel center frequency follows 
the expression [3, p. 2535]: 
 

� = 2402 + 2 ∙ � MHz, � = 0,1, … ,39 
 
Each RF channel falls into at least one of 3 different channel types, these are 
the Data, Primary Advertising and Secondary Advertising channel types [3, p. 
2560]. According to the AoA proposal described in section 2.3, the RF channel 
type used is the Primary Advertising type. This channel type consists of 3 RF 
channels, channel 0, 12 and 39 (channel index 37, 38 and 39) [3, p. 2561]. 
Using the expression for the RF channel center frequency, the channel data 
used is summarized in Table 1.  
 

RF Channel Channel Index 
Center Frequency 

[MHz] 

0 37 2402 

12 38 2426 

39 39 2480 
Table 1: Primary Advertising channel centre frequencies. 
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2.3 Bluetooth  SIG AoA proposal  
For Bluetooth there exists various special interest groups, one of which is the 
Direction Finding Working Group (DFWG). They have proposed to add 
functionalities to the Bluetooth core in order to realize AoA estimations. This 
section will first give an overview as to what this proposal is and some in-
depth details about some of its parts.  
 
The proposed method for AoA estimations includes two devices, one 
transmitter and one receiver. The transmitter can reveal its location to the 
receiver by sending packages described in section 2.3.2 on the advertising 
channels described in section 2.2.2. The general scheme used to accomplish 
such a task is as follows: the transmitter sends a package that contains a 
constant tone at the end. The receiver gets the package and detects that it is an 
AoA package. The receiver then takes I&Q samples on the constant tone 
within predefined sampling windows. This is done by an antenna array on the 
receiver where each antenna in the array gets switched on for sampling in a 
predefined order. The phase difference between I&Q samples from different 
antennae is calculated. This phase difference is then used to estimate the AoA.  

2.3.1 Constant ton e extens ion s ervice 
Included in the DFWGs pending proposal for adding AoA capabilities to the 
Bluetooth Core is a Constant tone extension service with a set of 
characteristics. This section will present a summary of these characteristics 
followed by a detailed description for each of them.  
 
The service requires the following characteristics to exist [4]: 
 

1. Constant Tone Extension Enable 

2. Constant Tone Extension Minimum Length 

3. Advertising Constant Tone Extension Transmit Duration 

4. Advertising Constant Tone Extension Interval 

5. Advertising Constant Tone Extension PHY  

These characteristics define how packages should be transmitted and some 
parts of what should be present in them. For the case that packages will be 
transmitted on all advertising channels, is detailed in section 2.2.2. An 
illustration of the effect for some characteristics is shown in Figure 8. ��,� 
denotes the constant tone transmitted in package number a on channel c.  
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Figure 8: Constant Tone Extension service characteristic illustration. 
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Constant Tone Extension Enable 
The constant tone extension enable characteristic is a control-point attribute 
that indicates what type of Constant Tone Extension is to be used and consists 
of multiple bits. When bit 0 is set to 1, the AoA Constant Tone Extension is 
enabled [4, p. 8]. 
 

Constant Tone Extension Minimum Length 
The constant tone extension minimum length characteristic is a 1 octet sized 
value (N), with a valid value range 2-20, defining the minimum length of the 
Constant Tone Extension transmitted [4, p. 9]. Additionally, each increment 
of this length is done in units of 8 ��, resulting in a minimum length in the 
range 16 �� − 160 ��. As this indicates the minimum length, a longer constant 
tone extension is plausible. Thus, the constant tone length will be 
������� �����ℎ +  ∆.  
 

Advertising Constant Tone Extension Transmit Duration 
The Advertising Constant Tone Extension Transmit Duration characteristic is 
a 1 octet sized value (N) which defines the duration for which packages 
containing a Constant Tone Extension are transmitted [4, p. 10,11]. It ranges 
from 2467 �� �� 80538375 ��� and is calculated using the formula  
 

Duration = 1.1���� 
 

Advertising Constant Tone Extension Interval 
The Advertising Constant Tone Extension Interval characteristic is a value (N, 
0�0006 ≤ � ≤ 0�����) that defines the interval between transmissions of 
packages containing a Constant Tone Extension [4, p. 12]. This interval ranges 
between 7.5 �� �� 8191875 � and is calculated using the formula  
 

Interval = � ∙ 1.25 ms 

Advertising Constant Tone Extension PHY 
The Advertising Constant Tone Extension PHY characteristic is a value 
defining what type of PHY is used for transmitting the Constant Tone 
Extension. If this value is set to 0, LE 1M PHY is used and when set to 1, LE 
2M PHY is used [4, p. 13].   
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2.3.2 BLE Advertisi ng Packets 
Included in the DFWGs pending proposal for adding AoA capabilities to the 
Bluetooth Core is a new advertising package format. Parts of this package 
format, relevant to the project, will be presented in this section.  
 
The new package format, seen in Figure 9, consists of five fields. The first four 
are mandatory and the last is optional [5, p. 57]. The last field, the 
Supplemental field, is the part of the package that contains the constant tone. 
To avoid long series of zeros or once whitening is on the constant tone [5, p. 
65]. 
 

 
Figure 9: Package format (inspired by figure 2.1 in [5, p. 57]). 

 
The supplemental field of the package is divided into subsections, as seen in 
Figure 10. It consists of a guard period where no operations are performed, a 
reference period where reference measurements are taken and lastly, 
switching and sampling slots. Within the switching slot, antenna switching 
takes place and in the sampling slot, I&Q samples are taken. It can be seen in 
Figure 10 that two different supplement structures exist, the difference 
between them being the size of the switching and sampling slots, and the 
choice of which one of these to use is up to the developer, and is done by 
changing the characteristics value in the constant tone extension service 
described in section 2.3.1. It is however mandatory to support the structure 
using 2 us, with no such requirement on the 1 us slots [5, p. 62].  
 

 
Figure 10: Supplemental field structure (inspired by Figure X.X+1 in [5, p. 63]). 

 
One I&Q sample is supposed to be taken during the sampling slot. However, 
to obtain good quality data, each sample should be taken during the sampling 
window [5, p. 64]. Figure 11 and Figure 12 shows the I&Q sampling window 
for 1us and 2us sampling slots respectively.  
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Figure 11: 1us sampling slot (inspired by Figure X.X+2 in [5, p. 64]). 

 
 

 
Figure 12: 2us sampling slots (inspired by Figure X.X+3 in [5, p. 65]). 

 

2.4 In-phase  and q uadr ature co mpon ents data  
This section introduces I&Q data properties and how to interpret the visual 
representations of I&Q data sets used in this project. 
 
Ever since the transition from analog to digital computers, the conversion of 
continuous analog signals to a discreet digital format has been essential aspect 
when an interaction between the two formats takes place. Thus emerge two 
side-by-side building blocks within the field of electronics which enable 
interactions between the two formats, the analog to digital converter and the 
digital to analog converter. The digital representation of the discreet parts of 
an analog signal is non-trivial and various methods for such representations 
exist, one of which is by the use of In-Phase and quadrature component data 
(I&Q-data). This is a method of digitally representing continuous analog 
signals and is the method that has been used for this project as it was already 
present in the hardware used. Moreover it is also used in the proposal to 
include AoA into the Bluetooth standard.  
 
As the name implies, I&Q data consists of two components: the I component 
which is the momentarily value of the signal being sampled, and the Q 
component which is the value -90 degrees from the signal being sampled. 
Circuitry can be constructed in various ways to accomplish this method of 
signal sampling but a general scheme is shown in Figure 13 
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Figure 13:  General I&Q data sampling scheme. 

 
When a signal �(�) = � ∙ ��� (2��� + �)  is sampled using this I&Q data 
sampling, each data sample corresponds to the following: 
 

� = � ∙ cos(∅)  and � = � ∙ cos (∅ −
�

�
) 

 
where ∅  correspond to the phase of �(�)  at the sampling instance � =

������.����.. Moreover, since cos �∅ −
�

�
� = sin(∅), the Q value can be expressed 

as  

� = � ∙ cos �∅ −
�

�
� ↔ � ∙ sin (∅). 

 
As such, an I&Q data sample can be interpreted as 
 

� = � ∙ cos(∅) and � = � ∙ ��� (∅). 
 
Furthermore, an I&Q data sample can also be written as a complex number  
 

�� = � + ��, 
 

such representations allow both the amplitude � and the phase ∅ of �(�) to be 
calculated as 

� =  ��� + ��  and  ∅ =  arctan �
�

�
�. 
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2.4.1 Visua l representation  of I&Q-data  
Visualizing data can be done in multiple ways. Throughout this work, large 
sets of I&Q data samples have been processed. Visualizations of this data have 
been used means for analysis. The technique used to visualize I&Q data 
samples is explained in this section.   
 
As written in section 2.4, one I&Q data sample can be represented as follows:  
 

� = � ∙ cos(∅) and � = � ∙ ��� (∅). 
 

In a coordinate system where each component of the I&Q data sample is 
mapped to a given axis, the I axis and the Q axis, one sample is represented as 
a point. Figure 14 illustrates such a visualization, where each vertical line in 
blue indicates the starting instance of the sampling of eight consecutive 
samples (colored in blue). A third axis, representing either sampling time or 
total phase, can also be added, and an example of a set of I&Q data samples 
visualized as such is shown in Figure 15.  
 

 
Figure 14: I&Q data set from a sinusoidal signal. 
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Figure 15: I&Q data sample set visualization with temporal axis. 
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3 Modeling  

This section will present models and simulations relevant to this project. 
Starting with an AoA estimation algorithm, the section then continues with a 
set of methods for calculating the phase difference. This is followed by how 
different errors, present on the input parameters for the AoA estimation 
algorithm, impact the accuracy. The section concludes with what might cause 
an error and how non-valid phase differences can be detected for filtering.  

3.1 Angle of arri val esti mation a lgorith m 
 
A general scheme of estimating the AoA is given in section 2.1.3. This project 
did not however utilize the scheme but rather a variant of it. This section will 
first present how the general scheme can be realized. The section will conclude 
with which parts of the scheme that can be used for the project’s chosen AoA 
estimation method and outline a justification such utilization.  
 
To estimate the AoA, as presented in section 2.1.3, the variables seen in the 
bottom of Figure 1, d (antenna separation distance) and e (length of the 
triangle side) must be known. The first of these depends on the arrangement 
of the antenna array and will be assumed to be known prior to the AoA 
estimation. The latter, however, must be calculated which is partly done by 
using measurements and calculations of the phase difference ∅���� between 

antennae pairs of the received signals. How the phase difference calculation is 
performed is outlined in section 3.2.  
 
By calculating the time that one unit of angle corresponds to and multiplying 
the obtained value with the calculated phase difference, the propagation time 
over e is obtained  

Time per phase unit =

1
�

2�
=

1

2��
 

 
The frequency � is mandated by the operating conditions of the system. What 
frequency is used is specified in the BLE core and is described in section 2.2.2. 
 
When the electromagnetic wave propagates in space and hits the first antenna, 
the time it takes before the wave reaches the second antenna is 
Time per phase unit ∙  Phase Difference. If it is assumed that the propagation 
speed of the wave equals the speed of light c, the distance e can be stated as 
 

� =  � ∙  Time per phase unit ∙ Phase Difference ↔
� 

2��
∙ ∅����  

 
The distance e may also be expressed in terms of the wavelength � by utilizing 
the fact that �/� =  �. An expression as such for the distance e is stated on the 
following page. 
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� =
�

2�
 ∙ ∅����  

 
 
The expression to estimate the AoA �, according to the general scheme given 
in section 2.1.3, then becomes 
 

� =  arccos  �
�

2�
 ∙ ∅���� ∙

1

�
� 

 
a modified form of which serves as the basis for the method used for the AoA 
estimation in this project. The modified version replaces the arccos function 
with an arcsin function,  
 

� = arcsin  �
�

2�
 ∙ ∅���� ∙

1

�
� 

 
resulting in a shift of the estimation range. The choice of arcsin for the used 
method was that the equipment used for testing had an angle indicator with a 
layout more adapted for an arcsin  function. Both expressions for �  are 
illustrated in Figure 16, with the general scheme on the left, and the used 
method on the right.  

 
Figure 16: AoA estimation vs. phase difference for two antennae. 
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3.2 Phase d iffere nce c alculation  
Acquiring the phase difference between two I&Q data samples is vital for the 
estimation of the AoA. Several methods can be used for the acquisition of the 
phase difference, each with its respective benefits and drawbacks. This section 
will present different methods of acquiring the phase difference. A general 
MATLAB model is then formulated and simulations of the different methods 
are performed.  
 
As described in section 2.4, one way of obtaining the phase ∅ of an I&Q 

sample is ∅ =  arctan �
�

�
�. Calculating the phase difference ∅���� between two 

I&Q samples ��&�� and ��&�� is non-trivial due to the range of the arctan 

function, namely – �/2 ≤ arctan(�) ≤  �/2, � ∈  ℝ . As a result, there exist 
cases where the sign of the phase affects the calculation as to yield the wrong 
phase differences. A model was built in MATLAB, seen in Figure 17, to 
illustrate this affect and subsequent error on the phase difference. The first 
model variant simulated had an outcome seen in Figure 18. This model 
variant consisted of two signal sources, each being sampled such that I&Q 
data is obtained from them.  The first signal source was used as a reference 
signal who’s phase ∅��� is swept from 0 to 2� rad , with a step size of 

0.0126 rad. For each ∅���, the phase of the second source ∅������ is swept from 

(∅��� − �/2) rad to (∅��� + �/2) rad with a step size of 0.0063 rad, resulting in 

a known true phase difference between the two signals. The I&Q data was then 
used to calculate the phase difference between, using the equation 
 

Calculated phase difference = arctan �
�������

�������
� − arctan �

����

����
� 

 
Figure 17: MATLAB model for phase difference of I&Q data samples. 
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Figure 18: Phase difference calculation using inverse tangent. 

 
There exist combinations of phases that yield the wrong phase differences, 
evident from Figure 18. By identifying these combinations and employing a a 
certain transformation on the associated I&Q data samples before calculating 
the phase difference, a result as shown in Figure 19 is obtained. The 
transformation of the I&Q data is performed as follows: given the phase 
difference ∅���� between two I&Q data samples ��&�� and ��&��, represented 

in the complex plane as the points (�� + ���) and  (�� + ���) , the 
transformation process initiates by finding what quadrants each respective 
point belongs to. The acquired combination of the quadrants is then used to 
decide how ��&�� and ��&��  get transformed. How the transformation is 
performed for each quadrant combination is shown in Table 2. 
 

��� quadrant ��� quadrant ��� �� ��� �� ��� �� ��� �� 

1 2 �� �� × (−1) �� × (−1) �� 
2 1 �� �� × (−1) �� × (−1) �� 
3 4 �� �� × (−1) �� × (−1) �� 
4 3 �� �� × (−1) �� × (−1) �� 

Table 2: Quadrant specific I&Q data sample transformation. 

 
The result of the transformation is that all combinations of ��&�� and ��&�� 
which produce a ∅���� within the faulty regions, seen in Figure 18, are moved 

to regions that don’t produce faulty phase differences and as such preserve the 
true phase differences. 
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Figure 19: Phase difference calculation using inverse tangent together with 

transformation algorithm. 

 
A problem arises when the true phase difference increase. As can be seen in 
Figure 20, new regions of faulty phase differences emerge, making it evident 
that the transformation method in Table 2 is inadequate. Such situations 
hence require a different method, presented below.  
 

 
Figure 20: Phase difference calculation using inverse tangent together with 

transformation algorithm when true phase difference is increased. 

 
Working with the complex representation (�� + ���) and (�� + ���) of the I&Q 
data samples and using the four-quadrant inverse tangent (−� ≤ arctan(2�) ≤
π, � ∈  ℝ) yields the result shown in Figure 21. The phase difference result is 
calculated using 
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∅���� = arctan2((�� + ���) ∙ (�� + (−1 ⋅ ��)�)) 

 
This method of calculating the phase difference between two I&Q data 
samples turns out to yield the correct phase difference. Moreover, it has wider 
application for calculating true phase differences than the previously 
presented methods. The method of choice is non-trivial however. System 
architecture and limitations on the performed calculations must be 
considered. Due to the nature of this project, all calculations could be 
performed offline, meaning that they could be calculated on an arbitrary 
device of choice and not necessarily in close temporal proximity to the time at 
which the I&Q data samples are obtained. Furthermore, no limitations on 
computational capabilities are imposed on the project. Thus, the last method 
of calculating the phase difference is used throughout this project.  

 

 
Figure 21: Phase difference calculation using four-quadrant inverse tangent. 

 

3.3 Error so urce s and t heir imp act on  accuracy 
This section will describe the system’s error sources that can cause the AoA 
estimation to deviate from the true value.  
 
To find out which sources of error that affect the AoA estimation, a closer look 
at the used AoA estimation method, described in Section 3.1, is required. Since 
all variables within the used expression are estimations, they are all prone to 
errors. The identified variables are 
 

 ∅���� 

 �  

 � 

To understand how these variables impact the AoA estimation, a model was 
constructed, seen in Figure 22. It was implemented in MATLAB, with an error 
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present on each identified variable, to simulate the impact of the errors on the 
AoA estimation.  

 
Figure 22: Impact of error on AoA estimation model. 

 
The impact of an error on the phase difference ∅����, antenna separation d 

and carrier wavelength λ is shown in Figure 23, Figure 24 and in Figure 25 
respectively. In all cases, it can clearly be seen that the impact of an error 
affects the outer regions more than the center region.  

 
Figure 23: Phase difference error impact on AoA estimation. 



30 
 
 
 
 

 
Figure 24: Antenna separation error impact on AoA estimation. 

 
Figure 25: Carrier wavelength error impact on AoA estimation 
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3.4 Samplin g period  deviation  fro m sig nal period  and its  effect on  
accura cy 

To calculate the phase difference between two antennae, one sample from 
each antenna is required. The time at which these samples are taken relative 
to one another might impact the resulting phase difference. This section will 
describe that phenomenon and its implications.  
 
Let an electromagnetic wave propagate towards two antennae, A and B, at an 
angle perpendicular to the line passing through both antennae. Both antennae 
are sampled in an alternating fashion with a period �������, equal to an integer 

multiple of the electromagnetic wave period, between each sampling instance. 
This would yield the minimum possible phase difference between the two 
antennae, as the wave would effectively reach both antennae at the same time. 
When this is the case and antenna A gets sampled first and antenna B 
secondly, the phase difference between these two sampling instances would be 
zero. This is illustrated in Figure 26, with the blue lines indicating the start of 
sampling for antenna A and the red lines for antenna B.  
 

 
Figure 26: Sample period = signal period. 

 
If the sampling period however deviates from the signal period, for the 
situation described above, the phase difference would be non-zero as 
illustrated in Figure 27.  
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Figure 27: Sample period ≠ signal period. 

 
If the deviation between the signal period and sampling period is constant, 
then the deviation between the calculated phase difference and the true phase 
difference will also be constant in which case the deviation can be 
compensated for. 
 
Deviations between sampling period and signal period can arise either due to 
poor performance of the hardware controlling the sample period and/or 
frequency variations of the electromagnetic wave. Both cases effectively yield 
the same outcome; an error on the phase difference. The impact of such an 
error on the accuracy of the system can be seen in section 3.3.  

3.5  Valid p hase differe nces 
This section will introduce a method to check the validity of the calculated 
phase differences for a given system setup.  
 
The range of valid phase difference values for pairs of I&Q samples is dictated 
by the separation distance d of the antennae. The maximum phase difference 
∅�������

 occurs when the electromagnetic wave propagates towards the 

antennae along the line passing through the antennae, as illustrated in Figure 
28. For such cases, the maximum distance the wave can propagate before 
reaching the second antenna is equal to the antenna separation d. With a 
wavelength λ for the propagating wave, an expression for phase per unit 

wavelength can be expressed as 
��

�
 . The maximum of ∅���� can then be 

expressed as ∅�������
=  

��

�
∙ �. Thus, if phase differences larger than ∅�������

 

are obtained through measurements and calculations, they are not valid.  
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Figure 28: Maximum phase difference. 

 

4 Evaluation  

With the theoretical framework established in the preceding sections, this 
section will describe the work done during this project to acquire the 
hardware itself and how the hardware operates. It will also describe the 
purpose for which this work was done.  
 
At the time of the project, the hardware available (supplied by Texas 
Instrument as an evaluation kit) was the only hardware known to claim to 
implement the functionality that had been proposed by the DFWG. Most of 
the design was unknown at the time however, partly because some of the 
firmware was supplied in a binary format. Moreover, the evaluation kit had 
two antenna arrays of three antennae, each manufactured on a single PCB. As 
mentioned in section 1.1, there were constraints on the physical size of the 
system that was to be evaluated. As such, another project ran in parallel to this 
one that focused on new antennae meant for use in this project for the 
evaluation. Since the evaluation board had a fixed number of antennae, a 
variant of that board was designed and manufactured which allowed any 
number of antennae between 1-6 to be connected using U.FL. connectors. For 
the evaluation to be possible with the new board, it was vital to know how the 
system operated, not only for purposes of using the new antennae but also to 
see if the claims made by Texas Instrument corresponded to the proposal 
made by the DFWG. For reasons as such, extensive work was conducted to 
understand both the firmware running on the evaluation board, and its 
hardware. The outcome of this work is presented in section 4.1. Tests were 
performed and measurements were taken with the system. The outcome of 
these are presented in section 5. 
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4.1 System  used  for e valuation  
The available hardware for this project was based on an evaluation kit from 
Texas Instrument, consisting of a receiver and a transmitter meant to 
implement the AoA proposal for Bluetooth. Both were using the 
“SimpleLink™ Bluetooth® low energy CC2640R2F wireless MCU 
LaunchPad™ development kit”, with the receiver however being combined 
with an antenna switching and antenna array module. Along with the 
hardware came firmware, written to implement a method for AoA estimation 
using Bluetooth. The amount of available information on the hardware and 
the firmware running on it was insufficient for development and in most 
cases, no information was available at all. Thus, both the hardware and the 
corresponding firmware were reverse engineered. This section will present 
how the used hardware and firmware operate and how they have been used in 
this project. It will start with the transmitter and end with the receiver.  
 

4.1.1 Simple Lin k™ Blueto oth® low energy CC2640R2F wireless MCU 
Launc hPad 

Both the transmitter and the receiver were realized, fully or partly, by the 
SimpleLink™ Bluetooth® low energy CC2640R2F wireless MCU LaunchPad 
(LaunchPad) from Texas Instrument, seen in Figure 29. To evaluate the 
system for the intended application, the fundamental operation and 
architecture of the LaunchPad was examined. This section will present the 
LaunchPad and important aspects of its operation.  
 

 
Figure 29: SimpleLink™ Bluetooth® low energy CC2640R2F wireless MCU 

LaunchPad. 

 
The LaunchPad, marketed by Texas Instrument as a development tool, is the 
base of the whole system. It consist of a CC2640R2F MCU which has a fully 
qualified Bluetooth v.5 protocol stack for single-mode Bluetooth low energy. A 
block diagram of its architecture of it can be seen in Figure 30. Examination of 
the architecture, it becomes clear that it consists of two distinct blocks, the 
Main CPU (ARM Cortex-M3) and the RF Core (ARM Cortex-M0).  
 



35 
 
 
 
 

 
Figure 30: Block diagram of CC2640 hardware architecture [9, p. 16]. 

 
To operate the RF Core, an interacting scheme is present between the RF Core 
and the Main CPU. The Main CPU sends requests to the RF core which 
performs the actions needed to fulfil the request [9, p. 1586]. Thus, the actual 
operations of the RF Core are hidden from the Main CPU. The actual 
operations performed by the RF Core for any command issued upon it by the 
Main CPU are declared in the firmware running on the device. The general 
framework of operation between the two can be seen in Figure 31; the RF Core 
has access to the System RAM, through the DMA, where it can read and write 
data or read configuration parameters [9, p. 1586] and the same holds true for 
the Main CPU, making this the operation for data transfer between the two.  
 

 
Figure 31: Limited RF Core Overview with external Dependencies [9, p. 1586]. 
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4.1.2 Trans mitter  
The task of the transmitter is to transmit packages over the advertisement 
channels specified for Bluetooth, containing information similar to the 
pending AoA proposal for the Bluetooth core. Information on the transmitter 
operation however was limited during the time of the project since parts of the 
custom firmware running on the LaunchPad were provided in a binary format. 
Nevertheless, understanding the operation of the transmitter was vital in 
order to evaluate the system. Thus, the operations of the transmitter were 
reversed engineered and this section will describe some of the findings.  
 
The first step taken to understand the operation of the transmitter was to 
capture a packet of transmitted data and comparing it with used firmware and 
to the AoA proposal. This was done by a BLE sniffer, consisting of a CC2540 
USB dongle together with the SmartRF Packet Sniffer version 2.16.3 software. 
The captured packet can be seen in Figure 32 below.  
 

 
Figure 32: Captured packet from transmitter. 

 
The first thing to notice in the captured package is the AdvData part. 
According to section 2.3, this part of the package is a constant tone. It was 
identified that the AdvData part always went through a whitening 
transformation. Turning this off in the firmware and then capturing a new 
package yielded the result seen in Figure 33. Worth mentioning is the first 
part of AdvData, which does not consist of a constant tone. This is due to 
restriction of  the length of the constant tone in order to comply with the 
proposed length.  
 

 
Figure 33: Captured package from transmitter without AdvData whitening 

transformation. 

 
The next step taken to understand the operation of the transmitter was to find 
the interval with which packages were transmitted. Inspecting the firmware in 
the transmitter revealed that it partly consisted of a task in an infinite loop. 
The loop had two distinct parts, one of them responsible for the package 
transmission. The interval with which packages were transmitted was a 
function of the execution time. Adding code in an attempt to find the 
transmission interval was arduous since adding code directly changed the 
transmission interval. The first attempt to find the transmission interval was 
made using the BLE sniffer, as previously described. The packages captured 
were analysed and a pattern was observed in the intervals. The intervals were 
not constant and the larger intervals were multiples of the smallest. This 
required additional analysis and was thought to be caused either by the 
transmission system skipping some transmission or the sniffer missing 
packages. Analysis entailed that measurements were performed on what was 
happening during runtime in the transmitter system. This was done by 
toggling a GPIO pin on the board each time a RF-core command was issued by 
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the transmitter for a package transmission and measuring the interval with an 
oscilloscope (see Appendix C). This method added time to the transmission 
interval since it requires additional code. The added time was however 
considered negligible. The result obtained using this method is shown in 
Figure 34. No deviations in the transmission were observed. It was therefore 
assumed that the sniffer missed packages and that the transmission interval 
was around 810 μs, which was also the minimum interval seen by the sniffer.  
 

 
Figure 34: Measured package transmission interval. 

 
To control the package interval, a delay between the calls to the RF-core was 
implemented. The amount of delay was controlled by selecting a tick value, 
there was no information available however on how much time one unit of tick 
corresponded to. Measurements were thus performed to find how the amount 
of ticks impacted the package interval. This was done by varying the amount 
of ticks for the delay and measuring the package interval, as described above. 
This resulted in a mapping between the number of ticks and the transmission 
interval, results of which can be seen in Figure 35. An expression for the 
package interval as a function of amount of ticks was thus acquired. This was 
done by using the line-fitting tool in Microsoft Office Excel 2013. The 
expression was later used to control the interval of transmitted packages.  
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Figure 35: Number of ticks vs. packet interval measurements. 

 

4.1.3 Receiver 
The receiver has the task of capturing packages and making measurements on 
them. This is done to obtain phase data that is later used to estimate the AoA. 
This section will present the hardware used to construct the receiver, how it 
operates and how it together with the coexisting firmware was utilized in 
order to evaluate the system.  
 

4.1.3.1 Receiver hardware 
The receiver consisted of a LaunchPad with an antenna switching board. The 
supplied antennae switching board from Texas Instrument, seen in Figure 36, 
also included two antenna arrays of three antennae each. This did not allow 
for custom antennae to be tested, for which a custom antenna switching board 
was made, seen in Figure 37. Both boards use the same hardware for antenna 
switching, following the schematic shown in Figure 38. The difference 
between the two is that for the TI board, the net-names Ant1-6 o are 
connected to the antenna array present on the board while for the custom 
board, they are connected to U.FL. connectors. This allows any antennae to be 
used for the receiver. 
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Figure 36: Texas Instrument Antenna switching board for receiver. 

 
 

 
Figure 37: Custom antenna switching board for receiver. 
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Figure 38. Antenna switching board schematic [10]. 

 

4.1.3.2 Receiver operation 
The general operation scheme for the receiver starts out by scanning for an 
available package using one antenna in the array. This is done for 500 ms and 
if a package is seen, a switching pattern is initiated between the antennae 
during the constant tone. The antenna, currently switched in, is sampled 16 
times but only 8 sampled are considered valid due to sampling errors caused 
by the antenna switching. The data is then stored in RAM and the next 
antenna is switched in. The switching period is ∼ 4�� and the whole process 
continues for 30 switches with a predefined antenna switching pattern, 
resulting in a constant tone minimum length equal to or larger than 4�� ⋅ 30 =
120�� . However, if no package is found during the 500 ms period, the 
scanning process is aborted and starts again at a later time. 
 
The used antennae are switched using GPIO pins on the LaunchPad, all 
connected to the antenna switching board. To generate the antenna-switching 
pattern, a toggling pattern is specified for the used GPIO pins. As described in 
section 4.1.1, the Main CPU does not have full control over the RF Core, since 
the operations performed in the RF Core are hidden from it. Controlling the 
switching pattern with the Main CPU is as such not feasible. Moreover, 
invoking the RF Core for package scanning and sampling from the Main CPU 
is a blocking operation. The switching of the antennae can therefore not be 
performed from the Main CPU.  
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To switch the antennae in the desired pattern, while at the same time running 
a blocking RF-core scanning command, the uDMA (DMA) is used for the 
antenna switching. In order to utilize the uDMA for this purpose, a general 
purpose timer (GPT) is configured and initialized by the RF Core. This is also 
done to synchronize the switching to a common interval, allowing sampling to 
take action during sampling slots, as described in section 2.3.2. The GPT is 
configured to count to 191, with a frequency of 48MHz, which results in a 
timer time of ∼ 4��. Each time the GPT reaches this value, a signal is sent 
through channel 9 and 14 on the uDMA, which is configured when the GPT is 
initialized. When channel 9 gets triggered, a new pattern is written to the 
GPIO pins which controls which antenna is connected to the ADC. When 
channel 14 gets triggered, the uDMA writes a bit to re-enable the timer. An 
illustration of this operation is shown in Figure 39. 
 

Start

ch9
ch14

Indicate

Write antenna pattern 
(ch9)

Write Re-enable timer 
(ch14)

Re-enable timer

Antenna patternGPIO pins

 
Figure 39: GPT and uDMA (DMA) interaction for antenna switching. 

 
 
Being able to use custom antennae and, more specifically, different numbers 
of antennae, were crucial for the project. For that reason, manipulating the 
antenna switching pattern was of utmost importance. Without such capability, 
it would not be possible to obtain I&Q data from a desirable source. How to do 
so was traced and confirmed through measurements on the GPIO pins with an 
oscilloscope. With no knowledge however of where all sample data was stored 
in memory, no analysis could be made. Therefore it was a must to know where 
and in what arrangement that data was stored in memory. In other words, 
how the acquired data was mapped in memory to the antennae used and to 
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the used switching pattern. This was found by examination of the supplied 
firmware from Texas Instrument and tests.  

4.1.3.3 Sampling period deviation from signal period  
 
As described in section 3.4, the accuracy of the system is impacted by the 
deviation in the sampling period from the signal period. To understand how 
much the accuracy gets affected, tests were constructed and executed to 
quantify the sampling period deviation from the electromagnetic wave period. 
This section will describe what was done and the outcome. 
 
What the system tries to accomplish is to calculate the phase difference ∅���� 

between two antennae in order to estimate the AoA. However, if the phase 
difference is not only the result of the electromagnetic wave having to travel a 
longer or shorter distances before reaching one of the antenna with respect to 
another, but also a sampling period deviation, then the resulting phase 
difference will consist of two components. The first component ∅���� is the 
phase difference caused by the fact that the electromagnetic wave has 
travelled a longer or shorter path, which is the component of interest for AoA 
estimation. The second component, ∅�����, is the result of a sampling period 
deviation from the electromagnetic wave period. From this, an expression for 
the ∅���� can be derived as 

∅���� =  ∅���� + ∅����� 

 
As ∅���� is calculated from acquired I&Q data consisting of two components, 

where only one is of interest, the other one must be known. If a test setup is 
built in such a way that ∅���� is known between two antennae, then ∅����� can 
be calculated. This method is prone to inaccuracy however, since hardware 
realizing a known phase difference would have inaccuracies in itself, and 
therefore such a method was not used. Another way is to eliminate ∅����  by 
calculating ∅����  for one antenna for a fixed transmitter position. The 

underlying idea behind this is that the phase difference between I&Q samples, 
sampled at different integer multiples of the sampling period, from the same 
antenna should be zero. This served as the basis for the tests performed. 
 
As shown in Figure 40 (see section 2.4.1 for further details), the left I&Q data 
set is captured by the system using two antennae, represented in red and blue, 
with a transmitter placed such that ∅���� = −1.57 �ad while ∅����� is unknown. 
The I&Q data set to the right is generated with ∅���� = −1.57 rad and ∅����� =
0 rad. There is a clear difference between the two, and taking a closer look at 
the captured I&Q data set in Figure 41,  ∅����� is the angle between the two 
samples with a bar going through them.  
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Figure 40: Captured I&Q data (left) vs. generated I&Q data (right) for -1.57 rad 

phase difference. 

 
 

 
Figure 41: Calculated difference illustration. 
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Following the test plan found outlined in Appendix D, the results seen in 
Figure 42, Figure 43 and Figure 44 were obtained.  

 
Figure 42: Sampling period deviation from signal period on Channel index 37. 

 
Figure 43: Sampling period deviation from signal period on Channel index 38. 
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Figure 44: Sampling period deviation from signal period on Channel index 39. 
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5 Results 

This section will present the results obtained during this project through tests 
performed with the system described in section 4.1, starting with test results 
when the system was evaluated using delay lines and followed by results for 
various credential orientations and results when different receiver antennae 
were used. Lastly, results obtained by applying a filter for valid phase 
differences are presented.  

5.1 Delay lines  
This section will show the results obtained through testing the system using 
delay lines to emulate phase differences. The purpose of these tests was to 
evaluate the capabilities of the system without antennae. Alternatively, these 
results can be viewed as if ideal antennae were used.  
 
By following the test plan found in Appendix A, the results seen in Figure 45 
were obtained, showing the mean value of a normal distribution fitted to a set 
of estimated AoA for each tested angle and corresponding standard deviation.  
 

 
Figure 45: Delay line results. 
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5.2 Credenti al ori entati on test w ith Ti E valuation bo ard  
This section will show the results obtained through testing the system with a 
set of different credential orientations. The purpose of these tests was to 
understand if consistent results could be obtained between different 
orientations of the credential.  
 
By following the test plan found in Appendix B, the results seen in Figure 46, 
Figure 47 and Figure 48 were obtained. They show the mean value of a normal 
distribution fitted to a set of estimated AoA for each tested angle 
corresponding standard deviation. 
 
 

 
Figure 46: Credential orientation 1 test results. 

 

 
Figure 47: Credential orientation 9 test results. 
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Figure 48: Credential orientation 11 test results. 

5.3 Line -of -sight  test u sing diff erent r eceiver ant enna t ypes 
This section will show results obtained through testing the system with a set of 
different receiver antennae pairs. The purpose of these tests was to evaluate 
the systems AoA estimation capabilities using antennae supplied by the 
antennae design project that ran in parallel to this one. Furthermore, these 
tests were also done to answer the problem stated in section 1.2. 
 
By following the test plan found in Appendix E, the results seen in Figure 49, 
Figure 50 and Figure 51 were obtained. They show the mean value of a normal 
distribution fitted to a set of estimated AoA for each tested angle and 
corresponding standard deviation.  
 

 
Figure 49: Line-of-sight result for antenna type 1. 
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Figure 50: Line-of-sight result for antenna type 2. 

 

 
Figure 51: Line-of-sight result for antenna type BSA. 
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5.4 Filtering  
This section will present the results obtained when non-valid phase 
differences were filtered out. The purpose of this test was to understand if the 
filtering technique presented in section 3.5 would increase the accuracy of the 
AoA estimations while using receiver antenna pairs.  
 
As described in section 3.5, the antenna separation distance dictates the range 
of valid phase differences. Figure 52 shows the results obtained when filtering 
out the non-valid phase differences from the test described in section 5.3 
using antenna type BSA. The antennae had a separation distance d equal to 
0.048 m, yielding a maximum valid phase difference ∅�������

  

∅�������
=  

2� rad

0.1236 m
∙ 0.048 m =  2.44 rad 

 
Figure 52: AoA estimation result using antenna type BSA when non-valid phase 

differences are filtered out. 
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6 Conclusion  

This section will present conclusions based on the outcome of this project. 
Moreover, it will also discuss future work.  
 
The work started by reverse engineering the system supplied by Texas 
Instrument (see section 4.1). This was done to understand how to use and 
exploit the system for the project. Additionally, it was done to compare its 
implementation to the AoA proposal seen in section 2.3. There were some 
parts of the TI system’s implementation that did not match the proposal. One 
was the sampling period used by TIs board, which was 4us. TI only use half of 
the samples taken during this time however, effectively making the sampling 
window 2us, a sampling window larger than the proposed 0.75us. Moreover, 
the number of sampling slots used by TI’s system is 30 while the proposal 
specifies 37 or 74. These digressions result in an amount of samples per 
packages that does not correspond to the proposal. For these reasons, if the 
proposal is to be followed, the system as such is not suitable for use in a 
product. It was concluded however that the system could be used for further 
evaluation, since each sample is valid and how many of them to use could be 
specified post-measurement instance.   
 
Reviewing the results obtained by evaluating the system using delay lines, 
shown in section 5.1, the project concludes that the system is capable of AoA 
estimations. Worth mentioning is that some angles have a higher accuracy 
then others, as predicted prior to the test (see section 3.3).  Moving on to the 
results obtained using different antennae, found under section 5.3, the 
obtained results are inconsistent. Some of the tested antennae show higher 
accuracy than others. This is also true when different transmitter orientations 
are used, as seen in section 5.2. The conclusion drawn from this is that 
different antennae directly affect the estimated AoA. Thus, the system is 
heavily antenna dependent for both the transmitter and receiver. No antennae 
evaluated in this project yielded results of such consistency that all angles 
could be estimated with reasonable accuracy. Therefore, based on the outcome 
of this project, the answer to the question stated as a goal for this project is 
that 30 degrees of accuracy or lower cannot be obtained. Since estimations 
made using delay lines yields results of much higher accuracy than 
estimations made by using antennae, with the system remaining the same, the 
cause of the inaccuracy when using antennae are the antennae themselves.  
 
The conclusion to the problem stated in 1.2, is that accurate positioning data 
cannot be obtained with the technology available during the project. The main 
reason for this is the heavy antenna dependency of the system. Moreover, it 
can also be concluded that all goals of this project were not reached. This was 
due to delays in the hardware supply chain and unusable results, obtained by 
the majority of the tested antennae.   
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Despite the drawn conclusions, the system shows potential for future use, 
given more work. The system is capable of AoA estimation, as seen in the 
results obtained by using delay lines. Additionally, the test result seen in 
section 5.3 for antenna type BSA shows that a majority of the tested angles can 
be estimated of such accuracy that the credential location can be estimated to 
a positive or negative angle position. Moreover, as seen in section 5.4, filtering 
techniques can remove invalid angle estimations, and since the inside/outside 
problem is a binary problem, these positive or negative angle positions could 
possibly be of use to solve it. Future work would thus be to test other types of 
antennae in conjunction with filtering techniques.  
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Appendix A 

Test plan – Delay lines  

This is the test plan followed to evaluate the system’s accuracy, utilizing delay 
lines between the transmitter and receiver. This is done to achieve a known 
input signal phase differences for the receiver.  

Hardw are 
 Texas Instrument LaunchXL-CC2640R2 Rev: 1.0 (transmitter and receiver) 

 Custom antenna switching board 

 Delay lines 

 Aeroflex PD2008-S2 Power splitter (phase balance = 4 degrees)  

 SMA Male to Male adapter (6GHz BW) 

 0.81mm OD Coaxial Cable (transmission line) 

 Dell Latitude E7450 (laptop) 

Setup  
An illustration of the test setup is shown in Figure 53. 

 
Figure 53: Test setup illustration for delay lines. 

 
The transmission line consisting of a 0.81 mm OD coaxial cable is used to 
connect the transmitter to the power splitter. One delay line from each output 
port of the power splitter is connected to an input port on the antenna 
switching board. The delay lines used can be seen in Table 3.  
 

Phase 
difference 
(degrees) 

Delay line A 
length 
(mm) 

Delay line B 
length 
(mm) 

90 ± 6 93 ± 1 124 ± 1 

60 ± 6 103 ± 1 124 ± 1 

30 ± 6 113 ± 1 124 ± 1 

0 ± 6 124 ± 1 124 ± 1 

-30 ± 6 124 ± 1 113 ± 1 
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-60 ± 6 124 ± 1 103 ± 1 

-90 ± 6 124 ± 1 93 ± 1 

Table 3: Delay line lengths and combinations per angle. 

 
Including all inaccuracies in the test setup, for both the delay lines and the 
power splitter, the estimated accuracy of these tests can be seen in Table 4. 
 

Desired phase 
difference 

(degrees) 

Test setup phase 
difference 

(degrees) 

90 90 ± 10 

60 60 ± 10 

30 30 ± 10 

0 0 ± 10 

-30 -30 ± 10 

-60 -60 ± 10 

-90 -90 ± 10 

Table 4: Delay line test setup accuracy. 

  

Tests  
For each of the following AoA angles (-90, -60, -30, 0, 30, 60 and 90), 100 
packages on channel 38 are captured, with a transmission interval of 1 ms. 
This is done by sending the measured I&Q data on the receiver to a computer 
through UART. The data is then saved in an unspecified format for latter 
analysis.  
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Appendix B  

Test plan  - Line-of-sigh t between creden tia l and TI’s 
Evaluation  board for diffe rent  credential or ientation s 

Intro  
This document holds information regarding the method used to evaluate how 
line-of-sight between credential and lock impacts the AoA estimation for the 
system.  

Hardw are 
 Texas Instrument LaunchXL-CC2640R2 Rev: 1.0 (transmitter) 

 Texas Instrument LaunchXL-CC2640R2 Rev: 1.0 & TI’s antenna switching board 

(receiver) 

 Tripod 

 Camera head 

 Dell Latitude E7450 (laptop) 

Setup  
These tests are all performed in an EMC chamber. Fasten the transmitter on a 
tripod such that it is fixed in the desired orientation. Fasten the receiver on a 
camera head mounted on a second tripod. The receiver should be fastened in 
such a way that the antenna (from which the angle is calculated from) is fixed 
in the vertical axle going through the tripod from the floor to the roof. The 
angles to test are then set by rotating the receiver around the tripod’s vertical 
axis, done by adjustments on the camera head. Place both tripods 1 m 
(SD=1m) apart and align them such that the deviation from the AoA reference 
line is 0 degrees. Adjust the height from floor to both receiver and transmitter 
to 1 m (h=1m). An illustration of the setup is shown in Figure 54. Set the 
transmitter to transmit AVD packages with an interval of 1 ms on channel 38. 
Set the receiver to capture data on channel 38 using antenna array 1 (antenna 
1 and 2, separated by a distance equal to l / 4). The antenna feeds are placed 
along a line perpendicular to the line formed by the transmitter and antenna 1 
for zero degrees. 

Tests  
For each AoA angle that is tested, capture 50 packages. The angles that should 
be included in the test are -90°, -60°, -30°, 0°, 30°, 60° and 90°, all captured 
on channel 38. Everything mentioned is done for all desired credential 
orientations shown in Figure 55. 
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Figure 54: Test setup illustration.  

 

 
Figure 55: Credential orientations. 
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Appendix C 

Testplan  for pack age transmiss ion interv al measu rment  

Intro  
This document holds information regarding the method used to measure the 
time interval between transmitted packages in the transmitter system of the 
Evaluation board supplied by Texas Instrument for Angle of Arrival (AoA). 
This is done by adding code to the firmware running on the transmitter by 
which a GPIO pin (DIO22) is toggled for every package transmission.  

Hardw are 
Hardware used to perform the measurement: 

 Agilent technologies InfiniiVision MSO-X 2202A 70MHz (oscilloscope)  

 Texas Instrument LaunchXL-CC2640R2 Rev: 1.0 (board) 

Settings  
The settings for the oscilloscope used:  

 Used channel is set to AC coupling. 

 The horizontal span is adjusted to display the smallest number of whole intervals. 

 Vertical span is set to 1.00v/div. 

 Trigger type is set to rising edge. 

 Trigger level is set to half of signal peak voltage.. 

 Trigger mode is set to Normal. 

 Acquire mode is set to Averaging. 

 Measurement type is set to Period. 

Setup  
Hook the oscilloscope probe to DI022 on the transmitter board and power up 
both devices. Configure the oscilloscope with the settings listed above. Let the 
transmitter transmit a minimum of 10000 packages and take the 
measurement of the interval from the oscilloscope.  
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Appendix D 

Testplan  for samp ling period deviatio n from the signa l period  
measu rement 

Intro  
This document holds information about the tests performed to gather data for 
analysis of the sampling period deviation from the signal period. For this test, 
the antenna switching pattern in the receiver board is configured to only use 
one antenna, resulting in a switching pattern that switch the same antenna on 
and off for sampling.  

Hardw are 
Hardware used during this test: 

 Texas Instrument LaunchXL-CC2640R2 Rev: 1.0 (Board) (transmitter) 

 Texas Instrument LaunchXL-CC2640R2 Rev: 1.0 (Board) + AoA demo board (receiver) 

 Dell Latitude E7450  (laptop) 

 Camera stand (tripod) 

 A turning table 

Setup  and measure ments  
Fasten the transmitter on the camera stand, adjust it in height so that the 
transmitter antenna is placed within the plane formed by the table. Place the 
receiver on the table, such that its antennae are at its edge and place the 
receiver and transmitter 1 m apart. The configuration as such is shown in 
Figure 56. For each channel, capture 100 packages.  

 
Figure 56: Sampling period deviation from signal period test setup. 
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Appendix E 

Test plan for “ Line -of -sight test usin g different receiver antenna  
types”  

Intro  
This document holds information regarding the method used to evaluate how 
line-of-sight between credential and lock impacts the AoA estimation for the 
system using different types of antennae.  

Hardw are 
 Texas Instrument LaunchXL-CC2640R2 Rev: 1.0 (board) 

 Texas Instrument LaunchXL-CC2640R2 Rev: 1.0 & Custom antenna switching board 

 Tripod 

 Camera head 

 Two receiver antennae 

Setup  
These tests are all performed in an EMC chamber. Fasten the transmitter on a 
tripod so that it is fixed in the desired orientation. Fasten the receiver on a 
camera head mounted on a second tripod. The receiver should be fastened in 
such a way that the antenna (from which the angle is calculated from) is fixed 
in the vertical axle going through the tripod from the floor to the roof. The 
angles to test are then set by rotating the receiver around the tripod’s vertical 
axis; this is done by adjustments on the camera head. Place both tripods 1 m 
(SD=1m) apart and align them such that the deviation from the AoA reference 
line is 0 degrees. Adjust the height from to the floor to both the receiver and 
transmitter to 1 m (h=1m). An illustration of the setup is shown in Figure 57. 
Set the transmitter to transmit AVD packages with an interval of 1 ms on 
channel 38. The receiver is set to capture data on antenna array 1 (antenna 1 
and 2). The antenna feeds are placed in a line perpendicular to the line formed 
by the transmitter and antenna 1 for 0 degree. Antenna separation distances 
to use for all tested antenna types: 
 

 Antenna type 1 -> 31mm  

 Antenna type 2 -> 31mm 

 Antenna type BSA -> 48mm 

Tests  
For each AoA angle that is tested, capture 50 packages. The angles that should 
be included in the test for antenna type 1 and 2 are -150°, -120°, -90°, -60°, -
30°, 0°, 30°, 60°, 90°, 120°, 150° and 180°. For the antenna type BSA, the 
tested angles are -165°, -150°, -135°, -120°, -105°, -90°, -75°, -60°, -45°, -30°,  
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-15°, 0°, 15°, 30°, 45°, 60°, 75°, 90°, 105°, 120°, 135°, 150°, 165° and 180°. 
All tests are performed using channel 38. Everything mentioned is done for all 
antenna types shown in Figure 58. 
 
 

 
Figure 57: Test setup illustration. 
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Figure 58: Antenna types. 
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