
ot detcepxe era secived sseleriw nredoM  
,seitilibapac sseleriw fo egnar ediw a edivorp  

ezis lacisyhp llams rof sdnamed eht tey  
annetna elbaveihca eht no snoitatimil esopmi  

 .ecnamrofrep
  

ngised dna sisylana stneserp siseht sihT  
.sannetna llams yllacirtcele eseht rof sdohtem  

eht si siseht siht fo noitubirtnoc niam ehT  
eht fo noitartsnomed dna noitcudortni  

rof dohtem wen a ,retsulc annetna fo tpecnoc  
.ecnamrofrep annetna gnivorpmi  

sseltcatnoc a stneserp siseht eht ,yllanoitiddA  
rednopsnart rof euqinhcet tnemerusaem  

 .sannetna

-o
tl

a
A

D
D

 
5

61
/

 8
10

2

 +b
hfbi

a*GM
FTSH

9  NBSI 1-7518-06-259-879  )detnirp( 
 NBSI 8-8518-06-259-879  )fdp( 
 NSSI 4394-9971  )detnirp( 
 NSSI 2494-9971  )fdp( 

 
ytisrevinU otlaA  

gnireenignE lacirtcelE fo loohcS  
gnireenigneonaN dna scinortcelE fo tnemtrapeD  

 if.otlaa.www

 + SSENISUB
 YMONOCE

 
 + TRA

 + NGISED
 ERUTCETIHCRA

 
 + ECNEICS

 YGOLONHCET
 

 REVOSSORC
 

 LAROTCOD
 SNOITATRESSID

 a
lu

nn
a

H i
tt

a
M-

ir
aJ

 s
an

ne
tn

A l
la

mS
 y

ll
ac

ir
tc

el
E f

o 
ng

is
e

D 
dn

a 
si

sy
la

n
A 

eh
t 

ni 
se

cn
av

d
A

 y
ti

sr
ev

i
n

U 
otl

a
A

 8102

 gnireenigneonaN dna scinortcelE fo tnemtrapeD

sisylanA eht ni secnavdA  
yllacirtcelE fo ngiseD dna  

 sannetnA llamS

 alunnaH ittaM-iraJ

 LAROTCOD
 SNOITATRESSID



 seires noitacilbup ytisrevinU otlaA
SNOITATRESSID LAROTCOD  561 /  8102

fo ngiseD dna sisylanA eht ni secnavdA  
 sannetnA llamS yllacirtcelE

 alunnaH ittaM-iraJ

fo rotcoD fo eerged eht rof detelpmoc noitatressid larotcod A  
eht fo noissimrep eht htiw ,dednefed eb ot )ygolonhceT( ecneicS  

cilbup a ta ,gnireenignE lacirtcelE fo loohcS ytisrevinU otlaA  
12 no ytisrevinu eht fo 2T llah erutcel eht ta dleh noitanimaxe  

 .21 ta 8102 rebmetpeS

 ytisrevinU otlaA
 gnireenignE lacirtcelE fo loohcS

 gnireenigneonaN dna scinortcelE fo tnemtrapeD



 rosseforp gnisivrepuS
 dnalniF ,ytisrevinU otlaA ,irakiiV elliV .forP .cossA

 
 rosivda sisehT

 dnalniF ,ytisrevinU otlaA ,irouvotheL unA .rD
 

 srenimaxe yranimilerP
 nedewS ,tetisrevinU sdnuL ,nossfatsuG staM .forP

 lagutroP ,orievA ed edadisrevinU ,ohlavraC segroB onuN .forP
 

 stnenoppO
 kramneD ,tetisrevinU groblaA ,nesredeP .F treG .forP

 nedewS ,tetisrevinU sdnuL ,nossfatsuG staM .forP

 seires noitacilbup ytisrevinU otlaA
SNOITATRESSID LAROTCOD  561 /  8102

 
 © 8102   alunnaH ittaM-iraJ

 
 NBSI 1-7518-06-259-879  )detnirp( 
 NBSI 8-8518-06-259-879  )fdp( 
 NSSI 4394-9971  )detnirp( 
 NSSI 2494-9971  )fdp( 

:NBSI:NRU/if.nru//:ptth  8-8518-06-259-879
 

 yO aifarginU
 iknisleH  8102

 
 dnalniF

 



 tcartsbA
  otlaA 67000-IF ,00011 xoB .O.P ,ytisrevinU otlaA  if.otlaa.www

 rohtuA
 alunnaH ittaM-iraJ

 noitatressid larotcod eht fo emaN
 sannetnA llamS yllacirtcelE fo ngiseD dna sisylanA eht ni secnavdA

 rehsilbuP  gnireenignE lacirtcelE fo loohcS

 tinU  gnireenigneonaN dna scinortcelE fo tnemtrapeD

 seireS seires noitacilbup ytisrevinU otlaA  SNOITATRESSID LAROTCOD  561 /  8102

 hcraeser fo dleiF  gnireenignE oidaR

 dettimbus tpircsunaM  8102 yaM 7  ecnefed eht fo etaD  8102 rebmetpeS 12

 )etad( detnarg hsilbup ot noissimreP  8102 tsuguA 61  egaugnaL  hsilgnE

 hpargonoM  noitatressid elcitrA  noitatressid yassE

 tcartsbA
dedda ni stluser snoitacinummoc sseleriw ni desu sdnab ycneuqerf fo rebmun gnisaercni ehT  

emulov detimil eht yb desaercni rehtruf si egnellahc sihT .srengised annetna rof segnellahc  
tuptuo-elpitlum tupni-elpitlum fo noisulcni ehT .secived sseleriw nredom ni sannetna rof elbaliava  

mumixam eht secuder rehtruf hcihw ,ecived a ni sannetna elpitlum seriuqer seuqinhcet )OMIM(  
 .annetna laudividni na fo ezis

eerht rof stnemevorpmi sesimorp snoitacinummoc elibom fo noitareneg htffi gnimocpu ehT  
noissim dna ,sgniht fo tenretni evissam ,dnabdaorb elibom :snoitacinummoc elibom fo stcepsa  

dnabdaorb elibom decnahne ehT .owt tsrfi eht no sesucof siseht siht ,eerht esoht fO .secivres lacitirc  
fo rebmun regral neve evres ot yticapac eht dna ,dnoces rep stibagig evoba setar atad sesimorp  

 .egral yltneicfifus eb tsum secived eht fo ycneicfife lartceps eht ,elbissop eb ot siht roF .sresu
euqinhcet ehT .euqinhcet tnemerusaem noitaludomretni eht sebircsed siseht siht fo trap tsrfi ehT  
desu si tI .daol raenilnon a niatnoc taht srednopsnart evissap fo tnemerusaem sseltcatnoc selbane  
osla nac euqinhcet eht tub ,rednopsnart cinomrah a fo niag dezilaer eht eziretcarahc ot krow siht ni  

 .sgat )DIFR( noitacfiitnedi ycneuqerf oidar sa hcus ,srednopsnart evissap rehto rof desu eb
ehT .krow siht ni depoleved tpecnoc retsulc annetna eht secudortni siseht eht fo trap dnoces ehT  
taht annetna na etaerc ot rehtegot stnemele annetna decaps ylesolc elpitlum gnisu sevlovni tpecnoc  

eht fo elpicnirp cisab ehT .sdnab ycneuqerf fo rebmun egral a ssorca etarepo ot denut eb nac  
defiirev yllatnemirepxe si tpecnoc ehT .detalumrof si yroeht yrassecen eht dna debircsed si tpecnoc  
annetna OMIM tnemele-thgie na ot dednetxe rehtruf si ti dna epytotorp annetna elibom a fo trap sa  

 .egnar ycneuqerf ediw a ssorca etarepo nac taht ngised
tnedneped ylhgih si dohtem eht sa ,tpecnoc retsulc eht fo trap tnatropmi na si ngised reviecsnarT  

eht fo tceffe eht sezylana siseht eht fo trap lanfi ehT .reviecsnart eht fo seitilibapac eht no  
era seitreporp reviecer dna rettimsnart eht htoB .ecnamrofrep retsulc llarevo eht no reviecsnart  

detargetni gnitsixe na fo atad ecnamrofrep eht gnisu deledom si rettimsnart ehT .detagitsevni  
reviecer nommoc fo stiucric tnelaviuqe eht gnisu detagitsevni si reviecer eht dna rettimsnart  

 .serutcetihcra

 sdrowyeK ,seuqinhcet tnemerusaem ,ytilibarugfinocer ycneuqerf ,ngisedoc reviecsnart-annetna  
 srednopsnart evissap ,sannetna elibom

 )detnirp( NBSI  1-7518-06-259-879  )fdp( NBSI  8-8518-06-259-879

 )detnirp( NSSI  4394-9971  )fdp( NSSI  2494-9971

 rehsilbup fo noitacoL  iknisleH  gnitnirp fo noitacoL  iknisleH  raeY  8102

 segaP  231  nru :NBSI:NRU/fi.nru//:ptth  8-8518-06-259-879





 ämletsiviiT
  otlaA 67000 ,00011 LP ,otsipoily-otlaA  if.otlaa.www

 äjikeT
 alunnaH ittaM-iraJ
 imin najriksötiäV

 assinniosylana aj assulettinnuus neinnetna netneip itsesiökhäs atieleksasytsidE

 ajisiakluJ  uluokaekrok nakiinketökhäS

 ökkiskY  sotial nakiinketonan aj nakiinortkelE

 ajraS seires noitacilbup ytisrevinU otlaA  SNOITATRESSID LAROTCOD  561 /  8102

 alasumiktuT  akkiinketoidaR

 mvp neskutiojrikisäK  8102.50.70  äviäpsötiäV  8102.90.12

 äviäpsimätnöym navulusiakluJ  8102.80.61  ileiK  itnalgnE

 aifargonoM  ajriksötiävilekkitrA  ajriksötiäveessE

 ämletsiviiT
attetsaahäsil out ämäT .aavsak ärääm nejotsiaksuujaat neivättetyäk ässännitseiv assamottagnaL  

aavattetuvaas allinnetna aattiojar okok neniökhäs ninnetna aksok ,nuulettinnuusinnetna  
.ineip nisrav söym no assiettial assimottagnal ässisiykyn alit yttetäj elliennetnA .aatsiaksuujaat  

ninnetna nammaesu ähy tävättyllede )OMIM .mise( tämletenem tävätnydöyh ajennetna atiesU  
 .aalit äävääj ellinnetna ellesiättisky aattiojar neellede äkim ,neeseettial atsimattiojis

 -ätnitseivaktam äättihek sutiokrat no nokrevnilehupaktam nevlopukus nennediiv naveluT
,tenretni nedienise neniviissam ,atsiakajaaliliibom uttennarap :alleeula-aso allemlok aakkiinket  
atseettiovat atsemlok ätsiän yyttiksek ajriksötiäv ämäT .tämletsejräj tavitaav ätteviiv ättyhyl äkes  
äkes niiskuepon nitibagig ily aathoj isiätip netsunnarap natsiakajaaliliiboM .neesiämmisne neethak  

nirtkepssuujaat iitaav ämäT .itsesiakianamas ääjättyäk aapmaesu ähy naamelevlap äteyk  
 .ätsimätnydöyh aapmaakkohet

.ämletenemsuattim avutsurep nooitaaludomretni naatavuk assaso ässesiämmisne najriksötiäV  
ässiin iläkim ,atierednopsnart aisiviissap itsamottagnal atatim atsillodham no alluva nämleteneM  

netsinomrah ässöyt ässät näätennydöyh äämleteneM .ajettnenopmok aisiraaeniläpe no  
söym assivattennejaal no ämleteneM .neesimaattim neskutsivhav neenutuetot neirednopsnart  

 .)DIFR( neeskutsinnutäte neesiujaatoidar netuk ,niisiettial niisiviissap nihium
.itpesnok niretsulkinnetna nytetihek ässöyt ässät näälletise assaso assesiot najriksötiäV  

ällämättöys niovat ire atioj ,atsiennetna atsiutetiojis niäkkehäl atsiesu uutsook iretsulkinnetnA  
aj aedisurep niretsulkinnetna näälletise ässöyT .aattuum naadiov attuujaatatnimiot niretsulk  

itsesilleekok naatetsimrav suuvimiot nämleteneM .iskesimiosylana nes airoet avattivrat naatedhoj  
atieretsulk atiesu söym naatetuetot ässöyT .alluva ninnetna nulletinnuus nookoknilehupaktam  

avimiot ily neeulasuujaat najaal aattuetot naadiov alloj ,ippyytotorpinnetna ävätläsis  
 .OMIM nenittnemelenaskedhak

.assannimiot niretsulkinnetna suuso ävättikrem no allulettinnuus nemittonaatsavnitehäL  
atsutukiav neiskuusianimo nemittonaatsavnitehäl naatiktut assaso ässesiemiiv najriksötiäV  
nemittonaatsav ätte nemittehäl äkes neeskire naatiktut ässöyT .naatnimiot niretsulkinnetna  

alliskuusianimo niriipnitehäl nudiorgetni navelo assamelo naatennillam ätnitehäL .aiskuusianimo  
 .ällieriipnitsav neiruuthetikkranitonaatsav netsillipyyt atnitonaatsav aj

 tanasniavA ,tinnetnanitseivaktam ,ulettinnuussiethy nemittonaatsavnitehäl aj ninnetna  
 syyvättedäässuujaat ,temiatsavoidar tesiviissap tämletenemsuattim

 )utteniap( NBSI  1-7518-06-259-879  )fdp( NBSI  8-8518-06-259-879

 )utteniap( NSSI  4394-9971  )fdp( NSSI  2494-9971

 akkiapusiakluJ  iknisleH  akkiaponiaP  iknisleH  isouV  8102

 äräämuviS  231  nru :NBSI:NRU/fi.nru//:ptth  8-8518-06-259-879





Preface

The work resulting in this doctoral thesis has been carried out in the De-

partment of Electronics and Nanoengineering (formerly Department of

Radio Science and Engineering) of Aalto University School of Electrical

Engineering, under the supervision of Assoc. Prof. Ville Viikari. The re-

search has been funded by Huawei Technologies, the Academy of Finland

(decisions 267420 and 289320), and the Doctoral School of Aalto Univer-

sity School of Electrical Engineering. Additionally, I have received per-

sonal grants from the Nokia Foundation, Emil Aaltonen Foundation, and

Finnish Foundation for Technology Promotion. I am grateful for all this

support.

This thesis marks the end of my studies in Aalto University. While

the studies started in 2009, radio engineering became the focus in the

summer of 2013 when I was given the opportunity to work in this re-

search group. Five years later I am writing this, so I suppose that sum-

mer job left a lasting impression. I would like to thank my supervisor

Prof. Ville Viikari for this opportunity, and also for all the support and

guidance through this process. Many thanks to my advisor Dr. Anu Lehto-

vuori for support as well, especially in keeping things on schedule.

I would like to thank all my coauthors for their efforts resulting in the

papers appended at the end of this thesis. Dr. Kimmo Rasilainen for all

the guidance and discussions through this time, Mr. Tapio Saarinen for

producing results at unparalleled speed, and Dr. Jari Holopainen for all

the insightful discussions on antenna theory. I would also like to thank

Prof. Jussi Ryynänen, Dr. Marko Kosunen, and Dr. Kari Stadius for the

discussions and guidance in taking the steps to the other side of the 50-

ohm interface. Additionally, I would like to thank Mr. Eino Kahra for the

support in transforming the simulated designs on the computer screen to

the physical world and Mr. Nick Morello for language-checking the thesis

1



Preface

manuscript.

Not only is peer review an important aspect of science, so too is peer sup-

port. I would like to thank my current and former coworkers for all the fun

and useful discussions, academic or otherwise. Best of luck to my fellow

doctoral students Mr. Jaakko Haarla, Mr. Sabin Karki, Mr. Joni Kurvi-

nen, Mr. Henri Kähkönen, Mr. Mikko Leino, Mr. Rasmus Luomaniemi,

and Mr. Resti Montoya Moreno, towards whom the questions “when are

you defending your thesis?” can now be directed. Thank you also to

Dr. Clemens Icheln, Dr. Mazidul Islam, Mr. Mikko Heino, and Mr. Joni Lap-

palainen.

Of course, the process of completing a doctoral dissertation is also about

more than just the science. A healthy social life is also required. I would

thus like to thank my friends, with whom many dice have been rolled, for

assisting in the necessary work–life balance. Many thanks to my parents

Elvi and Jussi, and my sisters Jaana, Johanna and Annemari for all the

encouragement and support through the years. Finally, much love to Sini

who became a part of my life during this time.

Espoo, August 24, 2018,

Jari-Matti Hannula

2



Contents

Preface 1

Contents 3

List of Publications 5

Author’s Contribution 7

List of Abbreviations and Symbols 9

1. Introduction 13

1.1 Objectives of this work . . . . . . . . . . . . . . . . . . . . . . 14

1.2 Main scientific merits . . . . . . . . . . . . . . . . . . . . . . . 15

1.3 Contents and organization of the thesis . . . . . . . . . . . . 15

2. Wireless Communications 17

2.1 Fundamentals of wireless communications . . . . . . . . . . 18

2.2 Evolution of mobile communications . . . . . . . . . . . . . . 20

3. Antenna Fundamentals 23

3.1 Antenna parameters . . . . . . . . . . . . . . . . . . . . . . . 25

3.1.1 Individual antennas . . . . . . . . . . . . . . . . . . . 26

3.1.2 Interacting antennas . . . . . . . . . . . . . . . . . . . 27

3.2 Antenna modelling . . . . . . . . . . . . . . . . . . . . . . . . 29

3.2.1 Electromagnetic simulations . . . . . . . . . . . . . . 29

3.2.2 Circuit models . . . . . . . . . . . . . . . . . . . . . . . 30

3.3 MIMO performance . . . . . . . . . . . . . . . . . . . . . . . . 30

3.4 Antenna measurements . . . . . . . . . . . . . . . . . . . . . 32

4. Intermodulation Measurement Technique 35

4.1 Harmonic transponders . . . . . . . . . . . . . . . . . . . . . 35

3



Contents

4.2 Nonlinearity and intermodulation . . . . . . . . . . . . . . . 36

4.3 Intermodulation response . . . . . . . . . . . . . . . . . . . . 38

4.4 Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

5. Frequency Reconfigurable Antenna Cluster 45

5.1 Reconfigurable antennas . . . . . . . . . . . . . . . . . . . . . 45

5.2 The antenna cluster concept . . . . . . . . . . . . . . . . . . . 47

5.3 Performance modeling . . . . . . . . . . . . . . . . . . . . . . 49

5.4 Antenna design . . . . . . . . . . . . . . . . . . . . . . . . . . 51

5.4.1 Monopole cluster . . . . . . . . . . . . . . . . . . . . . 51

5.4.2 Single-cluster mobile antenna . . . . . . . . . . . . . . 53

5.4.3 MIMO antenna based on the antenna cluster . . . . . 54

6. Weight Generation 61

6.1 Passive power divider networks . . . . . . . . . . . . . . . . . 61

6.2 Integrated transceiver . . . . . . . . . . . . . . . . . . . . . . 62

6.2.1 Transmitter performance . . . . . . . . . . . . . . . . 63

6.2.2 Receiver modeling . . . . . . . . . . . . . . . . . . . . . 65

6.2.3 Antenna-transceiver codesign . . . . . . . . . . . . . . 67

7. Summary of Publications 69

8. Conclusion 71

References 73

Publications 83

4



List of Publications

This thesis consists of an overview and of the following publications which

are referred to in the text by their Roman numerals.

I J.-M. Hannula, K. Rasilainen, and V. Viikari. Characterization of Trans-

ponder Antennas Using Intermodulation Response. IEEE Transactions

on Antennas and Propagation, vol. 63, no. 6, pp. 2412–2420, Jun. 2015.

II J.-M. Hannula, J. Holopainen, and V. Viikari. Concept for Frequency

Reconfigurable Antenna Based on Distributed Transceivers. IEEE An-

tennas and Wireless Propagation Letters, vol. 16, pp. 764–767, 2017.

III J.-M. Hannula, T. Saarinen, J. Holopainen, and V. Viikari. Frequency

Reconfigurable Multiband Handset Antenna Based on a Multichannel

Transceiver. IEEE Transactions on Antennas and Propagation, vol. 65,

no. 9, pp. 4452–4460, Sep. 2017.

IV J.-M. Hannula, T. O. Saarinen, A. Lehtovuori, J. Holopainen, and V. Vii-

kari. Tunable Eight-Element MIMO Antenna Based on the Antenna

Cluster Concept. Submitted for publication, arXiv:1808.07755.

V J.-M. Hannula, M. Kosunen, A. Lehtovuori, K. Rasilainen, K. Stadius,

J. Ryynänen, and V. Viikari. Performance Analysis of Frequency-Recon-

figurable Antenna Cluster with Integrated Radio Transceivers. IEEE

Antennas and Wireless Propagation Letters, vol. 17, no. 5, pp. 756–759,

May 2018.

5



List of Publications

6



Author’s Contribution

Publication I: “Characterization of Transponder Antennas Using
Intermodulation Response”

The author derived the necessary theory for the modeling and performed

the measurement and analysis, which included writing the control and

postprocessing software. Dr. Rasilainen and Prof. Viikari participated in

formulating the theory, discussing the results, and writing the paper.

Publication II: “Concept for Frequency Reconfigurable Antenna
Based on Distributed Transceivers”

The paper is based on an idea from Prof. Viikari. The author derived

the theory for evaluating the performance and designed the antenna.

Dr. Holopainen and Prof. Viikari contributed to formulating the theory

and in writing the paper.

Publication III: “Frequency Reconfigurable Multiband Handset
Antenna Based on a Multichannel Transceiver”

The author wrote the majority of the paper, and did the antenna design.

He performed the measurements and data processing for the prototype.

The power divider networks were designed and tested by Mr. Saarinen.

Dr. Holopainen and Prof. Viikari participated in antenna design and in

writing the paper.

7



Author’s Contribution

Publication IV: “Tunable Eight-Element MIMO Antenna Based on the
Antenna Cluster Concept”

The author wrote the majority of the paper and performed all the analysis

of the results. The antennas were designed by Mr. Saarinen with guidance

from the author and from Dr. Lehtovuori. All coauthors participated in

writing the paper.

Publication V: “Performance Analysis of Frequency-Reconfigurable
Antenna Cluster with Integrated Radio Transceivers”

The idea for the paper is a result of collaborative discussions. The author

had the main responsibility for the paper. The author was responsible for

the modeling and simulations, with contributions from the coauthors.

8



List of Abbreviations and Symbols

Abbreviations

4G Fourth generation

5G Fifth generation

ARC Active Reflection Coefficient

AUT Antenna Under Test

BW Bandwidth

CA Carrier Aggregation

CCE Capacitive Coupling Element

DCS Digital Cellular System

ECC Envelope Correlation Coefficient

eMBB Enhanced Mobile Broadband

ESA Electrically Small Antenna

FDD Frequency-Division Duplexing

FDTD Finite-Difference Time Domain

FM Frequency Modulation

GSM Global System of Mobile Communications

IoT Internet of Things

LNA Low-Noise Amplifier

LTE Long-Term Evolution

MIMO Multiple-Input Multiple-Output

9



List of Abbreviations and Symbols

NMT Nordic Mobile Telephone

NR New Radio

PA Power Amplifier

RF Radio Frequency

RFID Radio Frequency Identification

SAR Specific Absorption Rate

SMS Short Message Service

SNR Signal-to-Noise Ratio

TARC Total Active Reflection Coefficient

VNA Vector Network Analyzer

Operators

(·)∗ complex conjugate

(·)H conjugate transpose

eig eigenvalue

max maximum

Symbols

a radius of a sphere

C channel capacity

Cj0 zero-bias junction capacitance

D directivity

Dant antenna dimension

EIM intermodulation generation efficiency

f0 fundamental frequency

f1 first fundamental frequency

f2 second fundamental frequency

Fi field pattern

10



List of Abbreviations and Symbols

G gain

GR realized gain

Gr receiver gain

Gt transmitter gain

H channel matrix

Is saturation current

k Boltzmann constant

n ideality factor

Pacc accepted power

Pava available power

Pin transponder input power

Pout,IM power generated by the transponder at the intermodulation

frequency

Pr received power

Pr,IM received intermodulation response

Prad radiated power

Prefl reflected power

Pt transmitter power

Q quality factor

q elementary charge

R correlation matrix

Ra antenna resistance

Rd diode resistance

rff far-field distance

Rj junction resistance of a diode

rr distance to the receiver

Rsw switch resistance

11



List of Abbreviations and Symbols

rt distance to the transmitter

S scattering matrix

T absolute temperature

U radiation intensity

Z ′
d diode impedance

ZL load impedance

ZS source impedance

Γ reflection coefficient

γ profile parameter

Γi Active Reflection Coefficient in port i

ηm matching efficiency

ηrad radiation efficiency

θΔ offset angle of measurement antennas

λ wavelength

ρ complex correlation coefficient

ρe envelope correlation coefficient

ρT signal-to-noise ratio

Φ junction potential

ω angular frequency

12



1. Introduction

The evolution of wireless communications has been fast in the past decades.

Mobile phones started to become more common in the 90s with the advent

of Global System for Mobile Communications (GSM) and have now be-

come an essential part of our society. The current fourth-generation (4G)

networks are capable of reaching data rates of hundreds of megabits per

second, something that was unheard of only some years ago. However, the

evolution does not stop here. The standardization of the fifth-generation

(5G) networks is actively being done, with plenty of research happening

both in the academia and the industry.

Early visions for the 5G network include a 1000-fold capacity, multi-

gigabit speeds, low latency, and a massive number of connected devices [1]–

[3]. 5G can be divided into three main focus areas: First, enhanced mo-

bile broadband (eMBB), providing over gigabit speeds for mobile devices

and capable of serving even more clients. Secondly, massive Internet of

Things (IoT), where the data rate requirements are negligible compared

to mobile broadband, but the number of devices is large, requiring the net-

work to support thousands of low data rate devices in an area. The third

focus area is mission-critical services such as industrial automation, re-

mote medicine or autonomous vehicles where minimizing the latency and

maximizing reliability are the key requirements. These goals are to be

reached both with new technologies 5G New Radio (NR) and by advancing

previous technologies, such as the Long-Term Evolution (LTE) networks

currently used in the 4G systems.

The continuous evolution of the networks is not trivial, requiring new

technological advances and innovations. As wireless communications prop-

agate in a shared medium, the network can be congested by too much traf-

fic. One strategy to combat these problems is allocating new frequency

spectrum from discontinued radio systems, such as the EU digital divi-
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dend obtained from replacing analog TV broadcasts with digital. Improv-

ing the spectral efficiency of available resources is also an option, such as

with massive multiple-input multiple-output (MIMO) systems.

However, additional spectrum is not very useful if the equipment used

cannot efficiently operate in those frequencies. With more operating fre-

quencies, the demands for the radio system increase. One limitation is

the bandwidth of the antennas used in the devices. The antenna de-

termines how efficiently power is transferred from the device to the air

and vice versa. Reaching efficient performance is difficult as there is not

much space for antennas in mobile devices, and small antennas are in-

herently inefficient across a wide frequency range. This effect is more

pronounced with the multiple radio systems requiring several antennas.

This is already evident in current mobile systems [4], [5], and the effect

will increase in the future. Thus, reaching efficient performance in fu-

ture systems will require further advances in the analysis and design of

electrically small antennas.

1.1 Objectives of this work

This work focuses on two goals of 5G: measurement techniques which

could be used for massive IoT and improvements on antennas for mobile

broadband. The research done in this work can therefore be divided into

two distinct parts. The first part concerns the use of intermodulation dis-

tortion for characterizing antennas. How can nonlinearities be exploited

to characterize antennas with nonlinear loads?

The second part of this thesis is motivated by the following two ques-

tions

• Can multiple antennas be used together for beneficial operation?

• If yes, could this approach be used to design novel antennas for next-

generation mobile phones?

To answer these questions, the behavior of multiantenna systems is stud-

ied and antenna structures with suitable characteristics are developed.
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1.2 Main scientific merits

The main scientific merits of this work are (in order of publication):

1. Modeling the small-signal intermodulation response of a diode and us-

ing it to characterize the antenna of a harmonic transponder.

2. Proposing a novel antenna tuning concept and deriving the relevant

mathematical analysis tools and parameters.

3. Experimentally verifying the aforementioned antenna tuning concept

and implementing it in a mobile phone size.

4. Expanding the previous antenna design to eight-element MIMO and

developing the theory further.

5. Considering the effect of the integrated transceiver on the overall an-

tenna cluster performance, by modeling the reduction in efficiency.

1.3 Contents and organization of the thesis

This thesis consists of an overview and five publications. The overview

part is written in a more general way, as to provide context for the en-

closed publications. The overview does not attempt to contain all the in-

formation provided in the publications, but to highlight the key results.

Also, the purpose is to contextualize the scientific contributions given in

the publications, by providing a more comprehensive background.

The overview consists of eight chapters. Chapter 2 explains the moti-

vation for desiring more efficient and more wideband antenna solutions,

especially as we move further in the evolution of wireless communica-

tions. A brief overview of antenna fundamentals is given in Chapter 3.

After this background information, the following two chapters describe

the work done in this thesis. Chapter 4 describes the principle and results

of the intermodulation measurement technique. The frequency reconfig-

urable antenna cluster concept is covered by the next two chapters: Chap-

ter 5 describes the concept and presents the antennas designed during

this work. Chapter 6 discusses the transceiver requirements for generat-
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ing the excitations required by the concept. Finally, Chapter 7 summa-

rizes the articles included in this dissertation and the work is concluded

in Chapter 8.
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2. Wireless Communications

Communication has been an important aspect of our society, even from the

ancient times. Our desire to communicate with one another has not been

limited to face-to-face communications, but also the ability to communi-

cate across large distances, or telecommunications (tele-, over a distance).

Although initially done through things like smoke signals, drums, bea-

cons or flags, the modern telecommunications are largely done through

the use of electromagnetic waves.

The electrical telegraph started the use of electricity for communication.

This eventually led to the telephone, the ability to transmit voice across a

large distance. During this time, the foundations for wireless communica-

tions were being built. Before the invention of the telephone, James Clerk

Maxwell theoretically studied the existence of electromagnetic waves, i.e.

waves consisting of oscillating electric and magnetic fields that propagate

at the speed of light. Heinrich Hertz proved the existence of electromag-

netic waves in 1886. Although Hertz did not believe they would have any

practical uses, the study of electromagnetic waves continued. Several sci-

entists and engineers kept advancing this newfound wireless technology.

It was in the early 1900s, when the efforts of Gugliermo Marconi resulted

in commercialized use of radio waves with his wireless telegraph [6], [7].

The extent of wireless communications would then expand beyond that

of the wireless telegraph. Radio broadcasts started in 1920, and televi-

sion made its way to homes some decades later. First commercial cellular

phones were introduced in 1973 by Motorola. All this has led to signifi-

cant advances in wireless communications. Nowadays we can communi-

cate with anyone, anytime, assuming they are in range of a mobile base

station. Not only that, our mobile devices are capable of transmitting vast

amounts of data.

This chapter explains the principles of using electromagnetic waves for

17



Wireless Communications

wireless communications. It is divided into two sections: One describing

the fundamentals of wireless communications and another providing a

brief history of mobile networks.

2.1 Fundamentals of wireless communications

The fundamental requirement for wireless communications is to have a

transmitter (commonly abbreviated as Tx), which codes the data to be

transmitted to an electromagnetic wave and then spreads it to the sur-

rounding medium. In signal processing, this medium is referred to as a

channel. The signal in the medium is then picked up by the receiver (Rx),

which detects the incoming signal and decodes the information from the

electromagnetic wave. A device that is capable of both transmitting and

receiving is called a transceiver (TRx), combining the words transmitter

and receiver.

There are several ways in which wireless communications can occur. In

broadcasting the same signal can be transmitted to multiple users. This is

the case with radio and television, where a single transmitter broadcasts

a signal for any number of receivers to pick up. Alternatively, a radio link

can be formed directly between two transceivers. This could be the case in

point-to-point radio communications. The mobile networks also have di-

rect two-way radio links between the base station and the mobile devices.

This case is asymmetric in a sense that a base station communicates with

multiple mobile devices, whereas the mobile device only communicates

with one base station at a time.

A specific case of direct communication is interrogation, where a reader

device containing both a transmitter and a receiver queries another de-

vice for a response. The interrogated device is often referred to as tag

or transponder, a portmanteau of transmitter and responder. The reader

operates as a transceiver in this case, as it both transmits the query to

the tag and receives the response generated by it. Examples of the use

of tag-reader interrogation are radio frequency identification (RFID) [8],

and harmonic radar [9]–[11].

Wireless communications differ from wired communications in that the

signal is not confined to a closed medium. A wired connection, such as a

coaxial cable between a transmitter and a receiver will contain the sig-

nal within the cable and not interfere with the surrounding environment.

Wireless communications by their nature spread the signal around. This
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Figure 2.1. The electromagnetic spectrum with frequency f on top and corresponding
wavelength λ on the bottom. Radio waves and visible light have been high-
lighted in the spectrum.

means that all receivers can pick up the signal, whether it is desired or

not. Thus wireless communications can interfere with each other if the

signals are not somehow separated.

At the center of the wireless communications is the frequency spectrum.

Radio waves that are used for communication are a subset of electromag-

netic waves, with frequencies ranging from 3 kHz to 30 GHz. However, as

shown in Fig. 2.1, the entire electromagnetic spectrum consists of vari-

ous types of electromagnetic waves, such as visible light that our eyes can

detect.

Radio waves are further divided into frequencies for different applica-

tions. Wireless communications are frequency selective. For example, in

the common FM radio each station is assigned their own frequency. By

tuning the receiver to the frequency of the channel, it is able to isolate the

desired transmission without interference from the other stations.

Generally speaking, every wireless communication protocol requires its

own frequency band. In addition to the carrier frequency, any wireless

transmission requires a certain bandwidth around it. To encode any data

to an electromagnetic wave, it must be modulated. Modulation appears

as a change in frequency around the carrier frequency.

The maximum data rate at which the information can be transferred, or

the channel capacity C, was mathematically calculated by Claude Shan-

non in 1948 to be

C = BW log2 (1 + ρT) (2.1)

where BW is the signal bandwidth and ρT the signal-to-noise ratio (SNR)

[12], [13]. Although (2.1) defines a theoretical maximum, the relations

predicted by it are valid even for practical purposes. It illustrates the two

key parameters for high data rate communications: Wide bandwidth and

good signal-to-noise ratio.

Frequency is only one way to separate the transmissions. The signals
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could be separated in time, i.e. each transmitter is given their own time

slot to transmit in. They can also be separated in space, such as by using

directional antennas. Alternatively, the signals can be coded in such a way

that they can be separated by the signal processing in the receiver. This

spatial multiplexing enables MIMO, which is discussed in more detail in

Section 3.3.

2.2 Evolution of mobile communications

To justify research on handset antennas, one only needs to consider the

history of mobile communications. There have been significant changes

in the past decades. The most obvious being the large increase in the

number of mobile devices.

The use cases of mobile devices have also changed. In the beginning,

making calls was the only function of cell phones. Next, messaging was

enabled by short message service (SMS). The improvements in wireless

data communications have turned mobile phones into small portable com-

puters. In a way, phone is an outdated term. According to the data pro-

vided to Akamai by Ericsson, voice communications covers approximately

only 2 % of all mobile network traffic in 2017 [14]. Not only has the rela-

tive data traffic increased, absolute traffic has done so too. The network-

ing company Cisco provides annual forecasts on the amount of wireless

data traffic [15]. The trend is clear: The amount of wireless data increases

significantly and will continue to do so.

Because this work concerns physical hardware improvements in wire-

less devices, let us next consider this evolution from the technical stand-

point. The first device that resembled the modern mobile phones was the

Motorola DynaTAC, introduced in 1984. The first-generation communi-

cation systems were analog communications systems. These systems in-

clude the Nordic Mobile Telephone (NMT), operating first in the 450 MHz

band and later also in the 900 MHz band [16].

It was in the early 1990s, when GSM was deployed that the mobile com-

munications took a big leap forward. GSM operates in the 900 MHz band.

It uses Frequency-Division Duplexing (FDD), i.e. the communication from

the mobile device to the base station (uplink) uses a different frequency

band than the communication from the base station to the mobile phone

(downlink). The frequency allocated for downlink is 935–960 MHz and for

the uplink it is 890–915 MHz [16]. This meant that the wireless systems
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on the device (including the antenna) only needed to be able to operate on

the frequency band 890–960 MHz, meaning that they were single-band

devices.

However, similar to NMT, this single-band operation became insufficient

rather quickly. For instance the GSM 900 system became oversaturated

in larger cities. To combat this, Digital Cellular System (DCS) 1800 was

introduced. Originally referred to as city-GSM, the frequency band pro-

vided further capacity for the networks. This meant that the phones and

their antennas needed to support two frequency bands at once. In addi-

tion to the above 890–960 MHz, the device also had to operate at 1710–

1880 MHz [16]. These dual-band phones were advertised by their ability

to operate in both frequency bands.

The focus of GSM was on voice communication. Although the focus was

on telephony, data traffic was already included in GSM. The data rate

was in the order of tens of kilobits per second, which we can agree is quite

modest by modern standards. It was with the next generation of mobile

communications when we really started to see the transition to mobile

data. The third generation of mobile communications, commonly known

as 3G, increased the data rates from the previous generation. The capac-

ity of the network was improved by introducing new frequency bands for

the 3G networks to operate on. This also meant that the mobile devices

now needed to support more frequency bands. In addition to the dual-

band devices, tri-band or quad-band support also became relevant.

Phones also became more versatile during this generation. Once the

United States made GPS available to civilian use, the use of satellite

navigation became more prevalent. This meant that phones began to be

equipped with a GPS receiver and a GPS antenna operating at 1575 MHz.

WiFi was also becoming prevalent everywhere, thus requiring phones to

support the 2.4 GHz frequency band, and lately even the 5 GHz frequency

band.

The above development is written from European point of view. While

Finland and rest of the Europe were deploying their GSM networks, so

was the rest of the world. However, this deployment was far from stan-

dardized [16]. The frequencies allocated for GSM in Europe were already

in use in US and Canada, and therefore those countries chose to deploy

their networks on different frequencies. This meant that phone manu-

facturers needed to create country variants of their devices, and a phone

meant for one region would not necessarily operate in another.
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The current fourth-generation systems based on the LTE standard [17]

provided further improvements over the previous generation. MIMO be-

gan to be implemented in consumer devices at this stage. This genera-

tion also includes the introduction of carrier aggregation (CA) [17], which

enables the communication link to be formed across multiple carrier fre-

quencies to increase the data rate. In the case of inter-band CA, the device

needs to be able to operate on multiple frequency bands simultaneously.

As was briefly described in the introduction, the current industry focus

is on the 5th generation of the mobile communications. One important

aspect of 5G, although not a topic of this thesis, is the use of frequencies

above 6 GHz, including millimeter waves, for mobile communications [1].

As the initial 5G deployments are largely based on LTE, the “traditional”

frequencies should not be forgotten. Additional frequency allocations have

also been done in the 1.5 GHz and 3.4–3.6 GHz band [18], again increasing

the number of frequency bands to cover.

As we shall see in Chapter 3, it is not trivial to cover all these frequency

bands, especially not in a small device. Thus this evolution required im-

provements in antenna engineering. The moral of this story is that con-

sidering the previous trends, we need to be able to provide more versatile

antenna solutions. With the number of increasing frequency bands, we

need to come up with solutions that support these improvements.
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3. Antenna Fundamentals

This thesis concerns the analysis and design of electrically small anten-

nas, therefore discussing antenna fundamentals and definitions is rele-

vant. The IEEE Standard for Definitions of Terms for Antennas defines

an antenna as “that part of a transmitting or receiving system that is de-

signed to radiate or to receive electromagnetic waves” [19]. Electromag-

netic waves can propagate either in free space or inside a guided medium,

such as a cable. The antenna acts as an interface between these two me-

dia. It defines how the wave is transformed from guided to unguided, and

vice versa.

Electrically small antenna (ESA) refers to an antenna that is small com-

pared to the wavelength λ at the frequency at which the antenna operates.

The IEEE definition is “an antenna the dimensions of which are such that

it can be contained within a sphere the diameter of which is small com-

pared to a wavelength at the frequency of operation” [19]. There is how-

ever no exact definition of small. Wheeler developed the concept of the

radiansphere, which is an imaginary sphere with a radius of λ
2π around

an antenna. He defined a small antenna as “one which is much smaller

than the radiansphere” [20]. Fig. 3.1 illustrates an electrically small an-

tenna inside its radiansphere.

The study of limitations of electrically small antennas was quite active

starting in the 1940s, especially through the work of Chu [21], Harring-

ton [22], [23], and Wheeler [24], [25]. A well-known result from that work

is the Chu (or Chu-Harrington) limit, which states that the minimum

quality factor (Q-factor) Q of an antenna enclosed within a sphere of ra-

dius a and storing no energy inside the sphere, is

Q ≥ 1

k3a3
+

1

ka
(3.1)

where k = 2π
λ is the wave number and a is the radius of the sphere sur-

rounding the antenna. The Q-factor is an useful metric for describing
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λ
2π

Figure 3.1. The radiansphere around an electrically small antenna.

a resonator, including resonant antennas. It describes the ratio of stored

energy and dissipated (radiated) energy per cycle. It is relevant because it

is inversely proportional to the bandwidth – the smaller the quality factor

the larger the bandwidth.

The Chu limit is based on the assumption that the antenna stores no

energy within the sphere. This makes the mathematics easier, but the

assumption is not accurate for most practical antennas. The bounds for

the Q-factor of arbitrary shaped antennas has thus been a long-studied

topic among researchers, and various methods for evaluation the Q-factor

in differenct cases have been developed [26]. In practice, the quality fac-

tor is higher than what is predicted by the Chu limit. In any case, the

limit serves to demonstrate the point that the electrical size of an an-

tenna creates constraints on its performance. It states that an antenna

with a limited size has a limit on the maximum bandwidth it can have.

Next, let us consider the electromagnetic waves an antenna creates. The

fields surrounding an antenna can be categorized into three regions: the

reactive near field, the radiating near field (also known as the Fresnel

region), and the far field (Fraunhofer region) [6]. These three regions are

shown in Fig. 3.2.

The immediate region around an antenna is the reactive near field. En-

ergy is temporarily stored in the reactive near field. This energy is not

radiated, but instead oscillates between the electric and magnetic fields.

Electrically small antennas have strong reactive fields. For electrically

small antennas the reactive field is often approximated to extend to the

radiansphere.

The region after the reactive near field is the radiating near field. The

fields in this region will radiate, but the angular field distribution depends

on the distance from the antenna. Thus in the near field it is not possible

to define a distance-independent radiation pattern.

The outermost region of an antenna, the far field, is the region where the
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Figure 3.2. Different regions around an antenna: reactive and radiating near fields, and
the far field.

radiation pattern is independent from the distance. The far-field proper-

ties are also interesting in the sense that wireless communications gen-

erally occur in the far-field region. In the far-field region the spherical

waves generated by the antenna can be approximated as a plane wave, as

the curvature of the sphere becomes smaller further away from the an-

tenna. With adequate distances, the wavefront resembles that of a plane

wave.

There exist several conditions estimating the limit between these re-

gions [6]. Possibly the most commonly referred far-field distance is

rff =
2D2

ant

λ
(3.2)

where Dant is the largest dimension of the antenna [19]. This condition is

not necessarily adequate for small antennas, for which a common metric

is [6]

rff � λ. (3.3)

3.1 Antenna parameters

The beginning of this chapter discussed the fundamental properties of

antennas. In this section, we will consider the different parameters an

antenna can have and their effect on the antenna operation. This section

is divided into two parts: parameters describing an individual antenna

and parameters that describe the interaction between multiple antennas.
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3.1.1 Individual antennas

To describe individual antenna parameters, let us consider the case of

transmitting data through an antenna. For an antenna to be used for

transmitting information, it must be connected to the transmitter feeding

it. The first relevant aspect of a transmitting antenna is the antenna

impedance and the corresponding reflection coefficient Γ. The reflection

coefficient states how much power is reflected back from the interface due

to impedance mismatch. The process of fitting the antenna impedance

to the transceiver interface is referred to as impedance matching. The

reflection coefficient between two impedances is

Γ =
ZL − Z∗

S

ZL + Z∗
S

(3.4)

where ZL is the load impedance, ZS the source impedance, and (·)∗ is the

complex conjugate [27], [28]. The source impedance is generally 50 ohms

in radio systems, but it can be something else as well.

The case where ZL = Z∗
S is known as conjugate matching, and results in

zero reflection at the frequency where the conjugate match occurs. Match-

ing the impedance of an electrically small antenna across a wide band-

width is theoretically not possible. This can be shown for example by the

Bode-Fano criterion [29], [30], which states that there is a limit for the

maximum obtainable bandwidth for a specific impedance. Additionally, it

follows that completely eliminating the reflection is not possible across an

interval, but only at distinct frequency points. However, as was noted in

Chapter 2, point frequencies are not terribly useful for transmitting data,

some bandwidth is also required. Therefore a better approach is to define

an adequate matching target across the desired bandwidth. Matching cri-

teria of −10 or −6 dB are commonly used, which correspond to a reflected

power of 10 or 25 %, respectively.

Now, what the reflection coefficient states is how the incoming wave is

reflected at the impedance interface. If the transmitter provides some

power available Pava, the reflection coefficient states how much of the

power is reflected Prefl back to the transmitter and how much is accepted

Pacc by the antenna

Pacc = (1− |Γ|2)Pava = ηmPava (3.5)

where ηm = 1− |Γ|2 is the matching efficiency of the antenna.

Ideally, this power accepted by the antenna would then be radiated.

However, some of this power will be dissipated in the antenna structure.
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This ohmic loss will reduce the radiation efficiency ηrad of the antenna.

Thus, the radiated power Prad is

Prad = ηradPava (3.6)

The power that is not reflected or dissipated in the antenna will then be

radiated. An antenna does not radiate this power equally to all directions.

The directivity D of the antenna describes the radiation intensity U in a

specific direction compared to the average radiation intensity, i.e.

D(θ, φ) =
U(θ, φ)

1
4π

∫∫
4π U(θ, φ)dΩ

(3.7)

Directivity is given either as a function of direction or as a single value.

In the latter case, the value refers to the maximum of the directivity.

Being a passive device, an antenna cannot generate power. An amplifier

can have a gain value larger than one, as it generates power by converting

the supply power to the signal power. An antenna, however, can only redi-

rect the power available to it. If antenna directs power to some direction,

it must take it from another. Thus directivity has no effect on the total

power radiated but only on the directions it is focused.

Directivity and radiation efficiency can be multiplied together. The gain

G of an antenna is

G = ηradD (3.8)

which is a commonly used metric as it is easy to measure. Furthermore,

if the effect of impedance matching is to be included realized gain GR can

be defined by multiplying gain with the matching efficiency

GR = ηmG = ηtotD. (3.9)

Due to reciprocity, all this applies to reception as well. In reception, an

antenna will pick up incoming waves according to its directivity and lose

some power because of the radiation efficiency. The matching efficiency

at the receiver defines how much of the incoming power will finally end

up at the receiver load. Fig. 3.3 summarizes the parameters mentioned in

this section.

3.1.2 Interacting antennas

The previous section concerned the parameters used to characterize an in-

dividual antenna. In this section, we consider parameters that define how

multiple antennas interact. These are especially important for MIMO sys-

tems, and also for the antenna cluster concept presented in this work.
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PaccPava Prad

4πU

ηm ηrad

GR
G

D
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Available power Pava

Accepted power Pacc

Radiated power Prad

Radiation intensity U

Matching efficiency ηm
Radiation efficiency ηrad
Total efficiency ηtot

Realized gain GR

Gain G
Directivity D

Figure 3.3. The various antenna parameters and their relation to each other. The dia-
gram should be interpreted as such that the quantity from which the arrow
starts is multiplied by the quantity midway of the arrow to get the quantity
to which the arrow points, i.e. X

a→ Y is equivalent to Y = aX. Adapted
from [19].

The two parameters describing nearby interacting antennas are cou-

pling and correlation. Coupling describes how power fed to one antenna

is received by another. The inverse of coupling is isolation. The two de-

scribe the same phenomenon but from different perspective.

A helpful tool for characterizing systems consisting of multiple antennas

is the scattering matrix S. It determines how the incident waves a that

are fed to the antenna ports are reflected back to the ports, i.e.

b =

⎡
⎢⎢⎢⎣
b1
...

bN

⎤
⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎣
S11 · · · S1N

... . . . ...

SN1 · · · SNN

⎤
⎥⎥⎥⎦
⎡
⎢⎢⎢⎣
a1
...

aN

⎤
⎥⎥⎥⎦ = Sa (3.10)

where b is the reflected wave vector and Sij are the scattering parameters

of the antenna [31]. Matrix elements Sii represent the reflection coeffi-

cients, and Sij the coupling between two antennas when i �= j. Due to

reciprocity, elements Sij can be assumed to be equal to Sji for scattering

matrices describing an antenna.

Correlation means how similar the radiation patterns of two antennas

are. The complex correlation coefficient ρ between antennas i and j can

be calculated either from the far-field patterns or from the scattering pa-

rameters to be

ρij =

∫∫
4π Fi · F ∗

j dΩ√∫∫
4π Fi · F ∗

i dΩ
∫∫

4π Fj · F ∗
j dΩ

=
−∑N

n=1 SniS
∗
nj√

ηiηj
(3.11)

where Fi is the far-field pattern and ηi the total efficiency of the ith an-

tenna [32]. Note that the scattering parameter expression in (3.11) is

only valid for lossless antennas. Losses can be considered by following

the method in [32].
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The complex correlation coefficient relates to the envelope correlation

coefficient (ECC), a commonly used metric for evaluating multiantenna

systems. The ECC can be calculated from the complex correlation coeffi-

cient by [33]

ρe,ij ≈ |ρij |2. (3.12)

The above parameters are relevant for antennas close to each other, e.g.,

in the same device. However, a different approach should be used if the

antennas are far away from each other, i.e. a transmitting and a receiving

antenna. In this case, the power transmitted from one antenna to another

can be estimated by the Friis transmission equation.

The Friis transmission equation states that the power received by a re-

ceiving antenna of a communication link is

Pr = GtGr

(
λ

4πr

)2

Pt (3.13)

where Gt and Gr are the gains of the transmitter and receiver antennas,

r the distance between antennas, and Pt the accepted power of the trans-

mitter antenna. The assumption in the equation is that the antennas are

in the far-field regions of each other, there are no obstacles in the prop-

agation environment, and that both antennas have identical and aligned

polarizations [6].

3.2 Antenna modelling

Several tools, both theoretical and experimental, have been developed to

model and characterize antennas. This section contains a brief description

of methods that can be used to study antennas, focusing on those that

have been used in this work.

3.2.1 Electromagnetic simulations

Although it is possible to analytically calculate the operation of some es-

pecially simple antennas, practical antenna structures require numeri-

cal computation methods. Computational electromagnetics is a field that

deals with the challenge of analyzing electromagnetic structures, e.g., an-

tennas. The basic principle is the numerical solving of Maxwell’s equa-

tions.

The electromagnetic simulations presented in this thesis have been per-

formed with CST Studio Suite, a commercial full-wave electromagnetic
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simulator. The simulator uses the Finite-Difference Time Domain (FDTD)

method, which is used in all the simulations in this work. The advan-

tage of this method is that it can simulate a broad frequency range in

one simulation run. Additionally, the rectangular antenna structures are

well suitable for the computational grid the simulation method uses. The

fundamental idea for the method was presented already in 1966 [34], al-

though the computing power of the time was not adequate for meaningful

problems.

3.2.2 Circuit models

In addition to the electromagnetic characterization of the antenna, the

antenna should be considered a part of an electrical system. The interac-

tion between the antenna and the transmitter or receiver will in the end

determine the overall operation of the wireless system. The simplest way

to model an antenna is a series connection of two resistors describing the

radiation and loss resistances, in addition to a reactance. A receiving an-

tenna includes the voltage source, to describe the power received by the

antenna. Publications [I] and [V] both involve the use of circuit models.

Alternatively, circuit models can be used to provide a simplified analysis

on the antenna when compared to electromagnetic simulations. For exam-

ple, instead of arbitrary impedances a complex equivalent circuit can be

used as a tool to understand antenna behavior. Resonator circuits, for ex-

ample, can be used to describe resonant antennas. Equivalent circuits for

antennas were used, e.g., to analyze the operation of Capacitive Coupling

Elements (CCE) and the ground plane [35], [36].

3.3 MIMO performance

MIMO techniques are a method of spatial multiplexing for improving

the spectral efficiency of a wireless communication. Multiple signals are

transmitted using the same carrier frequency and at the same time, but

the multiplexing occurs via the different spatial propagation paths of the

signals. This requires multipath propagation, i.e. the signal must reach

the receiver indirectly, through several reflections. Because the spatial

signature of each signal is different, the receiver is able to separate them.

In theory, the capacity of a M×M MIMO channel (consisting of M trans-

mit and receive antennas) can be M times that of a single-input single-
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output (SISO) channel. Assuming that the transmitter does not know the

channel, the instantaneous capacity C of a M ×M MIMO channel is

C = log2 det
(
IM +

ρT
M

HHH
)

(3.14)

where IM is a M -by-M identity matrix, ρT is the signal-to-noise ratio

(SNR), H is the channel matrix and (·)H is the conjugate transpose. Across

a large number of iterations (in the order of 10 000), the average of the

instantaneous capacities converges to the ergodic capacity. This result

assumes that there exists independent Rayleigh fading among the anten-

nas, i.e. the MIMO channel H is uncorrelated. In practice the channel is

not uncorrelated, reducing the capacity of the system [37].

The channel can become correlated either because of the propagation

channel or because of the correlating patterns of the antennas. In this

work, we assume an infinitely rich Rayleigh fading channel as the prop-

agation environment, to provide a neutral comparison between different

designs. This is a common assumption in many MIMO antenna design

publications [38]–[40].

The effect of the receive and transmit antennas can be separated from

H using the Kronecker model which states that [41]

H = R1/2
r HwR

1/2
t (3.15)

where Rr and Rt are the receiver and transmitter antenna correlation

matrices. Assuming the aforementioned Rayleigh fading, the elements

of Hw are independent and identically distributed (i.i.d.) variables, i.e.

zero-mean circularly symmetric complex Gaussian random variables.

In the work presented in [IV], the focus is on evaluating the mobile an-

tenna performance. In addition to assuming an uncorrelated channel, an

ideal base station antenna is assumed. Thus in (3.15), we can denote the

device to be evaluated as the receiver antenna Rr, and the base station

antenna is denoted as an ideal transmitter antenna Rt = IM . The reduc-

tion in ideal MIMO capacity is then all confined to one parameter, Rr.

Nonideal operation of the antenna affects Rr in two ways: By making

the channel correlated and by reducing the available signal-to-noise ra-

tio. The overall effect of the receiving antenna on the channel can be

separated into two components

Rr = Λ1/2R̄rΛ
1/2 (3.16)

where

Λ = diag
[
η1 η2 · · · ηM

]
(3.17)
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where ηi is the total efficiency of the ith antenna and R̄r is the normalized

correlation matrix

R̄r =

⎡
⎢⎢⎢⎢⎢⎢⎣

1 ρ12 · · · ρ1M

ρ21 1 · · · ρ2M
...

... . . . ...

ρM1 ρM2 · · · 1

⎤
⎥⎥⎥⎥⎥⎥⎦ (3.18)

in which the elements on the main diagonal equal one (an antenna is

entirely correlated with itself) and ρij are the complex correlation coeffi-

cients between two distinct antennas [42].

In MIMO antenna design, two goals hold: The antennas should be as

efficient as possible, and their radiation patterns should not be correlated.

These are not competing metrics, generally improving one will improve

the other. It is instead the size of the antenna that limits the obtainable

performance.

3.4 Antenna measurements

This section briefly discussed the measurements of antennas, mainly in

the context of this work. Antenna measurements can be divided into two

categories: network measurements and radiation measurements.

The scattering parameter measurement is the simplest antenna mea-

surement. It is performed with a vector network analyzer (VNA) by con-

necting the antenna feed ports to the VNA. The VNA then measures the

scattering matrix for the antenna. Because the scattering parameters

evaluate the antenna from the network perspective, they cannot be used

to evaluate the radiation performance of the antenna. Instead, the radia-

tion properties of the antenna must be evaluated by measuring the fields

generated by the antenna. The characterization of antenna patterns is ex-

tensively discussed in the corresponding IEEE standard [43], but is briefly

described here.

As was mentioned in the beginning of this chapter, when referring to the

radiation pattern, the far-field radiation pattern is meant. However, the

pattern can also be measured in the near field and the far-field pattern be

calculated from the near-field data. Reaching the far-field distance would

require the measurement device to be much larger, and this approach

enables the far-field distance to be circumvented.

The spherical measurement is the most extensive form of radiation pat-

tern measurement. In the measurement, both polarizations of the an-
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tenna are measured from all directions. Although time-consuming and

requiring specialized equipment, it fully characterizes the radiation prop-

erties of an antenna. In this work, a measurement chamber provided by

MVG (formerly SATIMO) is used.

The analysis of results in both [III] and [IV] involve the use of spherical

radiation pattern measurements. In [III] only radiation pattern cuts are

measured.
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4. Intermodulation Measurement
Technique

This chapter describes the intermodulation measurement technique, which

can be used to characterize devices with nonlinear load impedance. The

method is one of the main contributions of this thesis, and is presented

in [I]. The purpose of the method is to characterize the realized gain of

a transponder antenna. The main advantage is that the antenna under

test (AUT) can be characterized while it is already connected to the actual

load.

The technique works by illuminating the AUT with two closely located

frequency tones f1 and f2. Because of the nonlinear properties of the

antenna load, the two tones will mix and generate new frequencies, most

importantly frequencies 2f2 − f1 and 2f1 − f2.

The method proposed here is not entirely new. This work is based on

a previously published paper [44], where the method was used to charac-

terize the normalized radiation pattern of an RFID transponder. Where

this work improves on [44] is that we model the absolute intermodula-

tion response of the nonlinear component and study the use of different

measurement geometries.

4.1 Harmonic transponders

Instead of RFID, the work focuses on measuring harmonic transponders.

This research topic is motivated by the earlier works of the research group

concerning the design of harmonic transponders [45]–[48]. Harmonic trans-

ponders are passive devices that can be used to locate targets. They are

used as part of harmonic radar, a radar that transmits one frequency and

measures another. This principle is illustrated in Fig. 4.1. The princi-

ple of operation is that the radar transmits a fundamental tone f0. Upon

receiving this tone, the transponder generates a response at the second
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Figure 4.1. The operation principle of a harmonic transponder.

harmonic frequency 2f0 (hence the name), which the radar then detects.

The advantage of harmonic radar is that it is immune to clutter from

the environment. A traditional radar would detect reflections from many

targets, whereas the harmonic radar only detects targets generating the

second harmonic. This makes it useful for applications such as tracking

insects [10], [49]–[53] and small amphibians [54], or detecting avalanche

victims buried under snow [55].

Harmonic transponders have several characteristics that make them

unsuitable for traditional measurement methods described in Chapter 3.

These include complex impedance, which is not directly suitable to the

50-ohm measurement systems, small antenna size, causing the currents

flowing on the measurement cable to affect the result, and chip connected

directly to the antenna, preventing measurement cables from being con-

nected.

Alternative measurement techniques would therefore be preferred. Sev-

eral contactless measurement techniques have been studied [56], [57].

Such methods have been developed for antenna gain [58] and impedance

[59], [60]. The problem with these presented approaches in transponder

characterization is that they require that the antenna is terminated with

different known loads, and the scattering from the antenna is measured

with each load. This is not preferable, as we would like to measure the

transponder after fabrication, i.e. with the chip connected to the antenna.

4.2 Nonlinearity and intermodulation

Both the intermodulation measurement technique and harmonic transpon-

ders are based on the properties of nonlinearity. A key characteristic of

nonlinearity is that a nonlinear element modifies the frequency spectrum

of signals passing through it. In fact, nonlinearity is necessary for sig-

36



Intermodulation Measurement Technique

Input Output

f

⇒

f

(a)

f

⇒

f

(b)

Figure 4.2. (a) Harmonic and (b) intermodulation distortion generated by single-tone and
two-tone inputs, respectively.

nal generation and detection [61] and it is a key property in oscillators

and mixers [31]. More specific use cases are various passive wireless sen-

sors [62]–[67]. Harmonic and intermodulation distortion has also been

used to augment RFID tags by providing localization capabilities [68], [69]

or to harvest energy for sensing purposes [70], [71]. However, in many

cases nonlinearity can also be a problem. Nonlinearity of amplifiers can

reduce the obtainable gain [31], and also generate unwanted frequencies,

thus degrading the signal-to-noise ratio of the device.

Fig. 4.2 illustrates harmonic and intermodulation distortion. The term

distortion describes behavior that distorts the original waveform. This

means that the output signal is not a pure sinusoid anymore, but rather

contains several frequency components. Harmonic distortion generates

harmonic multiples of the fundamental frequency f0, i.e. mf0, where m is

a positive integer. Intermodulation distortion, on the other hand, gener-

ates frequencies ±mf1 ± nf2.

Nonlinearity will generate an infinite number of frequency components.

However, as the order of the component increases, the magnitude of the

harmonic component typically decreases. Thus it is often adequate to ap-

proximate the response with a limited number of components. A common

approach is the small-signal approximation, in which the response of a

nonlinear circuit is approximated around a specific bias voltage (operating

point). As the name suggests, the model is valid for signals that change a

small amount from the operating point. The required number of compo-
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Figure 4.3. The intermodulation measurement [72] © 2016 IEEE.
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Figure 4.4. The equivalent circuit for the harmonic transponder, including both the an-
tenna and the diode [I] © 2015 IEEE.

nents depends on the phenomenon being modeled, and for the purposes

of [I] including components up to third order is needed.

4.3 Intermodulation response

The intermodulation measurement technique is based on measuring the

intermodulation response of the AUT, and computing the antenna prop-

erties by comparing the measured response to the model. The modeling

involves two parts: the properties of the measurement setup, including

the propagation environment, and the properties of the load connected to

the AUT. Fig. 4.3 depicts the intermodulation measurement principle.

The antenna is modeled as a voltage source, a resistance, and a reac-

tance, as was discussed in Chapter 3. The diode is modeled using its

small-signal model provided by the manufacturer [73]. Combined, they

result in a circuit model shown in Fig. 4.4.

This circuit model is then used to calculate the intermodulation re-

sponse of the transponder, i.e. the relation between the input power Pin at

the intermodulation frequencies and the output power Pout,IM at the fun-

damental frequencies. This can be done using standard circuit analysis.
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The input power Pin generates a voltage Vg across the antenna equal to

Vg = 2
√
2RaPin(sin(ω1t) + sin(ω2t)). (4.1)

where Ra equals the antenna radiation resistance and ω are the angular

frequencies. This can be used to calculate the voltage across the diode

junction Vj

Vj =
Zj

Rs + Zj

Z ′
d

Z ′
a + Z ′

d

Vg (4.2)

where Z ′
d =

(
jωCp + (Rs + Zj)

−1
)−1, Z ′

a = Ra+jXa+jωLs, and Zj = (1/Rj+

jωCj0)
−1. The junction current Ij of a diode has a nonlinear dependency

on the junction voltage. The junction current is [45]

Ij(Vj) = Is(e
αVj − 1) +

d

dt

{
ΦCj0

1− γ

(
1− Vj

Φ

)−γ+1
}

(4.3)

where Is is the saturation current, α = q/nkT where q is the elementary

charge, n is an ideality factor, k is the Boltzmann constant and T is the

absolute temperature, Cj0 is the junction capacitance under zero bias, γ is

a profile parameter, and Φ is the junction potential.

This nonlinear dependency is then modeled using the small-signal model.

The inductor parallel with the diode shorts the dc path, ensuring a zero

bias around which a Taylor series can be formed.

Ij(Vj) ≈ Vj

Rj
+ Cj0

d

dt
{Vj}+

αV 2
j

2Rj
+

Cj0γ

2Φ

d

dt
{V 2

j }

+
α2

6Rj
V 3
j +

Cj0γ(γ + 1)

6Φ2

d

dt
{V 3

j }︸ ︷︷ ︸
terms resulting in the desired frequencies

(4.4)

where Rj = 1/αIs is the junction resistance of the diode. The third-

order terms generate the intermodulation response. The current calcu-

lated from (4.4) is then added to the circuit as a parallel current source,

as shown in Fig. 4.4.

Knowing the generated current at the intermodulation frequency, the

radiated output power can be calculated

Pout,IM =
1

2
Ra|Ia,IM|2

=4

∣∣∣∣α2

Rj
− j

ωCj0γ(γ + 1)

Φ2

∣∣∣∣2
∣∣∣∣ Zj

Rs + Zj

∣∣∣∣8
∣∣∣∣ Z ′

d

Z ′
a + Z ′

d

∣∣∣∣8R4
aP

3
in

=
1

64R4
d

∣∣∣∣α2

Rj
− j

ωCj0γ(γ + 1)

Φ2

∣∣∣∣2
∣∣∣∣ Zj

Rs + Zj
Z ′
d

∣∣∣∣8 · (1− |S11|2)4P 3
in

=EIM(1− |S11|2)4P 3
in (4.5)
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where Rd is the diode resistance, Z ′
d is the diode impedance, and |S11| is

the magnitude of the reflection coefficient between the transponder an-

tenna and the transponder load.

In (4.5), all properties of the nonlinear element have been collected un-

der one parameter EIM, which describes the intermodulation response

generated by the input power. This parameter can be calculated for any

circuit and the following analysis can be applied as long as EIM is known.

Including also the propagation to and from the measurement antennas,

the total received intermodulation response Pr,IM is

Pr,IM = P 3
t

G3
tGr

r6t r
2
r

(
λ

4π

)8

︸ ︷︷ ︸
measurement setup

G4
tag(1− |S11|2)4︸ ︷︷ ︸

realized gain of antenna

EIM︸︷︷︸
mixing
element

(4.6)

where Pt is the transmitter input power, Gt is the transmitter gain (in-

cluding amplifier, cables, and transmitter antenna), Gr is the receiver

gain, rt and rr are the AUT distances from the transmitter and the re-

ceiver, and Gtag is the transponder antenna gain.

4.4 Measurements

The input tones are generated with two signal generators and the inter-

modulation response is detected with a spectrum analyzer. Horn anten-

nas are used for both transmission and reception because of their wide

bandwidth and high gain. Fig. 4.5 illustrates the measurement setup,

which is built in an anechoic chamber to prevent significant multipath

propagation and to avoid interference.

The most significant challenge with this measurement technique is the

limited dynamic range. Because the model used in (4.6) assumes far-field

propagation, the distance between the measurement antennas and the

AUT must be large enough, as discussed in Chapter 3. With the used

measurement antennas, the distance is at minimum 1.5 m, which reduces

the available dynamic range as the received power reduces with increased

propagation distance. This effect is increased by the matter of the inter-

modulation response being proportional to the third power of the input

power.

Fig. 4.6 illustrates the simulated and measured intermodulation response.

Two different input power levels are shown to illustrate the two aspects

limiting the dynamic range. The obvious one is the noise floor of the re-

ceiver. If the input power is too low, the intermodulation response cannot
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Figure 4.5. The measurement setup for performing the intermodulation measurements
[I] © 2015 IEEE.
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Figure 4.6. Simulated and measured intermodulation response with two different input
power levels. [I] © 2015 IEEE.

be detected. In the other direction, the input power cannot be infinitely

large. The model used in this work assumes small-signal operation, which

means that if the input power is large the diode will operate further away

from the operating point assumed in the model, reducing the accuracy

of the model. Higher order terms could be included in the model to im-

prove accuray. This reduction in accuracy can be seen in Fig. 4.6, where

the maximum response at 1 GHz with −5 dBm input power shifts to lower

frequencies from the analytically predicted value. The result also shows

that the resonance is shifted downwards at 1 GHz and upwards at 2 GHz.

Measuring only the harmonic response would not enable the two frequen-

cies to be analyzed separately [45].

Once the model and the response are known, one can calculate the real-

ized gain from (4.6). In the case of the bistatic geometry adapted in this

work, the mathematics becomes somewhat more complicated. Because

the intermodulation response depends on the AUT gain at two different

angles. Rewriting (4.6) as a function of the realized gain of the transpon-

41



Intermodulation Measurement Technique

der, assuming a separation of θΔ gives us

G(θ)3G(θ + θΔ) =

(
4π

λ

)8 r6t r
2
r

G3
tGrEIMP 3

t

Pr(θT) (4.7)

where

G(θ)3G(θ + θΔ) = G4
tag(1− |S11|2)4. (4.8)

To enable the use of linear algebra in solving the gain, (4.7) is converted

to decibel scale and the measurement space is discretized. Equation (4.7)

at position i then becomes

3Gi +Gi+Δ = A+ Pr,i (4.9)

where

A = 10 log10

((
4π

λ

)8 r6t r
2
r

G3
tGrEIMP 3

t

)
. (4.10)

Finally, forming a matrix from (4.9) at all measurement points enables us

to calculate the gain from⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

G1

G2

...

Gn−1

Gn

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

3 · · · 1 · · · 0

0 3 · · · 1
...

. . . . . . . . . . . . . . .
... 1

. . . 3 0

0 · · · 1 · · · 3

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

−1 ⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

A+ Pr,1

A+ Pr,2

...

A+ Pr,n−1

A+ Pr,n

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(4.11)

where Gi and Pr,1 refer to the n different measurement points. For exam-

ple, with 5-degree spacing G1 corresponds to G(0◦), G2 to G(5◦), and so

on.

Fig. 4.7 shows the pattern of the AUT measured in this work. The simu-

lated and measured patterns are in good agreement. The result illustrates

one peculiar feature of the bistatic measurement configuration, namely

the effect of the low signal-to-noise ratio in the nulls projecting to the an-

gles corresponding to the measurement antenna separation.

The results show that the methods presented in [I] give reliable results

when used to characterize harmonic transponders, suggesting the validity

of the analytical model and the measurement technique.
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Figure 4.7. Simulated and measured realized gain in the E and H-planes
[I] © 2015 IEEE.
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5. Frequency Reconfigurable Antenna
Cluster

This chapter is an overview of the frequency reconfigurable antenna clus-

ter, which is the main scientific contribution of this thesis. Publications [II]–

[V] concern this topic. The basic idea is to feed multiple closely spaced

antenna elements in specific ways to modify the operation of the antenna.

Section 5.1 contains a brief overview of reconfigurable antennas. Next,

the concept is explained in Section 5.2 and Section 5.3 describes the the-

ory and relevant figures of merit used to analyze and evaluate the opera-

tion of an antenna cluster. Section 5.4 describes the antenna prototypes

produced during this work and Section 6 discusses the antenna cluster

concept from the integrated transceiver perspective.

5.1 Reconfigurable antennas

Reconfigurable antenna refers, as the name suggests, to an antenna whose

operation can be somehow modified. It is “an antenna capable of changing

its performance characteristics (resonant frequency, radiation pattern,

polarization, etc.) by mechanically or electrically changing its architec-

ture” [19]. It is used somewhat interchangeably with tunable antenna,

especially in the context of modifying the resonant frequency.

Antenna reconfigurability is a long-studied topic and can be applied to

various antenna parameters. A common target of reconfigurability is the

radiation pattern. In a way, beam-steerable antenna arrays fall under this

category, although the antenna elements themselves are not reconfigured

in any way. Common examples of radiation pattern reconfigurability are

the use of switches for beam steering [74] or for switching between differ-

ent polarizations of the antenna [75], [76]. There also exist more exotic

approaches, such as liquid metal that is moved to reconfigure antenna

operation [77].
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Another option of antenna reconfigurability is the changing of the op-

erating frequency, i.e. tuning, which is also the focus of this work. Fre-

quency reconfigurability is especially interesting in mobile devices, where

reaching wide bandwidths is challenging for reasons outlined in Chap-

ter 3. Despite the large number of frequency bands in modern commu-

nication systems, a mobile device does not need to operate on all of them

simultaneously. The inclusion of carrier aggregation (CA) in cellular com-

munications challenges this assumption somewhat, as the antenna can-

not just ignore all but one band. Therefore CA has essentially obsoleted

some narrowband tuning approaches, such as the ones in [78], [79].

A common approach for realizing reconfigurability include the use of

switches in various parts of the antenna. The switches can be realized us-

ing p-i-n diodes or other semiconductor switches [80]–[82]. The basic prin-

ciple is to open or short certain current paths, thus modifying the overall

route seen by the antenna currents. Pixel antennas are one approach,

where the antenna consists of multiple square metal “pixels”, separated

by diodes [81], [83]. Drastically different paths can be created with this

approach but the insertion loss of the diodes is the limiting factor here.

With the prevalence of impedance matching circuits in antennas in the

capacitive coupling circuit era, an obvious approach was the use of tun-

able circuit elements. Digitally tunable capacitors (DTC) or microelec-

tromechanical systems (MEMS) have been used to realize tunable cir-

cuit elements [78], [84], [85]. The problems with these approaches are

the losses of the components and the narrow bandwidth of the resulting

matching circuit. Alternative approaches include switching between mul-

tiple matching circuit networks [86].

In this work, the reconfigurability is not realized by tuning something

within the antenna, but rather by modifying the waves fed to it. Some

similar ideas have been presented in the literature. There exists a patent

describing a multifeed antenna where the operating frequency is tuned

by weighting the two feeds of the antenna [87]. Weighting of character-

istic modes has been suggested for improving bandwidth [88]. The idea

of cancelling reflections of an antenna has been explored with the concept

of injection matching [89]. The use of phased arrays has been considered

for reducing the Specific Absorption Rate (SAR) of a phone [90], [91] or to

reduce the hand effect of the user [92].

When discussing radio systems with tunable operation, the concept of

software-defined radio (SDR) [93], [94] is relevant. The ultimate goal of
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SDR is to replace all the analog RF components with software. Although

the concept creeps closer and closer to the antenna, the antenna itself

cannot be replaced by software. However, the principles and goals of SDR

are still relevant. After all, if every component in the RF chain can be

tuned via software, having the antenna limit the tunability is not really

ideal. The antenna should either be wideband enough to cover the entire

operating range of the SDR, or the SDR should be able to modify the an-

tenna properties as well. This is one of the goals of the antenna cluster

concept presented in this thesis. Because the reconfigurability is created

by the transceiver, the antenna concept presented in this work could be

considered software-driven.

5.2 The antenna cluster concept

The starting point of this research work was whether multiple antennas

in close proximity can be made to interact in a beneficial way. In the pre-

vious chapter, the purpose was to exploit the intermodulation distortion

to our benefit. In this method, the idea is to benefit from coupling. Con-

tinuing on this theme, the work in this thesis works on the assumption of

taking something undesirable, and using it in a beneficial way.

Fig. 5.1 illustrates the basic principle of an antenna cluster. Consider

a system of two antennas. When power is fed to an antenna, part of the

power is reflected back to the transmitter because of impedance mismatch

and some dissipates as heat in the antenna structure itself. The remain-

ing power is radiated to the space around the antenna. Some of the radi-

ated power is captured by the second antenna, and because the antennas

are on the same device, essentially wasted.

If both antennas are fed simultaneously, as in Fig. 5.1(c), the same hap-

pens but this time the radiated wave, and the waves entering the two

transmitters are the superposition of the two waves. This means that

depending on the phase the waves are relative to each other, they can in-

terfere either constructively or destructively. If the antennas are designed

in a specific way, and the two waves weighted accordingly, both returning

waves should cancel each other and the radiated power is maximized.

The same idea can be extended to multiple antennas. In the next section

we will take a closer look at the mathematical modeling of this concept,

including characterizing the efficiency of the multiantenna system and

finding the optimal excitation that realizes that efficiency.
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(a)

(b)

(c)

(d)

Figure 5.1. (a) An antenna is fed power. Some of it reflects back due to impedance mis-
match, and the remaining power is radiated. (b) Another antenna is intro-
duced to the vicinity of the radiating antenna. The radiated power is now also
reduced by the power coupling to the other antenna. (c) When both antennas
are transmitting, the radiated, reflected, and coupled power are the superpo-
sition of both antennas. (d) By adjusting the two transmitted waves relative
to each other (in amplitude and phase), the end result of the superposition
can be modified to improve the radiated power.
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5.3 Performance modeling

With the basic principle understood, the next question is how to model

the antenna and how to determine the weights to obtain desired opera-

tion. The definition of reflection coefficient was presented in Section 3.1.1.

However, the assumption was that the antenna is fed only from one port.

When the system is fed from multiple ports, the individual scattering pa-

rameters cannot be used to evaluate the reflection coefficient. Instead,

the Active Reflection Coefficient (ARC) should be used when the system

is fed with excitations from multiple ports. ARC can be defined as the

ratio of backward and forward signals in the port. It is commonly used to

evaluate antenna arrays, where the reflected power for a single element

differs from the fully excited array [95].

Using (3.10), ARC Γi in port i is

Γi =
bi
ai

=
1

ai
(Si1a1 + Si2a2 + . . .+ SiNaN ) . (5.1)

The ARC depends not only on the antenna parameters, but also on the

excitation. Thus by changing the excitations ai, the reflection coefficient

at each port can be modified. Because the incoming power from other

ports can exceed the input power of the port, ARC can be larger than one.

However, instead of looking at each port separately, it is better to eval-

uate the performance of the entire antenna system. The total reflected

power Prefl is obtained as the sum of squares of reflected waves bi divided

with the total amount of power contained in the incident waves ai, i.e.

Prefl

Pava
=

bHb

aHa
. (5.2)

Because b = Sa, the expression becomes

Prefl

Pava
=

aH
(
SHS

)
a

aHa
. (5.3)

To obtain an useful figure of merit describing the total reflections in a

multiantenna system, the Total Active Reflection Coefficient (TARC) can

be defined as the square root of the ratio of the total reflected and incident

power [96]

TARC =

√
bHb

aHa
=

√
aH (SHS)a

aHa
(5.4)

Similar to the individual ARCs, the TARC depends on the relative phases

and amplitudes of the excitations.

The antenna performance can also be evaluated by accepted power. In-

stead of TARC, we can thus denote the performance using matching effi-
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ciency

ηm = 1− TARC2 =
aH
(
I− SHS

)
a

aHa
(5.5)

where I is the identity matrix.

We can further define a matrix D

D = I− SHS (5.6)

which has been referred to in the literature as the radiation matrix D [97]

or the dissipation matrix [98]. Because the scattering parameters and the

far-field properties of an antenna are related [32], the elements of the

radiation matrix Di,j can also be calculated from the radiation patterns of

the antenna elements

Di,j =
1

4π

∫∫
4π

Fi · F ∗
j dΩ (5.7)

where Fi is the field pattern of the ith antenna. Fi is normalized in such

a way that |Fi|2 equals the realized gain and Di,i the total efficiency of the

ith antenna [32], [99].

Equations (5.3)–(5.7) are in the form of a Rayleigh quotient [100]

xHMx

xHx
. (5.8)

This quotient has a property that its largest value is equal to the largest

eigenvalue of M, assuming M is hermitian. This maximum value is ob-

tained when x is the eigenvector corresponding to that eigenvalue [97].

Therefore the maximum obtainable matching efficiency for an antenna

cluster with radiation matrix D is

ηmax = max {eig (D)} . (5.9)

where max refers to taking the maximum value, and eig is an operator

retrieving the eigenvalues. Because D changes as a function of frequency,

the eigenvectors (and the equivalent feed coefficients) also vary with fre-

quency. Thus, by modifying the weights, the operation of the cluster can

be tuned.

The above holds true for a system containing only a single antenna

cluster. In the case of multiple clusters with meaningful coupling among

them, the effect of inter-cluster coupling must be considered. The radia-

tion matrix calculated from the field patterns, i.e. (5.7), already considers

the effect of all sources of loss and it can thus be used for this purpose.

In the case of the radiation matrix calculated from the scattering matrix,

the scattering parameters of the other clusters should be included. When
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Figure 5.2. The proof of concept monopole cluster [II] © 2016 IEEE.

evaluating the performance of a single cluster, we want only it to be ex-

cited. Excitations of the other clusters can be ignored by removing the

corresponding columns from the scattering matrix. E.g., consider a sys-

tem of four antennas of which two would be used to produce the cluster.

The scattering matrix for evaluation would be

b =

⎡
⎢⎢⎢⎢⎢⎣
b1

b2

b3

b4

⎤
⎥⎥⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎢⎢⎣
S11 S12

S21 S22

S31 S32

S41 S42

⎤
⎥⎥⎥⎥⎥⎦
⎡
⎣a1
a2

⎤
⎦ = Sa. (5.10)

In this case, the power transferred to all the antenna ports is considered,

but only the two antennas are chosen as possible excitations.

5.4 Antenna design

Once the system can be characterized, the next question is how to design

an antenna that can actually benefit from the multiport operation. The

methods in the previous section explain how to calculate and characterize

the system: the maximum eigenvalue of D = I−SHS should be as close to

one as possible. However, it does not answer the question of how to realize

an antenna that fulfills this requirement. If the antenna properties are

not suitable, no weighting can compensate for it. The following sections

describe the published antenna designs produced during this work. The

order is chronological, with each design being a developed version of the

previous.

5.4.1 Monopole cluster

The first introduced design was based on monopole antennas and it was

presented in [II] and further investigated in [101] The design is shown
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Figure 5.3. Individual reflection coefficients and TARC for the monopole cluster
[II] © 2016 IEEE.

in Fig. 5.2. The antenna could be easily parametrized, and be used to

test the effect of changing the antenna length and spacing. Although the

design was never fabricated, it was intended to be easy to manufacture.

Fig. 5.3 shows the reflection coefficients of each antenna element, and

the TARC of the entire cluster. TARC in the case of an uniform excitation

(ai = 1) is shown as well, to illustrate the importance of properly weighted

excitation.

It should be noted that the TARC curve shown in the figures is the mini-

mum obtainable TARC at each frequency point, instead of a wideband re-

sult. The weighting coefficients have been optimized separately for each

frequency point to illustrate the available bandwidth. Fig. 5.4 shows sev-

eral TARC curves for different optimization frequencies. The frequencies

in this example have been selected in such a way that the total reflec-

tion is less than −10 dB across the entire bandwidth. At the optimization

frequency, each curve reaches the minimum obtainable TARC at one fre-

quency, but outside the optimization point the actual realized TARC is

larger.

The monopole cluster is also a good opportunity to discuss the naming

convention of antenna cluster. After all, there already exists the name

antenna array to describe a group of antennas in close proximity and op-

erating together. Phase shifting is also included to reconfigure the opera-

tion. An antenna array is defined as “an antenna comprised of a number

of radiating elements the inputs (or outputs) of which are combined” [19].

The proposed concept falls under this definition. However, antenna array
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Figure 5.4. Example TARC curves for different frequencies, referenced against the min-
imum obtainable TARC at each frequency (black curve) [II] © 2016 IEEE.

commonly refers to an array of identical antennas, which is not what is

occurring here. The difference between this antenna and a traditional ar-

ray is that all the elements are different sizes. The intended purpose of

this group of antennas is also different, thus a differentiating name is pre-

ferred. Cluster was chosen because it emphasizes the more chaotic nature

of these designs. Arrays are something ordered and uniform, clusters are

essentially a bunch of differently shaped antennas clustered together.

The concept should not also be confused with MIMO antennas, which

is one approach of using multiple antennas together, as described in Sec-

tion 3.3.

The first design was purely a proof of concept. There was no practical

application in mind with this design as the purpose was to investigate the

effect of various parameters on the radiation matrix. Thus, the next step

was to design a tunable antenna cluster to be fitted inside a mobile phone.

5.4.2 Single-cluster mobile antenna

This section describes the antenna design presented in [III]. In [III], the

purpose was to investigate the feasibility of this concept when applied to

a mobile phone. Fig. 5.5 illustrates the prototype. The phone is modeled

as a substrate block with dimensions 136×68×6 mm3. A 15-mm clearance

free of copper is placed at the end of the device, with the remaining part

consisting of the ground plane. The antennas are fitted to this available

clearance.

Similarly as with the previous design, the individual elements are tuned
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(a)

(b)

Figure 5.5. (a) Simulation model and (b) manufactured prototype of the frequency recon-
figurable mobile antenna proposed in [III] © 2017 IEEE.

to cover a broad bandwidth. The elements are placed in the corner of the

device, on the layers on both sides of the substrate. The largest element

defines a 15×15 mm2 area, in which the remaining elements are fitted.

Fig. 5.6 shows the scattering parameters of the antenna, with the min-

imum obtainable TARC highlighted in black. There is heavy coupling

among the antenna elements, which is used to improve the antenna per-

formance. Fig. 5.7 illustrates the total efficiency of the antenna, both sim-

ulated and measured. Starting from 1.7 GHz, all frequencies up to 6 GHz

can be covered.

An important contribution of [III] was the first experimental characteri-

zation of the concept. In addition to just measuring the antenna elements

themselves, the effect of the simultaneous excitation was verified. The

results of this are discussed later in Chapter 6.

5.4.3 MIMO antenna based on the antenna cluster

After the antenna design presented in [III], the next task was to extend

the design to MIMO. The goal was to examine the obtainable performance

of eight MIMO antennas in a handset device over a wide frequency band.

Previously published designs on eight-element MIMO have generally fo-
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Figure 5.6. The simulated scattering parameters of the mobile antenna cluster prototype
[III] © 2017 IEEE.
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Figure 5.7. The obtainable efficiency across the operating band of the mobile antenna
cluster [III] © 2017 IEEE.

cused on the 3.5 GHz [38]–[40] or the 2.5 GHz band [102]. In [IV], the

purpose was to investigate the feasibility and challenges of implementing

eight-element MIMO starting from 1.7 GHz.

Implementing MIMO with this concept required investigating and mod-

eling the effect of the coupling between multiple clusters, as was discussed

in Section 5.3. There was a possibility that by modifying the weights, the

total efficiency of the antenna could be improved by reducing coupling at

the cost of matching efficiency. However, the conclusion was that the cou-

pling within the cluster is much more significant than between clusters

and as such the weighting did not change in a notable way. In any case,

the coupling to the other clusters must be accounted for, to ensure accu-

rate evaluation of performance.

Fig. 5.8 shows the proposed MIMO antenna design. The design is sym-
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Figure 5.8. The proposed MIMO antenna. (a) Dimensions of the antenna (in millime-
ters), showing both the overall structure and the cluster dimensions. The
structure is symmetric along both axes. (b) Manufactured prototype.

metric along two symmetry planes, and thus consists of two different an-

tenna clusters that are repeated four times on the device. Clusters placed

in the corners of the device are later referred to as corner clusters, and

the remaining ones as edge clusters. The clusters are fundamentally sim-

ilar to that of [III], with the difference that the individual elements are

wrapped around blocks made of the substrate material. The increase in

height makes it possible to reduce the antenna footprint.

Fig. 5.9(a)–(b) shows the reflection coefficients and the TARC for the

corner and edge clusters. The fundamental behavior of the corner and

edge clusters is similar, with the difference of the reduced performance

of the edge cluster in the lower frequency range. Because the antenna

element itself is electrically small, the phone chassis will also contribute

to the radiation. This coupling to the chassis is stronger in the corners,

thus explaining the discrepancy between the performance of the corner

and edge elements [103], [104].
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Figure 5.9. The operation of the corner and edge clusters. (a)–(b) The scattering param-
eters of the individual antennas and the resulting total active reflection co-
efficient (black curve). The corresponding (c)–(d) amplitude and (e)–(f) phase
distributions at each frequency point. Port numbering in the weighting plots
follows the convention shown in (a) and (b).

Fig. 5.9(c)–(f) shows how the antenna elements are weighted at each

frequency. This antenna design has a peculiar effect, in that at 4.2 GHz no

power is fed to port 1 of the corner cluster. The derivative of the weighting

is not continuous as there is a sudden jump in the phase curve. This effect

has not been observed in any of our earlier designs nor in the edge cluster

of this design.

Fig. 5.10 illustrates the simulated and measured efficiencies of both

clusters. As with all MIMO antennas, the total efficiency is less than

the matching efficiency due to coupling. In fact, as shown by Fig. 5.11, the

coupling constitutes the major source of loss. Nevertheless, more than

60 % efficiency is achieved at frequencies above 3 GHz, even with eight

MIMO antennas.

Fig. 5.12 shows the ergodic capacity for the MIMO antenna, calculated
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Figure 5.10. Simulated and measured total efficiencies of the corner and edge clusters.
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Figure 5.11. Simulated sources of loss for a signal fed to the (a) corner and (b) edge clus-
ters stacked on top of each other. Starting from the bottom, ohmic loss (less
than 1 %), mismatch loss, and coupling to other clusters in ascending order
are shown.

with the process described in Section 3.3. The result is in line with our

earlier work on MIMO performance across a wide bandwidth [105]. To-

gether with a fundamental bound on MIMO capacity, as was demonstrated

in [106], we can conclude that the size of a smartphone is too small to ef-

ficiently support 8× 8 MIMO in the 1.7–2.7 GHz band.
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6. Weight Generation

Finally, there is the matter of actually generating the weights, as the an-

tenna tuning concept described in Chapter 5 is based on generating a

suitably weighted excitation for the antenna. The technique does not de-

pend on any specific method, and the approach could possibly even be used

to design feed structures for antennas. However, the assumption in our

designs has been the use of integrated radio transceivers. This chapter de-

scribes the results obtained with passive power divider networks in [III]

and the results of the performance analysis of integrated transceivers per-

formed in [V].

6.1 Passive power divider networks

Because there is no suitable transceiver available off-the-shelf, one needs

to be designed and manufactured. To justify the development of such

transceiver, the concept must be verified. Experimental verification of the

concept using passive power divider networks was done in [III]. These

only worked as a proof-of-concept, as they are not tunable nor compact.

They could be usable in some applications, such as when the weights are

constant across the desired operating band.

The passive power divider methods consisted of Wilkinson power di-

viders [107] and directional couplers [31] realized using microstrips. Two

different networks were used, each with a different operating frequency.

The networks are shown in Fig. 6.1, with the network on the left operating

at 2 GHz and on the right at 4.3 GHz. The two frequencies were chosen

based on the feasibility of the microstrip divider network implementa-

tion. The limitations of the microstrip implementation are not relevant

for implementing the integrated transmitter. Challenges of the integrated

transmitter were the topic of [V].
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(a) (b)

Figure 6.1. The Wilkinson power dividers used to generate the desired excitations at (a)
2 GHz and (b) 4.3 GHz [III] © 2017 IEEE.
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Figure 6.2. Simulated and measured total efficiency of the antenna with the two power
dividers [III] © 2017 IEEE.

The results obtained for the mobile antenna of [III] with the power di-

vider networks are shown in Fig. 6.2. Compared to the simulated results,

the measurements have additional loss. This is especially prevalent in

the 4.3 GHz network. Otherwise the results are in good agreement.

6.2 Integrated transceiver

The practical solution would be the use of integrated circuits. Integrated

circuits are compact, with an active area in the range of mm2. Publi-

cation [V] discusses the challenges of implementing the weighting with

integrated CMOS-based circuits. The transceiver nonidealities cause lim-

itations both in transmission and reception, although the limitations are

somewhat different. The performance analysis in [V] is performed for the

antenna from [III].
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Figure 6.3. Normalized PA back-off efficiencies of conventional and multilevel outphas-
ing transmitters [112]. Reprinted from [V].

6.2.1 Transmitter performance

In transmitting, the challenge is the performance of the power amplifier

(PA). Integrated PAs inherently have a low efficiency. The efficiency of PAs

is long studied topic in the IC community, and several different PA classes

have been investigated to improve performance [108]–[111]. Reduction in

PA efficiency as the output power is decreased from the maximum (back-

off efficiency) especially can be alleviated by the multilevel outphasing

approach [112], [113]. This is illustrated in Fig. 6.3, which depicts the ef-

ficiency curve of a PA presented in [112]. This efficiency curve was used as

reference for analyzing the PA efficiency in [V]. The back-off efficiency is

a concern for the antenna cluster concept, as the method requires varying

the transmitter output power to each antenna.

In addition to the back-off efficiency, the transmitter should also support

the antenna cluster approach in other ways. One important aspect is the

modulation scheme. If amplitude modulation is used, the tuning preci-

sion of the amplitude affects the signal integrity. Additionally, amplitude

modulation requires that the signal is further reduced from the maxi-

mum. Combined with the antenna tuning itself, it requires the PAs to be

driven in even more inefficient operating range. Thus, phase-modulation

methods could be more suitable for using with the antenna cluster con-

cept [114]–[116]. Based on these factors, the multilevel outphasing archi-

tecture was deemed most suitable for driving the antenna cluster. Once

the architecture was chosen, a more detailed performance analysis could

be performed.

To include the efficiency of the transmitter in the total efficiency, the an-

tenna efficiency from (5.5) is multiplied with a diagonal matrix containing
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Figure 6.4. The total tuning efficiency of the antenna-transmitter system in the different
investigated cases. Reprinted from [V].

the efficiencies of each transmitter branch, i.e.

ηtot =
aH
(
I− SHS

)
a

aHa
· a

HNa

aHa
. (6.1)

where

N = diag
[
η(α1) η(α2) · · · η(αn)

]
(6.2)

and η(αi) is the efficiency of the ith transmitter branch. The expression

for the efficiency is now nonlinear, like the transmitter efficiency itself (see

Fig. 6.3). The addition of the nonlinear term in (6.1) makes it impossible to

use the analytical eigenvalue approach in (5.6). After all, linear algebra

does not lend itself well to nonlinear problems. The solution presented

in [V] is to use a nonlinear, iterative algorithm. The algorithm is based on

trust region optimization [117]–[119], and the calculations in the paper

use the implementation in the Optimization Toolbox of MATLAB.

The results of the efficiency study are shown in Fig. 6.4. In Case A, the

weight selection is determined considering only the antenna, using the

analytical formulations described in Section 5.3. The result shows the im-

portance of including the PA efficiency, as now the PAs are mainly driven

in the inefficient region. Case B shows the result obtained from optimizing

(6.1), i.e. finding the balance between the antenna and transmitter effi-

ciencies. In this case, there is a reduction in efficiency when compared to

the ideal transmitter, but the efficiency remains larger than 80 % across

the entire operating bandwidth. Case C removes the amplitude tuning

from the consideration by varying only the phase while using the maxi-

mum amplitude. This approach works at frequencies surrounding 5 GHz,

but otherwise results in reduced performance.

An interesting observation was that the calculated phases of the analyt-

ical solution (case A) and the nonlinear optimization results (cases B–C)

are equal. The optimal phases do not therefore appear to depend on the
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Figure 6.5. The receiver input impedance can be taken into account by embedding the
receiver reactances to the antenna scattering matrix S and renormalizing S′

according to the receiver resistances. Reprinted from [V].

losses introduced by the transmitter. Overall, the conclusion was that

the integrated transmitter does not have too large an effect on the total

efficiency. Thus, the use of an integrated transmitter with the antenna

cluster is feasible.

It should be noted that this analysis focused mainly on the efficiency

of the PA. However, the nonlinear distortion of the PA is also of interest,

as was discussed in Chapter 4. The coupling between the outputs of the

transmitter branches could have an effect of the PA nonlinearities.

6.2.2 Receiver modeling

On the receiver side the challenge is somewhat different. It is not the ef-

ficiency of the receiver we are concerned about, but the strength of the

received signal after the antenna. As with the transmitter, we want

to maximize the impedance matching between the antenna and the re-

ceiver. However, when operating across a wide frequency range, the input

impedance of the receiver is far from constant. Thus the conventional

assumption of 50-ohm input impedance is not valid.

The nonideal receiver impedance can be modeled using the approach

illustrated in Fig. 6.5. The receiver reactances can be embedded to the

antenna impedance, and the new scattering matrix renormalized accord-

ing to the receiver resistances. Calculating the matching efficiency then

works exactly the same as it did for the ideal receiver.

The tuning can be implemented in any part of the receiver chain, simi-

larly as in beam-steering receivers [120]–[122]. As such, that implemen-

tation is not relevant in regards to the performance of the antenna clus-

ter. Instead, we are concerned on how the receiver impedance appears to

the antenna. In [V], the analysis is performed for two different receiver

architectures: traditional low-noise amplifier (LNA) based receivers and

mixer-first receivers.
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LNA-based receivers have a resonant type response, similar to anten-

nas. They have a resonant frequency, where the impedance is close to the

nominal value of, e.g., 50 ohms. The impedance becomes more reactive the

further the frequency is from the resonance. Fig. 6.6(a) shows the equiv-

alent circuit for the inductively degenerated LNA used in this work. The

resonant frequency of the LNA can be changed by modifying the value of

the inductor Lg. Although there are techniques to make LNAs more wide-

band, we focused on the simple single-resonant LNA to act as a “worst

case scenario”.

Three different cases are studied for the receiver. The results are shown

in Fig. 6.7. First, the case where the resonant frequency of each LNA

is set to the resonant frequency of the connected antenna element. The

result shows that reasonable performance is obtained on various frequen-

cies across the entire frequency band, but the continuous matching is lost.

Alternatively, all the LNAs can be tuned to the same frequency. Fig. 6.7

shows the result when the LNAs are tuned to 2 GHz and 3.5 GHz. The

2 GHz receiver provides good performance at the lowest frequencies, but

the inductive input impedance of the receiver at frequencies above 2 GHz

makes it difficult to match. Thus, the 2 GHz receiver does not enable

tuning across a wide frequency range. On the other hand, the 3.5 GHz

receiver provides continuous bandwidth, but the added capacitance in the

sub-3.5 GHz frequencies reduces the maximum obtainable efficiency in

the 1.7–2 GHz range. As this frequency range is the most difficult to real-

ize with the antenna, this is not a desirable result.

Nevertheless, the used LNA model was far from the state of the art. A

more sophisticated LNA would minimize these effects. The main take-

away from this study is that the nonideal input impedance of the receiver

can be partly compensated for, although excessive reactance will eventu-

ally reduce the obtainable bandwidth.

An alternative architecture in the receiver is the mixer-first approach [123]–

[126]. As the name suggests, in this architecture the mixer is the first

component in the input as opposed to the amplifier. The mixer in this con-

cept is realized using an n-path filter, which also filters the input signal.

The advantage of the n-path filter is that the operating frequency is easily

tuned, thus making it suitable for use with a tunable antenna.

The analysis is performed using the mixer-first equivalent circuit shown

in Fig. 6.6(b). The circuit is designed using the process detailed in [127].

The mixer-first receiver can be tuned by changing the frequency of the
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Figure 6.6. Equivalent circuits for the two receiver alternatives: (a) Inductively degener-
ated LNA and (b) N-path mixer-first receiver. Reprinted from [V].
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Figure 6.7. Maximum obtainable cluster efficiency between the antenna and the receiver
based on the inductively degenerated LNA. Reprinted from [V].

local oscillator. Fig 6.8 shows the matching between the antenna and the

mixer-first receiver. When the receiver is tuned to a specific frequency, its

impedance is close to 50 ohms. The n-path filter also provides isolation

for the other frequency bands. This out-of-band isolation is defined by the

switch resistance Rsw of the n-path filter and the impedance mismatch of

the antenna. The isolation provided by this antenna-receiver architecture

can improve the interference tolerance of the system. Based on this anal-

ysis, the mixer-first receiver would be a suitable candidate to be used with

the antenna cluster.

6.2.3 Antenna-transceiver codesign

Antenna and transceiver design has generally been quite separate. There

are some publications on antenna-transceiver codesign [86], [126], [128]–

[130] but even still, the subject is by no means fully explored. Publica-

tion [V] was a small step to narrow that gap. Although it did not in-

volve actual transceiver design, it considered both sides of the equation.

It showed that the properties of the antenna can have an effect on the
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Figure 6.8. Cluster efficiency with the mixer-first receiver when the system is tuned to
five different frequencies, referenced against the envelope of the ideal re-
ceiver. Reprinted from [V].

transceiver and vice versa. An antenna engineer, e.g., might inadvertently

design the cluster in a way that causes problems for the transceiver. Thus

adequate understanding of the other side of the interface is required.

It remains to be seen whether a tightly integrated codesign would re-

sult in significant performance improvements. Codesigning an antenna-

transceiver system has the disadvantage of making the system more tailor-

made for a specific purpose, however. Designing RF components sepa-

rately for a common 50-ohm interface ensures compatibility. Thus, the

question is whether this added codesign would be beneficial, despite the

loss in flexibility.
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7. Summary of Publications

I. Characterization of Transponder Antennas Using
Intermodulation Response

In this paper, the intermodulation measurement technique was further

analyzed and developed by relating the transponder properties to the in-

termodulation response. This method was used to characterize the real-

ized gain of the transponder antenna. Limitations of the measurement

method and the use of different measurement geometries was discussed.

The method was experimentally verified and the results showed good

agreement between the theory and experiments. The technique was found

to be suitable for characterizing harmonic transponders.

II. Concept for Frequency Reconfigurable Antenna Based on
Distributed Transceivers

This publication introduced the antenna cluster concept. The required

theory for the concept was derived, which included defining the figure of

merit and calculating the optimal antenna excitations. A simulated model

of multiple monopole antennas was used to evaluate the performance ob-

tainable with the method and to demonstrate the operation of the concept.

III. Frequency Reconfigurable Multiband Handset Antenna
Based on a Multichannel Transceiver

This paper introduced the first practical implementation of the antenna

cluster. The antenna cluster was designed in a mobile form factor, with

a continuous bandwidth from 1.7 to 6 GHz. The proposed prototype was

experimentally characterized. Additionally, two power divider networks

were designed to experimentally verify the operation of the simultane-

ously excited antenna cluster.
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IV. Wideband Eight-element MIMO Antenna Based on the
Antenna Cluster Concept

This publication extended the theory of the antenna cluster concept to

account for multiple separate clusters, thus enabling it to be used for

MIMO. The antenna design of [III] was modified and multiplied to de-

sign a 8×8 MIMO antenna operating from 1.7 to 6 GHz. The designed

antenna achieved over 60 % efficiency at frequencies above 3 GHz and the

system exceeded the ergodic capacity of ideal 7×7 MIMO in that band.

V. Performance Analysis of Frequency Reconfigurable Antenna
Cluster with Integrated Radio Transceivers

The antenna cluster concept relies on an integrated transceiver to control

the phase and magnitude during reception and transmission. This work

analyzed the effect the required tuning has on the integrated transceiver.

The results indicated only a minor effect, confirming that the concept

can be realized using integrated transceivers. The publication highlights

some of the key aspects in antenna-transceiver codesign.
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8. Conclusion

This thesis aimed to bring new advances to the analysis and design of

electrically small antennas. It consists of two parts: the development of

the intermodulation measurement technique and introducing and devel-

oping the antenna cluster concept.

Publication [I] provided a new measurement method for harmonic trans-

ponders, by exploiting the intermodulation generation of nonlinear loads.

The results of the work could be used in the future to characterize various

passive sensors that would be installed in our surroundings.

The main focus of this thesis is the introduction and development of

the antenna cluster concept. The results of Publications [II]–[V] start

from the concept, and then provide some further analysis in the form of

several antenna designs. This thesis aimed to provide first steps towards

a new research direction. Although this dissertation is now concluded, the

research topic itself is far from finished. There are still plenty of research

questions to answer.

The results in this thesis were based on certain assumptions on the

transceiver. In [V] we took a first step to consider the transceiver. Re-

search is commonly focused on a very narrow field. We need to look past

our own research topics, and find solutions combining research from dif-

ferent disciplines. Integrated circuit researchers need to realize a trans-

ceiver that can realize the operation required by the antenna but for that

to happen, the antenna researchers need to prove that the use of this con-

cept justifies the added complexity of the hardware.

As the antenna cluster research is not complete, there are several im-

portant research questions to pursue. On the antenna design side the

obvious target is the realization of the cluster in the 698–960 MHz band,

which is the most challenging frequency range to efficiently realize. An

important aspect of mobile antennas that was not touched upon in this
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work is the effect of the user. The presence of the user near an antenna

causes the performance to degrade. Could the tunability aspect of this

concept be used to reduce this effect?

A more theoretical investigation on the benefits and limitations on the

concept could also be useful. What is the limit on the bandwidth of an

antenna of specific size, and how much closer to the limit we can get with

this concept? It is important to remember that the laws of physics can

still not be broken. There is the physical limitation of the antenna size,

that will give the upper limit for obtainable performance. The question

then is what that limit is, and how close to the limit we can get.
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