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ABSTRACT

Paju Virtanen: Wide Beamwidth Circularly Polarized Antenna Arrays for Bluetooth Direction Find-
ing
Master of Science Thesis
Tampere University
Master’s Programme in Electrical Engineering
March 2024

Location of different objects inside buildings, where the Global Positioning System (GPS) does
not work, can be achieved with Indoor Positioning Systems (IPS) based on Bluetooth Direction
Finding. Different objects for example in warehouses, hospitals, and military environments at-
tached with a Bluetooth tag can be found with several locators detecting the Angle of Arrival of the
signal of the tag. Angle of Arrival (AoA) is a direction �nding algorithm, as well as Angle of Depar-
ture (AoD) and Multiple Signal Classi�cation (MUSIC). In this thesis, above mentioned direction
�nding algorithms are applied and the direction �nding performance of CoreHW 2 � 2 and 4 � 4
PCB antenna array for Bluetoothfi Low Energy 5.1 AoX direction �nding systems are simulated
and measured. Their Axial Ratio (AR) and positioning accuracy are studied. It was found that
these patch antenna arrays achieve a wide beamwidth while holding circular polarization (CP)
and have under 0.2 meter positioning accuracy at best. With a wider beamwidth and circularly
polarized antenna array, it is possible to detect incident signals at a wide angle. Great positioning
accuracy in different modes enables IPS to work in different interiors.

Keywords: Indoor Positioning System, Bluetooth Direction Finding, AoA, AoD, MUSIC

The originality of this thesis has been checked using the Turnitin OriginalityCheck service.
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TIIVISTELM˜

Paju Virtanen: Leveäkeilainen ympyräpolarisoitu antenniryhmä Bluetooth suuntaukseen
Diplomityö
Tampereen yliopisto
Sähkötekniikan DI-ohjelma
Maaliskuu 2024

Tavaroiden sijainti rakennusten sisällä on mahdollista löytää Bluetooth (BT) suuntimiseen pe-
rustuvilla sisätilapaikannusjärjestelmillä (Indoor Positioning Systems, IPS). GPS-järjestelmä (Glo-
bal Positioning System) ei toimi sisätiloissa, jolloin IPS-järjestelmä otetaan käyttöön. Erilaiset
tavarat esimerkiksi varastoissa, sairaaloissa ja maanpuolustusympäristöissä, joihin on kiinnitet-
ty Bluetooth-tunniste, voidaan paikantaa tunnisteen signaalin saapumiskulman (Angle of Arrival,
AoA) havaitsevien paikantimien avulla. Angle of Arrival on suunnanmääritysalgoritmi, samoin kuin
Angle of Departure (AoD) ja Multiple Signal Classi�cation (MUSIC). Tässä diplomityössä tutkitaan
edellä mainittuja suunnanmääritysalgoritmeja. Suunnanmääritysalgoritmien lisäksi tässä diplomi-
työssä simuloidaan ja mitataan CoreHW 2 � 2 ja 4 � 4 PCB Bluetoothfi Low Energy 5.1 an-
tenniryhmien AoX-suuntausjärjestelmissä akselisuhdetta ja paikannustarkkuutta. Simuloimalla ja
mittaamalla voidaan todeta, että nämä antenniryhmät saavuttavat laajan keilanleveyden, kun ne
samalla ovat ympäripolarisoituja ja niillä on parhaimmillaan alle 0,2 metrin paikannustarkkuus.
Laajemmalla keilanleveydellä ja ympyräpolarisoituneella antenniryhmällä on mahdollista havaita
saapuvat signaalit laajassa tulokulmassa. Tarkka paikannustarkkuus eri kulmissa mahdollistaa
IPS:n käytön erilaisissa sisätiloissa.

Avainsanat: Sisätilapaikannus, Bluetooth suuntiminen, AoA, AoD, MUSIC

Tämän julkaisun alkuperäisyys on tarkastettu Turnitin OriginalityCheck -ohjelmalla.
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1. INTRODUCTION

Indoor Positioning System (IPS) based on Bluetooth Direction Finding (DT) is a widely

used application that utilizes Bluetooth to determine the location of different objects in-

side buildings [36, p. 5]. For example, items in warehouses, inventory management,

luggage in airports, medical equipment in hospitals, and vehicles in parking halls are

easy to locate with the Bluetooth Direction Finding network. With Bluetooth tags location

detection can be applied to people and animals as well. In hospitals, the nearest medical

personnel can head to emergency places fastest, or explosives and dangerous objects in

buildings can be located over police dogs [37] and in mines, if mining accidents happens,

the injured miners can be easily located and saved. IPS creates special interest due to

Global Position System (GPS) or other satellite techniques not working inside buildings

and accurate positioning is required since wireless information is used everywhere [15]

and development of Internet of Things (IoT) in increasing [31]. IPS has been mainly used

in industrial settings, robotics, and wireless sensor networks [37].

IPS techniques can be divided into four ways: Received Signal Strength Indication (RSSI),

�ngerprinting, direction �nding, and time-based systems [25], [31], [19]. In this thesis,

Angle of Arrival (AoA) based on a Bluetooth direction �nding system is studied. Bluetooth

direction �nding is used for short-range wireless communications [36, pp. 5 � 6] thus it’s

suitable for indoor positioning.

Unfortunately, IPS suffers more from various amounts of complications compared to GPS.

Indoor environments usually have complicated �oor plans and plenty of objects in the way

of radio-propagating waves. Waves can re�ect and refract when colliding with objects

such as furniture, walls, windows, and textiles. Waves can also diffract when colliding

with obstacles and continue propagation behind corners. The environment where the

wave is propagating needs to be considered because re�ection, refraction, and diffraction

all cause multipath effects, fading, losses, and scattered waves [2, pp. 5x � 5y, 597a �

597b]. Besides having technical problems, people tracking creates new problems. When

tracking people, it’s necessary to considered the actual need to track people and workers.

And another consideration is, if it’s possible for outsiders to start tracking peoples. For

example, Apple’s AirTags have been misused to stalk people and steal their personal

items according to [20] and [1].
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Bluetooth Direction Finding is designed for indoor positioning and directional discovery

[2, pp. 5 � 6]. Bluetooth Direction Finding uses Bluetooth technology due to its high

accuracy on localization [36], [31]. Bluetooth operates at a narrow 2.4 � 2.4835 GHz

frequency band [2, pp. 3a � 3b], [33, p. 12] and utilizes Frequency-Hopping Spread

Spectrum (FHSS), which is a technique based on transmitting packets on designated

Bluetooth channels [2, p. 3b]. Indoor positioning can be implemented with Bluetooth

Direction Finding Angle of Arrival (AoA) or Angle of Departure (AoD) methods, applying

triangulation to the direction �nding data. Angle of arriving or departing signal is calcu-

lated at multiple base station points, giving relative direction angles of signals between

base stations and target. [32, p. 166], [36, p. 10], [24]. A more high-resolution direction

�nding algorithm, Multiple Signal Classi�cation (MUSIC), is an advanced AoA estimator

algorithm [26].

In this thesis, a wide beamwidth circularly polarized microstrip patch antenna array is

simulated, measured, and analyzed. Thus the main research question is, what is the

widest possible beamwidth for microstrip patch antenna array where circular polarization

holds. Microstrip patch is a low pro�le antenna [2, p. 4100a] and very versatile regarding

resonant frequency, polarization, pattern, and impedance due to different possible shapes

[3, pp. 783 � 785]. The simulations and measurements are done with 2 � 2 and 4 � 4

patch antenna arrays at CoreHW Oy’s premises.

In this �rst chapter, Introduction, the motivation of this thesis is explained. Next, all the

important base theory is studied and consist of three sections; Antenna Parameters, Cir-

cularly Polarised Antenna Array, and Bluetooth Direction Finding. In chapters �ve and six

the simulation and measurement results and discussion is presented. The conclusions of

this thesis is explained in the last chapter.
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2. ANTENNA PARAMETERS

An antenna is a device that can transmit and receive radio signals, thus it works recipro-

cally [3, p. 1]. Transmitting antenna radiates electromagnetic waves from guided waves in

transmission line into free space [29, p. 35]. The receiving antenna receives that electro-

magnetic wave including the data as an analog signal which needs to be down-converted

and decoded into discrete data.

Antennas need to ful�ll certain speci�cations to receive and transmit radio signals. These

speci�cations can be ful�lled with different antenna parameters [2]. Important antenna pa-

rameters are impedance matching, bandwidth, directivity, gain, radiation pattern, beamwidth,

axial ratio, and polarization. In the simulations and measurements, this thesis will be fo-

cused on beamwidth, axial ratio, and polarization. Still, the aforementioned are essential

discussions because all the antenna parameters in�uence the performance of the an-

tenna.

2.1 Impedance Matching

Impedance Z is a measure of the relation between voltage and current. The impedance

at the feed of the antenna is called input impedance Zin and it is expressed as

Zin = Rin + jXin; (2.1)

where the real partRin is resistance at the feed and the imaginary partXin is reactance at

the feed [11, p. 2]. Input resistance includes radiation resistanceRrad and loss resistance

Rloss of the antenna [11, p. 2]. Radiation resistance is linked to the power radiated by

the antenna and loss resistance is linked to the decreased power in the antenna due to

losses, such as dielectric materials and conductor losses.

The input impedance of an antenna is generally a function of frequency; thus, the antenna

will be matched to the interconnecting transmission line [3, p. 79]. The input impedance

must be matched with the characteristic impedance of the transmission line at the antenna

feed, otherwise, there will be impedance mismatch which leads to signal re�ections and

inef�cient power transfer [11, p. 3]. Usually, 50 
 cable is used at the feed of the antenna,

so the antenna input impedance should be equal to 50 
, but some small variance is
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acceptable.

Re�ection of the transmitted signal is expressed as re�ection coef�cient � [11, p. 3]. In

other words, the re�ection coef�cient is the ratio of the voltage of the re�ected wave as

regards the voltage in the incident wave. Re�ection coef�cient � is expressed as

� =
Zin � Zout

Zin + Zout
; (2.2)

where Zout is output impedance, i.e. impedance at the end of the antenna. Return loss

RL is de�ned from the re�ection coef�cient. Usually return loss should be at least 10

dB and for smaller antennas 6 dB [11, p. 3]. Return loss is the re�ection coef�cient in

decibels is

RL [dB] = �20log(�): (2.3)

Voltage Standing Wave Ratio (VSWR) expresses the ratio of the maximum and minimum

voltages [11, p. 3]. VSWR is expressed as

V SWR =
jVmaxj
jVminj

=
1 + j�j
1 � j�j

; (2.4)

where Vmax and Vmin are the maximum and minimum values of the voltage in the antenna

transmission line [11, p. 3].

2.2 Bandwidth

Bandwidth (BW) is de�ned as the operation frequency range of the antenna, where the

performance of the antenna meets speci�ed standards [3, p. 65]. Bandwidth has center

frequency fc and lower fl and upper edge fu of the bandwidth. Lower and upper edges

describe the lowest and highest frequency of operation [29, p. 40]. Different antennas

have different bandwidths to match their performance. Bandwidth is expressed as [11, p.

6]

BW =
fu � fl

fc
: (2.5)

Usually, the resonant frequency of the antenna is chosen to be the center frequency as

well because the antenna input impedance is purely resistive at the resonant frequency.

In this thesis, patch antennas are considered and patch antennas are resonant anten-

nas. Thus, for patch antennas, bandwidth is determined at the resonant frequency range,

because the patch antennas are designed to perform at the resonant frequency [29, p.
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40].

Half of the maximum power is determined by a 3 dB decrease in the power, and con-

sequently the frequency range should be where the maximum power has not decreased

3 dB so the power gain can be maintained. Then lower and upper edges of the band-

width can be found when the power has decreased by 3 dB from each side of the center

frequency [2, pp. 499p � 499q].

2.3 Radiation Pattern

The radiation pattern is an illustration of the distributed radiated power [11, p. 3]. Radia-

tion intensity U describes the power radiated from the antenna in a certain direction and

it’s expressed as

U = r2Srad; (2.6)

where r is the radial distance from the antenna to the point of interest and Srad is the

radiated power intensity in W=m2 [2, p. 499f]. Radiation patterns are formulated by the

normalized radiation intensity U of its maximum value. It can be plotted into a 3D pattern

in a spherical coordinate system as the radiated power U against the elevation angle

(vertical angle) � and azimuth angle (horizontal angle) ’ [11, p. 3]. The radiation pattern

can also be shown only with either elevation � or azimuth angle ’ with the radiated power

in 2D illustration, then the pattern is given in polar coordinates [11, p. 4]. Radiation

patterns have a main lobe, a back lobe, and possibly several side lobes. In �gure 2.1, an

example of a directional antenna’s radiation pattern is shown.
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Figure 2.1. A directional antenna’s radiation pattern and lobes [2, p. 499j].

The main lobe has the most radiated power, and the direction of the maximum radiation

is called boresight [2, pp. 499i � 499j]. The back lobe is behind the main lobe, and it’s a

radiation lobe with an axis roughly 180 degrees away from the main lobe of the antenna

[3, p. 29]. Thus the main lobe must be aligned toward the desired area and minimized

in other directions. The small area between side lobes is called null and they are angles

where radiation doesn’t occur at all [2, p. 499j]. For example, some adaptive antennas

align their radiation such that the interferences are placed in null directions, thus canceling

the interferences.

Radiation patterns can be isotropic, directional, or omni-directional and the shape de-

pends on the frequency bands [11, p. 4]. Isotropic radiator creates a radiation pattern

that is uniform in all directions, but it doesn’t exist in reality. A directional antenna creates

a directional radiation pattern, where electromagnetic waves radiate more ef�ciently in

certain directions [3, p. 30]. Omni-directional radiation is donut-shaped and it’s a special

type of pattern created by directional antenna [3, p. 30].

2.4 Directivity

Directivity is the comparison of the radiation intensity per unit solid angle to what an

isotropic radiator would receive averaged over all directions [11, pp. 4 � 5], [3, p. 41].
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Essentially, directivity de�nes an antenna’s capability to focus the energy in a particu-

lar direction, with the average radiation intensity being the total power radiated by the

antenna divided by 4�, thus directivity D can be expressed as

D =
U
U0

=
4�U
Prad

; (2.7)

whereU is radiated power towards the particular direction, U0 is radiation power density of

an isotropic source and Prad is the radiated power from antenna [3, p. 41 � 42]. Directivity,

D (�; ’), de�nes the direction where the antenna is radiating in elevation angle � and

azimuth angle ’ [11, pp. 4 � 5]. Now directivity is expressed as

D (�; ’) =
2�r2Re [E (�; ’)max �H (�; ’)max

�]
Prad

; (2.8)

where E (�; ’)max and H (�; ’)max are peak value of electric and magnetic �eld, r is

the distance between source and test point [11, p. 5]. Directivity is expressed as decibels:

D [dB] = 10 � log(D (�; ’)): (2.9)

Directivity and beamwidth are tied together as beamwidth narrows when directivity in-

creases. This is because directivity describes the power and radiated power is con-

centrated into a smaller solid angle. [2, p. 499m]. Maximum directivity Dmax can be

expressed as

Dmax =
4�Umax

Prad
; (2.10)

where the maximum radiation intensity is Umax [2, p. 499m]. Usually, the maximum

radiation intensity happens at � 90-degree angle [2, p. 499m].

2.5 Gain

Gain of the antenna is similar to directivity but it includes the ef�ciency � of the antenna,

where the losses at the terminals are taken into account [11, p. 5], [3, p. 60]. Ef�ciency is

important to include because some power is always lost in the antenna. Gain G can be

expressed as

G (�; ’) = �D (�; ’) (2.11)

and in decibels
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G [dB] = 10 logG (�; ’) : (2.12)

It is also common to show the antenna gain as dBi, which indicates that it is relative to

isotropic antenna [11, p. 5]. Gain is a function of both azimuth ’ and elevation � together

but usually, the gain is told in both ways [2, p. 499o]. Gain in any direction can be

estimated by assuming that the pattern is separable into the product of functions G (�)
and G (’) [2, p. 499o]. Thus

G (�; ’) = G (�)G (’) : (2.13)

The gain of the direction of the maximum radiation, i.e. the front lobe, is compared to the

gain of the antenna at 180 degrees from azimuth ’, which is called front-back ratio [2,

pp. 499o � 499p]. It represents the antenna’s ability to isolate radiation from the back

lobe. Leakage and interference problems can be avoided with a large front-back ratio in

adjacent spaces when directional antennas are placed on walls or other surfaces [2, p.

499p].

2.6 Beamwidth

Beamwidth is associated with an antenna pattern and it expresses the angular separation

of two opposite points on radiation pattern [3, p. 40], [2, p. 499t]. It is given in angle

and indicates the directivity of the antenna. Beamwidth can be described as half-power

beamwidth (HPBW) and �rst-null beamwidth (FNBW) [2, p. 499t].

HPBW, as the name suggests, is beamwidth where the radiation intensity is half of the

maximum power, i.e. the maximum power of the antenna has decreased by 3 dB, ex-

pressed as an angle between two directions. Radiation pattern having nulls, the angular

separation between the �rst nulls is called FNBW. Shown in �gure 2.2 [2, p. 499t].
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Figure 2.2. HPBW and FNBW in radiation pattern [2, p. 499t].

Higher directivity gives higher gain, but its effects on the lack of illuminations in desired

areas [2, p. 499t]. Increasing HPBW or beamwidth decreases side lobe level and vice

versa [3, p. 40]. Low side lobe level decreases interference but at the same time, it

reduces gain and directivity [2, p. 499t].

2.7 Polarization

An antenna radiates electric �elds and polarization describes the orientation of the electric

�elds in the antenna [11, p. 5]. Antennas can be linearly or circularly polarized. Linear

polarization occurs at a given point in space when the electric or magnetic �eld vector at

the given aligns with a single plane along the direction of propagation at every moment,

resulting in two orthogonal components being either in phase or 180 degrees out-of-phase

[3, p. 70]. Linear polarization can be either horizontalE� (�; ’) or verticalE’ (�; ’). The

circularly polarized antenna requires two orthogonal components of electric �elds in far-

�eld region [11, p. 5]. The two orthogonal components, horizontal E� (�; ’) and vertical

E’ (�; ’), need to have same magnitudes and 90 degrees phase difference �

E� (�; ’) = E’ (�; ’) ; (2.14)
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�2 � �1 = �
�
2
: (2.15)

Cross-polar discrimination (XPD) is the difference between the peak co-polarized gain

and the cross-polarized gain of the antenna in peak direction [2, p. 499u]. XPD also

describes the strength of a transmitted co-polar signal that is received cross-polarly by an

antenna. XPD can be used to measure polarization diversity and to reduce co-channel

interference [2, p. 499u]. When a horizontally polarized antenna receives a co-channel

signal from a vertically polarized antenna, due to XPD, the effective signal strength is

reduced by several dB. XPD can be expressed as

XPD [dB] = 20log
�
E12

E11

�
; (2.16)

where E11 and E12 are the co-polarized components [2, p. 499u].

The polarization response of the antenna is the same when used in receiving mode, due

to reciprocity [2, p. 499u]. The antenna will produce maximum power when an incom-

ing wave is aligned to the antenna polarization [2, p. 499u]. This is called polarization

matching. There can also be polarization mismatching when the polarization state of the

incoming wave and that of the receiving antenna are different. The incident electric �eld

Ei~ vector is given as

Ei~ = Ei~ �w~ ; (2.17)

where �w~ is unit vector of the wave [3, p. 71]. And the receiving antenna electric �eld

polarization Ea vector is

Ea~ = Ea~ �a~ ; (2.18)

where �a~ is polarization vector [3, p. 71]. Then the polarization loss factor (PLF) can be

calculated as

PLF = j�w~ �a~ j2 = jcos pj2 (2.19)

where  p is the angle between the unit vectors [3, p. 71]. When polarization is matched,

the PLF will be consistent and the antenna can extract the maximum power from the

incident wave. If PLF is zero or negatively in�nite, there will be no power extracted by the

antenna from the incoming wave [3, p. 71]. Thus, polarization mismatch can be reduced

or even avoided when the incident wave electric �eld vector is approaching in aligned with
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the antenna.

2.8 Axial Ratio

For circularly polarized waves, the electric �eld vector in a given point as a function of

time forms a circle [3, p. 70]. In reality, circular polarization is not achievable, [11, p. 6],

and as stated before, there is elliptical polarization. Axial ratio is the ratio of the major

and minor axis in polarization ellipse and it’s a key parameter for measuring the antenna

polarization [11, p. 6], [3, p. 69]. Figure 2.3 shows the ellipse where the major axis, a,

and minor axis, b, are indicated.

x

b

0

a

y

Figure 2.3. Axial ratio of elliptical polarization.

Axial ratio (AR) can then be expressed as a ratio of vertical and horizontal polarization as

AR =
a
b
; (2.20)

and in dB

AR [dB] = 20log(
a
b

); (2.21)

where a is the major axis and b is the minor axis [11, p. 6], [3, p. 69]. From equation 2.20

it can be seen that for a perfect circular polarized antenna, the axial ratio is 0 dB, because

the minor and major axes are equal, and they correspond to the radius of the circle. Thus,

for circularly polarized antenna good axial ratio is below 3 dB because it’s close enough

to 0 dB [11, p. 6].
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3. CIRCULARLY POLARISED ANTENNA ARRAY

In this thesis, a circularly polarized microstrip patch antenna array is studied. Circular

polarization (CP) was already explained in the previous chapter, but it is important to

discuss it in the case of a microstrip patch antenna array and how CP is achieved.

3.1 CP Microstrip Patch Antenna Array

A microstrip patch antenna is a low-pro�le antenna type that has a metal patch as the

radiating element mounted on a ground plane and between those two layers is a dielectric

material. A microstrip patch antenna is easy to fabricate and has low cost [2, p. 4100a].

Microstrip patch antennas come in different shapes and the most popular are square,

rectangular, dipole, and circular. Due to different possible shapes, they are very versatile

in terms of resonant frequency, impedance, pattern, and polarization [3, pp. 783 � 785].

In this thesis, a square CP microstrip patch uniform rectangular array (URA) is studied. In

an antenna array, the patches are multiplied and arranged such as they work as a single

antenna. The antennas in the array are mostly identical, but not necessarily [3, p. 285].

The square metallic patch, which is on the top layer is etched over the ground plane,

between being the dielectric having thickness h and relative permittivity "r. The length of

the patch is L. In �gure 3.1 is shown a single patch antenna with the two feeds on top

view [11, pp. 7 � 8].

Ground plane

Dielectric

Microstrip patch and feed lines

h

L

��r

Figure 3.1. Microstrip from the side.
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The length of the patch L can be calculated as

L �
c

2f0

q
"r+1

2

; (3.1)

where f0 is the resonant frequency and c is speed of light [11, p. 7]. The length of the

patch is L can also be approximated to

L =
�
2
; (3.2)

where � is wavelength [11, p. 8].

With antennas in an array, it is possible to increase the gain, directivity, and beam of the

antenna [2, pp. 499y � 499z]. Fields produced by single antennas are combined with

different phases and then the radiation pattern is changed, thus allowing the radiation

pattern to be shaped accordingly by different applications [2, pp. 499y � 499z], [3, p.

285]. An antenna array is always larger than a single antenna and when the dimensions

of the antenna is extended the increases directive properties [3, p. 285]. This affects also

the radiation pattern by narrowing the beamwidth. In applications where microstrip patch

antenna arrays are used, it is desired to direct the radiation pattern in a certain precise

direction.

As stated before, circular polarization is created by two orthogonal components that have

the same magnitudes and 90-degree phase difference [3, p. 70], [11, p. 5]. This is

possible to achieve in an antenna array using sequential rotation in a single-feed layout or

with dual-feed layout [3, p. 830], [11, p. 7]. In a single-feed layout, there is one feed on the

patches, and in a dual-feed layout, there are two feeds on the patches. Sequential rotation

needs four patches in an array and the individual patches are fed with a 0-, 90-, 180-,

and 270-degree phase difference by rotating the individual patches [11, p. 191]. The four

sequentially rotated square patches are linearly polarized, and sequential rotation creates

the 90-degree phase difference on the square patches creating circular polarization on the

antenna array. In a dual-feed system, a 90-degree hybrid is created by connecting two

feeds to one patch [11, p. 195]. The two feeds connected to the patch from different sides

orthogonally activate TM10 and TM01 modes [3, p. 830]. Then the patch orthogonally

radiates simultaneously horizontally and vertically to create a 90 degree phase difference

between the horizontally, and vertically propagating wave. [3, p. 830], [11, p. 7].

3.2 Propagation Effects Indoors

Propagation effects are important to discuss in indoor direction �nding because essen-

tially indoors are full of obstacles where the propagating wave can hit. There are theoret-
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ically in�nite ways in which waves can interact with materials [2, p. 5g]. Practical indoor

propagation is more challenging compared to outdoor propagation. Waves can propagate

as a sphere, cylinder, or plane depending on the wave source [2, p. 5o].

3.2.1 Electromagnetic Wave Propagation

Radio wave propagation is based on principles of electromagnetic theory principles [2,

p. 5g]. Maxwell’s equations, expressed in four differential equations, predict the behavior

of electromagnetic waves by detailing the relationship between variations in the electric

�eld E and magnetic �eld H [2, pp. 5g � 5h]. As electric and magnetic �elds are always

orthogonal, they remain in phase at any point in time or space. The oscillating magnetic

�eld produces an oscillating electric �eld, and vice versa [2, pp. 5g � 5h], as illustrated in

�gure 3.2. This continuous interaction results in the generation of a traveling electromag-

netic wave, which persists until all energy is expended, leading to the diminishing of the

waves.

E   E   E

H      H   H

Figure 3.2. Oscillating magnetic and electric �eld.

Energy is stored and power is carried along the Poynting vector S by the interaction

between electric and magnetic waves [2, pp. 5g � 5h]. The Poynting vector S denotes

both the magnitude and direction of the power �ow carried by a plane wave as

S = E �H: (3.3)

Radio propagation works differently indoors [2, p. 5u]. Wave propagation mechanisms

involved indoors are more complex and different boundaries of obstacles need to be con-

sidered. As said before, indoors have more obstacles, for example, walls, �oors, furniture,

etc. Indoor boundary affects amplitude, phase, and direction of the waves [2, p. 5u]. Dif-

ferent materials have different constitutive parameters and frequencies depending on the

speci�c molecular structure of the used materials [2, p. 5u]. The amplitude of the wave

decreases signi�cantly when the medium has signi�cant conductivity. The reduction de-
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pends on the constitutive parameters of the material [2, p. 5u]. When plane wave interacts

with conductive material, mobile charges within the materials are made to oscillate back

and forth at the same frequency as the �elds. Mediums absorb the energy of the wave

and thus decrease the amplitude of the wave [2, p. 5u].

3.2.2 Re�ection, refraction, diffraction

Re�ection and refraction occur when a wave collides with a solid surface. Solved Max-

well’s equations produce two new waves, re�ected and refracted waves, both having the

same frequency as the incident wave [2, pp. 5x � 5y]. The Poynting vector S for re�ected

and refracted waves lies in the plane that includes both the incident propagation vector

and the surface normal, and this plane is called the scattering plane [2, pp. 5x � 5y].

Figure 3.3 shows how the incident vector is at angle �i respect to the surface and how

the wave is re�ected from the surface in angle �r and refracted from the surface in angle

�t [2, pp. 5x � 5y].

i r

tMedium 1

Medium 2
�� ��

��

Figure 3.3. Incident wave colliding medium and re�ected and refracted wave.

Indoor radio propagation confronts re�ection and refraction due to narrow and thigh cor-

ridors and rooms full of obstacles producing multipath effects. Multipath effects again

create deep fades in received signal strength [2, pp. 5x � 5y].

Diffraction happens when a wave collides with an obstacle but continues the propagation

behind the corner, in the shadow region [2, p. 597a]. Usually, in indoor radio propagation

line-of-sight (LOS) is not possible, but non-line-of-sight (NLOS) propagation is possible

due to diffraction [2, p. 597a]. Wave can propagate from room to room through open
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doors, windows, corners, and furniture. Waves can also scatter when it collides with

uneven or rough surfaces. Sometimes walls or textiles have rough surfaces. Rough

surfaces create losses. A rougher surface creates more scattered waves [2, pp. 597a �

597b].



17

4. BLUETOOTH DIRECTION FINDING

Bluetooth direction �nding (DF) enables positioning and directional discovery indoors [36,

p. 5 � 6]. As well as Wi-Fi, Bluetooth technology for short-range wireless communica-

tions operates on a narrow 2.4 � 2.4835 GHz frequency band [2, pp. 3a � 3b], [36, p.

12]. The Frequency-Hopping Spread Spectrum (FHSS) method facilitates swift signal

transmission for Bluetooth devices by dividing transmitted data into packets, with each

packet being transmitted on a designated Bluetooth channel. [2, p. 3b]. Different ver-

sions of Bluetooth use different numbers of channels and channel spacing. For example,

Bluetooth Classic uses 1 MHz spacing, and there is a total of 79 channels, and Blue-

tooth Low Energy uses 2 MHz spacing and 40 channels [7, p. 3b], [36, p. 12]. Rather

than just one �xed frequency, Bluetooth involves many different frequencies, so it’s able

to vary the wavelength according to the used frequencies [36, p. 12]. Bluetooth devices

are designed to have low power consumption and low-cost production that uses a radio

communications system [2, p. 3b]. Considering radio communications systems, visual

LOS is not necessary thus Bluetooth devices are a suitable option for IPS. The opera-

tion range of the device depends on the power class and thus operation range varies in

practice. For example, the 100 m range is achieved with 100 mW (20 dBm) transmission

power [2, p. 3b]. In a Bluetooth direction �nding antenna array, the individual antenna ele-

ments are not connected to Bluetooth transceiver at the same time. Instead, one antenna

element is connected at a time and switched rapidly with precise intervals. To change

connected antenna elements radio frequency (RF) switches are used with the antenna

array. Antenna’s frequency domain features can be modi�ed quickly with RF switches

[21]. Bluetooth Direction Finding supports 1 �s and 2 �s switching slots [24].

In Angle of Arrival (AoA) method, signal is received through the antenna array and in

Angle of Departure (AoD) method, transmitted through the antenna array. Switching be-

tween two or more antenna elements of an antenna array will cause phase differences

between the signals passing through different antenna elements. Those phase differ-

ences depend on the signal direction and hence enable estimating directions of arriving

or departing signals. Triangulation can be used for estimating the position of a target,

once the signal direction angle relative to at least two base stations is estimated. Switch-

ing between two or more antennas will cause phase differences between the signals

received through different elements [24]. The base idea of triangulation is to de�ne the
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angles of the signals transmitted between base stations and a mobile station, i.e., the

device that is the point of interest, with a triangle formed by two base stations and the

mobile station [32, p. 35], [36, p. 10]. In other words for example, in AoA the mobile

station transmits one signal, and the base stations receive the same signal at different

angles, and with the angles and distance between at least two base stations placed at

known locations with known orientations known, it’s possible to calculate the location of

the mobile station. AoA represents the determination of the angle of arrival in the base

station and AoD represents the angle of departure at the mobile station respectively [24].

A High-resolution AoA estimator algorithm called Multiple Signal Classi�cation (MUSIC)

is also used for frequency estimation and direction �nding [26].

A major drawback is that to cover a large area, multiple base stations in the network are

necessary [32, p. 164]. One option to confront this problem is to widen the beamwidth of

the antenna array used in base stations to allow a larger cover area. Thus fewer modules

are required and with fewer modules, some measurement errors can be reduced.

4.1 Bluetooth Low Energy 5.1

Bluetooth Special Interest Group [7] states that Bluetooth Low Energy (BLE) is a wireless

personal area network technology, which is designed for low-power applications. As said

before, Bluetooth technology uses the FHSS method to transmit data and Bluetooth fre-

quency band has a different number of channels depending on the version. Instead of

79 channels, BLE divides the frequency band into 40 channels with a 2 MHz width and

utilizes 37 of the available channels by the FHSS method [24]. To oppose interferences

such as multipath effects, noise, phase and frequency shifts, and �uctuations, Bluetooth

devices can change channels up to 1600 times per second [13, p. 38]. Changing the

channel changes the used frequency, thus the wavelength will vary according to the used

frequency. To have Bluetooth Direction Finding possible inside buildings, infrastructure

consists of base stations over the building to locate mobile stations. To achieve a few

meters accuracy of direction �nding, the number of modules should be rather high [32,

p. 166]. Additionally, too many base station modules lead to measurement errors when

trying to determine the location of the mobile station [32, p. 166]. Base stations having a

certain coverage area are depending on the antenna performance, like beamwidth. If the

beamwidth of the antenna can be widened, then less base station modules is required

and compromising between measurement errors and positioning accuracy is less severe.

Bluetooth direction �nding utilizes in-phase and quadrature sampling (IQ-sampling), where

the device receives the signal and in certain intervals takes several phase and amplitude

measurements of that signal [36, p. 14]. That signal is now called an IQ-sample. Accord-

ing to [36, p. 14], a single IQ-sample consists of the amplitude and the phase of the wave

presented in Cartesian coordinates. Then the Cartesian coordinates are transferred into
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corresponding polar coordinates. Calculation of AoA or AoD requires more than one an-

tenna to measure the phase and amplitude difference of incoming signal [24]. Thus now

the receiver containing the antenna array can do the IQ-sampling [36, p. 14]. And when

performing the IQ-sampling, each IQ-samples must be attributed to a certain antenna in

the array [36, p. 14]. In the case of AoD, the transmitter that contains the antenna ar-

ray performs IQ-sampling [36, p. 14]. IQ-sampling can be applied to direction �nding a

signal, where constant signal material is available [36, p. 16]. With Constant Tone Exten-

sion (CTE) Real-Time Indoor Positioning (RTLS) can send the AoA tone to receiver and

it can execute the IQ-sampling [24]. According to [36, pp. 16 � 17] and [14] CTE consists

series of symbols, each presenting binary 1 and CTE duration is from 16 �s to 160 �s.
To cover errors in BLE packets, the Cyclic Redundancy Check (CRC) �eld is applied to

every packet, but CTE in direction �nding packets is not included in the CRC calculation.

[36, pp. 16 � 17]

As BLE AoA and AoD capabilities, it improves the angular accuracy compared to RSSI

[24]. In [24] Pooneh Mohagheg et al. proposed that a curve �tting method and correction

method would improve the angular accuracy of the received signal from BLE modules.

BLE direction �nding enables mobile devices to transmit signals without requiring addi-

tional tags [24]. This opens compatibility with other technologies like Wi-Fi and Ultra Wide

Band (UWB).

4.2 Angle of Arrival and Angle of Departure

AoA and AoD are direction-�nding methods that rely on amplitude or phase comparison.

They are an alternative direction-�nding methods for physically rotating antenna [6, p.

222]. The angle of the signal is possible to calculate if the distance between the two

base station antennas, the phase difference, and the wavelength of the signal is known

[36, p. 13]. In �gures 4.1 and 4.2 AoA and AoD are compared. Figure 4.1 show that

in AoA the mobile station transmits a signal and it is received through the antenna array

at the base station [36, p. 10]. An antenna array having multiple individual antenna

elements and a switch will receive the same signal through different antenna elements,

with signal traveling different distance in the air when passing through different individual

antenna elements. But in �gure 4.2 now the transmitter being the antenna array, it sends

multiple signals to the mobile receiver [36, p. 10]. The single receiver will now receive

multiple copies of the signal, which have traveled over different distances in the air before

reception. Thus the main difference between AoA and AoD is the direction of signal

relative to the antenna array. As the name suggests, AoA measures the angle of the

arriving signal, and AoD measures the angle of the departing signal.
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Receiver

Transmitter

AoA

Figure 4.1. Angle of Arrival method with arriving signal [36, p. 10].

Receiver

Transmitter

AoD

Figure 4.2. Angle of Departure method with departing signal [36, p. 10].
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The angle of arrival will be greater than zero when the wave reaches the closer antenna

�rst and then causes a phase difference between signals at the terminals of the antennas

[6, p. 224]. Thus, by measuring the phase difference of received signal between outputs

of the individual antennas in the array, it’s possible to �nd the angle of arrival [6, p. 224],

[14]. Phase difference ’ between signals arriving at antennas can be expressed as

’ = 2�ksin(�); (4.1)

where � is the angle of arrival de�ned between signal direction and line passing through

individual antenna elements and angular wave number k is

k =
d
�
; (4.2)

where d is distance between two antennas and � is wavelength [6, pp. 224 � 225]. In

�gures 4.3 and 4.4 are shown how the AoA and AoD of the signal can be derived [36, p.

14].

��

Signal

Antenna 1 Antenna 2
d

Figure 4.3. Calculation of Angle of Arrival with arriving signal [36, p. 14].
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Transmitter

Receiver

d

Antenna 1                   Antenna 2

�� ��

Figure 4.4. Calculation of Angle of Departure with departing signals [36, p. 14].

Using trigonometry from �gures 4.3 and 4.4 and deriving 4.1 we can calculate Angle of

Arrival �AoA as

�AoA = arcsin(
’

2�k
) (4.3)

and Angle of Departure �AoD as

�AoD = arccos(
’

2�k
): (4.4)

Targets can’t be distinguished on one side of the antenna elements from those on the

opposite side, due to equation trigonometry and equation 4.1 state that the span of AoA

�AoA or AoD �AoD is from 90 degrees to -90 degrees. Equation 4.1 also show that the

range of phase difference ’ over the range of AoA �AoA or AoD �AoD depends on the

angular wave number k, which depends on the distance between antennas d and wave-

length �. Thus, when increasing the distance between antennas, the range of AoA �AoA

or AoD �AoD decreases, but it also decreases the accuracy error of AoA and AoD estima-

tion. According to [14] AoA and AoD estimation error can be calculated from the phase
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difference obtained by different elements and in agreement with [6, p. 226] AoA or AoD

estimation error �� is expressed as

�� =
�’

p
(2�k)2 � ’2

; (4.5)

where �’ is the phase error. From 4.5, angular wave number k affects the accuracy of

AoA or AoD estimation. For example, when the phase difference is zero, the AoA or AoD

error is inversely proportional to the angular wave number k, and further depending on

distance between antennas d and wavelength �.

Previous inspections of AoA and AoD were in plane which is common to the target. Figure

4.5 show spherical coordinates, which shows the elevation angle � from z-axis, � is the

azimuth angle, and r is distance from the origin [28]. When the target is in high elevation,

according to [6, p. 230] the angle to the target projected on the horizontal plane differs

from �, thus some corrections are needed, because the angle of elevation is different from

the AoA �AoA or AoD �AoD.

r

x

��

��

y

z

Figure 4.5. Spherical coordinates [28, p. 18].

This is known as an elevation error. Equation 4.6 [6, p. 230] show the relationship be-

tween the projected horizontal AoA �AoA or AoD �AoD and phase difference ’ when the

angle of elevation error � is present
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’ = 2�k
sin(�AoA;AoD)

cos(�)
: (4.6)

Uncorrected and corrected azimuth readings are more similar to each other when the

target is located close to the boresight of the antenna and elevation is lower, thus elevation

error is decreased [6, p. 231]. Although the range of AoA or AoD is decreasing because

the limit of phase difference is reached before AoA or AoD reaches 90 degrees or - 90

degrees when large azimuth deviation from boresight and notable elevation occurs [6,

p. 231]. Estimating AoA or AoD with phase difference has a clear 180-degree span

according to 4.1 but it’s a fairly simple system as to antenna structure. Detecting phase

differences can’t distinguish signals directly coming from the front or back but this problem

can be avoided with antenna elements that have a large front-to-back ratio [6, p. 231].

y

x(0,0) �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��(d,0)

��   ��  ��  ����1 �� �� ��  �� ��2

T (x,y)

Figure 4.6. Triangulation to calculate the position of the target.

After estimating AoA or AoD for target from at least two base stations, triangulation can

be used to calculate the position of the target. Figure 4.6 show how by triangulation is

possible to calculate (x; y) coordinates for angle estimation [4], thus by trigonometry the

coordinates (x; y) of the target T are calculated as

x =
d � tan(�2)

tan(�2) � tan(�1)
(4.7)

y =
d � tan(�1)tan(�2)
tan(�2) � tan(�1)

(4.8)
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where d is the distance between two base stations and �1 and �2 are the angles of arrival

or departure at two base or mobile stations [6, p. 213], [4].

The AoA �AoA or AoD �AoD can’t be measured precisely because position error occurs

when the distance between base or mobile stations increases and according to Siuli Roy

et al. in [4] when also estimation error increases. Siuli Roy et al. in [4] also state that

the �nal values of estimation error are a cumulative sum of previous levels’ estimation

errors rather than the whole estimation error increasing cumulatively. Position error can

be calculated as [6, p. 214] in accordance with Siuli Roy et al. in [4]

Positioning Error =
p

(x� bx)2 � (y � by)2; (4.9)

where x and y are true location coordinates and bx and by are estimated location coor-

dinates. High directivity is essential for AoA location, but at a given frequency higher

directivity increases the physical size of the antenna, which is not desirable for some ap-

plications. Antennas with wide beamwidth can give accurate direction estimation even if

AR or signal-to-noise ratio (SNR) is large [6, p. 217].

AoA estimation for a hybrid array can be divided into two types: data-aided and non-data-

aided i.e. blind AoA estimation [33]. In the paper, [14] Shuai He et al. proposed that the

accuracy of AoA estimation could be improved by the BLE antenna array. Shuai He et al.

also found that a combination of non-linear recursive last square (NRLS) and unscented

Kalman �lter (UKF) [12] improves the AoA accuracy, along with the BLE antenna array.

Switching antenna in the array causes an error effect and NRLS is found to eliminate

multipath and noise effect on the I/Q-signal [14]. Thus, the range of AoA estimation can

be improved by NRLS and UKF methods while the switching error is constant. The phase

’k[n] can be estimated by I/Q-components as

’k[n] = arctan
Qk[n]
Ik[n]

; k = 1; 2; � � �Ne; (4.10)

where Qk[n] and Ik[n] are I/Q-samples of k-th antenna and n-th sample [14].

Antenna switching creates an error that is reduced by UKF [14]. Switching error occurs

when phase shift and component switch of the oscillator on both sides of the transmitter

and receiver, for different m, n, ’n;m are different resulting in �n;m different values. Another

error called ambiguity problem arises when the receiver has challenges distinguishing

false side lobes and picks in AoA or AoD estimation [8], [9]. Thus ambiguity causes more

disturbance in practical AoA or AoD estimation.

According to Frederic Matter et al. in [23] ambiguities take place when there exists a set

of separate angles or departures of arrival, for which the corresponding steering vector
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matrix is rank-de�cient and are associated with non-unique parameter estimation. In other

words, the steering vectors representing the phase delays in rank-de�cient matrix are

intermittent and it’s impossible to determine important parameters from single snapshot.

Miljko Eri·c et al. in [8] state that antenna arrays in mobile systems have to cover the

whole area since mobile users can be located generally at any point in free space. Miljko

Eri·c et al. in [8] found and Sharareh Kiani et al. in [17] state that it’s possible to predict

ambiguities of AoA estimation when de�ned ambiguity function was used. And Frederic

Matter et al. in [23] found that antenna arrays with a small amount of semistandard Young

tableaux [10] also have a small number of ambiguities.

Another useful way to estimate accuracy is with Cramer-Rao Bounds (CRB) [34, p. 10].

CRB represents the lower bound on the variance of any unbiased estimator [34, p. 10],

thus CRB describes the parametric measure of performance [22], [5]. CRB parametric

consists of the AoA source, the antenna array geometries, source and noise power, and

operating frequency [17]. In [34, pp. 10 � 11] and [17] formulas of the algorithms and

geometries are provided.

AoA and AoD don’t require cooperation with the target emitter and it’s independent of par-

ticular modulation characteristics or certain receiver timing [6, p. 249]. Instead of mechan-

ical rotation, direction �nding relies on using amplitude or phase comparison techniques.

Although noise and interference limit the location accuracy of AoA and AoD systems,

highly directional antenna arrays have the advantage of inherently rejecting interference

from directions away from the target [6, p. 249]. AoA or AoD can’t discover signals arriv-

ing from the back, because AoA and AoD have a maximum 180-degree detection span.

Antenna elements with large front-to-back ratios are used to prevent this problem [6, p.

231]. Azimuth range is also limited in AoA and AoD because it has higher directivity than

other antenna elements.

4.3 Multiple Signal Classi�cation

Multiple Signal Classi�cation (MUSIC) is a high-resolution AoA and AoD estimator al-

gorithm used for frequency estimation and direction �nding [26]. It’s based on proper-

ties covariance of the received signals and noise on antenna elements together with the

steering vector of that array [26], [6, p. 245]. MUSIC also takes advantage of the lack of

correlation between signals and noise to get a very sharp distinction of AoA and AoD of

one or a multiple of signals [6, p. 245]. Instead of switching the antenna outputs to two

receivers, the outputs of all array antennas are sampled to provide a vector for process-

ing by the algorithm [6, p. 229]. This implements the MUSIC algorithm challenging and

expensive in actual applications due to the MUSIC algorithm’s computationally demand-

ing spectral search over the angle [35], [30]. For this reason, the root-MUSIC algorithm

is used to reduce computational demand because root-MUSIC uses polynomial rooting
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[35]. But according to [30], root-MUSIC is usable only for Uniform Linear Array (ULA)

and Non-Uniform Arrays (NUA) where the sensor is restricted to lie on a uniform grid.

Another way to decrease the computational complexity is to reduce the parameter space

of the spectral search [34, p. 161]. In [33] Sheng et al., state that MUSIC is a blind AoA

estimating method and it can be used to approximate multiple AoAs and AoDs with high

resolution.

In [35] is emphasized that with different sources the AoA estimation is possible, thus the

receiving antenna can collect more signals that can be transmitted by several sources.

The signal model x(t) below is an M -by-1 vector of received snapshot of sensor data is

expressed as

x(t) = As(t) + n(t); (4.11)

where s(t) is a D-by-1 vector of source signal values from D sources is expressed as

s(t) = [s1(t); s2(t); � � � ; sD(t)]0; (4.12)

and n(t) is an M -by-1 noise vector and A is an M -by-D arrival vector matrix [26], [6,

p. 229], [34, p. 162]. The noise vector n(t) represents the noise at the output of each

of M antenna elements. Components of the source signal vector from D sources s(t)
are assumed not to be coherent [6, p. 245]. The arrival vector matrix A is �guratively

expressed in �gures 4.3 and 4.4 and can be calculated as

A = [a (�1) ; a (�2) ; � � � ; a (�D)] ; (4.13)

where �1, �2 and �D are several direction of arrivals from D sources [26], [6, p. 229], [34,

p. 162]. As mentioned before MUSIC takes advantage of lack of the correlation between

signals, many of the AoA and AoD algorithms rely on the covariance matrix [35]. Sensor

covariance matrix Rx can be derived from signal data. The sensor covariance matrix has

two components, the signal and noise covariance matrices [26]. Analysis of the signals

the covariance of x(t) can be calculated as

Rx = E
�
xxH	

= ARsAH + �2
nI; (4.14)

Rs = E
�
ssH	

; (4.15)

where Rs is the source covariance matrix and E is expectation [26], [6, p. 245]. In 4.14

ARsAH represents the signal covariance matrix [26] and �2
nI represents the noise corre-

lation matrix, where I isN�N identity matrix [35], [30]. So, the sensor covariance matrix
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Rx describes the joint variability of signal and noise covariance matrices. The MUSIC al-

gorithm assumes that the noise power is equal at all sensors and uncorrelated between

sensors [26]. In reality, the sensor covariance matrix is unknown, thus MUSIC estimates

the sensor covariance matrix, Rx, from the sample sensor covariance matrix. Sample

sensor covariance matrix Rx is an average of T snapshots of the sensor data [26], [6, p.

245]

Rx =
1
T

TX

k=1

x(t)x(t)H : (4.16)

Sensor covariance matrix Rx is not available in practical situations so it can be estimated

with 4.16, where T is the number of snapshots [34, p. 164]. Thus, in analysis, the sensor

covariance matrix Rx is decomposed into eigenvalues and eigenvectors, which are asso-

ciated separately with the signals and the noise [6, p. 246]. Ideally, each of the group of

M � D smallest eigenvalues equals the noise variance and due to the independence of

the signals and the noise, the signal eigenvectors together are orthogonal to the group of

noise vectors [6, p. 246].

In [35] is stated that MUSIC is based on the assumption that the noise subspace eigen-

vectors are orthogonal to the array steering vectors and AoAs in 4.13. Thus, MUSIC

works by searching for all arrival vectors that are orthogonal to the noise subspace. Spec-

trum peaks are identi�ed as the AoA of the signals from the tracked source. MUSIC forms

an arrival-angle-dependent power expression called MUSIC pseudospectrum

P (�) =
1

(S � (�)Un)(U �
nS(�))

; (4.17)

where the steering vector S(�) is

S(�) = [1; e� j�1(�); � � � ; e� j�M � 1(�)]T ; (4.18)

where Un is a matrix of noise vectors associated with each of the noise eigenvalues [26],

[6, p. 246]. MUSIC pseudospectrum gives the angles’ local peak values and it’s a scan

of the expression of the inverse square product of the steering vector S(�) and the noise

eigenvector matrix Un [6, p. 246]. Peaks of the pseudospectrum are in�nite if the arrival

vector is orthogonal to noise subspace, but in practice, due to noise the actual covariance

matrix is estimated by sampled covariance matrix [26]. Thus the angles where P (�)
has in�nite peaks are the desired directions of arrival [26], which can also be seen in

simulation results on [35]. Pseudospectrum for root-MUSIC is more discussed in [35] and

[30].

MUSIC has several important limitations that need to be taken into account. Target signals



29

must be uncorrelated which means that multipath signals are not distinguished [6, p. 247].

It’s possible to overcome this limitation by using spatial smoothing reprocessing, where

the array elements are subdivided into several groups corresponding to the number of

signals and by then averaging the covariance matrices of the groups [16], [27], [18]. The

number of signals must be lower than the number of array elements and MUSIC works

with narrow-band signals [6, p. 248]. To achieve the best result, the array response should

be precalibrated to overcome inaccuracies from basing the steering vector on the physical

layout alone [6, p. 248]. Usually, errors are due to the in�uence of surrounding objects and

unequal cable lengths. In conclusion, the MUSIC algorithm estimates angles of arrival

and departure from multiple targets with signi�cantly greater accuracy than beamforming

or mechanical directional antennas for direction �nding purposes [6, p. 249].
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5. SIMULATIONS AND MEASUREMENTS

Simulations and measurements are executed with two different antenna arrays to com-

pare the axial ratio and positioning accuracy between two different-sized antenna arrays.

The antennas under test are a CoreHW 2 � 2 PCB antenna array and a CoreHW 4 � 4

PCB antenna array for Bluetoothfi Low Energy 5.1 AoX direction �nding systems. Figure

5.1 show the 2 � 2 patch element antenna array and the 4 � 4 patch element antenna

array.

PCB dimensions for the 2 � 2 patch array are 75 � 75 mm and for the 4 � 4 patch

array are 150 � 150 mm and 3.5 mm thick. The operation frequency range is 2400 �

2483 MHz. Both patch antenna arrays have 26.2 � 26.2 mm sized copper patches. The

copper patch works as a radiating patch element and a ground plane seen in �gure 5.1.

The dielectric constant of the substrate material is 4.5, where losses are taken account.

Figure 5.1. 2 � 2 and 4 � 4 patch antenna array.

As mentioned in chapter 2.7, circular polarization is achieved when two orthogonal com-

ponents of electric �elds have the same magnitudes and 90-degree phase difference. And

now for the antenna array it’s possible to be circularly polarized with 90-degree dual-feed
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hybrid to create the two electric �elds with the same magnitudes and 90-degree phase

difference, when TM10 and TM01 modes are activated mentioned in chapter 3.1.

5.1 Axial Ratio Simulations and Measurements premise

In the �rst simulations, the Axial Ratio of 2 � 2 and 4 � 4 patch antenna array are on

focus. Because circular polarization requires a 3 dB axial ratio, it’s necessary to examine

AR thoroughly. Simulations are done with CST Studio Suite Electromagnetic Field Sim-

ulation Software by Dassault Systems. After the AR simulations, the AR measurements

are done in an antenna chamber. The simulation and measurement results can then be

compared. AR simulations and measurements are done over certain � angles to test how

circular polarization behaves at these � angles. It is expected that with lower � angles,

30-, 45-, and 60-degree, the CP holds better. To achieve good enough CP, 3 dB or less

AR is needed.

A �gurative explanation of the � angle used in the simulations and the measurements to

determine the beamwidth is presented in �gure 5.2.

Figure 5.2. A �gurative explanation of the � angle with respect to the z-axis.

As beamwidth is expressed as the angular separation of the radiation pattern, the � angle

expresses the angular separation with respect to the z-axis. Due to symmetry of � angles,

it’s possible to estimate the beamwidth by multiplying the � angle by two.
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5.1.1 AR Simulations

Mean and maximum values of AR are simulated over 30-, 45-, 60-, 70-, 75- and 80-

degree � angles. Maximum values of AR are expected to be higher than mean values.

Ready designs for 2 � 2 and 4 � 4 patch arrays by CoreHW were used in this thesis.

� angles vary from 30- to 80-degrees and, multiplied by two, the beamwidth is between

60- and 160-degrees. Simulations start at a 30-degree � angle because a 60-degree

beamwidth is at least needed to be considered to be a wide beamwidth. And they end at

an 80-degree � angle to measure the maximum beamwidth. However, it is expected that

with a wider beamwidth, AR is higher, thus affecting circular polarization. CST calculates

the mean and maximum values of AR over a given � angle. Angles were chosen in CST’s

Template-Based Post Processing and then evaluated. Then from CST exported ASCII �le

AR graphs were plotted. The simulation frequency range was 2.4 � 2.5 GHz.

5.1.2 AR Measurements

Mean and maximum values of AR are measured over 30-, 60- and 90-degree � angles.

The measurements are passive mode measurements and they were done in courtesy

of Radientum Oy in their AMS 8500 antenna chamber. An antenna chamber or an ane-

choic chamber is a room, that is covered with pyramid-shaped objects that are radio-wave

absorbing material. Figures 5.3 and 5.4 show measurement setups and radio-wave ab-

sorbing cones of the chamber. The measurement frequency range was 2.4 � 2.5 GHz.

Figure 5.3. Measurement set up of the axial ratio for the 4 � 4 patch array.



33

Figure 5.4. Measurement set up of the axial ratio for the 2 � 2 patch array.

From courtesy of Radientum Oy, a block diagram of the measurements is shown in 5.5.

Comm A and Comm B are communication antennas, but not used in these measurements

due to the passive mode of measurements. Agilent 5071C Vector Network Analyser

(VNA) was used to measure the needed parameters and FSP Spectrum Analyser was

used to check if the connections were correctly done. The VNA receives measured data

from the horn antenna used as a measurement antenna.

Figure 5.5. Block diagram of the axial ratio measurement setup.

As seen in �gures 5.3, 5.4, and 5.5, both antennas are attached to a frame to hold the
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