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Abstract

With a rapid increase in the number of wireless services, and the utilization of antenna
diversity techniques to achieve enhanced data rates or service reliability, the number
of antennas that need to be installed in passenger cars is not insignificant any more,
and only sees a rising trend. At the same time, finding suitable mounting locations
for these antennas has become ever more challenging, because the number of such
locations on a car has not grown parallelly to the number of antennas that need to
be installed; cars are still mostly metal boxes, with a few plastic parts and the glass
windows that allow for antenna integration. While most of these parts have already
been utilized for embedding antennas, the plastic parts that were overlooked till now
were the B-column plastic covers. In addition to highlighting the advantages of using
the B-column plastic covers as an antenna embedding location over other locations,
this work takes a comprehensive look into the challanges associated with the same,
specifically the limited space for antenna integration and the close proximity of the
embedded antenna to the car metal chassis. The latter introduces a strong electro-
magnetic coupling between the antenna and the car body, consequently impacting
antenna properties like impedance matching and realized gain. The upcoming chap-
ters present the underlying design principles, theory, and measurements of novel,
low-profile, conformal and metal surface tolerant mobile communications antennas,
namely, the single band di-patch antenna and a co-planar stacked microstrip line
coupled multi-band antenna, that suitably address and overcome the aforementioned
challenges. Additionally, a high impedance surface based dipole antenna solution
is also presented in the later half of this thesis. The simulation and measurement
results of the bare and the integrated versions of the presented antennas, including
LTE-MIMO data rate measurements presented in the penultimate chapter, not only
speak for the suitability of these antennas for low-profile, close-to-metal surface ap-
plications in general, but also show that the B-column plastic covers present a highly
suitable new antenna integration location for automotive mobile communications
applications.
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Kurzfassung

Mit der rasanten Zunahme drahtloser Dienste und dem Einsatz von Antennendiver-
sitätstechniken zur Erzielung höherer Datenraten oder Dienstzuverlässigkeit ist die 
Zahl der in Pkw zu installierenden Antennen nicht mehr unbedeutend und nimmt 
weiter zu. Gleichzeitig wird es immer schwieriger, geeignete Montageplätze für 
diese Antennen zu finden, da die Zahl der Montageplätze im Auto nicht parallel 
zur Zahl der zu installierenden Antennen gewachsen ist; Autos sind nach wie vor 
meist Metallkästen, mit einigen wenigen Kunststoffteilen und Glasscheiben die die 
Integration von Antennen ermöglichen. n n

n n n n n
n n n nn n n n   

In dieser Arbeit werden nicht nur die Vorteile der B-Säulen-
Kunststoffabdeckungen als An-tenneneinbauort gegenüber anderen Orten 
hervorgehoben, sondern auch die damit verbundenen Herausforderungen 
untersucht, insbesondere der begrenzte Platz für die Antennenintegration und die 
unmittelbare Nähe der eingebauten Antenne zum Metallchassis des Fahrzeugs. 
Letzteres führt zu einer starken elektromagnetischen Kopplung zwischen der 
Antenne und der Fahrzeugkarosserie, was sich auf die An-tenneneigenschaften wie 
Impedanzanpassung und realisierten Gewinn auswirkt. In den folgenden Kapiteln 
werden die zugrundeliegenden Entwurfsprinzipien, die Theorie und die Messungen 
neuartiger, flacher, konformer und metalloberflächentoleranter Mobilfunkantennen 
vorgestellt, nämlich die Einzelband-Di-Patch-Antenne und eine koplanar 
gestapelte, mit Mikrostreifenleitungen gekoppelte Multibandantenne, die die oben 
genannten Herausforderungen adressieren und überwinden. Zusätzlich wird in 
der zweiten Hälfte dieser Arbeit eine high impedance sur e basierte 
Dipolantennenlösung vorgestellt. Die Simulations- und Messergebnisse der nicht in-
tegrierten und der integrierten Versionen der vorgestellten Antennen, einschließlich 
der LTE-MIMO-Datenratenmessungen, die im vorletzten Kapitel vorgestellt wer-
den, sprechen nicht nur für die Eignung dieser Antennen für flache, metallnahe 
Oberflächenanwendungen im Allgemeinen, sondern zeigen auch, dass die B-Säulen-
Kunststoffabdeckungen einen sehr geeigneten neuen Antennenintegrationsort für 
mobile Kommunikationsanwendungen im Automobil darstellen.





xi

Contents

Acknowledgements iii

Declaration/Erklaerung v

Abstract vii

Kurzfassung ix

1 Introduction 1
1.1 Automotive antennas: design trends, requirements, challenges . . . . . 2
1.2 Motivation and aim of this work . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.4 List of the author’s contributions . . . . . . . . . . . . . . . . . . . . . . 6

2 Background 9
2.1 Mobile communications: 0G to 5G, ITS-G5 and C-V2X . . . . . . . . . . 9
2.2 B-column plastic cover as antenna embedding location . . . . . . . . . 10
2.3 Simulation and measurement considerations . . . . . . . . . . . . . . . 12

2.3.1 Simulation tools and electromagnetic solvers . . . . . . . . . . . 12
2.3.2 Influence of simulated model complexity . . . . . . . . . . . . . 13
2.3.3 Simulation and measurement methodology followed in this work 16
2.3.4 Measurements in the antenna measurement lab (AML) . . . . . 16
2.3.5 Measurements in the virtual road simulation and test area (VISTA) 18

3 Di-patch antenna 21
3.1 Novelty and design description . . . . . . . . . . . . . . . . . . . . . . . 21
3.2 Di-patch antenna equivalent model . . . . . . . . . . . . . . . . . . . . . 23

3.2.1 Half-wavelength dipole above metal ground and patch equiva-
lence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.2.2 Half-wavelength folded dipole as patch antenna equivalent . . 28
3.2.3 One-wavelength dipole above metal ground and di-patch

equivalence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.3 Sensitivity analysis and bending tolerance . . . . . . . . . . . . . . . . . 40
3.4 Simulation and measurement comparisons . . . . . . . . . . . . . . . . 43

3.4.1 Bare di-patch antenna . . . . . . . . . . . . . . . . . . . . . . . . 43
3.4.2 Bare di-patch antenna compared to a bare patch antenna . . . . 44
3.4.3 Simulations and measurements with partial door frame . . . . 47
3.4.4 Simulations and measurements with car . . . . . . . . . . . . . 50

3.5 Series-fed di-patch array . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4 Co-planar stacked microstrip line coupled multi-band patch antenna 55
4.1 General design principles and novel aspects . . . . . . . . . . . . . . . . 55
4.2 Penta-band patch antenna design . . . . . . . . . . . . . . . . . . . . . . 56

4.2.1 Design overview and sensitivity analysis . . . . . . . . . . . . . 56



xii

4.2.2 Impedance transformations in the design . . . . . . . . . . . . . 61
4.3 Simulation and measurement comparison . . . . . . . . . . . . . . . . . 62

4.3.1 Bare triple-patch antenna measurements . . . . . . . . . . . . . 62
4.3.2 Measurements with partial door frame . . . . . . . . . . . . . . 65
4.3.3 Measurements with the car . . . . . . . . . . . . . . . . . . . . . 65

5 High impedance surface based dipole antenna 69
5.1 High impedance surface fundamentals . . . . . . . . . . . . . . . . . . . 69

5.1.1 Achieving a high surface impedance . . . . . . . . . . . . . . . . 69
5.1.2 Creation of an electromagnetic bandgap . . . . . . . . . . . . . . 70

5.2 HIS-dipole antenna design for LTE-2600 . . . . . . . . . . . . . . . . . . 73
5.2.1 Unit-cell/HIS design, reflection phase and bandwidth . . . . . 73
5.2.2 Unit-cell/HIS-dipole parametric study . . . . . . . . . . . . . . 75
5.2.3 HIS-dipole curvature tolerance . . . . . . . . . . . . . . . . . . . 75
5.2.4 HIS truncation influence on the radiation pattern . . . . . . . . 78

5.3 Simulation and measurement comparison . . . . . . . . . . . . . . . . . 81
5.3.1 Bare HIS-dipole antenna measurements . . . . . . . . . . . . . . 81
5.3.2 Measurements with partial door frame . . . . . . . . . . . . . . 82
5.3.3 Measurements with the car . . . . . . . . . . . . . . . . . . . . . 82

6 System aspects, LTE MIMO measurements and V2V field tests 85
6.1 Towards a plastic embedded automotive antenna system . . . . . . . . 85
6.2 Radiation characteristics of multiband patch antennas embedded in

the left and right covers . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
6.3 LTE MIMO data rate measurements . . . . . . . . . . . . . . . . . . . . 88

6.3.1 MIMO data rates achievable with LTE . . . . . . . . . . . . . . . 88
6.3.2 Measurements in VISTA and comparison to field tests . . . . . 89

6.4 V2V communications field tests . . . . . . . . . . . . . . . . . . . . . . . 95

7 Conclusion and outlook 97

A Mutual impedance between half-wave folded dipole antennas 99

B Bibliography 101



xiii

List of Abbreviations/Symbols

3GPP 3rd generation partnership project
ABS acrylonitrile butadiene styrene
AML antenna measurement lab
AUT/DUT antenna under test/device under test
CDMA
CQI
C-V2X
DL/UL
EMC
ETSI
FEM
GPS
HIS
HSPA
IoT
ITS-G5
LTE
MIMO
MLFMM
OTA
PIFA
PMMA
QAM
QPSK
RFID
SINR
SISO
TDMA
UMTS
V2V
V2X
VISTA
WAVE
WLAN

d
er
W
l0

code division multiple access
channel quality indicator
cellular-vehicle to everything communication 
downlink/uplink
electromagnetic compatibility
european telecommunications standards institute 
finite element method
global positioning system
high impedance surface
high speed packet access
internet of things
intelligent transport systems
long term evolution
multiple input multiple output
multi-level fa t multi-pole method
over-the-air
planar inverted F antenna
polymethyl methacrylate
quadrature amplitude modulation
quadrature phase shift keying
radio frequency identification
signal-to-interference-plus-noise-ratio
single input single output
time division multiple access
universal mobile telecommunications system 
vehicle to vehicle communication
vehicle to everything comunication
virtual road simulation and test area
wireless access in vehicular environment 
wireless local area network

dielectric loss angle (radians)
relative permittivity
resistance (ohms)
free-space wavelength (metres)





1

Chapter 1

Introduction

n n nn n
n n n

n n n n n n n
n n n n n n n n

n n n n n
n nn n n

n n n n n n
n n n n n

n n nn
n n n n n

n n n n n n n
n

n n n n n
n n n n n

n n n n n n
n n n n n n n

n n n n
n n n n n n n n

n n n nn n n n
n n nn n

n n n n n
n n

n n n n n n
n n n n n

n n n n
n n n n n

n n n n n n n nn n
n n n n n n n

n n n n
n n

n n n n
n n n n nn n
n n n n n n n

nn n n n
n n nn n n n n

n nn n
n n n n

n nn n n n n n n n
n n nn n

n n n n n n n nn
n



2 Chapter 1. Introduction

1.1 Automotive antennas: design trends, requirements, chal-
lenges

One may think that since cars are relatively large in size, finding mounting spaces for
all of the current and the upcoming antennas would not pose a challenge. However,
one factor that plays a key role in the purchase decision of a vehicle is its appearance;
potential buyers want a car that is not only functional, but also looks stylish, sleek and
aerodynamic. Nobody would like to purchase a car with a multitude of monopole
antennas protruding from its roof. At the same time, antennas like rooftop monopoles
are not robust, can be vandalized, and are exposed to the elements. Keeping in
line with the desired aesthetics of a car, automotive antennas need to be conformal
and low-profile, so that they may be embedded into/hidden behind the available
plastic/glass parts in a typical passenger car. However, such locations, as indicated
in Fig. 1.1 (a) and (b), are limited in number and are already occupied by a host
of antennas. LTE-MIMO antennas are considered at the rear view mirror in [4],
LTE and V2X antennas have been designed for the spoiler in [5,6], antennas for
broadcast services like AM, FM, digital audio broadcast, TV and so on are usually
embedded in the rear windscreen and the fixed side windows [7,8,9,10], broadcast,
mobile communication, and RFID antennas have been designed for the side mirrors
in [11,12], plastic bumpers are favoured locations for collision avoidance radars
[13,14,15], and shark fin housings hide a variety of antennas including, but not
limited to, LTE, AM/FM, V2X and GPS [16,17,18].

Furthermore, nearly all of the cases above use a diversity of antennas for each
wireless service to ensure a near omnidirectional coverage around the car. This is
because at locations other than the car rooftop, a single antenna is not sufficient
for an omnidirectional coverage due to the blockage of the antenna radiation in
certain directions by the car chassis. In such a case the SNR can be drastically
reduced in the direction(s) of the pattern null(s). Secondly, Rayleigh fading in urban
environments means that multiple copies of the same signal received by the single
antenna may add destructively leading to deep fades in the signal reception. Using
two antennas in spatially separated complementary locations, as exemplified in Fig.
1.1 (c), not only provides a nearly omnidirectional coverage, but as the signals arrive
at these antennas through independently fading channels, techniques like switched
combining or maximal-ratio combining may be employed to mitigate the effects
of multipath fading. Fulfilling the diversity requirement further exacerbates the
space crunch for car antennas, because an antenna installed on one side of a car for a
particular wireless service would most likely be repeated at a complementary location
on the opposite side.

The reader may also infer from the cited literature that due to the scarcely avail-
able possible/favourable installation locations, such locations end up incorporating a
multiplicity of antennas for different wireless services; Fig. 1.1 (d) is a good example,
and there are shark fin housings with an even larger number of antennas underneath
them. The antenna designers are consequently faced with the challenge of maintain-
ing suitable levels of isolation between these antennas, especially if these operate
in closely spaced frequency bands, or if there is an overlap in the used frequency
spectrum. This is in addition to the electromagnetic influence of the car chassis on
the performance of these antennas, which needs to be accounted for in any case.



1.2. Motivation and aim of this work 3

FIGURE 1.1: (a), (b): Typical antenna locations on a passenger car. (c)
Diversity TV antennas printed on the opposing fixed side windows
[10] ©1987 IEEE. (d) Examples of antennas hidden underneath a shark

fin housing [18] ©2018 IEEE.

1.2 Motivation and aim of this work

It follows from the preceding discussion that finding new locations on a car for a
conformal and hidden integration of antennas would be of utmost benefit. For one,
this could allow for a redistribution of some of the antennas from the otherwise
congested existing mounting locations, and secondly, and more importantly, we
would simply have more room for antennas for future wireless services. If possible,
the new location should satisfy two main characteristics:

(i) It would be favourable if the location already exists on typical cars, i.e., we do
not have to modify the car structure to create this new location, which would
be highly beneficial for car manufacturers from an economic standpoint, as they
could continue using the existing car designs.

(ii) It should exist on complementary sides of a car, so that the requirements of di-
versity and a close to omnidirectional coverage around the car may be fulfilled.

At a first glance, it is difficult to imagine that there could be previously unused
locations that fulfil these two characteristics, especially considering the breadth of
all the locations that have been covered in the aforementioned literature. Herein
come the B-column plastic covers found on all passenger cars, as illustrated in Fig.
1.2 for an Audi A1 - the car for which we designed our antennas. To the best of the
author’s knowledge and literature research, the exploitation of these plastic covers for
a hidden integration of antennas was not considered before, perhaps because there
are additional antenna design challenges associated with this location, in particular
the proximity of the plastic covers to the car chassis. These challenges are addressed

(bl 

7 

(<) (d) 
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FIGURE 1.2: B-column plastic covers on an Audi A1.

comprehensively in the next chapters, but at this junction the important highlight is 
that the B-column plastic covers satisfy both the desirable characteristics mentioned 
before. That most of the cars have two of them on the driver and the passenger side 
forms a third advantage: the front plastic cover pair could integrate antennas for 
different wireless services compared to the back plastic cover pair.

The identification of this  antenna embedding location motivated the design 
of innovative antennas that could function irrespective of their extreme proximity 
to the car metal chassis at this location, rendering such plastic covers usable for 
future automotive wireless communication applications. This thesis presents both 
single-band and multi-band antenna designs, whereby the single band antennas 
were designed to be operational in the LTE-2600 band, 2.5...2.69 GHz, whereas the 
multi-band antenna covered the LTE/UMTS frequencies ranging from 1.71...2.69 GHz. 
These frequencies were chosen because of a few reasons enlisted ahead. For one, 
the necessary hardware to perform SISO/MIMO data rate measurements at these 
frequencies was available, so the antenna characterization would not remain limited 
to radiation pattern and reflection coefficient measurements. Secondly, although these 
are 4G frequencies, these would also be reused/refarmed for 5G; 5G has introduced 
additional frequency bands in the sub-6 GHz spectrum to meet the growing data rate 
needs, but will utilize the earlier allocated bands as well. Also, the antennas presented 
can simply be re-scaled to shift the frequency response as desired, important was 
to demonstrate that an appropriately designed antenna can function at this new 
mounting location.

1.3 Outline

• Chapter 2: Background. In this chapter, a short overview of the current mobile
communications and V2X standards is provided, and their importance and
usability is discussed, which further motivates our antenna design for these
services. Moving onwards, a discussion on the choice of the B-column plastic
cover as the antenna embedding location, and the repercussions of this choice
for the antenna design and performance as opposed to the existing antenna
mounting locations is presented. Thereafter, various available numerical simu-
lation techniques are summarized along with their applicability, and the effect
of the model complexity on the simulated results is elaborated. The chapter
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concludes with an overview of the two antenna measurements facilities at our
university that we used for characterizing the radiation performance of our
antennas, namely, the antenna measurement lab (AML), and the virtual road
simulation and test area (VISTA).

• Chapter 3: Di-patch antenna. This is the longest chapter in the thesis and
concerns itself with the novel di-patch antenna that offers distinct advantages
over a typical patch antenna, namely twice the impedance bandwidth, nearly
half the total surface area, but no compromise of the achieved gain. The chapter
opens with an interesting discourse on patch antenna equivalent modelling
using half-wave electrical dipole antennas and half-wavelength folded electrical
dipole antennas. This discussion leads on to the equivalent source modelling
of the di-patch antenna, wherein the evolution of a di-patch antenna from a
full-wavelength electrical dipole antenna above a ground plane is elucidated.
This is followed by a sensitivity analysis of the di-patch antenna to small design
parameter variations, as well as a characterization of its curvature tolerance to
gauge its suitability for demanding conformal applications. Thereafter, the vari-
ous simulation and measurement results of the di-patch antenna are compared,
and the chapter is closed with an interesting simulation based comparison
between a series-fed 1⇥2 di-patch array and patch array.

• Chapter 4: Co-planar stacked microstrip line coupled multi-band patch an-
tenna. In this chapter another novel antenna design is presented, wherein
through the combination of corner excitation and co-planar stacking of patches
a multi-band antenna design covering the LTE-1800, UMTS-1900/2100, and
LTE-2600 frequency bands was achieved. The design principle is explained
in detail, before proceeding with sensitivity analysis of the antenna to design
parameter variations. Thereafter the simulation and measurement results of the
bare antenna and embedded antenna are discussed, concluding the chapter.

• Chapter 5: High impedance surface based dipole antenna. High impedance
surfaces (HIS) present an attractive means to use half-wavelength electrical
dipole antennas closely above metallic surfaces. The chapter begins with a
concise introduction to the theoretical fundamentals of such surfaces. Fol-
lowing this, the simulation based design, sensitivity analysis to parametric
variations, and curvature tolerance analysis of a HIS-dipole operational in the
LTE-2600 band are considered. The chapter concludes with the comparisons of
the simulated and measured results similar to the previous chapters.

• Chapter 6: System aspects and LTE MIMO measurements. The previous
chapters focused on the design of three different antenna types suitable for
operation closely above the car chassis, and each of these was embedded in
one of the B-column plastic covers on the driver side. This chapter considers
MIMO data rate measurements in the 1800 MHz LTE downlink (DL) band
performed under semi-anechoic conditions in VISTA. For this two multi-band
patch antennas from chapter 4 were embedded into two adjacent B-column
plastic covers on the driver side, and one into the B-column plastic cover on
the passenger side. The DL data rate obtained with the driver side antenna
combination and the driver-passenger side antenna combination was compared
to the reference data rate measured with two monopole antennas mounted
at the centre of the car roof. The results were interpreted with the measured
radiation patterns of the considered antennas in conjunction with multipath
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effects in the measurement environment. Furthermore, the VISTA results were
compared with the results from an independent field test with the same antenna
set up on the car. In both the cases, the performance of the left side - right side
embedded antenna combination was found to be comparable to the rooftop
monopole antennas, which further enhanced the suitability of the B-columns for
antenna integration. The chapter ends with a brief discourse on another field
test conducted later on, but this time to judge the V2V performance of B-column
integrated antennas. The conclusion here was the same, that B-columns are a
promising location with respect to V2V performance as well.

• Chapter 7: Conclusion and outlook. The implications of the presented findings
are discussed and some ideas are provided for future work.

1.4 List of the author’s contributions

This work refers to and expands upon the author’s patent and publications enlisted
below. The numbers within the square brackets are the numbers at which these
publications appear in the bibliography at the end of this thesis. Please note that
no content from [129] has been presented in this thesis, as it did not fit within the
framework of SISYVOS and KUBINKA. [32] has been fleetingly referred to in chapter
2, but no results from this publication have been presented or discussed in this thesis.
[32] was based upon a master thesis work conducted under the author’s supervision,
and presents a 2 x 2 Ka-band patch antenna array that was embedded in the B-column
plastic cover. For the interested reader, [32] provides an insight into the link budget
requirements for car-to-LEO satellite communication, simulation and measurement
results of the bare/plastic embedded array radiation pattern and reflection coefficient,
as a well a simulation based analysis of the extent of beam steering achievable with
the designed array.

Patent

• [53] "Strahlungselement", by J. Singh, M. A. Hein, R. Stephan.
(2021, Oct. 28), Patent DE102017011225A1 [online]. Available:
https://patents.google.com/patent/DE102017011225A1/de

Publications

1. [54] J. Singh, R. Stephan and M. A. Hein, "Low-Profile Wideband Differentially
Fed Di-Patch Antenna Closely Above Metallic Ground", in IEEE Antennas
and Wireless Propagation Letters, vol. 18, no. 5, pp. 976-980, May 2019, doi:
10.1109/LAWP.2019.2906825.

2. [94] J. Singh, R. Stephan and M. A. Hein, "Low-Profile Penta-Band Automotive
Patch Antenna Using Horizontal Stacking and Corner Feeding", in IEEE Access,
vol. 7, pp. 74198-74205, 2019, doi: 10.1109/ACCESS.2019.2919730.

3. [55] J. Singh, A. Neumann, T. Wack, T. Koppe, R. Stephan and M. A. Hein,
"Novel conformal automotive di-patch antenna verified through car door frame
measurements", IET Conference Proceedings, Birmingham, November 2019, doi:
10.1049/cp.2019.0700.
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Spring51267.2021.9448811.

7. [34] M. E. Asghar, F. Wollenschläger, A. Asgharzadeh, J. Singh and M. A. Hein,
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sign approach towards automotive FM broadcast antennas based on char-
acteristic modes", 2017 IEEE-APS Topical Conference on Antennas and Prop-
agation in Wireless Communications (APWC), Verona, 2017, pp. 57-60, doi:
10.1109/APWC.2017.8062240.
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LTE  relies  on  advantages  offered  by  utilization  of  Multiple-Input-Multiple-Output
LTE  operates  at  frequencies  around  800  MHz,  1800  MHz  and  2600  MHz.  Additionally,  
Orthogonal  Frequency  Division  Multiple  Access  (OFDMA)  for  downlink.  In  Europe  
reduced  latency,  scalable  use  of  bandwidths  from  1.25  MHz  to  20  MHz  and  the  use  of  
architecture,  high  data  rates  up  to  300  Mbit/s  in  the  downlink  with  4x4  MIMO, 
of  mobile  wireless  networks  is  based  on  a  simplified  flat  packet-oriented  network  
generation  of  cellular  communication  systems.  The  motivation  for  the  new  standard  
evolution  (LTE),  the  3rd  generation  partnership  project  (3GPP)  released  the  fourth 
could  be  achieved  in  the  downlink  and  5.76  Mbit/s  in  the  uplink.  With  long  term  
(HSPA)  concerning  modulation,  coding  and  scheduling,  data  rates  up  to  14  Mbit/s  
completed.  Together  with  modifications  introduced  by  High  Speed  Packet  Access  
predecessor  2G  wireless  technology.  At  the  end  of  1990,  the  first  UMTS  standard  was 
new  kinds  of  data  services  (mostly  mobile  internet)  as  well  as  restrictions  from  its 
network  (Universal  Mobile  Telecommunication  System,  UMTS)  was  motivated  by 
author  of  [121]  further  writes,  "The  development  of  the  third  generation  (3G)  mobile  
quencies  around  900  MHz  and  1800  MHz  and  data  rates  up  to  384  kbit/s  [121].  The 
European  Telecommunications  Standards  Institue  (ETSI),  with  main  operating  fre-  
for  mobile  communications  (GSM)  is  TDMA  based  [19],  and  was  specified  by  the 
(TDMA)  or  code-division  multiple  access  (CDMA)  techniques  [19].  Global  system  
a  cell  could  be  divided  between  several  users  using  time-division  multiple  access 
because  in  addition  to  the  use  of  cellular  concept,  each  frequency  channel  within 
ond  generation  (2G)  [19].  This  led  to  a  considerable  increase  in  the  system  capacity,  

  Digital  transmission  for  signalling  as  well  as  traffic  was  first  utilized  in  the  sec- 
operational  in  the  450  MHz  band  with  a  20  KHz  channel  bandwidth.  [19]
duplex  channels  with  30  KHz  channel  bandwidth,  whereas  C-Netz  in  Germany  was 
phone  service  (AMPS)  in  the  US  operated  in  the  850  MHz  band,  employing  full 
the  1G  technology  was  distinct  in  different  countries.  For  example,  advanced  mobile 
maintained  moving  across  the  cells,  but  roaming  was  mostly  still  not  possible,  as 
an  increased  system  capacity  compared  to  generation  zero.  Connectivity  could  be 
taking  advantage  of  the  cellular  concept,  frequency  reuse  was  possible,  which  enabled  
own  frequency  channel.  The  first  generation  also  supported  only  analog  voice,  but  
The  system  being  analog,  its  capacity  was  limited  as  well,  as  each  call  required  its 
and  the  call  was  maintained  only  within  the  coverage  of  the  transmitting  station.  
the  second  world  war,  however,  there  were  no  such  concepts  as  roaming  or  handovers  

  The  so  called  ’generation  zero’  began  with  bulky  radio  telephones  available  after  
further  motivate  the  development  of  new  antenna  solutions  for  the  future.
overview  of  the  history  of  mobile  communications  would  be  interesting  and  also  
As  this  thesis  deals  with  the  design  of  mobile  communications  antennas,  a  short 

2.1  Mobile  communications:  0G  to  5G,  ITS-G5  and  C-V2X

Background

Chapter  2
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(MIMO) systems and thus exploits diversity in space, polarization or radiation pat-
tern of multiple antennas at the same time". Further information on these topics 
may be found in [19-24]. Under rich multipath conditions, an m ⇥ n MIMO antenna 
configuration, with m ,  n  >  1, can provide a  min(m, n)-folds increase in data rate over 
a Single-Input-Single-Output (SISO) antenna configuration. The MIMO capabilities 
of LTE are discussed in more detail in chapter 6.

We have now entered the 5G era, wherein, as an example, using 100 MHz channel 
bandwidth in conjunction with 4 x 4 MIMO would enable data rates of up to 2 Gbps 
at 3.5 GHz. Furthermore, the use of mmWave frequencies in the 24.25...29.5 GHz 
range would allow for hot spots with data rates up to 20 Gbps. The frequencies below 
3 GHz will not be be discarded though; they may not offer as high data rates, but 
are essential in terms of ensuring network connectivity over larger distances than 
possible with the higher frequency bands. [122]

While enabling mobile communications for passengers inside a car provides 
access to typical services that we already use in our day to day lives, car-to-everything 
communications open another realm of wide-ranging applications encompassing 

 safety, route optimization and navigation, and analysis of 
environmental data gathered by cars [25-27]. In this regard, there are two main 
approaches for V2X communication, both centred at around 5.9 GHz: The first is 
the ETSI ITS-G5 defined in 2004 which is an extension of the general WiFi 
standard modified and optimized for operation in a dynamic automotive 
environment [123, 124]. The second is the cellular-V2X or C-V2X, which is a 
recent extension of 4G-LTE that allows for the cars to communicate with mobile 
base stations as well [123, 124]. With the incorporation of base stations, C-V2X 
would be particularly useful for relaying information over larger distances 
than possible with ITS-G5. More information about these protocols and 
technologies may be found in the respective documentation [28-31, 125]. In order 
to counter the problems of dead spots in terrestrial networks, these technologies 
would also be supplemented with mmWave low earth orbit (LEO) satellite 
communication in the Ka-band [32, 33].

We see that over the course of these developments, a number of new frequency 
bands has been introduced, in addition to the earlier allocated frequency bands, and 
there is an ever increasing utilization of MIMO for enhanced data rates. The commu-
nications capabilities of modern cars have to keep up with all these developments, 
which makes the recognition of additional antenna mounting locations on cars, as 
well as the design of antennas suited for these locations an interesting and relevant 
area of research.

2.2 B-column plastic cover as antenna embedding location

In the last chapter, we noticed that a wealth of antennas has to be incorporated in a 
variety of locations distributed around the car. The radiation pattern and the efficiency 
of an automotive antenna are influenced by the electromagnetic interaction between 
the chassis and the antenna, and the extent of this influence varies depending upon 
the location of the antenna on the car, as well as the orientation of the antenna at 
that location. For example, [34] shows that shifting a vertically oriented wideband 
monopole antenna to different positions on a sedan rooftop results in non-negligible, 
frequency-dependent differences in the shape of its radiation pattern, as the operation 
frequency increases from 700 MHz to 5870 MHz. This study already effectively shows 
that an automotive antenna cannot be designed standalone and expected to perform 
just the same following installation on a car. For an accurate antenna design, the
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antenna and at least a partial model of the car need to be simulated together, to take
into account the electromagnetic interaction between them.

For antennas like half-wavelength electrical dipoles, an orientation directly above
and parallel to the car metal chassis is particularly damaging, if the antenna is not at
least l0/6 apart from the metal surface. At this distance from the ground plane, a half-
wavelength dipole antenna has a theoretical input resistance of 50 W (refer Table 10-1
in [127]). As one starts to go below this distance, the destructive interference between
the currents on the actual monopole and the image currents becomes increasingly
stronger, which significantly deteriorates the input impedance of the dipole, leading
to a poor reflection coefficient. Orienting a quarter-wavelength monopole antenna
parallel to the car chassis in an ’inverted-L’ form would also lead to the same problem
of a low input impedance [35]. A low-radiation resistance would also imply a high
quality factor, and therefore a narrow impedance bandwidth. These aspects, among
other things, are discussed extensively in chapter 3, section 3.2.

The discussion above, coupled with the schematic in Fig. 2.1, lays bare the
challenges associated with designing an antenna for embedding in the B-column
plastic cover. We can see that an antenna embedded in the plastic cover of an Audi A1
will be barely 2...3 mm apart from the chassis metal after the plastic cover is mounted
onto the car. For the 1.71...2.69 GHz LTE design frequencies considered in this work,
a l0/6 distance from the car chassis lies between 29...19 mm. This rules out using
typical planar half-wavelength dipole antennas. Patch antennas could be used at
such a location, but such a solution would be lacking both in novelty and achieved
impedance bandwidth. Clearly expressed, there are three main challenges:

• The first and the primary challenge with the considered embedding location
is the design of new types of antennas that are tolerant against the proximity
to the underlying chassis metal and can offer more bandwidth than typical
low-profile patch antennas.

• The second is the reflection of radiation from the car chassis located immediately
behind the antenna, which leads to the creation of a pattern null along the
driving direction, as will be seen in the next chapters. The coverage of a plastic
cover mounted antenna is therefore not omnidirectional like that of a rooftop
monopole antenna. But as will be seen in chapter 6, this did not have any major
impact on the LTE MIMO data rate performance when compared to rooftop
monopole antennas.

• The third challenge arises due to the large difference in the electrical size of
the antenna at these frequencies and the size of the car. The length of the Audi
A1, for example, varies from 23 · l1.71 GHz...36 · l2.69 GHz. This has consequences
in the form of extended simulation times and demanding computation power
requirements.

But, as mentioned before, such a simulation is necessary to correctly characterize
and optimize the automotive antenna performance. Mainly the antenna dimensions
need to be optimized/antenna needs to be tuned to nullify the shift in the resonance
frequency due to plastic embedding and the electromagnetic coupling between the
chassis and the antenna. From the conducted simulations, it could be ascertained
that an antenna embedded in the plastic cover had a ⇡5...7% backwards shift in the
resonance frequency. There is a reduction in the antenna efficiency as well due to the
additional dielectric/conductive losses contributed by the plastic cover/car chassis.
These details are presented and discussed in the upcoming chapters.
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FIGURE 2.1: (a) Antenna mounting situation in the B-column plastic
cover. (b) B-column plastic cover with an antenna embedded in the

transparent PMMA layer mounted on the driver side front door.

One may argue on the basis of the listed challenges, that designing a functional
antenna for the B-column plastic cover is more challenging compared to designing
antennas for mobile phones, if not in all, but in many instances. Although mobile
phones offer limited integration space as well, many of these have a plastic back with
the obvious glass front screen. In these cases, challenge 1 simply does not appear
and challenge 2 is also resolved as without any metal plane blocking the antenna, an
omnidirectional pattern is easier to achieve. At the same time, as a mobile phone is
minuscule compared to a car, simulations at the same set of frequencies are far less
resource intensive and far quicker compared to car simulations, so challenge 3 is also
drastically reduced.

The next section presents the simulation methodology followed in this work for
an accurate antenna design considering the mentioned simulation challenges, and
this approach is novel and original in itself.

2.3 Simulation and measurement considerations

2.3.1 Simulation tools and electromagnetic solvers

CST microwave studio [36] was used for all simulations in this thesis, unless oth-
erwise stated. There are other electromagnetic simulation tools like Ansys HFSS
or FEKO also available in the market [37, 38]. Regardless of these choices, all such
software includes three main types of full-wave solvers for electromagnetic problems,
namely, the time-domain solver based upon the finite difference time domain (FDTD)
method or finite integration technique (FIT), the frequency-domain solver based
upon the finite element method (FEM), and the integral equation solver based upon
the method of moments (MoM). Depending upon the electrical size, the simulation
model complexity, and the frequency bandwidth of the electromagnetic problem
under consideration, one of these solvers, or a combination of these for a hybrid
simulation approach may be used. Some general guidelines for which solver to use
when are provided in [39] and [40].

As the antennas presented in this thesis were resonant in nature, the frequency
domain solver was the appropriate choice at least for the simulations of the bare
antenna and where the simulation model dimensions did not exceed 10 · l0. For
simulations models that are electrically even larger in comparison to the size of the
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FIGURE 2.2: Hybrid simulation procedure. (a) The plastic cover and
the embedded antenna are simulated using FEM. (b) The complex
electric and magnetic fields recorded on the walls of the bounding
box are exported as an excitation source. (c) The excitation source is
placed at the relevant location on the car body for an MLFMM based

simulation.

installed antenna, surface mesh based multilevel fast multipole method (MLFMM),
an extension of the MoM, is recommended in conjunction with either the time domain
or frequency domain solver for a hybrid simulation. The small antenna along with a
portion of the large structure can, for example, be simulated with the frequency do-
main solver, and complex electric and magnetic fields captured on the bounding box
of this sub-problem are then used as an excitation source in an MLFMM simulation
of the complete model. This procedure is illustrated in the form of a schematic in Fig.
2.2.

2.3.2 Influence of simulated model complexity

The more detailed the simulation model, the more accurate would be the simulation
results. However, highly complex computer aided design (CAD) models pose the
previously mentioned challenges of increased computational resource requirement
and simulation time. There could be instances where, depending upon the electrical
size of the problem at hand, the computational resources would be just enough to
simulate a complex CAD model, but that would imply that other users on the same
server would not have the possibility to run their own simulations. Therefore, we
need to come to some sort of a compromise in terms of the complexity of the CAD
model used for simulations. Naturally, this entails a reduction in the accuracy of the
simulation results, but it must be noted that we do not just rely on simulation results
for characterizing the antenna performance, but necessarily perform measurements
in an anechoic chamber as well, and these two in conjunction provide the complete
picture.

Examples pertaining to the influence of car model complexity on the radiation
characteristics of an automotive antenna can be found in [41, 42], among other such
sources. In [41], the author’s own publication for instance, the influence of car model
complexity reduction on the radiation pattern of a rear windscreen embedded FM
antenna was considered. The choice of an FM antenna for this analysis was motivated
by the fact that the dimensions of a typical passenger car are comparable to the
FM wavelength (⇡ 3 m), and in that the simulation of a relatively detailed CAD
model of a car as a reference for comparisons would not be so resource intensive.
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TABLE 2.1: Computational time and memory requirements for the
simulated models [41] ©2017 IEEE

Model type Number
of mesh cells

Simulation
duration (hours)

Memory
used (GB)

Complex model 50,444 11.72 65.4
Reduced model 34,911 3.97 26.7
Coarse model 35,017 3.92 28.1
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FIGURE 2.5: (a) The roll over azimuth configuration [43]. (b) A snap-
shot from the AML, showing the positioner with the mounted AUT,

as well as the source antenna.

TABLE 2.2: Some of the key characteristics of the AML and VISTA

Measurement facility AML VISTA
Frequency range (GHz) 0.8...110 0.07...6

Measurement type Spherical near/far field
Spherical near/far field
OTA performance tests
EMC

Gain measurement
uncertainty ±1 dB

0.07...0.22 GHz:±4.6 dB
0.22...0.4 GHz: ±3.3 dB
0.4...0.7 GHz: ±1.9 dB
0.7...6 GHz: ±1.4 dB

Dimensions
(L x W x H) (m3) 9.2 x 5.2 x 5.2 16 x 12 x 9

Turntable diameter (m) —- 6.5
Maximum DUT weight (kg)  10  2500

2.3.5 Measurements in the virtual road simulation and test area (VISTA)

A snapshot from VISTA is presented in Fig. 2.6, and it differs from the AML in
several key points. It is not only used for the spherical near-field measurements of
AUTs/DUTs, which are usually passenger cars with installed antennas, but also for
over-the-air (OTA) performance tests [45], as well as for electromagnetic compatibility
and interference (EMC) compliance tests [46]. Depending upon the type of measure-
ment under consideration, VISTA may be used as a fully anechoic chamber or as
a semi anechoic chamber by the partial or complete removal of the pyramidal ab-
sorbers from the floor. For radiation pattern measurements, the car with the installed
antenna(s) is placed on the turntable, which is then raised such that the installed
antennas are roughly at the geometrical centre of the probe arch. The arch is split
into two halves: the left half comprises 111 probes with an angular spacing Dq = 1�
that cover the upper frequency range 0.4...6 GHz, while the right half comprises
22 probes with an angular resolution Dq = 5� that cover the lower frequency range
0.07...0.4 GHz. We can also notice that the arch is truncated below q = 110� on either
side. As the transformation from the near-field to the far field requires near-field data
over the entire sphere, the missing near-field data in the truncated region may be
extrapolated using techniques such as iterative modal filtering, among others [47],
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FIGURE 2.6: A snapshot from VISTA, with a passenger car on the
raised turntable [47] ©2020 IEEE. The probes on either side of the
arch cover the elevation range q = 0�...110�; beyond that the arch is
truncated. The 111 probes on the left cover the frequency range 0.4...6
GHz, whereas the 22 probes on the right cover the frequency range

0.07...0.4 GHz.

which is better than simply padding zeros in place of the missing data. However,
many of these advanced extrapolation algorithms were introduced at a stage when
nearly all the measurements presented in this work were already completed and
evaluated. As a result, the radiation patterns presented in this work are strongly
truncated in the truncation region. For antennas that radiate predominantly into the
upper hemisphere, this is of minor consequence. But B-column antennas are located
on the sides of the car, and have a portion of radiation in the lower hemisphere as
well. Truncation of this portion implies that the antenna efficiency associated with
this portion is not accounted for as well, and would therefore appear to be lower than
it actually is. This has been discussed in sufficient detail in [47], and provides some
explanation for the differences in the antenna efficiency obtained with the partial
door frame measurements in the AML and the car measurements in VISTA presented
in the chapters ahead. For this thesis, VISTA was used in both the configuration; fully-
anechoic for radiation patterns measurements, and semi-anechoic for LTE-MIMO
performance evaluation of the antennas installed on the car. These and some of the
other key characteristics of VISTA are listed in the second column of Table 2.2, with
further details available in [44, 106].
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Chapter 3

Di-patch antenna

3.1 Novelty and design description

When we think of a simple, planar, conformal, metal surface tolerant and robust an-
tenna, a patch antenna is an almost immediate thought. Since its introduction in 1953
[48], these characteristics have enabled patch antennas to amass a wide application
base including, but not limited to, satellite communication, missile telemetry, mobile
communications, and automotive GPS and radar. But, just as with everything, a
patch antenna is not without its shortcomings. The principle among them is its low
impedance bandwidth of roughly 2% for a typical substrate thickness of ⇡ l0/20, l0
being the free-space wavelength at the resonance frequency [49, 63].

In comparison, we have the half-wavelength dipole antenna, one of the oldest
antennas, first used by Hertz in 1886 to demonstrate the existence of radio waves
[50]. A typical half-wavelength dipole has around 10% fractional bandwidth [51],
radiates omnidirectionally in one plane, and offers a 2.15 dBi peak directivity, which
is approximately 5...6 dB lower than directivity of a typical patch antenna. This is
understandable, as a patch is fundamentally a broadside array of two equivalent
magnetic dipoles radiating in half-space [52]. The directivity of a half-wavelength
dipole can be more than doubled by arranging it horizontally above a metallic reflector
(Fig. 3.3 and the associated text) , but as the distance between the reflector and the
dipole becomes ⌧ l0, the driving-point impedance of the dipole becomes negligible,
and the dipole turns into an inefficient r adiator. The driving-point impedance is
defined as the input impedance of the antenna in the presence of the other elements
or obstacles, in this case the metallic ground. This is in contrast to the self-impedance
of the antenna, which is its input impedance in free-space.

So, on the one hand, is a patch antenna inherently metal-surface tolerant but with
a poor bandwidth, and on the other hand, we have a half-wavelength dipole antenna
which has a much larger impedance bandwidth but poor metal surface
tolerance. What would be desirable is an antenna that is metal surface tolerant,
but has a larger bandwidth than a typical patch antenna. There are multi-band
enhancements to the patch antenna, and there are high impedance surface solutions
to the poor metal surface tolerance of a half-wavelength dipole, as discussed in
chapters 4 and 5 respectively. But these are more involved and complex in their
design.

The di-patch antenna, first presented in the author’s publications [53, 54, 55],
and sketched in Fig. 3.1, provides an extremely simple to design, and novel antenna
solution that is metal surface tolerant like a patch antenna, but offers other advantages
as well. Not only does it have twice the impedance bandwidth and at least 40%
smaller total surface area, there is also no compromise of directivity/gain compared
to a patch antenna at the same frequency for the same substrate permittivity and
thickness. The antenna comprises two half-wavelength square metallic patches



22 Chapter 3. Di-patch antenna

FIGURE 3.1: Schematic of a di-patch antenna; details provided in the
legend and the main text [54] ©2019 IEEE.

separated by an electrically small gap of width ‘g’. The total length of the antenna
is therefore one wavelength (plus ’g’). The two patches are fed differentially at the
points 5 and 6, and form the upper side of a grounded dielectric substrate of thickness
‘t’. Differential feeding provides the added benefit of common-mode noise rejection.
The ground is a floating ground - there is neither a shorting post nor any other sort of
electrical connection between the patches and the ground.

Discovery of the di-patch antenna: In literature, both old and contemporary, the
dipole antenna that is most discussed and presented is the half-wavelength electrical
dipole antenna, as such a dipole antenna can provide a 50 W input impedance in
free-space. The full-wavelength dipole antenna plays second fiddle in comparison,
because its input impedance in free-space is thousands of ohms [56, 57], leading
to impedance matching challenges. For this thesis though, the input impedance
behavior of an antenna closely above a ground plane was of primary concern, and
not its input impedance in free space. In that regard, as already mentioned, the
half-wavelength dipole is practically short-circuited at close proximity to a metal
sheet. A similar behavior is predicted in literature, cited in the later sections, for a
full-wavelength dipole antenna above a ground plane. But curiously it was observed
in the author’s simulations that the input impedance of a full-wavelength dipole did
not drop to zero closely above a ground plane, but rather increased much beyond
its value in free-space. This was an exciting observation, because now one could
ask the question if it would be possible to bring down the input impedance of the
full-wavelength dipole above the ground plane to 50 W through modifications in
its design/shape. It was seen that by modifying the thin cylindrical dipole antenna
into the form as depicted in Fig. 3.1 this target could be achieved. This was a first
of its kind result, and exactly applicable for B-column integration, considering the
proximity of the B-column plastic cover to the car chassis. Although differentially-
fed planar antenna configurations do exist in literature [58-62], either the distance
between the antenna arms/patches is a half-wavelength, one or both the patches
are shorted to the ground, one or more parasitic elements are employed, and/or the
design of the feed lines is complex.

The remainder of the chapter proceeds as follows:

• First, some interesting insights from the electromagnetic behaviour of a dipole
antenna in its fundamental mode above a metallic ground are presented. An
understanding of how a dipole antenna in its fundamental mode can act as
an equivalent source model for describing the electrical behaviour of a typical

4 
1,2: square patches 
3: dielectric substrate,Er 
4: metal ground 
5,6: feeding location 
7,8: differential lines 
9: RF signal source 
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• Taking the learning points from patch antenna modeling, it is shown that how
starting with a thin dipole antenna in its second harmonic mode one can arrive
at the di-patch antenna configuration of Fig. 3.1. It is interesting to note the
contrast to the previous point here. In the former point, it was desired to raise
the input impedance of a half-wavelength dipole above a ground plane to 50 W
from nearly 0 W, which could be achieved by folding the dipole. For this point,
the input impedance of a full-wavelength dipole antenna needed to be reduced
to 50 W from the initial several thousands ohms above the ground plane. These
di-patch antenna modeling considerations are followed by a sensitivity analysis
of the di-patch antenna to parameter changes. Thereafter, the performance of
a di-patch antenna is compared with a patch antenna, and the simulation and
measurement results of a plastic cover embedded di-patch antenna with the
partial door frame and the whole car are presented. The last section presents a
1⇥2 series-fed di-patch array made using principles known from similar patch
arrays, and provides a succinct simulation based comparison between the two
array types.

3.2 Di-patch antenna equivalent model

3.2.1 Half-wavelength dipole above metal ground and patch equivalence

Consider a half-wavelength dipole at a distance h above an infinite metallic ground
as in Fig. 3.2 (a). This system satisfies the boundary condition ẑ⇥ E = 0 at z = 0,
i.e., on the plane AA’. We are interested in the E and H fields above AA’. We can
use image theory to convert this complex half-space problem into a simple to solve
free-space problem. As long as the free-space problem contains the original dipole
source, and the tangential components of the electric field vanish at the interface
AA’, the free-space problem will be equivalent to the original half-space problem.
The equivalent problem is shown in Fig. 3.2 (b). We remove the ground plane and
introduce a virtual dipole source dipole at a distance h from the interface AA’. The
virtual dipole has the same magnitude but opposite phase as the actual dipole. It is
now quite simple to show that the tangential field components disappear along AA’
[64-66], but what is more interesting are the advantages from this simpler equivalent
system. One can see that the equivalent problem is similar to an end-fire array of two
dipoles with a separation ’2h’ between them, and this has two consequences:

1. The electric field at any far-field point ’P’ above the interface AA’ is the vector
sum of the contributions from the actual dipole and the virtual dipole.
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FIGURE 3.2: (a) Original problem: Half-wavelength dipole at a height
h above an infinite metallic ground. (b) Equivalent problem: Infinite
ground replaced by an oppositely oriented virtual dipole at a distance

2h from the actual dipole.

2. The influence of the ground on the self-impedance of the dipole can be quanti-
fied in terms of the mutual electrical interaction between the actual dipole and
the virtual dipole, as explained later.

As the interest lies in demonstrating the equivalence between a half-wavelength
dipole above a ground and a typical patch antenna, it is necessary to compare their
directivities, radiation patterns, surface current/electric field distributions, and reso-
nance conditions. First consider point 1. Assuming that the dipoles in Fig. 3.2 (b) are
infinitesimal, [64] shows that the peak directivity, D0, dependent upon h is given by
the equations 3.1 and 3.2:

D0 =

8
>>>><

>>>>:

4 · sin2(bh)
2
3 �

sin(2bh)
2bh � cos(2bh)

(2bh)2 + sin(2bh)
(2bh)3

h  l0/4 (3.1)

4
2
3 �

sin(2bh)
2bh � cos(2bh)

(2bh)2 + sin(2bh)
(2bh)3

h > l0/4 (3.2)

where b is the wavenumber.
It can be determined that as h ! •, D0 of the ertzian dipole approaches 7.78 dBi. 

Considering that the free-space directivity of a ertzian dipole is 1.76 dBi, this is an 
increase of slightly more than 6 dB. It is then natural to conclude that the directivity 
of a half-wavelength long dipole antenna would slightly exceed this value as h ! •, 
as free space directivity of such a dipole is 2.15 dBi to begin with. In any case, the 
directivity values for 0 < h  0.1l0 are of prime importance for the purpose of 
comparison with a patch antenna, as typical patch antenna substrate height, hpatch 
corresponds to this range. D0 for a ertzian dipole varies from 8.5...8.75 dBi in this 
height range, and would be accordingly slightly higher for a half-wavelength dipole 
antenna above a ground plane, as may also be inferred from the orange shaded region 
in Fig. 3.3 [74]. These directivity values for a half-wavelength dipole antenna above 
ground   n n are very close to those predicted by the cavity 
resonator model [52] for a patch antenna, which is briefly outlined next.
      As per [52, 93], a patch antenna can be modelled by a dielectric-loaded cavity with 
two perfectly conducting electric walls (patch at top, infinite ground at bottom with a 
separation hpatch between the two), and four perfectly conducting magnetic walls on 
the sides. The dielectric in this case is assumed to be vacuum. The four side walls 
represent four slots which may or may not contribute to radiation, depending upon

z 
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FIGURE 3.3: Simulated directivity in the broadside direction for half-
wavelength electrical dipole antenna arranged horizontally above an
infinite ground plane, as a function of the distance between the dipole
and the ground plane (adapted from [74] ©2004 IEEE). The region of
interest for comparison with a patch antenna has been shaded orange.
(At 0.5 l0 spacing, the dipole and ground interfere destructively in the

broadside, hence the large drop in directivity.)

the orientations and the magnitudes of the magnetic current densities on these slots. 
Applying image theory, this half-space problem can be converted into a free-space 
problem, in that the ground plane is removed while doubling the magnetic current 
densities on each of the four side walls of the patch antenna. The magnetic current 
densities along the slots indicated in Fig. 3.4 are equal in phase and magnitude, and 
form a broadside array that radiates into the upper half space.

Assuming that hpatch << l0, the peak directivity of a patch antenna can be 
expressed [52] as:

 (3.3)

W >> l0 (3.4)

Realistically, W is neither too small, so as to avoid a reduction in the radiation
efficiency, nor is it larger than l0, so as to prevent the excitation of higher order
modes. In other words, with vacuum as the substrate, a realistically dimensioned
patch antenna, with hpatch << l0, will have a directivity slightly larger than 8.2 dBi.
Referring back to Fig. 3.3, we see that the directivity of a thin dipole in the orange
region is indeed comparable to the patch antenna directivity predicted through the
cavity resonator model.

However, the preceding was only a comparison of the peak values of directivity.
Next, the normalized radiation patterns and electric field distributions of a patch
antenna and a dipole antenna are compared in Fig. 3.5. The peak directivity to which
the patterns were normalized was chosen to be the maximum of the peak directivities
obtained for the dipole and the patch in each case. The analysis/comparisons were

:  D0  =  

8
<  

8  
✓  

W
l0

◆6.6  (linear)  =  8.2  dBi  W  <<  l0
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FIGURE 3.4: A patch antenna simulated above an infinite ground
plane, depicting the TM010 fundamental mode E-field distribution.

Slots 1 and 2 add in phase and lead to radiation   .

carried out at 2.6 GHz, corresponding to l0 = 115 mm. The height h of the dipole 
above the infinite ground plane and the substrate thickness h patch of the patch antenna 
were kept the same at 1.6 mm, which at 2.6 GHz is approximately 0.015l0.

Fig. 3.5 (a) compares a typical half-wavelength dipole antenna with a patch an-
tenna in half space. An excellent agreement can be observed between the normalized 
radiation patterns, and the electric field distributions considered at the same phase. 
The agreement between the electric fields was similarly good at all other phases. How-
ever, the seemingly perfect patch-dipole equivalence demonstrated above suffered 
from the following limitations:

1. The equivalence between the radiation patterns and the electric field distribu-
tions holds only at antenna lengths that are odd multiples of the fundamental
mode, i.e., at (2n + 1)(l0/2), where n 2 W. At 2p(l0/2) physical lengths, where
p 2 N, the electric field distribution, and therefore the radiation pattern are
starkly different compared to a patch antenna of comparable physical length.
Two examples are provided in Fig. 3.5 (b) and (c), where 2.6 GHz is a higher-
order mode resonance. The first example shows the disagreement between
the patch antenna and the dipole antenna patterns and fields for L = 2(l0/2).
Although both the patch and the dipole have a voltage maximum at their centre
in this mode, the presence of the feed-gap in case of the dipole causes the electric
field to distribute differently from the patch, which does not have a feed-gap.
The second example shows the reinstatement of the agreement between the
results at L = 3(l0/2). This trend continued like this, and furthermore it was
noted that at 2p(l0/2) lengths, the patch antenna radiation pattern always had
twice the number of lobes in the E-plane as compared to the corresponding
dipole antenna radiation pattern at the same frequency.

2. If the dipole antenna port in Fig. 3.5 (b) was shifted a quarter-wavelength off-
centre, where the voltage minimum lay, then the electric field distributions, and
therefore the radiation patterns of the dipole antenna and the patch antenna
at L = 2(l0/2) were in perfect agreement. Through such a procedure, an
agreement could be established between a patch antenna and a dipole antenna
electric fields at any physical length L = 2p(l0/2) at the corresponding 2pth

harmonic resonance. But the agreement was then lost at lengths that were odd
multiples of half-wavelength.

3. A point can be found between the patch and ground where the patch offers a
50 W self-impedance. However, at the considered small distances to the ground,
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FIGURE 3.5: (a), (b), and (c) compare the electric field distributions
in the E-plane and the normalized radiation patterns in the E- and
H-planes for dipole antennas and patch antennas of lengths l0/2,
2(l0/2), and 3(l0/2). The comparison is at 2.6 GHz, which is the
fundamental, second, and third harmonic resonance in (a), (b), and
(c) respectively. The antennas lie in the q = 90� plane, 1.6 mm above a

perfect electric boundary, and are oriented along the f = 0� axis.
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a (2n + 1)l0/2 length electrical dipole has a very low driving-point impedance,
and is a poor radiator.

3.2.2 Half-wavelength folded dipole as patch antenna equivalent

Considering the preceding limitations, a more comprehensive dipole antenna equiv-
alent for a patch antenna was desirable. The advanced model should take into
account impedance matching, and reconcile the differences in the electric field dis-
tributions and radiation patterns at 2p(l0/2) antenna lengths. Let us first see how a
half-wavelength dipole antenna can be modified to achieve a 50 W input impedance
above a ground plane. To achieve this, referring back to Fig. 3.2 (b), the impact of
the mutual impedance, Z21, between the actual dipole and the image dipole, on the
self-impedance, ZS1, of the actual dipole needs to be first understood. Let the actual
dipole be initially in free space, with a voltage V1 across its terminals, and a current I1
along its length. Now this dipole is brought close to a ground plane as in Fig. 3.2 (a).
Then the equivalent scenario comprises a parallel image dipole, as in Fig. 3.2 (b), that
carries an equal magnitude but opposite phase current I2 along its length. Due to the
interaction between these two dipoles, the voltage on the actual dipole becomes

V1 = I1ZS1 + I2Z21 = I1(ZS1 � Z21) (3.5)

as I2 = �I1. Therefore, the driving point impedance, ZD1, of the actual dipole may
be given as

ZD1 =
V1

I1
= ZS1 � Z21 W (3.6)

ZD1, ZS1 and Z21 may be calculated using the following formulas presented in
[68, 127], for a dipole antenna of radius a.

RS1 =30
⇥�

1 � cot2 bL/2
�

Ci2bL + 4(cot2 bL/2)CibL
+ 2(cot bL/2)(Si 2bL � 2 Si bL)] W

(3.7)

and

XS1 =30
⇥�

1 � cot2 bL/2
�

Si 2bL + 4(cot2 bL/2) Si bL

+ 2 cot bL/2{2CibL � Ci2bL � 2 log(L/2a)}] W
(3.8)

Taking H = 2h as the separation between the actual dipole and the image dipole
in Fig. 3.2 (b), the real/imaginary components of Z21 may be defined as:

R21 = 30
1

sin2(bL/2)

⇢
2(2 + cos bL)CibH

� 4 cos2 bL
2
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(3.9)

and
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X21 = 30
1

sin2(bL/2)

⇢
� 2(2 + cos bL) Si bH

+ 4 cos2 bL
2


Si

b

2
(
p

4H2 + L2 � L) + Si
b

2
(
p

4H2 + L2 + L)
�

� cos bL[Si b(
p

H2 + L2 � L) + Si b(
p

H2 + L2 + L)]

+ sin bL[Ci b(
p

H2 + L2 + L) � Ci b(
p

H2 + L2 � L)

�2Ci
b

2
(
p

4H2 + L2 + L) + 2Ci
b

2
(
p

4H2 + L2 � L)
��

W

(3.10)

where

Cix =
Z x

0

(1 � cos u)
u

du, Ci(x) = �
Z •

x

cos(u)
u

du, Si(x) =
Z x

0

sin(u)
u

(3.11)

These formulas are for a center-fed dipole antenna, where the current distribution
is assumed to be sinusoidal. From [69, 70, 126], and other sources that may be found
within these papers, it is known that only a dipole antenna of vanishing radius can
have an exactly sinusoidally distributed current, but it has been shown to be a fair
approximation for dipoles that are  l0/2 in length.

The real and imaginary components of ZD1, Z21, and ZS1 are plotted in Fig.
3.6 for two parallel half-wavelength dipoles, as a function of the spacing H = 2h
between them. It was shown earlier that such a system of dipoles is equivalent to
a dipole arranged at a height h above an infinite metallic ground. Since the dipole
antenna in this case is at h = 1.6 mm = 0.015l0 (at 2.6 GHz) above the ground, the
corresponding equivalent value of the theoretical impedance for the dipole may be
read at H = 2h = 0.03l0 in Fig. 3.6 (a) and (b). As it is the real part of impedance
that contributes to radiation, and the imaginary part can be nullified through minor
adjustments in the length of the dipole, the value of Re{ZD1} at H = 2h = 0.03l0 in
Fig. 3.6 (a) is of primary interest. We can see that it is just 0.41 W.

A couple of points need to be considered at this junction. The curves presented in
Fig. 3.6 are for a half-wavelength dipole made out of a perfectly conducting material,
therefore, the plotted driving-point resistance, Re{ZD1} = RD1 = Rrad,D1 + Rloss,
contains no contribution from any loss mechanism, i.e. Rloss = 0, and as a result
the antenna radiation efficiency (excluding mismatch losses) would still be 100%.
Here Rrad,D1 represents the radiation resistance part of the driving-point resistance.
But there is no such thing as a perfect electric conductor in nature; a typical dipole
antenna is made of copper wire which has an extremely high, but finite conductivity
of 5.8 · 107 S/m, and therefore some loss is to be expected. Consider the simulated
data in Table 3.1 for a half-wavelength dipole antenna at its resonance at ⇡ 2.6 GHz.
We can see that the conduction losses due to copper are extremely small, but when
the antenna is situated closely above a ground plane, the driving-point radiation
resistance becomes comparable to the loss resistance, leading to a significant drop
in the radiation efficiency. (The loss resistance could be isolated by comparing the
simulated input resistance of a perfect electric conductor based dipole to that of a
copper based dipole, all other things being constant.)

The situation does not appear dire due to the still sufficient radiation efficiency
above the ground, and one may think that matching the low driving-point impedance
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TABLE 3.1: Simulated resistance values for a half-wave dipole antenna
of length = 55.7 mm, radius = 0.2 mm, feed gap width = 0.2 mm,

resonant at 2.6 GHz.

Dipole location Dipole material Rrad,D1 (W) Rloss (W) Radiation
efficiency (%)

Free space Perfect electric
conductor 71 0 100

Free space Copper 71 0.3 ⇡ 100
1.6 mm above

infinite ground Copper 0.45 0.3 60

FIGURE 3.6: (a) and (b) present the theoretical real and imaginary
components of ZD1, Z21, and ZS1 for two parallel half-wavelength
dipoles as a function of the separation H between them, and have been
plotted using equations 3.6...3.10 [68, 127]. The dipoles are assumed to

be made up of perfect electric conductor.

to 50 W would make the antenna usable. But such a matching is not practically feasi-
ble, as it would require a matching network with unrealisable inductance/capacitance
values. Even if hypothetically the matching were possible, the achieved impedance
bandwidth would be extremely narrow, as firstly, L-C networks are inherently narrow
band, and secondly, a low driving-point resistance of the antenna is indicative of
a large Q-factor [71]. In addition, only copper losses were considered until now;
the dipole antenna may be printed on a substrate material, in which case the di-
electric losses will further deteriorate the radiation efficiency. Therefore, a method
needs to be found that raises the driving-point radiation resistance component of the
driving-point resistance of a dipole antenna located closely above a ground plane.

One solution to this problem is to recognize the fact that no matter how small, as
long as h 6= 0 , the value Re{ZD1} = Re{(ZS1 � Z21)} remains finite and positive. We
just need to make this difference sufficiently larger at H = 2h = 0.03l0. Going back to
Fig. 3.6 (a), if the difference were 100...120 times larger, then Re{ZD1} at that H would
lie between 41...49 W, in which case the antenna would not need any impedance
matching network. Of course, Fig. 3.6 assumes a lossless antenna, but, as we will
see soon, a substantial increase in the driving-point radiation resistance of a copper
antenna does not correspond to a substantial increase in the loss resistance.
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In this regard, let us take a look at the folded dipole antenna [72] as sketched in
Fig. 3.7 (a). Its operation may be understood by decomposing the current into two
distinct modes: a transmission line mode, and an antenna mode. Assuming ZSF to be
the self-impedance of the half-wavelength folded dipole, it can be shown that:

ZSF = q2 · ZS1 W (3.12)

where q represents the number of branches in the folded dipole, and ZS1 is the
self-impedance of a typical half-wavelength dipole.

Furthermore, the results of [73] regarding the mutual impedance between between
two q = 2 parallel half-wavelength folded dipoles with a separation H between
them could be easily generalized (see appendix I), and an expression for the mutual
impedance, Z21F, for any q � 2 could be obtained:

Z21F = q2 · Z21 W (3.13)

where Z21 is the mutual impedance between two typical half-wavelength dipoles
at a distance H from each other, as computed in Fig. 3.6.

Then considering eq. 3.12 and 3.13, and substituting from eq. 3.6, the driving-
point impedance, ZDF of the folded dipole at a distance h = H/2 from an infinite
metallic ground may be written as:

ZDF = (ZSF � Z21F) = q2 · (ZS1 � Z21) = q2 · ZD1 W (3.14)

Therefore, with q = 10, at h = H/2 = 0.015l0 above an infinite ground, a half-
wavelength folded dipole will theoretically offer a 100 times larger driving-point
impedance compared to a typical centre-fed half-wavelength dipole antenna. As
shown in Fig. 3.7 (b), such a folded dipole was designed, simulated and compared to
a patch antenna of the same dimensions. In comparison to the theoretically expected
driving-point resistance of 41 W for the folded dipole (100 times the value indicated
in Fig. 3.6 (a)), the simulated driving-point resistance amounted to 64 W. The
difference between the expected value from the formula and the simulated value
may be understood by considering that these formulas hold for a dipole antenna of
vanishing radius, and in the case of folded dipole antennas, the various arms of the
folded dipole are assumed to be resonant in the same phase. However, as dipole
radius is always finite, and the various arms in the case of a folded dipole antenna
will have some phase difference relative to each other, the resulting driving-point
impedance is expected to deviate from the theoretical prediction.

The reflection coefficients are compared in Fig. 3.7 (c). The typical half-wavelength
dipole had a poor impedance matching to 50 W, but the folded dipole and the patch
were well matched, which is in accordance with their corresponding driving-point
resistances. The antennas in these simulations were made of perfect electric conductor.

TABLE 3.2: Simulated resistance values at the resonance for a half-
wave dipole antenna and a folded dipole antenna made of copper and

located 1.6 mm above an infinite ground.

Dipole type Dipole material Rrad,D1 (W) Rloss (W) Radiation
efficiency (%)

Typical Copper 0.45 0.3 60
Folded

(10 arms) Copper 64 3 ⇡ 95.5
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FIGURE 3.7: (a) Theoretical model of a folded dipole [72]. (b) Dimen-
sions of the simulated half-wavelength patch and folded dipole with
q = 10. (c) Simulated reflection c oefficients. The antennas are made

out of perfect electric conductor.

Next, the material of the folded dipole was changed to copper and the simulation
was repeated. It was noticed that the driving-point resistance amounted this time to
67 W, which implied that the loss resistance due to copper was just 3 W. Now looking
at the data in Table 3.2, we observe what was pointed out earlier; a large growth in
the driving-point radiation resistance does not imply a large growth in the loss
resistance. This also makes intuitive sense, because at the same frequency, the
radiation resistance of a dipole grows as L2, while the loss resistance scales as L. The
considered folded dipole had 10 arms, and was therefore 10 times longer than the
typical dipole at the same frequency. This led to a somewhat larger than a 100 fold
radiation resistance (difference between theory and reality), but the loss resistance
grew only 10 fold.

The electric field distributions and the radiation patterns for the half-wavelength
folded dipole and the patch antenna matched the ones presented in Fig. 3.5 (a). Also
at 3l0/2 length, there was a one-to-one correspondence between the patch antenna
results and folded dipole antenna results at 2.6 GHz, similar to the case in Fig. 3.5
(c). However, it was at (2p)l0/2 lengths that the similarity between the electric fields
and the radiation patterns of the patch antenna and the typical centre-fed dipole
antenna fell away (Fig. 3.5 (b)). So, as the next step, the field distributions and
radiation patterns were compared at 2.6 GHz at p = 2 for the patch antenna and
the folded dipole antenna . The results are presented in Fig. 3.8. There was a good
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FIGURE 3.8: Comparison of the magnetic/electric field distributions
and the normalized radiation patterns for a folded dipole antenna
and patch antenna of length 2(l0/2). The comparison is at 2.6 GHz.
The antennas lie in the q = 90� plane, 1.6 mm above a perfect electric

boundary, and are oriented along the f = 0� axis.

agreement between the radiation patterns at this even mode, but it was the magnetic
field of the folded dipole and the electric field of the patch antenna that were similarly
distributed. Further higher even modes were not analyzed, but it is reasonable to
expect that the trend may continue like this between a patch antenna and a folded
dipole, that the radiation patterns are comparable at all modes, but orthogonal to one
another at even modes.

At this point, it must be reiterated that the question of whether a folded dipole
antenna could be used above a ground plane was actually first considered in [74], but
the author was mainly interested in showing if a folded dipole with a certain number
of arms could radiate efficiently closely above a ground plane; no clear explanation
with which the requisite number of arms could be estimated in relation to the antenna
distance above the ground was presented. This thesis fills out that gap by a very
nominal generalization of the result in [73] (see appendix I), that leads to equation
3.14. In order to obtain Re{ZDF} ⇡ 50 W for a folded dipole antenna closely above a
ground plane, one simply needs to consult the value of Re{ZD1} at that separation
from the ground plane from Fig. 3.6 (a). Subsequently, it is simple to choose a q, such
that Re{ZDF} = q2 · Re{ZD1} ⇡ 50 W. Additionally considered in this thesis was the
question of how closely a folded dipole represents an equivalent to a typical patch
antenna at different harmonic lengths. Furthermore, a closer look into the influence
of copper losses on the performance of the folded dipole was taken.

In the view of the observations presented above, if we restrict ourselves to the
fundamental mode operation of a patch antenna, then with reference to the radiation
pattern, both the typical half-wavelength dipole and half-wavelength folded dipole
form good equivalent models to a patch. But if we also want reflection coefficient
equivalence, then the half-wavelength folded dipole compares overall better to a
patch antenna. It becomes obvious through this discussion that just like a half-
wavelength dipole/folded dipole models a patch antenna, a one-wavelength dipole
antenna should be a reasonable model for the di-patch antenna that also measures
one-wavelength in length. This is discussed in the next section and it is shown how
one can modify the driving point impedance of a one-wavelength dipole antenna so
that it becomes usable closely above a metallic ground.
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3.2.3 One-wavelength dipole above metal ground and di-patch equiva-
lence

The equations 3.7...3.10 assume a sinusoidal current distribution on the dipole antenna. 
The problem with this assumption appears when calculating the input impedance of 
dipole antennas of lengths L = (2p)l0/2. As soon as L = l0 is plugged into equations 
3.1..3.10, the value that is returned is infinity, independent of the dipole wire radius. 
But in reality, no full-wavelength dipole antenna of a finite wire radius has an infinite 
input impedance; it runs into thousands of ohms, but never infinite. Therefore, the 
equations 3.7...3.10 are insufficient for characterizing the impedance behavior of a 
full-wavelength electrical dipole antenna.

The equations that come up ahead will rectify the aforementioned problem, and 
will be applicable to thin dipole antennas of any length. The ultimate aim of this 
exercise is to compute the theoretical driving-point impedance of a full-wavelength 
dipole antenna closely above a ground and compare it to the corresponding values 
obtained from simulations. This would highlight the discrepancy mentioned in the 
introduction of this chapter, that the simulated driving-point impedance of a full-
wavelength dipole above a ground plane runs into thousands of ohms and does 
not drop to zero as the theory predicts. Subsequent to this observation, the full-
wavelength dipole antenna design could be modified (to the di-patch antenna), such 
that impedance closely above the ground plane dropped down to 50 W from several 
thousands ohms.

Moving onto the topic of the improvised impedance equations for a dipole an-
tenna, Hallén did not make any assumptions about the current distribution on finite-
radius cylindrical dipole antennas, but treated such dipoles as a boundary value 
problem, as mentioned in [67, 126]. This resulted in the following general formula for 
the self-impedance of a  cylindrical dipole antenna:

ZS1 = �j60t

⇢
cos bL/2 + a1/t + a2/t2 + · · ·
sin bL/2 + z1/t + z2/t2 + · · ·

�
W (3.15)

where t = 2ln(L/a), and a1 and z1 are defined as:

a1 = aI
1 + jaII

1

aI
1 = (1/2)[cos bL/2(Ci2bL � 2CibL) � sin bL/2 Si 2bL]

aII
1 = (1/2)[cos bL/2(Si2bL � 2SibL) + sin bL/2Ci2bL]

(3.16)

and

z1 = zI
1 + jzII

1

zI
1 = (1/2)[cos bL/2(4 Si bL/�Si2bL) + sin bL/2

�
2CibL � Ci2bL + 4 loge 2

�
]

zII
1 = (1/2)[cos bL/2(Ci2bL � 4CibL) + sin bL/2(2 Si bL � Si 2bL)]

(3.17)

The components taking into account the internal impedance per unit length of a
cylindrical conductor have not been included in equations 3.16 and 3.17 as they are
sufficiently small to be negligible for most practical purposes.

Provided 1/t is small but finite, i.e. the radius of the dipole is much smaller
compared to its length, the condition in equation 3.18 is a reasonable approximation.
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FIGURE 3.9: (a) Dipole 1 is a half-wavelength dipole, h wavelengths
above an infinite ground plane. (b) Dipole 2 is a one-wavelength

dipole, h0 wavelengths above an infinite ground.

TABLE 3.3: Specifications of the dipoles in Fig. 3.9. The resonance
frequencies and impedances are simulated free-space values.

Dipole 1

L = l0/2
(mm)

a
(mm)

g
(mm)

Frequency
corresponding
to l0 (GHz)

Resonance
(fundamental)

(GHz)

Impedance
at resonance

(W)
52.5 0.35 1.05 2.84 GHz 2.6 67

Dipole 2

L’ = l
0
0

(mm)
a’

(mm)
g’

(mm)

Frequency
corresponding

to l
0
0 (GHz)

Resonance
(2nd order)

(GHz)

Impedance
at resonance

(W)
87.9 0.59 0.87 3.41 2.6 778

|cos bL/2 + a1/t| �
��a2/t2��

|sin bL/2 + z1/t| �
��z2/t2�� (3.18)

Subject to this condition, the real and imaginary parts of equation 3.15 may be
written as:

RS1 = 60t

(
aII

1
�
t sin bL/2 + zI

1
�
� zII

1
�
t cos bL/2 + aI

1
�

�
t sin bL/2 + zI

1
�2 +

�
zII

1
�2

)
W (3.19)

XS1 = �60t

(�
t cos bL/2 + aI

1
� �

t sin bL/2 + zI
1
�

+ aII
1 zII

1�
t sin bL/2 + zI

1
�2 +

�
zII

1
�2

)
W (3.20)

The equations 3.19 and 3.20 are a better approximation to the self-impedance in
comparison to the equations 3.7 and 3.8, and are valid for thin cylindrical dipole
antennas of any electrical length. Blake [67], for example, analyzed antennas for
10  t  30. For larger wire radii, higher powers (� 2) of 1/t will not be negligible
any more.

Now, consider two dipole antennas as in Fig. 3.9 with t = 10, both resonant in
free-space (ground planes absent in this case) at ⇡ 2.6 GHz, but in the fundamental
mode and the second harmonic mode respectively. We know that the actual length
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of a half-wavelength/full-wavelength dipole antenna is shorter than the exact half-
wavelength/full-wavelength corresponding to its resonant frequency. This is also
evident from the simulated data presented in Table 3.3. The length of dipole 1,
L = 52.5 mm corresponds to an exact half-wavelength at 2.84 GHz, whereas its
fundamental resonance is at 2.6 GHz. Similarly, the length of dipole 2, L = 87.9 mm
corresponds to an exact wavelength at 3.41 GHz, but its second harmonic resonance
lies at 2.6 GHz. We can notice that the shortening in length in case of second-order
resonance is more significant than in case of fundamental resonance. These free-space
simulated resonance values and impedances are well aligned with the theoretical
values presented in [76] for a dipole antenna with the same t (see Fig. 1 in [76]).

We would now like to know the impact on the driving-point resistance of these
antennas if they are brought close to a ground plane. Given RS1 from equation 3.15,
R21 is needed to compute the driving-point resistance RD1. Tai [75], improving upon
the results in [69], derived the first order driving-point impedance, ZD1 = ZS1 � Z21,
of two parallel anti-symmetrically driven dipole antennas at a distance H = 2h from
each other (refer Fig. 3.9, apply image theory) as in equation 3.21. The expanded
expressions for k1 and r1 can be found in the mentioned reference (see equation 63 in
[75] and the associated text that leads to the anti-symmetrically driven case for two
parallel dipoles).

ZD1 = �j60y

(
cos bL/2 + 1

y (a1 � k1)

(2 � t
y ) sin bL/2 + 1

y (z1 � r1)

)
W (3.21)

H
where, in the case that the two dipole antennas are closely coupled, [75] defines

y = 2ln( a ) (see equation 38 in [75]).
Let us now take a look at the various parts in Fig. 3.10 one after the other. Fig.

3.10 (a) compares the theoretical driving-point radiation resistance from equation
3.21 to its simulated counterpart for dipole 1 lying h wavelengths above an infinite
ground plane. The driving-point radiation resistance is considered at 2.84 GHz, at
which dipole 1 is exactly half-wavelength long, and therefore not resonant. There
is some disagreement between the results, particularly at larger distances from the
ground, but nothing too drastic. On the other hand, the corresponding theoretical and
simulated driving-point radiation resistances for the one-wavelength dipole, dipole
2, in Fig. 3.10 (b) seem to have more significant differences. The simulated resistance
curve is flatter in profile; the antenna would need to be insensibly close to the
ground, for the simulated curve to drop to 0 W. In any case, for an antenna, we are
more interested in the driving-point resistance at the resonance, because we
operate antennas at their resonance frequency. If we shift our attention to Fig. 3.10
(c), we can notice that the simulated driving-point resistance at the fundamental
resonance of dipole 1 follows a similar trend to Fig. 3.10 (a). But there was no such
correspondence at all between Fig. 3.10 (b) and Fig. 3.10 (d), that depicts the simulated
driving-point resistance of dipole 2 at its second harmonic resonance. At the second
harmonic resonance, the driving-point resistance was extremely high closely above
a ground plane. These were very interesting observations, and form partially the
basis of why and how the di-patch antenna functions. Fig. 3.10 (e) and (f) represent
the fundamental resonance and second order resonance frequencies of dipole 1 and
dipole 2 respectively. We can observe that the resonance frequency is influenced by
the distance between the ground plane and the antenna, therefore it was not possible
to use equation 3.21 to produce theoretical driving-point resistance curves in Fig
3.10 (c) and (d). The frequency at which a dipole is exactly a half-wavelength or a
full-wavelength in length remains the same irrespective of how close the antenna
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the ground, because the actual length of the antenna remains unchanged, and
therefore equation 3.21 could be readily applied for obtaining theoretical curves as in
Fig. 3.10 (a) and (b). While the results in the above figures pertain to cylindrical
dipole antennas, they are also applicable to strip-dipole antennas. A strip dipole,
where strip width is small compared to strip length, is electrically equivalent to a
cylindrical dipole of radius equal to one-fourth the strip width [77]. This is important,
because as we will see ahead, as a planar antenna, the di-patch is an evolution from a
full-wavelength strip-dipole, and not a cylindrical dipole.

From full-wavelength dipole to di-patch: Coming back to Fig. 3.10 (c) and (d), there
is a stark contrast in the resistance behavior at the fundamental resonance and the
second harmonic resonance with the antenna above a ground plane. To operate
a dipole antenna in fundamental mode closely above a ground plane, we need to
raise its driving-point resistance from nearly 0 W to 50 W, which may be achieved
by considering the idea of folded dipoles as in the last section. However, at the
second harmonic resonance, the driving-point resistance needs to be lowered from
an exorbitant value to 50 W, and this could be achieved in a surprisingly rather
simple manner which resulted in the so-called di-patch antenna. For this we need
to shift our focus to the three full-wavelength antennas presented in Fig. 3.11 (a)
and their corresponding 6 ZD1 versus frequency curves. All three cases have one
common zero-crossing/resonance at point P1. The antennas lie 1.6 mm above an
infinite ground plane, with vacuum as the in-between substrate. Case 1 represents a
very narrow full-wavelength strip-dipole antenna, and as expected from the previous
results, the driving-point resistance, Re{ZD1}, at P1 was extremely high. It was
found that by broadening the arms of the thin lambda dipole as in case 2, Re{ZD1} 
was drastically reduced to 370 W, but not yet low enough for a good impedance
match. Before widening the arms further, we wanted to see if the port location had
an influence on the impedance matching. It was very interesting to note that as the
differential port was shifted from the centre in case 2, to the antenna corners in case 3,
an additional zero-crossing point P2 appeared in the phase curve, where Re{ZD1} 
was 50 W. To summarize, looking at case 1 and case 3 in Fig. 3.11 (a), it is clear that if
the di-patch becomes too thin, the point P2 will be lost. Therefore the di-patch must
be broad, and considering cases 2 and 3, it must be fed at its corners to obtain the
point P2. One could argue that if the centre-fed antenna in case 2 was made even
broader, the input impedance would reduce further, and probably a good match to
50 W could be obtained. However, such a step, even if successful, would make the
antenna unnecessarily larger in size. Besides, centre-feeding the antenna in case 2 is
impractical, while corner feeding is straightforward.

From the point of view of electric field distributions and radiation patterns, the
thin full-wavelength strip-dipole of case 1 is itself a good equivalent to the di-patch
antenna of case 3. This is evident if we compare the electric field distributions of the
two antennas in Fig. 3.11 (b) and (c), and the normalized patterns of the directivities
in Fig. 3.11 (d) and (e). In both cases, the peak directivity and gain were ⇡ 10.5 dBi, as
there were no lossy materials in these simulation models. The directivity and electric
field at the point P1 for case 1 was compared to the directivity and electric field at
point P2 for case 3, whereby these results at the points P1 and P2 for case 3 were
essentially indistinguishable, except for the difference in the driving-point resistance.
Further, in Fig. 3.11 (f), the reflection coefficient of the di-patch antenna is presented.
While vacuum substrate can be closely approximated by air, there is no such thing
as an infinite ground plane in r eality. Therefore, the curves 2 and 3 in F ig. 3.11 (f)
present the reflection coefficient for a more realistic electrically large ground plane
measuring 5l ⇥ 5l, and additionally for a l ⇥ l/2 ground plane, i.e., with exactly the
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same surface area as the two overlying patches, in comparison to reflection coefficient
with the infinite ground plane in curve 1. It may be seen from curve 1 to curve 3,
there was only a minor 20 MHz shift of the resonance frequency, and the impedance
bandwidth remained essentially unchanged. As expected, due to diffraction at the
edges of the smaller ground plane for curve 3, the directivity dropped from 10.5 dBi
to 8.5 dBi, as seen in Fig. 3.11 (g) and (h). Overall, these considerations make the
di-patch configuration for curve 3 the most interesting, due to the practical corner
feeding, no loss in bandwidth, the smallest ground, thus the smallest footprint area,
yet a relatively high directivity and front-to-back ratio (⇡11 dB).

A centre-fed full-wavelength dipole antenna finds by-and-large no practical ap-
plication, because of its high self impedance at resonance, as demonstrated in Table
3.3 for dipole 2. However, the presented analysis that closely above a ground plane, a
full-wavelength dipole is perfectly usable, as long as it is designed as in case 3 in Fig.
3.11 (a). This is the primary significance of these results, in that a design configuration
was found in which a previously unused antenna type becomes usable. In addition,
the di-patch antenna has size and bandwidth advantages over typical patch antennas,
as will be shown later.

3.3 Sensitivity analysis and bending tolerance

Several samples of a di-patch antenna that was resonant at 2.45 GHz in simulations
were printed using an in-house PCB printer [78]. The simulated di-patch antenna
model is presented along with its dimensions in Fig. 3.12 (a). The di-patch antenna
was printed on a standard ⇡ 1.5 mm thick FR-4 substrate with er = 4.4 and tan d =
0.023 at 0.5 GHz. The top and bottom copper layers were 0.035 mm in thickness,
bringing the total thickness of the antenna to ⇡ 1.6 mm. A printed sample of the
di-patch antenna is presented in Fig. 3.12 (b). A suitable balun [79] was soldered at
the foot-point of the di-patch so as to be able to feed it a coaxial cable. On measuring
the antenna reflection coefficient, it was seen that the resonance frequency was
shifted to 2.55 GHz. This could be due to a disagreement between the simulated
antenna dimensions and the dimensions of the milled version, or due to the substrate
permittivity being different from the data sheet value.

To ascertain the reason for this frequency shift, the sensitivity of the reflection
coefficient to small changes in the various di-patch antenna design parameters was
analyzed in simulations. To determine the amount by which to vary the antenna
dimensions in the simulation, the dimensions of the manufactured sample were
measured under an optical profilometer with an accuracy > 0.001 mm, and it was
observed that the sample dimensions were off by ⇡ 0.03 mm compared to the simu-
lations. For example, fig. 3.12 (c) shows the slit in the middle of the di-patch under
10x magnification, and we can see that it measured 0.23 mm across, rather than 0.2
mm as in the simulation. Therefore, keeping other parameters constant, first the slit
width was increased in the simulation, and then overall di-patch antenna size was
increased by 0.03 mm. The effects of these two variations on the simulated reflection
coefficient are presented in Fig. 3.12 (d) and 3.12 (e), and we can observe that there
was hardly any impact on the reflection coefficient; these dimension variations are
simply too small to be critical. This left the substrate permittivity as responsible for
the discrepancy in between the simulation and the measurement.

Let fsim = 2.45 GHz represent the simulated resonant frequency, and fmeas = 2.55
GHz represent the measured resonant frequency, then we may write
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FIGURE 3.12: (a) Dimensions of the simulated di-patch antenna. (b)
Manufactured di-patch antenna prototype with the soldered chip
balun. (c) Slit width measured under 10X magnification using an
optical profilometer. (d), (e), (f) Influence of gap width, (L, W), and
substrate permittivity variation on the antenna reflection coefficient.

fsim
fmeas

=
p

emeasp
esim

(3.22)

On solving this equation we find that emeas ⇡ 4, and indeed on setting the
relative permittivity to 4, the simulated resonance frequency shifted to 2.55 GHz, as
represented in Fig. 3.12 (f). Given that the antenna is insensitive to small variations in
its dimensions, and higher printing accuracies than ours are available in the market,
it is most sensitive to substrate permittivity variations. This could also be potentially
mitigated by using higher quality, and costlier substrate materials.

Next, the di-patch antenna was bent along its length and its width to demonstrate
its suitability for conformal applications. The antenna was bent around an imaginary
cylinder of radius r, as indicated in Fig. 3.13 (b) and (c). Consider first the bending
along the length L. To completely wrap the di-patch antenna around the cylinder, the
perimeter, 2pr, of the cylinder should equal the length L of the di-patch. We denote
the cylinder radius that achieves this as rmin,L, and it equals L/2p, which is 8.8 mm,
given that L = 55.3 mm. Fig. 3.13 (d)...(f) show the electric field distribution across
the length of the unbent di-patch antenna, and the same antenna bent in accordance
with cylinder radii of 3.4 · rmin,L and 1.7 · rmin,L. We can see from Fig. 3.13 (g), that a
decrease in the cylinder radius accompanies a leftward shift of the di-patch resonance
frequency. The 10 dB impedance bandwidth at r = 30 mm was only 20 MHz narrower
than the unbent di-patch impedance bandwidth of 104 MHz. Only for an extreme
bend as in Fig. 3.13 (f) was a -10 dB reflection coefficient not achievable. Next to the
the reflection coefficients are the corresponding normalized patterns of directivity.
Each pattern was normalized to its own maximum directivity, so as to easily compare
the relative differences in the shapes of the patterns. Unless otherwise stated, this is
how the radiation patterns will be compared in the remainder of this work; the peak
values of the directivities and gains for the individual patterns will be specified in a
separate, accompanying table. What is particularly noticeable in Fig. 3.13 (h) and (i)
is that the front-to-back ratio is better for r = 30 mm, compared to the original.

For bending the di-patch along its width, rmin,W was determined to be 4.5 mm,
given that W = 27.6 mm. Fig. 3.13 (j)...(l) show the electric field distribution across the
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FIGURE 3.13: (a) Di-patch antenna with the reference coordinate sys-
tem. (b), (c) Virtual cylinder of radius r for bending the di-patch along
its length or width. (d) Reference E-field distribution along the length
of the di-patch. (e), (f) E-field distribution for bending along the length.
(g), (h), (i) The corresponding reflection coefficients and normalized
directivity patterns. (j) Reference E-field along the di-patch width.

(k)...(o) Results for bending along the width.

width of the unbent di-patch antenna, and the same antenna bent in accordance with
cylinder radii of 6.8 · rmin,W and 3.4 · rmin,W . The reflection coefficients corresponding
to these antenna variants are plotted in Fig. 3.13 (m). One can notice that compared
to bending along the length, the deterioration in the reflection coefficient is more
rapid in this case; at a large r = 30 mm, a 10 dB impedance bandwidth of 41 MHz
was obtained, and for lower radii a -10 dB reflection coefficient could not be attained.
Unlike the last case, the normalized directivity patterns were closely comparable
in shape in the upper hemisphere, but, there was a consistent deterioration in the
front-to-back ratio on moving to lower radii.

The peak directivities, peak realized gains and total antenna efficiencies of the bent
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TABLE 3.4: Simulated data for the bent di-patch antenna variants.

Bend type Bending radius r
(mm)

Directivity
(dBi)

Realized gain
(dBi)

Total
efficiency (%)

No bend
(reference) __ 5.8 3.7 61

Along length
(rmin,L=8.8 mm)

3.4 ⇤ rmin,L 5.2 2.1 48
1.7 ⇤ rmin,L 3.9 -1 32

Along width
(rmin,W = 4.5 mm)

6.8 ⇤ rmin,W 5.2 3.2 62
3.4 ⇤ rmin,W 4.6 1.9 52

antenna variants are depicted in Table 3.4. For smaller cylinder radii, or equivalently, 
a larger amount of bending, the electric fields of the antenna become more spatially 
distributed. We see this in the form of a reduction in antenna directivity in Table 3.4. 
At the same time, the realized gain and total efficiency of the bent antenna was lower 
than the unbent/original antenna. Considering the simulated reflection coefficients 
in Fig. 3.13 and the data in Table 3.4 together, we may infer that the di-patch is more 
tolerant to bending along the length than along the width. It needed an exorbitant 
amount of bending along the length, as shown in Fig. 3.13 (f), for the di-patch antenna 
to lose -10 dB reflection coefficient, while for bending along the width, this occurred 
much quicker. Certainly, there are a myriad of ways in which we could bend the 
di-patch, but these two basic types of bends show that in general the di-patch antenna
is quite resilient to such stresses, and therefore is a suitable candidate for conformal
antenna applications.

3.4 Simulation and measurement comparisons

3.4.1 Bare di-patch antenna

Fig. 3.14 (a) presents a snapshot from the antenna measurement in a typical anechoic 
chamber, along with the reference coordinate system. The antenna was pasted on 
a light-weight, but sturdy cardboard screwed to a plastic slab. The plastic slab was 
bolted to the rotating metallic positioner, covered with pyramidal absorbers to avoid 
unwanted reflection artefacts in the measured radiation pattern. Consider first the 
simulated and measured reflection coefficient of the di-patch antenna in Fi g. 3.14 
(b). There is an excellent agreement between the simulated and measured curves, 
and in each case nearly 100 MHz impedance bandwidth was obtained. Fig. 3.14 (c) 
and (d) compare the normalized simulated and measured radiation patterns in the 
horizontal and vertical cuts. There is a very good agreement between the simulated 
and measured patterns. The 3...6 dB reduction in the measured horizontal cut from 
q = 120�...210� is due to the metallic positioner shadowing the measurement path 
between the di-patch antenna and the source antenna. The simulated and measured 
peak directivity, realized gain, front-to-back ratio, and total efficiency are summarized 
for the bare di-patch in Table 3.5.

Chip balun insertion loss compensation: An important point to be considered while 
looking at Table 3.5 is that the ⇡ 0.5 dB (typical value, as mentioned in the data sheet) 
additional insertion loss from the chip balun [79] soldered at the di-patch feeding 
point was not calibrated out of the measurements. So, for a fair comparison with the 
simulations, which simply used a discrete port for exciting the di-patch antenna, the 
measured realized gain and efficiency should be increased by a factor of 0.5 dB, which
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FIGURE 3.14: (a) Di-patch antenna measurement setup; the antenna
lies in the Y-Z plane. (b) Simulated and measured reflection coefficients.
(c), (d) Normalized horizontal and vertical cuts of the simulated and

measured directivity patterns. [54] ©2019 IEEE

TABLE 3.5: Bare di-patch simulation vs. measurement [54] ©2019 IEEE.
Values in bold compensate the 0.5 dB chip balun insertion loss.

Simulation Meaurement Measurement
uncertainty (dB)

Directivity (dBi) 5.8 6.3

±1Realized gain (dBi) 3.7 2.8/3.3
Front-to-back ratio (dB) 14 12
Total efficiency (%) 61 44/49.3

in turn leads to a measured realized gain of 3.3 dBi and efficiency of 49.3%, values
that are now even closer to the simulations. This 0.5 dB compensation in realized gain
and efficiency applies to all subsequent tables containing di-patch measured data.

3.4.2 Bare di-patch antenna compared to a bare patch antenna

The values presented in Table 3.5 for the bare di-patch antenna are what would be
expected for a typical FR4 based patch antenna, with a larger ground plane, whereas
the di-patch antenna achieves the same performance without a large ground plane,
giving us an overall size advantage. This behaviour can be explained by observing
the electric field distributions compared in Fig. 3.15 for a di-patch antenna and a patch
antenna with a ground of the same size as the patch. Due to edge diffraction, the field
strengths above and below the patch antenna are the same. On the other hand, the

Plastic slab 
rdboard \ ·. -

~10 Ca \ -i--:)_ ~~-j_ t10,ne 

--

y P.y ram~al 
.;; -15 ------

CD absorl:iei]] 
z X .,::: ~-9 .·. 

-~40 
(b) (a) 

300 

3JO 

270 

0 

-6 

-12 

240 

210 

),-
,,., 180 

I \ 

~\\ })~ 
90 

2.45 2.50 2.55 2.60 2.65 
Frequency (GHz) 

90 

240 300 
270 

(c) Normalized horizontal cut (<D=0°) (d) Normalized vertical cut (8=90°) 



3.4. Simulation and measurement comparisons 45

FIGURE 3.15: Comparison of the E-field distribution along the lengths
of the di-patch antenna and a patch antenna with a ground plane same

in size as the overlying patch. [54] ©2019 IEEE

TABLE 3.6: Di-patch vs. patch simulation results [54] ©2019 IEEE

Ground plane size Substrate
(1.6 mm thick)

Simulated directivity
di-patch/patch (dBi)

Simulated FB ratio
di-patch/patch (dB)

Infinite Vacuum 10.5/9.9 infinite/infinite
As in Fig. 3.15 Vacuum 8.5/7 12/0
As in Fig. 3.15 FR4 5.8/3.5 14/0

field components at the centre of the di-patch are always above the ground, while
those at the edges are also stronger in intensity above the di-patch antenna. Thus,
the di-patch with a small ground is more directive than a patch antenna with a small
ground, as also seen from the results in Table 3.6. This table also provides a general
demonstration of how antenna directivity is influenced by the size of the ground
plane and the choice of the substrate material. Smaller ground planes provide an
opportunity for back-side radiation, and this reduces the directivity. Higher substrate
permittivity implies a lower effective antenna aperture at the same frequency, which
in turn also reduces the directivity.

The question now was how large a patch antenna ground plane needed to be,
so as to obtain radiation characteristics comparable to the di-patch antenna, as this
would help quantify the comparative size advantage offered by the di-patch antenna.
Starting with a square patch, it was found through simulations that a ground plane
at least 3 times larger in surface area compared to the square patch was necessary
to achieve ⇡ 6 dBi directivity and ⇡ 12 dB FB ratio corresponding to the di-patch
antenna. This made the di-patch antenna ⇡ 40% smaller in surface area compared
to the patch antenna, at the same frequency. Based upon these simulations, a patch
antenna was manufactured, measured, and compared to the previously measured di-
patch antenna. The permittivity and thickness of the substrate influence the antenna
gain and bandwidth. To ensure a fair comparison, the same 1.5 mm thick FR-4
substrate from the same lot was used to make the patch antenna, as the di-patch
antenna. The measurement results are presented in Fig. 3.16, and summarized
in Table 3.7. The di-patch antenna offers twice the impedance bandwidth. The
horizontal directivity cuts are comparable, while the differences in the vertical cuts
are due to dipole like radiation from the di-patch. The differences in the measured
directivity/gain are irrelevant. Furthermore, the differential feeding of the di-patch
antenna offers the advantage of common mode noise rejection over the microstrip
feed of a patch antenna.
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TABLE 3.7: Bare di-patch vs. patch measurement results [54] ©2019
IEEE. Values in bold compensate the 0.5 dB chip balun insertion loss.

Antenna
type

Substrate
(1.6 mm)

Measured
directivity

(dBi)

Measured
realized gain

(dBi)

Measured
FB ratio

(dB)

Total
efficieny

(%)

Impedance
bandwidth

(MHz)
Di-patch FR4 6.3 2.8/3.3 12 44/49.3 98

Patch 7.2 2.4 12 33 45

FIGURE 3.16: (a) Manufactured patch antenna/di-patch antenna di-
mensions. (b) Patch antenna measurement setup, and the reference
coordinate system. (c) Measured reflection coefficients and impedance
bandwidths. (d), (e) Normalized measured horizontal and vertical
cuts of directivity of the patch and the di-patch antenna. [54] ©2019
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FIGURE 3.17: (a) Manufactured di-patch antenna prototype, approx-
imate embedding location in the plastic cover, and the plastic cover
material properties, (b) The door frame cut out, cross-section after
mounting the plastic cover on the door frame, and a manufactured

plastic cover cut along its length. [55] ©2019 IEEE

3.4.3 Simulations and measurements with partial door frame

This forms the second step in the simulation/measurement strategy outlined in the
previous chapter. To perform measurements with the partial door frame, the antenna
needed to be first embedded into the plastic cover. In order to embed the antenna
in the front/driver side B-column plastic cover, an injection moulding process was
followed at Wiegand [80]. In the first step, ABS (acrylonitrile butadiene styrene)
at 230. . . 240�C was injected within 3 seconds around the antenna held at a fixed
location. This was followed by a cooling phase in which the temperature was brought
down to 70� C within 40 seconds. In the second step, a glossy top layer of PMMA
(Polymethylmethacrylat) was injected at 230. . . 240�C within 3 seconds, followed
by the same 40 seconds cooling phase to 70�C, with the temperature coming down
to room temperature in another 5. . . 10 minutes. Additionally, the antenna also
experiences pressures of up to 140 MPa during the moulding process.

The approximate location of the embedded antenna in plastic cover is indicated
by the orange box in Fig. 3.17 (a), along with the ABS and PMMA material properties
that were also verified through split-ring resonator measurements. Following this,
the plastic cover was mounted on to the door frame structure, as shown in Fig. 3.17
(b), along with a cross-section indicating the distance between the cover and the car
metal chassis following the mounting. The impact on the antenna performance due to
the thermal and pressure related stresses suffered by it during the embedding process
will be addressed next, before moving on to the radiation pattern simulations and
measurements.

As FR4 was used as the antenna substrate, with regard to the high temperature
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On comparing the antenna dimensions and reflection coefficients before and 
after heating  no differences were found. Therefore, it is safe to say that 
the high moulding temperature has no impact on the electrical behaviour 
of the antenna. But what could not be simulated in our lab was the 140 MPa 
pressure experienced by the antenna alongside the high temperature 
during the moulding. To see if the high pressure had made a significant  
impact on the antenna geometry, a plastic cover sample containing the 
embedded antenna was cut along its length to expose the di-patch embedded in 
the ABS layer, as shown in the rightmost picture in Fig. 3.17 (b). No significant 
differences were found in the length or the thickness of the embedded antenna 
measured from the plastic cover cutout, showing that the antenna had survived 
the strenuous moulding process with the substrate suffering neither chemical nor 
physical changes.

The simulated model, the measurement setup, and the simulated and measured 
results are presented in Fig. 3.18. The measured resonance was not as sharp and deep 
as in the simulations. One major factor that could be responsible for it is the simplicity 
of the simulated door frame model in comparison with the actual door frame. But 
the simple model led us to the correct center-frequency in the measurements, as 
well as the simulated and measured normalized radiation patterns were in good 
agreement. While the horizontal cuts are smooth in the upper hemisphere, the vertical 
cuts present some ripples. This is due to the secondary radiation contributions from 
traveling waves that are excited especially strongly along the narrow slit between the 
front and the back door, i.e., in the plane of the vertical cut. This can be seen from the 
electric field distribution presented in F ig. 3.18 ( e). The key simulated and measured 
values are summarized in Table 3.8. We see that the directivity measured for the door

TABLE 3.8: Partial door frame simulation and measurement results,
bare di-patch measurement results [55] ©2019 IEEE. Values in bold

compensate the 0.5 dB chip balun insertion loss.

Directivity (dBi) Realized
gain (dBi)

Total
efficiency (%)

Door frame simulation 7.6 5 55
Door frame measurement 8.2 3.5/4 34/38
Bare di-patch measurement 6.3 2.8/3.3 44/49.3
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FIGURE 3.18: (a) Simulation model. (b) Measurement setup; door
frame lies in the Y-X plane. (c) Simulated and measured reflection
coefficients. (d) Normalized horizontal and vertical cuts of directivity.
(e) Simulated electric field distribution on the door frame. [55] ©2019

IEEE

frame is approximately 2 dB higher than the bare di-patch directivity. While the bare
di-patch in itself consists of a small ground, after plastic embedding and mounting on
the door frame, the car metal chassis acts as an extended reflector behind the di-patch
antenna, which directs more of the radiation to the upper hemisphere, leading to a
larger directivity than for the bare di-patch.

Chip-balun insertion loss compensation: In Table 3.8, compensating for the 0.5 dB
chip balun insertion loss, the di-patch door frame measured realized gain becomes 4
dBi, and the total efficiency increases to 38%. The corresponding values for the bare
di-patch measurement, as pointed out earlier would be 3.3 dBi and 49.3%.
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3.4.4 Simulations and measurements with car

As mentioned in the previous chapter, simulations with a complete car model would
yield the most accurate results, but are not practically feasible due to limited comput-
ing resources and processing time, especially when the car is far electrically larger
than the operational wavelength under consideration. Therefore, the simulation
results presented in this section consider only a simplified model of the car chas-
sis and are mainly intended to provide a qualitative idea of the installed antenna
performance.

The car was first simulated with all its doors in the closed position, and thereafter
with the driver-side front door opened to the maximum door opening angle of 65�
as applicable to the considered car model, an Audi A1. As the front door contained
the plastic cover with the embedded antenna, it was interesting to know the impact
of opening that door on the installed antenna radiation pattern. These results are
presented in Fig. 3.19, starting with the electric field amplitude distribution on the
car body in both the cases. We see in Fig. 3.19 (a), that the fields are the strongest in
intensity in the region in which the di-patch antenna was installed, and in general,
stronger on the two doors that sandwich the antenna. As the car was electrically
large, electric fields manifested on the chassis in the form of traveling waves, which
radiate on encountering discontinuities like corners and edges in the model, and lead
to the formation of ripples in the antenna radiation pattern. If we now consider the
field distribution in Fig. 3.19 (b), it is noticeable that after opening the door, the field
strength on the passenger side back door and on the rooftop decreased in intensity,
but whether such changes in the field distribution were enough to considerably
impact the antenna radiation pattern remained to be seen. We shift our attention
to the normalized horizontal radiation patterns presented in Fig. 3.19 (b) and (c),
wherein in we may observe that on rotating back the open door radiation pattern by
65� in (c), there was quite a good overlap to the closed door radiation pattern, except
for some discrepancies in the f= 180�...300� range. This is most likely due to the fact
that opening the door allows the antenna to radiate a bit more freely on the open side;
closing the door prevents this, as this radiation is reflected off of the passenger-side
back door. The vertical cuts in Fig. 3.19 (d) had an almost perfect overlap, with some
differences in their back lobes. With all this considered, it was not surprising to see
that the measured cuts in Fig. 3.19 (g)...(i) presented a similar behavior. Therefore,
we may conclude that opening the door containing the antenna has no significant
impact on the shape of the radiation pattern; the radiation pattern simply rotates
along with the door.

Radiation pattern shapes may be in agreement, but this does not necessarily
imply that the directivity and gain values would also be the same. Let us take a
look at Table 3.9, and in particular if we consider the row containing the measured
values, we notice no significant differences between the closed door and open door
values. We may conclude that opening the door neither significantly impacts the

TABLE 3.9: Simulated and measured values with the whole car. Values
in bold compensate the 0.5 dB chip balun insertion loss.

Closed door Open door
Directivity
(dBi)

Realized
gain (dBi)

Total
efficiency (%)

Directivity
(dBi)

Realized
gain (dBi)

Total
efficiency (%)

Simulated 8.2 1.2 20 6.7 -0.5 20
Measured 9.4 1.3/1.8 15/17.4 9.5 0.8/1.3 14/15
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FIGURE 3.19: (a), (b) E-field amplitude distribution (V/m) with doors
closed, and with the front door opened. (b), (c) Comparison of sim-
ulated normalized horizontal cuts of directivity. (d) Comparison of
simulated normalized vertical cuts of directivity. (e), (f) Snapshots
from anechoic chamber measurements. (g), (h) Comparison of mea-
sured normalized horizontal cuts of directivity. (i) Comparison of

measured normalized vertical cuts of directivity.
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FIGURE 3.20: (a), (b) Comparison of measured and simulated nor-
malized patterns of directivity with the front door closed. (c), (d)
Comparison of measured and simulated normalized patterns of direc-

tivity with the front door opened.

shape, nor the peak values pertaining to the radiation patterns. The simulated
values are also presented in the upper row of Table 3.9, and there we see larger
discrepancies. As pointed out earlier, the various simulation model simplifications
imply that the simulations provide qualitative, and not quantitative, ideas about the
antenna performance, and therein the simulation was an accurate predictor of that
the shape of the radiation pattern would not be influenced by opening the front door.
For the sake of completeness, a comparison between the normalized simulated and
measured radiation patterns is also presented in Fig. 3.20.

Chip-balun insertion loss compensation: In Table 3.9, compensating for the 0.5 dB
chip balun insertion loss, the closed door measured realized gain becomes 1.8 dBi,
and the total efficiency increases to 17.4%. The corresponding values for the open
door measurement would be 1.3 dBi and 15%.

VISTA truncation compensation: This is relevant only for the radiation patterns
measured in VISTA, as in this section. Due to the truncated measurement, a portion of
the radiation in the lower hemisphere is not accounted for, as a result it is reasonable
to expect that the antenna efficiency and the realized gain would further increase in
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value if the truncated region were to be taken into account. An idea about how much
of the pattern is truncated can be had by looking at the simulated and measured
curves in Fig. 3.20. It is not straightforward to predict the increase in gain and
antenna efficiency one may achieve by incorporating the truncated region, due to the
simplified nature of the simulations, the inherent ± 1.4 dB measurement uncertainty
of VISTA among other things. An elaborate discussion to this end is presented in
[47], as also pointed out in the introductory chapter. This consideration naturally also
applies to the VISTA radiation pattern measurements in the subsequent chapters.

3.5 Series-fed di-patch array

Microstrip patch antennas are ideally suited for conformal arrays due to their low-
profile design, and such arrays find applications in satellite communication and
navigation, WLAN, telemetry, mmWave radar sensors and so forth. The interesting
question at this point was if a series-fed di-patch array could be realized, and whether
it would offer any advantages over the series-fed patch array. In this regard, taking
the bare patch antenna design of sub-section 3.4.2 (Fig. 3.16 (a)) as a starting point,
a 1⇥2 series-fed patch array was constructed as shown in Fig. 3.21 (a), to act as
a reference for performance comparison. On the other hand was a 1⇥2 series-fed
di-patch array as shown in Fig. 3.21 (b). The substrate permittivity was, as before,
4, at which lg = l0/2. The inter-element distance between the array elements was
of course ⇡ l0/2, but the length of the interconnecting microstrip line depends on
the type of array desired. In this case, for a broad-fire array, the first and the second
element need to be excited in phase. Going back to Fig. 3.21 (a), we know that the
opposite ends P1 and P2 of any patch are in 180� phase opposition, therefore for an
in-phase excitation, the line connecting the first patch to the second patch at P1 two
needs to be lg/2 in length. On the other hand, if we consider Fig. 3.21 (b), at the
opposite points P1’ and P2’ of a di-patch the phase is the same, therefore to ensure
an in-phase excitation, the line connecting the first di-patch to the second di-patch at
point P2’ needs to be lg in length, and this is the reason that the line needed to be
meandered in order to fit it in a space that was only lg/2 in length.

In terms of the total surface area, the di-patch array is ⇡ 20% smaller than the patch
array, and the normalized radiation patterns in Fig. 3.21 (c) and (d) are comparable
in the upper hemisphere, with some differences towards the lower hemisphere.
Although the patterns appear to have similar shapes at the same value of f, it must
be kept in mind that the patterns are orthogonal to each other; f = 0 corresponds to
the E-plane for the patch array, and H-plane for the di-patch array. The key simulated
values are collected in Table 3.10. The directivity of the patch array and the di-patch
array is the same, but the di-patch array realized gain was 1.3 dB higher, as it radiates
more efficiently. In terms of the impedance bandwidth, the di-patch array once again
offers nearly twice the bandwidth over the patch array. Considering all this, the di-
patch antenna appears to a suitable and promising candidate for array applications,
and should be further investigated.

TABLE 3.10: Key simulated values for the patch and the di-patch array.

Array type Directivity
(dBi)

Realized
gain (dBi)

Total
efficiency (%)

Impedance
bandwidth (MHz)

Patch array 8 2.6 29 61
Di-patch array 8.3 3.9 37 113
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FIGURE 3.21: (a)Patch array. (b) Di-patch array. (c), (d) Normalized
cuts of the radiation patterns in two different planes. (e) Comparison

of the patch array and di-patch array impedance bandwidths.
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Chapter 4

Co-planar stacked microstrip line
coupled multi-band patch antenna

4.1 General design principles and novel aspects

In the last chapter we saw that a full-wavelength dipole above a metallic ground
offered twice the impedance bandwidth over a typical patch antenna, thus improving
upon the main limitation associated with a patch antenna, with no compromise of
the achievable realized gain, and with the advantage of a significantly smaller size.
However, if we want to achieve an even larger bandwidth with a single antenna,
then we need to look into other possible ideas and antenna design configurations.
This is relevant because vehicles use a multitude of wireless communication services
operating in different frequency bands.

In this regard, if we take a closer look into the multi-band patch antenna design
approaches followed in the literature up till now, two of the simplest techniques are:
(a) co-planar or vertical stacking of patches [82] - [88], or (b) off-center fed rectangular
patches [89, 90]. There is a subtle difference between the approaches (a) and (b). While
(a) leads to a widening of the bandwidth around the centre frequency, (b) leads to
the formation of two distinct resonance frequencies corresponding to the orthogonal
TM10 and TM01 dominant modes. The first resonance lies along the patch length, and
the second along its width, wherein the patch aspect ratio may be adjusted to move
the two bands closer or further apart.

For a quantitative description of what these approaches offer against a typical
patch antenna, consider Fig. 4.1. The reflection coefficient of single centre-fed patch
antenna is plotted in green, and acts as the reference curve. If we look at case (a), the
black curve, we see that it offers ⇡ 2 times the bandwidth compared to the green
reference curve, but the bandwidth enhancement is limited to the vicinity of 1.8
GHz. Parasitic patches may be stacked horizontally along the length, as done in
this example, or along the width of the primary patch, or along its length and width
simultaneously - but fundamentally only the bandwidth around the centre frequency
is improved. On the other hand, for case (b) represented by the green curve, the first
resonance overlaps with the reference resonance, and there is a second resonance
close to 2.6 GHz, but the bandwidth remains limited in each offered band.

An extensive research of the current literature showed that the combination of
these two approaches was not considered before. A successful combination would
naturally combine the benefits of the two approaches, i.e., a larger bandwidth due to
co-planar stacking as well as the freedom to move the frequency bands by varying
the aspect ratio of the off-centre fed patch. In this chapter, instead of using an off-
centre probe feed, the patch was excited at its corner with a microstrip feed. It was
observed that by horizontally stacking a parasitic patch adjacent to this corner-fed
rectangular patch, not only did we obtain the dual-band behaviour expected for a
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FIGURE 4.1: Reflection coefficient of a centre-fed reference patch in
comparison with the reflection coefficient with a co-planar parasitic
patch in case (a), and off-centre feeding in case (b). [94] ©2019 IEEE

corner-fed patch, but also an increased bandwidth in each of the two bands due to
the parasitically coupled patch. Furthermore, this approach could be extended to
cover additional frequency bands to obtain a penta-band antenna design, wherein, as
expected, one was free to scale the length-to-width ratios of the patches to tune/shift
the multi-band response to cover virtually any desired set of frequencies.

These findings enabled the design of a multi-band antenna that covered the
LTE-1800 uplink (UL) (1.71...1.78 GHz), LTE-1800 downlink (DL) (1.805...1.875 GHz),
UMTS UL (1.92...1.998 GHz), UMTS DL (2.11...2.17 GHz), and LTE-2600 (2.5...2.69
GHz) bands, as first reported in the author’s publication [94]. The structure of the
antenna followed a dual-layer design - a top layer containing the patches, and a
bottom ground layer, with the substrate in between. Typical 1.6 mm thick FR-4
(er = 4.4, tand = 0.023) was used as the antenna substrate. The overall thickness of the
antenna, including the thickness of the copper layers, was ⇡ 1.7 mm. The simplicity
of the antenna design makes it easy to manufacture, and its low-profile lends well to
mounting in many locations such as car rooftop antenna cavities [91, 92], or external
plastic panelling.

4.2 Penta-band patch antenna design

4.2.1 Design overview and sensitivity analysis

The multi-band principle may be understood by considering the four antenna con-
figurations and their corresponding simulated reflection coefficients sketched in Fig.
4.2 (a). The corner-fed rectangular patch of case 1 exhibits dual-band behaviour
corresponding to the chosen dimensions L1 and W1; L1 corresponded to a resonance
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in the LTE-1800 DL band, while W1 to a resonance in the LTE-2600 band. But the
impedance bandwidth obtained was neither enough to cover the entire LTE-1800
bandwidth, nor the LTE-2600 bandwidth, the bandwidths being indicated by corre-
sponding grey shaded areas in the power-related |S11|2 diagram. It was observed that
by horizontally stacking a parasitic patch of slightly smaller dimensions next to patch
1 as in case 2, the bandwidth increased not only for the LTE-1800 DL resonance along
L1, but also for the LTE-2600 resonance along W1, enabling the complete coverage of
the LTE-1800 and LTE-2600 bands with |S11|2< �6 dB. If we contrast case 2 in Fig.
4.2 to case (a) in Fig. 4.1, we see that for the same overall physical size we obtain two
additional resonances centred around 2.6 GHz just by shifting the feed to a corner of
patch 1. With centre feeding as in case (a), another antenna with two patches would
be needed to obtain these resonances. This gives a clear idea of the size advantage
gained by combining the principles of horizontal stacking and corner feeding of patch
antennas.

Furthermore, extending the length of the microstrip feed and adding a third
rectangular patch as in case 3, with accordingly chosen L2 and W2, covered the UMTS
UL and DL bands with |S11|2< �6 dB as well. With yet another parasitic patch as in
case 4, the reflection coefficient for the WLAN, LTE-2300 etc. bands lying in between
the other frequency bands could additionally be matched at a level below -10 dB. The
result was an antenna wherein multiple closely located frequency bands bunched
together to provide a wideband response that allowed us to cover the 1.7...2.69 GHz
frequency range with |S11|2 �6 dB. However, in addition to sufficient impedance
bandwidth, efficient radiation is also needed for an antenna to be usable. As presented
in the upcoming sections, the antenna design offered sufficient radiation efficiency.

At this point, we may ask the question that if vertical stacking of parasitic patches
is also possible, why choose co-planar stacking. For example, if the two parasitic
patches were to be vertically stacked under the corresponding primary patches in
case 4, the overall antenna size would be smaller. While that may be true, we would at
the same time increase the manufacturing complexity and cost, as the antenna would
become multi-layered. There was enough space available in the plastic cover for a
larger antenna, and as the main goal was to demonstrate the feasibility of the plastic
cover as an antenna mounting location, the cheaper, and less complex co-planar
stacking approach was the more sensible option. Especially, samples of co-planar
stacked patch antennas could be quickly produced with the in-house PCB printer, as
opposed to the inherent multi-day delay associated with having complex antennas
manufactured elsewhere.

While the four-patch variant in case 4 covers the widest bandwidth, the triple-
patch variant in case 3 was analysed in greater detail, as it already covered the
frequency bands of interest. The simulated electric field distributions for case 3 are
presented in Fig. 4.2 (b) for five different frequencies. Although all three patches
contribute to the radiation at each of the depicted frequencies, their contributions
are not equal. Considered first are the frequencies resonant in the TM10 mode along
the lengths L1, L1-DL1, L2 of the three patches, i.e., 1.75 GHz, 1.85 GHz, and 1.95
GHz. At 1.75 GHz, patch 1 and 2 are the primary contributors, with almost no
contribution from patch 3 as it corresponds to the relatively further apart UMTS-
UL/DL frequencies. The situation is a bit different at the 1.85 GHz and 1.95 GHz
frequencies corresponding to the LTE-1800 DL and UMTS UL band centres. While
patch 1 and patch 2 are the main contributors at 1.85 GHz, there is a non-negligible
contribution from patch 3 due to the proximity between the LTE-1800 DL and UMTS
UL bands. Likewise, patch 3 is the main contributor at 1.95 GHz, but there are
significant contributions from patch 1 and 2 as well for the same reason. Next
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considered are the frequencies resonant in the TM01 mode along the widths W1,
W1-DW1, W2 of the three patches, i.e., 2.15 GHz and 2.6 GHz. Patch 3 is the primary
resonator at 2.15 GHz, while patch 1 and 2 are the primary resonators at 2.6 GHz. In
addition to this, and in general, there are radiation contributions from the microstrip
line connecting patch 1 and patch 3 at all considered frequencies.

The dimensions of the simulated triple-patch antenna are provided in Fig. 4.3 (a).
Considering that lg = 83 mm at 1.71 GHz, the lowest frequency of operation, and
lg = 53 mm at 2.69 GHz, the highest frequency of operation, the overall physical size
of the antenna 175 mm x 47 mm corresponds to an electrical size of 2.1 x 0.6 at 1.71
GHz, and 3.3 x 0.9 at 2.69 GHz. Let us now consider the influence of increasing the
values of a few of the indicated parameters by 5%, on the |S11|2 of the triple-patch
antenna. Of course, in each case only the considered parameter was varied, all others
were held constant. We know that the dimensions L1 and W1 of patch 1 correspond
to the LTE-1800 and LTE-2600 bands, respectively. If we look at Fig. 4.3 (b) and (c),
we can see that a 5% increase in L1 and W1 correspondingly causes a left shift of the
LTE-1800 and LTE-2600 bands, with no significant impact on the UMTS bands. On
the other hand, the dimensions L2 and W2 of patch 3 control the UMTS UL and DL
bands, and from Fig. 4.3 (d) and (e), it is clear that a 5% variation in L2 and W2 only
impacts the UMTS bands, while the LTE bands are relatively unaffected.

To obtain the desired multi-band response from the antenna, a careful choice
of the length L3 of the microstrip line was necessary, so that patch 1 and 3 may
resonate independently without strongly interfering with each other. For obtaining
the optimal length L3, lg = 83 mm corresponding to 1.71 GHz, the lowest frequency
of operation in the multi-band response, was used as the reference. With L3 << lg,
the multi-band behaviour was extremely deteriorated due to the intense interference
between the patches, as shown in Fig. 4.3 (f). On increasing L3 gradually, L3 = 34
mm (⇡ lg/2.4) was found to be a suitable value for obtaining the desired multi-band
response. To provide an idea about the sensitivity of the multi-band response to
variations in L3, the case for a 5% increase in L3 is also presented in Fig. 4.3 (f),
wherein a slight deterioration in the LTE-2600 band reflection coefficient is visible.
But this was tolerable, as the reflection coefficient remained below -6 dB. As opposed
to this, varying the width, W3, of the microstrip line had almost no impact on the
reflection coefficient, as shown in Fig. 4.3 (g). So, for the same amount of variation,
the frequency response of the antenna was more sensitive to the microstrip line length
than its width.

The next parameter analysed was the er of the substrate, and Fig. 4.3 (h) shows
that a 5% increase in the relative permittivity shifted the entire |S11|2 curve leftwards
by 30...50 MHz. Lastly, the impact of the gap width on the frequency response was
considered. As the gap width was the smallest dimension in the entire antenna
design, the impact of printing uncertainties on it would be the largest. Therefore, in
addition to the 5% increase, as done with the other parameters, a 23% increase in the
gap width was also simulated. It is interesting to note from Fig. 4.3 (i), that even such
a large increase in the gap width did not significantly impact the frequency response
of the antenna.

The motivation to consider this large variation in the gap width was the same as
in the last chapter. It was known from previous experience that the printed antenna
sample would have a ±0.07 mm uncertainty in its dimensions, so it was sensible to
see if a 0.07 mm change in the gap width had a substantial impact on the antenna
reflection coefficient. On the other hand, as all other dimensions of the antenna
were much larger than the gap width, performing sensitivity analysis with a 5%
variation in these dimensions was more than adequate. With this information at
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hand, it was almost certain that if the measured reflection coefficient of the printed
antenna prototype were to differ from the simulated reflection coefficient, the most
likely reason for this would be a deviation in the actual relative permittivity of the
substrate from the value specified in the datasheet.

4.2.2 Impedance transformations in the design

Case 1 and case 3 of Fig. 4.2 (a) will be used to explain the various impedance transfor-
mations considered for the antenna design, and are presented again in Fig. 4.4 for the
sake of convenience. Two general points need to be taken in consideration. First, since
this is a multi-band antenna design, exact quarter-wavelength transformations will
not apply; a quarter-wavelength at 1.8 GHz is electrically longer than the correspond-
ing value at 2.6 GHz. The usage of the term quarter-wavelength implies the guided
quarter-wavelength in this case, as the substrate is FR-4. Although multi-section
wideband quarter-wave transformers exist in literature, the amount of additional
space needed on the PCB for their implementation would exceed the space available
for our automotive application. Secondly, the antenna is fed at a corner along the
patch edge. Along the edge of a patch, the input impedance is not 50 W, but typically
lies between 100 W...200 W depending upon the aspect ratio (length-to-width ratio)
of the patch [63, 93], a direct consequence of how the electric field distributes in the
substrate between the patch and the ground.

With this in mind, consider the antenna in case 1 in Fig. 4.4. As shown earlier, case
1 was resonant at 1.8 GHz and 2.6 GHz. It was found through simulations that the
appropriate input impedance at the indicated corner of patch 1 was approximately
120 W. In other words, a 120 W source would be needed to excite the resonances
at 1.8 GHz and 2.6 GHz, if patch 1 were to be fed directly at the indicated corner.
But as 50 W sources are used to feed antennas, a transformation from 50 W to 120 W
was necessary. From the standard quarter-wave transformation formula it was
ascertained that a 75 W characteristic impedance microstrip line would provide the
desired transformation. For Zo = 75 W, the microstrip line needed to be 1.4 mm
in width, in accordance with the substrate parameters. A quarter-wavelength lg/4
measures at 1.8 GHz ⇡ 19.8 mm, while at 2.6 GHz ⇡ 13.7 mm, so a line length between
13.7 mm and 19.8 mm was needed; much lower than 13.7 mm would be especially
worse for 1.8 GHz, while much larger than 19.8 mm would be critical for 2.6 GHz in
the first degree. It was seen that a line length of 15 mm was already good enough to
excite both resonances, as clear from the corresponding reflection coefficient in Fig.
4.2 (a).

Consider now case 3 in Fig. 4.4. Patch 3 is responsible for the 1900 MHz UMTS UL
band and the 2100 MHz UMTS DL band resonances. Following the same approach as
with patch 1, on considering patch 3 alone, it was found that the input impedance at

FIGURE 4.4: The different impedances and the corresponding trans-
formations considered in the antenna design. [94] ©2019 IEEE
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its indicated corner was approximately 130 W to excite the considered resonances. As
shown in case 3, once again a 1.4 mm wide 75 W characteristic impedance microstrip
line was constructed, and branched out towards patch 1 and patch 3 without changing
its width. As a result, the microstrip line connecting the patches 1 and 3 acquired
a characteristic impedance of 150 W. The reflection coefficient from 150 W to either
120 W or 130 W is already less than -19 dB (theoretical). So what was more important
was to determine a suitable separation between patch 1 and patch 3 so as to provide
sufficient decoupling between their corresponding resonances. As shown earlier, 34
mm was a good choice for this separation.

Finally, case 3 was with a 50 W source. The multi-band argument against a quarter-
wave transformation from 50 W to the 75 W microstrip line applies once more, and it
was also not absolutely necessary, given that the reflection from 50 W to 75 W is low
enough at -14 dB (theoretical). However, although the best reflection coefficient at
the port is theoretically -14 dB, the reflection coefficient curve for case 3 (and case 4)
in Fig. 4.2 (a) shows values below -14 dB as well. The major reasons that lead to a
better than expected reflection coefficient are the conductive losses associated with
the copper patches, and the dielectric losses associated with the FR-4 substrate.

4.3 Simulation and measurement comparison

4.3.1 Bare triple-patch antenna measurements

In relation to the discussion in the last section, it was found that the entire reflection
coefficient curve of the first manufactured antenna prototype, test sample 1, was
shifted forwards by approx. 70...100 MHz, as shown in Fig. 4.5 (a). The situation
was similar to Fig. 4.3 (h), except for the difference in the direction of the shift. This
meant that our initial speculation was true, and the actual substrate permittivity was
slightly lower than the value of 4.4 specified in the datasheet. So after re-designing
the antenna considering a slightly smaller value of permittivity, results comparable to
the simulations were obtained. The measured reflection coefficient of the optimized
test sample 2 is shown in Fig. 4.5 (b).

For measuring the radiation patterns over the frequency range of interest, the
approach followed was the same as in the case of the bare di-patch antenna measure-
ment in the last chapter, so it is not repeated here. The measurement uncertainty was
the usual ± 1 dB. Of the total 468 MHz bandwidth required by the various considered
mobile communication bands, approx. 261 MHz could be covered with |S11|2< -10
dB, and the remaining with |S11|2 -6 dB in the measurement.

As in the last chapter, the antenna partial realized gains, Gv, in the vertical polar-
ization, and, Gh, in the horizontal polarization were measured. Figures 4.6 (b)...(f)
compare the normalized simulated and measured horizontal and vertical cuts of the
combined realized gain, G = Gv + Gh, near the centre frequencies of each considered
band. The qualitative agreement at 1.75 GHz, 2.15 GHz, and 2.6 GHz was quite
good. The major differences between the simulations and measurements at these
frequencies were in the horizontal cuts in the range q = 120�...220� indicated by
the grey shaded areas. The measured gain in this angular range was lower than the
simulated gain at these frequencies due to the positioner shadowing the measurement
path between the triple-patch antenna and the source antenna. The influence of the
positioner was visible at 1.85 GHz and 1.95 GHz as well, however there were also
other differences between the simulated and measured patterns at these frequencies.
At 1.85 GHz, the back-side radiation of the measured vertical radiation pattern was
stronger in intensity, for example by a factor of ⇡ 12 dB at f ⇡ 230�, as compared to
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FIGURE 4.5: (a) Desired simulated reflection coefficient against the
measured reflection coefficient of the first test sample. (b) Desired sim-
ulated reflection coefficient against the measured reflection coefficient
of the optimized second test sample. (c) A snapshot of the second test

sample.

the simulation. While at 1.95 GHz, the simulated and measured vertical radiation
patterns were in good agreement, the measured horizontal pattern was stronger in
intensity, for example by a factor of ⇡ 6 dB at q ⇡ 30�, in the range q = 330�...60�,
moving anti-clockwise along the indicated arrow. As the measured antenna is not and
cannot be an exact replica of the simulated antenna, along with the fact the simulation
environment comprised only the antenna, a perfect correspondence between the
simulated and measured results is not reasonable to expect over the entire frequency
range. The peak values of simulated and measured directivity and realized gain, as
well as the total efficiencies (including matching losses) are provided in Table 4.1. The
maximum realized gain, 4.8 dBi, was measured at 2.6 GHz, while its minimum value,
-1.7, dBi was obtained at 1.85 GHz. At the other frequencies, it was between 2...3 dBi.

Here, it was also interesting to take a look at the partial realized gains separately,
as the combined realized gain loses information about the antenna polarization at
the different frequencies of interest. Therefore, the measured peak partial realized
gains, Gv in vertical polarization and Gh in horizontal polarization, are also presented
in Table 4.1. We can see that at the TM10 mode resonance frequencies 1.75 GHz,
1.85 GHz, and 1.95 GHz, most of the radiated power is contained in the horizontal
polarization, while at the TM01 mode 2.15 GHz and 2.6 GHz resonances, the power is
concentrated in the vertical polarization, even though the realized gain patterns in
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TABLE 4.1: Bare triple-patch antenna simulation and measurement
comparison [94] ©2019 IEEE

Freq. (GHz) Dir. (dBi) Rlzd. gain (dBi) Measured partial
rlzd. gains (dBi) Total efficiency (%)

Sim. Meas. Sim. Meas. Gh Gv Sim. Meas.
1.75 4.7 5.8 0.4 2.1 2 -12.6 37 43
1.85 7.4 6.9 -0.7 -1.7 -2.2 -11.5 15 14
1.95 5.8 6.8 -0.9 1.9 1.4 -9.6 21 32
2.15 6.6 7.9 1.4 3.2 -8.6 2.8 30 34
2.6 7.8 8.3 2.5 4.8 -16.3 4.8 29 44

4.6 follow a similar trend over the considered frequency range.

Measurements with partial door frame

Measurements with the car

Fig. n n n n

4.3.2 n

As usual, embedding the antenna prototype without taking into account the influence 
of the relative permittivites of the ABS and PMMA layers of the plastic cover would 
mean that we would end up with an embedded antenna that would not resonate in
the desired frequency range. But the previous experience with embedding the di-
patch antenna in the plastic cover was helpful here, where the plastic cover shifted the
frequency response of the antenna backwards by ⇡  100 MHz from the desired
value. If we take another look at the bare triple-patch antenna reflection coefficients in
Fig. 4.5 (a), we notice that the test sample 1 measured reflection coefficient was
shifted forwards by ⇡  100 MHz. This meant that if a copy of test sample 1 were to
be embedded in the plastic cover, the forward and backward shifts of 100 MHz
would compensate each other, and the embedded antenna frequency response would
cover the correct frequency range.

So, a copy of test sample 1 was embedded in the plastic cover. The simulated 
reflection coefficient (with a suitably adjusted permittivity value of the FR-4 substrate) 
and the measured reflection coefficient are presented in Fig. 4.7 (a). While there is 
not an exact overlap between the two curves, the embedded antenna sample was not 
optimized any further, as the |S11|2-6 dB criterion was met throughout the desired 
frequency range. Fig. 4.7 (b) shows the the electric field distribution at 1.75 GHz and 
2.6 GHz on the door frame. As expected, the number of crests and troughs is larger at
the higher frequency than at the lower frequency. Fig. 4.7 (c) presents the door 
frame measurement setup in AML, while the normalized simulated and measured 
radiation patterns are compared in Fig. 4.7 (d)...(h). A good degree of similarity can 
be observed between the radiation patterns. The typical simulated and measured 
values are enlisted in Table 4.2.

4.3.3 n

Considering that it would take several days to simulate such a multi-frequency 
antenna along with the car chassis, n occupy the entirety of the available 
departmental computational resour es, such simulations were not performed. On 
the other hand, for an interesting measurement comparison, identical triple-patch 
antennas were embedded in the adjacent B-column plastic covers on the left side of 
the car, as indicated in the schematic in Fig. 4.8 (a). The VISTA measurement setup 
is presented in Fig. 4.8 (b), with the corresponding normalized measured radiation
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TABLE 4.2: Door frame triple-patch antenna simulation and measure-
ment comparison.

Frequency
(GHz)

Directivity (dBi) Realized gain (dBi) Efficiency (%)
Simulated Measured Simulated Measured Simulated Measured

1.75 6.62 7.70 2.35 1.90 37.5 26.3
1.85 7.95 9.00 0.13 -0.50 17.0 11.0
1.95 7.10 7.40 -0.30 0.33 18.2 19.7
2.15 6.90 8.10 1.28 2.6 27.6 28.2
2.60 8.80 8.70 4.53 3.1 37.4 27.1

patterns in Fig. 4.8 (c)...(g). The excellent overlap between the front-left 1 and front-
left 2 patterns, as well as the nearly identical measured values as listed in Table
4.3, indicate that the antenna performance remains practically the same between
the adjacent covers. Quantitatively, following the embedding, the two antennas
were around 20 cm apart from each other, which was a large enough separation to
make this antenna combination suitable for LTE MIMO data rate measurements as
considered in detail in chapter 6.

TABLE 4.3: Comparison of measured values for two triple patch an-
tennas embedded in the adjacent plastic covers on the left side of the

car.

Frequency
(GHz)

Directivity (dBi) Realized gain (dBi) Efficiency (%)
Front-left 1 Front-left 2 Front-left 1 Front-left 2 Front-left 1 Front-left 2

1.75 10.3 10.7 3.8 3.9 22.5 20.7
1.85 9.9 9.8 0.14 0.5 10.5 12
1.95 10.6 10 1.72 1.5 13 14
2.15 9.6 9.7 1 1.1 14 14
2.60 9.4 9.1 3.3 3 25 23.7
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Chapter 5

High impedance surface based
dipole antenna

5.1 High impedance surface fundamentals

5.1.1 Achieving a high surface impedance

In chapter 3 on the di-patch antenna, the well-known limitation of a half-wavelength
dipole antenna was presented, that it suffers from a debilitating impedance mismatch
and therefore does not radiate efficiently when arranged closely above a metallic
ground. The closer a half-wavelength dipole antenna lies to a metallic surface,
the stronger is the destructive influence of the image current on the driving-point
impedance of the antenna. But if we were to replace the metallic ground
with a magnetic ground, then the image current on the magnetic ground would
instead add constructively with the current on the half-wavelength dipole antenna,
enabling it to radiate efficiently. However, there exist no magnetic conductors in
nature. But in the recent years, metamaterial surfaces that act as perfect magnetic
conductors over a specific and adjustable frequency bandwidth have been
developed. These metamaterials are known as high impedance surfaces (HIS), and a
detailed discussion on these materials can be found in the work of Sievenpiper [97].

A simplified overview of the HIS principle is provided in this section. Consider
the corrugated surface in Fig. 5.1 (a), also known as ’Fakir’s bed of nails’ [98]. The
spacing between the corrugations is a small fraction of the operational wavelength,
and as they are a quarter-wavelength in length, they transform the low surface
impedance at the surface of the ground to an open-circuit condition at the top. For a
half-wavelength dipole antenna laid horizontally closely above the corrugations, the
image current will be in-phase owing to the open-circuit condition, and as a result
the dipole antenna would resonate efficiently. However, there are two problems with
this approach: (i) Quarter-wavelength long corrugations are simply too long at the

FIGURE 5.1: (a) A corrugated surface. (b) HIS as an array of unit cells,
and the equivalent L-C model [96] ©2018 IEEE. (b) HIS with a dipole

antenna printed atop an extra substrate layer [96] ©2018 IEEE.
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typical mobile communication frequencies. For example, at 2.6 GHz, the corrugations
would be ⇡ 30 mm in length, which is not low-profile any more. (ii) If we place the
half-wavelength dipole antenna quarter-wavelength above the metallic ground, there
is no need for the corrugations in the first place, as at that distance from the ground,
the dipole antenna and ground interfere constructively in any case. It is only if we are
able to reduce the length of the corrugations, while maintaining the desirable high
surface impedance condition at their top, that such metamaterials would be suited
for a low-profile antenna design.

If the corrugations are embedded in a dielectric medium er, the length of the
corrugations/vias is shortened in accordance with the velocity factor of the dielectric
medium. Additionally, the vias could be loaded with an array of patches which
further bolster the dielectric constant through their effective capacitance, enabling
the vias to be even smaller in length at the same resonance frequency. On doing this,
we end up with the high impedance surface in Fig. 5.1 (b). In other words, a HIS can
be imagined as a Fakir’s bed of nails loaded with a dielectric substrate and an array
of patches atop the vias [98]. Each metal patch-via combination with the underlying
portion of the dielectric slab constitutes a unit cell, as highlighted in orange color.
The period of repetition p = a + g of the unit cells is small compared to l (typically,
l/10). Such a material can be represented by an equivalent capacitance-inductance
model; the array of patches contribute an effective capacitance C, and the grounded
dielectric slab along with the vias contribute an effective inductance L. C and L in
parallel lead to the surface impedance in eq. 5.1 [97]. It is clear from this equation that
at resonance and a certain frequency bandwidth around it, the surface impedance
offered by a HIS will be large compared to the free space impedance, h, and a dipole
antenna printed atop such a surface, as in Fig. 5.1 (c), would couple efficiently to
free-space, instead of being short-circuited.

Zs =
jwLp

1 � w2LC
(5.1)

5.1.2 Creation of an electromagnetic bandgap

The above discussion limited itself to how at resonance, a HIS provides an in-phase
reflection of the incident wave, but this is not the sole advantage/application of such
surfaces.

Depending upon its construction, a HIS can offer in addition an electromagnetic
bandgap located around its resonance frequency, wherein the TM and TE surface
waves are forbidden to propagate. Whereas TM waves occur on inductive surfaces
and have neither a lower cut-off frequency nor an upper cut-off frequency, TE sur-
face waves manifest on capacitive surfaces, but have a lower cut-off frequency. As
ordinary metals have an inductive surface impedance, they support TM waves at all
frequencies. Grounded dielectric slabs, on the other hand, support TE surface waves
above a cut-off frequency at which the effective dielectric thickness is slightly over
one quarter-wavelength and the surface impedance is capacitive. As a consequence,
such slabs support both the surface wave modes; the TM waves propagate closer to
the underlying metal surface, where the impedance is effectively inductive, and the
TE waves propagate closer to the top surface of the substrate where the impedance is
effectively capacitive. [97]

A lot of the times, one would like to prevent the propagation of these surface
waves, as they contribute to undesirable effects on the antenna performance. In case of
printed antenna arrays, they enhance the mutual coupling between the array elements,
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FIGURE 5.2: Dispersion diagrams for: (a) A patch-loaded grounded
dielectric slab including vias, and (b) a patch-loaded grounded dielec-
tric slab without vias. (Reprinted from [100], with the permission of

AIP Publishing)
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FIGURE 5.3: (a) Normally incident plane wave. (b), (c) Obliquely
  incident TM polarized plane wave/TE polarized plane wave.
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car, considering the extremely small distance between the back side of the plastic 
cover and the car metal chassis following the mounting of the plastic cover onto the 
car. As discussed already, a typical dipole antenna would not radiate under such 
circumstances. A suitably designed HIS-dipole antenna combination would not only 
be low-profile, but also radiate efficiently after embedding in the plastic cover, as 
well as not be affected by the car metal chassis located closely behind the embedded 
HIS. As a HIS with or without vias could fulfill this requirement, it was chosen not 
to include vias in the HIS design; the reduced design complexity would also imply 
reduced manufacturing costs, and faster simulation times.

The remainder of the chapter is organized as follows. Section 5.2 considers the 
design of the HIS-dipole antenna for operation in the LTE-2600 frequency band from 
2.5...2.69 GHz. We begin by discussing the uni -cell design, and how to determine 
the phase-frequency behavior of such a unit-cell through simulations. Thereafter, we 
present a HIS made up of a 3⇥8 array of unit-cells with a dipole antenna on its top 
that functions in the desired frequency range, and analyze the influence of selected 
parameter variations on the reflection coefficient of the HIS-dipole combination. In 
section 5.3, we consider the bare HIS-dipole, partial door frame, and car measurement 
results and compare these to their corresponding simulation results.

5.2 HIS-dipole antenna design for LTE-2600

5.2.1 Unit-cell/HIS design, reflection phase and bandwidth

The concept of the unit-cell design used for the presented HIS was taken from [101, 
102]. Suitable adjustments were made to the substrate permittivity and the size of 
the unit-cell, so as to obtain a desirable phase-frequency response. The side-view 
of the constructed unit-cell is presented in Fig. 5.4 (a). The unit-cell consists of the 
usual ground layer at the bottom, a square patch layer at the top, and an additional 
intermediate layer of 45� rotated patches, as shown separately in Fig. 5.4 (b). The 
substrate materials between the metallizations, and above the top patch had slightly 
different relative permittivities. Initially, the unit-cell was designed with a uniform 
permittivity value in simulations, but such a multi-layer design involving substrate 
layers of non-standard thicknesses could only be realized with substrate materials 
of slightly differing permittivity values in the prototyping phase. Therefore, the 
permittivity values were adjusted accordingly in the simulations. The additional 
patch layer raises the capacitance of the unit cell, allowing the unit cell to satisfy the 
condition p  l/10 at 2.6 GHz, where l/10 ⇡ 10 mm, for the considered ⇡ 1.7 mm 
unit-cell thickness. To compute the reflection phase that would be offered by a HIS 
composed of such unit-cells, we applied a periodic boundary condition around the 
four sides of a single unit-cell as visible in Fig. 5.3 (c). The bottom face of the unit-cell 
was assigned a perfect electric boundary as well. The unit-cell was excited with a 
normally incident plane wave from the top, and the reflection phase was recorded at 
an interface close to the top surface of the unit-cell.

The computed reflection phase is presented in Fig. 5.3 (d). Following [103], we 
know that the usable reflection phase b andwidth, wherein a  printed dipole will 
exhibit a good reflection coefficient lies in  the 90 � ± 45 � range, and is  not centred 
around 0� reflection p hase. The same authors also intuitively explain in [104] the 
reasoning behind this range. A 0� reflection phase leads to a  strong constructive 
interference between the HIS and the dipole, while a 180� reflection phase corresponds 
to a strong destructive interference between the HIS and the dipole. In both these 
cases, the dipole antenna would not be well-matched to 50 W. This implies that a
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FIGURE 5.4: (a) Side-view of the unit-cell indicating the various dimen-
sions and material properties. (b) 3-D view of the three metal layers
in the unit-cell along with their dimensions. (c) Boundary conditions
for unit-cell simulations. (d) Phase response of the simulates unit-cell.
The region indicated with the black lines would be where an overlying
dipole antenna would resonate. (e) 3⇥8 array of unit cells with a
half-wavelength electrical dipole antenna printed on top. (f) Reflection

coefficient of the HIS-dipole antenna combination.
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dipole antenna would achieve a good impedance matching at a HIS reflection phase
that lies in the middle of 0� and 180�. Unsurprisingly, as shown in [105], a dipole
antenna can also be resonant in the �90� ± 45� reflection phase of a HIS. In general,
these usable reflection phase ranges are variable to an extent, depending upon the
height of the dipole above the HIS and the design of the HIS, but are usable design
guidelines in any case.

As the arrays of patches in the unit-cell boost the effective capacitance of the
unit-cell, thus keeping the cell small in size, it is a valid question to ask if the same
reflection phase could be obtained by simply using a high dielectric permittivity
substrate material and leaving out the patch arrays altogether. After all, a high
substrate permittivity also implies a higher effective capacitance, and in that it is
equivalent to an array of patches embedded in a low permittivity substrate. The
authors in [103] considered this question. They had a unit-cell with an overlying array
of patches and substrate er = 2.2. Keeping the cell thickness constant, they needed to
raise the substrate permittivity almost 10-folds in order to obtain a similar reflection
phase behaviour without the patch array as with the patch array. So, even though
the array of patches in a unit-cell is exchangeable with an appropriately increased
substrate permittivity, the permittivity required would be extremely high, and such
substrate materials are expensive, and high permittivity also implies a narrower
impedance bandwidth. At the same time, it is clear from the previous discussion
that if an electromagnetic bandgap is required, that would not be achievable with a
grounded dielectric slab.

5.2.2 Unit-cell/HIS-dipole parametric study

Various unit-cell design parameters, namely the unit-cell size p, the thicknesses h1
and h2, and the permittivities of the substrate layers were varied by +5% and the
effect on the cell reflection phase behaviour for a normally incident plane wave
excitation was observed. These parameters are indicated in Fig. 5.4 (a) and (b). In
addition, the corresponding impact on the reflection coefficient of the HIS-dipole
antenna was also studied. It is natural to expect that a shift in the reflection phase
of a single unit-cell due to parametric variations should produce a corresponding
shift in the reflection coefficient of the HIS-dipole comprising these unit-cells, which
is exactly what transpired, as may be noted from the curves presented in Fig. 5.5
(a)...(e). We can observe that the direction of the shift in the dipole reflection coefficient
follows the shift in the reflection phase of a single unit-cell. Quantitatively, there are
some differences in the amount of frequency shift in the unit-cell reflection phase
and the HIS-dipole reflection coefficient. This may be attributed to the fact that
while the reflection phase is computed for an infinite array of unit-cells through the
periodic boundary conditions, the HIS-dipole is strongly truncated. Thereby, an exact
quantitative match between the corresponding results cannot be expected. The parts
(f) and (g) of Fig. 5.5 present the reflection coefficients for a variation in the dipole
antenna length and width. From this study, one may come to the conclusion that
for the same factor of variation relative to the original value of the parameters, the
substrate permittivity, patch size p, and the dipole length have the most significant
influence on the dipole antenna reflection coefficient.

5.2.3 HIS-dipole curvature tolerance

As HIS-dipole antennas are relatively new types of antennas, it was also sensible
to test the curvature tolerance of the design. To do this, the same approach was
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FIGURE 5.5: (a)...(e) Impact of a +5% increase in the various parameters
of the unit-cell as indicated in Fig. 5.4 (a) on the reflection phase of
the unit-cell as well as the reflection coefficient of the HIS-dipole
combination resulting from these unit-cells. (f), (g) Impact of a +5%
increase in the length Ldip and width Wdip of the printed dipole on the

reflection coefficient.
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FIGURE 5.6: (a) HIS-dipole antenna with the reference coordinate
system. (b), (c) Virtual cylinder of radius r for bending the HIS-dipole
along its length or width. (d) Reference E-field distribution along the
length of the HIS-dipole. (e), (f) E-field distribution with bending
along the length. (g)...(i) The corresponding reflection coefficients and
normalized directivity patterns. (j) Reference E-field distribution along
the width of the HIS-dipole. (k)...(o) Results for bending along the

width.

(d) 

.5 
·10 

a)-15 
'.E.-20 
~-25 
~-30 
·35 
-10 

···0flg1nal 
-r•30rTWn 
-r•17mm 

(g) 2 2.2 2.4 2.6 2.8 
Frequency (GHz) 

Original E-field Vim across arm 1 width 
..... ,,1111 .. ,,1111 ,,, ••••••••• .... ,.... -·········· ...... ,, ... .... ,,, 
::~ .......... ... .,,,,,,,,.,,,,,,, ................. . 
• .,, .. ,,,,,,,,,''.''' ~Jl. '"""._ ..... . 

0) 

.;~~=:::::::::.:::.~~::~~:.'. _____ )<''"_:::::•~ 
1g -isl --Orlgmal • ' 
;;-- ·20! •··r. 23 mm \ / 
J-2st --·r• 11 mm i: 
--301 i 
·35 
-10 

(m) 2 2.2 2.4 
Frequency (GHz) 

2.6 2.8 

(e) 

8 

90 270 

12 '--___ __, 40 

1~10 
(h) At <ll = 0' 

901-->.---II--....J..--1270 
ftt -JO ·t 

120 " \:;:J:f' 240 . .,~ 150 180 210 

(n) At <ll = 0' 

8~

0 

330 /60 JOO 

90 270 
-30 -18 

120 ,/ 240 

150 180 210 

(I) 

(i) At<ll =90' 

8, / J0_., •• ~
0 

JJO 
/60 / ~300 

90 l •270 
\ •J0•18 I .!,, ..... ,,,/ 
150 180 210 

(o) At <ll = 90' 



78 Chapter 5. High impedance surface based dipole antenna

TABLE 5.1: Simulated values for bent HIS-dipole

Bend type Bending
radius (mm)

Directivity
(dBi)

Realized
gain (dBi)

Total
efficiency (%)

No bend __ 5.7 3.9 67
Along length
(rmin,L = 12 mm)

r = 2.5⇥rmin,L 4.6 2.5 62
r = 1.4⇥rmin,L 3.3 0.3 51

Along width
(rmin,W = 4.5 mm)

r = 5*⇥rmin,W 5.2 3.6 70
r = 2.5*⇥rmin,W 4.2 2.4 52

followed as with the di-patch antenna in chapter 3, section 3.3. The length of the HIS
was assumed to be the perimeter of a circle, and the radius rmin,L corresponding to
that perimeter was calculated. rmin,L then represents the radius of bending for which
the HIS would form a complete circle if bent along its length. Similarly, rmin,W was
calculated for bending along the width. The HIS-dipole was then bent cylindrically
along its length and width for two different factors of rmin,L and rmin,W , and the
resulting influence on the reflection coefficient and the radiation patterns was noted.
These results are presented in Fig. 5.6. Independent of whether the bend is along the
length or the width, there is a downwards shift in the resonant frequency. However,
for a comparable amount of bending along the width, there is a stronger impact on
the depth of the reflection coefficient; we can see in Fig. 5.6 (m) that the blue curve
no longer crosses the -10 dB level. As far as the radiation patterns are concerned,
there is a decrease in the directivity as a portion of the power starts radiating in other
directions in the lower hemisphere, as the field components bend along with the
bending of the antenna. The simulat are enlisted in Table 5.1 n n

n nn n n

5.2.4 HIS truncation influence on the radiation pattern

If a HIS were infinite in its extent, then all the radiation from an overlying dipole
antenna would lie in the upper half-sphere, but an infinite HIS is a theoretical con-
struct; in reality a HIS is always truncated. The question arises how far can one
proceed with the truncation of a HIS before the radiation performance of the over-
lying dipole antenna is considerably affected/degraded, if it is degraded at all. To
ascertain this, the 8⇥3 HIS was taken as a reference and was truncated turn-wise
along its length and width. The impact on the dipole antenna reflection coefficient
and radiation pattern is presented in Fig. 5.7. First and foremost, we may observe
that be the truncation along the length or the width, there was an upwards shift in
the resonance frequency, as well as a deterioration in the reflection coefficient. The
extended frequency range in Fig. 5.7 (i) shows that the original as well as the
truncated HIS has a second resonance at around 3.2 GHz. As opposed to the dipole
resonance at 2.6 GHz, the primary contributor of this additional resonance are the
differential feed lines. If the differential lines are removed and the dipole antenna
is fed directly in the middle, the resonance at 3.2 GHz disappears. In the case of
the 4⇥3 unit-cell, the primary resonance frequency shifts upwards so as to almost
overlap with the secondary resonance contributed from the differential feed lines.
This has an influence on the radiation pattern as well, as in the main beam in this
case has a slight tilt compared to the other cases. In general, the directivity decreases
with the truncation of the HIS. This is understandable, because a smaller ground
plane beneath the antenna, allows a portion of the radiation to escape to the lower
hemisphere. The key values from the simulation are provided in Table 5.2.
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FIGURE 5.7: (a) HIS-dipole antenna with the reference coordinate
system. (b), (c) HIS-dipole antenna with 1 and 2 rows of cells removed.
(d)...(f) Corresponding reflection coefficients and normalized radiation
patterns. (g), (h), HIS-dipole antenna with 2 and 4 columns of cells
removed. (i)...(k) Corresponding reflection coefficients and normalized

radiation patterns.

TABLE 5.2: Simulated values for truncated HIS-dipole configurations

Configuration Directivity (dBi) Realized gain (dBi) Efficiency (%)
8 x 3 5.7 4 67.4

8 x 2 5.2 3.8 72
8 x 1 4.5 2.4 62.4

6 x 3 5.5 3.8 67
4 x 3 5.7 2.7 50
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FIGURE 5.8: (a) 8x1 HIS-dipole in free space, along with the coordinate
system. (b) The same HIS-dipole, but with an additional metal sheet
at a distance of 2 mm underneath it. (c)...(e) Corresponding relfection

coefficients and normalized radiation patterns.

TABLE 5.3: Simulated values for 8⇥1 HIS-dipole with and without
additional metal sheet.

Configuration Directivity (dBi) Realized gain (dBi) Efficiency (%)
8 x 1 4.5 2.4 62.4
8 x 1

(additional metal sheet) 6 2.44 44

Focusing on the 8⇥1 HIS case, and its corresponding reflection coefficient (blue
curve) in Fig. 5.7 (d), it is interesting to note that even for such a starkly truncated
HIS, a significant amount of -6 dB impedance bandwidth was available. But, as in our
intended application, there would additionally be the car metal chassis underneath
the HIS, it is important to ask if the matching level would further degrade for the
8⇥1 HIS as a consequence of this mounting situation. If not,then it would mean that
large high impedance surfaces may not be necessary for applications like ours, unless
a -10 dB impedance matching is absolutely desired. The 8⇥1 HIS was simulated with
an additional rectangular metal sheet 2 mm underneath, to determine the impact
on the reflection coefficient. These results are presented in Fig. 5.8 along with the
corresponding values in Table 5.3, whereby it can be observed that the introduction
of the additional metal sheet led to a further degradation of the reflection coefficient
as well as the radiation efficiency. This shows that for low-profile applications closely
above the car chassis, to preserve a reasonable level of matching, a HIS should not be
truncated to the absolute smallest size permissible.
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FIGURE 5.9: (a) HIS-dipole prototype. (b) Electric field distribution at 
2.6 GHz. (c) Measurement setup; x-axis is perpendicular to the antenna.
(d) Simulated and measured reflection coefficient. (d), (e) Normalized
simulated and measured radiation patterns   2.   
2.   . The greyed area indicated approximately the 
region in which the antenna is shadowed by the positioner.

TABLE 5.4: Bare HIS-dipole simulated and measured values 2.   
2.  . old compensate the 0.5 dB chip balun insertion loss.

Simulation Measurement
Directivity (dBi) 5.7 6.3
Realized gain (dBi) 4 2.2/2.7
Total efficiency (%) 67.4 39/43.6

5.3 Simulation and measurement comparison

5.3.1 Bare HIS-dipole antenna measurements

Fig. 5.9 (a) shows the HIS-dipole antenna prototype, the corresponding electric field
distribution at 2.6 GHz is depicted in Fig. 5.9 (b), wherein the distribution typical of a
half-wavelength dipole antenna can be observed. The remaining parts in the figure
show the measurement setup and the simulated and measured results. The measured
reflection coefficient had an approximately 150 MHz forwards shift, comparable to
what has already been observed in the previous chapters. The simulated and the
measured radiation patterns are comparable, except in the grey angular range where
the positioner shadows the antenna. The key simulated and measured values are
presented in Table 5.4.

As here also the same chip balun [79] was soldered at the HIS-dipole feed point,
as in the case of the di-patch antenna, the 0.5 dB insertion loss due to the balun needs
to be calibrated out of the measured realized gain and efficiency for a fair comparison
with the simulation, where simply a discrete port was used to excite the HIS-dipole.
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FIGURE 5.10: (a) Simulated model of the door frame, including the
HIS-dipole antenna. (b) Electric field distribution at 2.6 GHz. (c)
Measurement setup; z-axis is perpendicular to the door frame. (d)
Simulated and measured reflection coefficients. (e), (f) Normalized

simulated and measured radiation patterns.

TABLE 5.5: Door frame HIS-dipole simulated and measured values.
Values in bold compensate the 0.5 dB chip balun insertion loss.

Simulation Measurement
Directivity (dBi) 7.8 7.3
Realized gain (dBi) 6.1 2.6/3.1
Total efficiency (%) 66.7 34/38

The adjusted measured values are written in bold in Table 5.4 and other subsequent
tables containing measurement data.

5.3.2 Measurements with partial door frame

The simulation and measurement results with the door frame are presented in Fig.
5.10. Fig. 5.10 (a) and (b) show the simulated door frame model and the electric
field distribution on it at 2.6 GHz respectively. We can notice that the surface wave
propagation is dominant along the slit between the two doors, which gives rise
to the ripples in the vertical cut of the radiation pattern in Fig. 5.10 (f), whereas
the horizontal radiation patterns in Fig. 5.10 (e) are relatively smooth in the upper
hemisphere. There was a good match between the simulated and the measured
reflection coefficients. The key values from the simulation and measurement results
are presented in Table 5.5.

5.3.3 Measurements with the car

The simulation of the car chassis including the HIS-dipole antenna followed the
hybrid simulation procedure elucidated in chapter 2. It is worth reiterating such a
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FIGURE 5.11: (a) Electric field distribution on the car at 2.6 GHz. (b)
Measurement setup in VISTA. (c) Comparison of normalized simu-

lated and measured radiation patterns.

TABLE 5.6: Car HIS-dipole simulated and measured values. Values in
bold compensate the 0.5 dB chip balun insertion loss.

Simulation Measurement
Directivity (dBi) 6.9 10
Realized gain (dBi) 4.1 2.8/3.3
Total efficiency (%) 53 19.4/21.4

simulation is good enough to provide an intuitive qualitative insight into some of
the measured observations, but due to the simplified chassis model and the hybrid
simulation procedure it should not be relied upon too much quantitatively.

The electric field distribution on the car at 2.6 GHz is shown in Fig. 5.11 (a).
Surface waves are pronounced not just along the slit between the doors, but also
along the length of the car. As the car is longer in length than in height, the number of
secondary radiation sources produced by surface waves is comparatively larger along
the length. Accordingly, a larger number of ripples can be seen in the horizontal cut of
the radiation pattern as opposed to the vertical cut in Fig. 5.11 (c) and (d) respectively.
In general, the pattern shapes are comparable in both the planes. The key simulated
and measured values are presented in Table 5.6
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Chapter 6

System aspects, LTE MIMO
measurements and V2V field tests

6.1 Towards a plastic embedded automotive antenna system

The previous chapters considered the simulations and measurements of primarily
single antennas embedded in the front-left B-column plastic cover. The fact that
there are two B-column plastic covers available on the left and right sides of an Audi
A1, and most of the other passenger cars for that matter, was not utilized. For one,
embedding the same types of antennas in multiple plastic covers would enable MIMO
functionality to provide higher mobile communication data rates, and secondly, with
antennas on the left and right sides of the car a close to omnidirectional coverage in
the horizontal plane could be established.

This chapter aims at exploring the aforementioned aspects, and providing answers
to many of the preliminary questions that arise at the onset of such system design
considerations. The two most fundamental questions among them are: (i) The extent
of omnidirectionality achievable with embedded antennas on the left and right sides
of the car in comparison to a commercially available car rooftop monopole antenna,
(ii) LTE MIMO data rate achievable with the embedded antennas as opposed to with
the rooftop monopoles. The other questions are consequential to the two fundamental
ones. One would be interested in understanding the the reasons for the differences,
if any, in the MIMO data rates achieved by the plastic embedded antennas and the
rooftop monopoles, as well as the reasons for the variability of the MIMO performance
measured over a certain time duration in general.

For measuring the radiation patterns of the embedded antennas and the rooftop
monopoles, VISTA was used in the fully anechoic configuration. The multiband
patch antenna was chosen for embedding in the left and right side covers of the car.
The reason for this choice was the multiband behaviour itself; one would be able to
measure the radiation patterns over a 1.71...2.69 GHz frequency range, as opposed to
at a single frequency as would be in the case of a di-patch antenna. This allowed for
the comparison of the radiation patterns on the left and right sides of the car over a
wider frequency range. These patterns are discussed in section 6.2. For the LTE MIMO
data rate measurements, VISTA was used in the semi-anechoic configuration, with
the pyramidal absorbers removed from the floor to facilitate multipath propagation.
The Rohde & Schwarz CMW500 communications tester [107] was used for generating
LTE signals for the transmit antennas, and the data rate achieved in the downlink
with the plastic embedded antennas and the rooftop monopoles was measured with
a network performance analysis tool known as ’iperf’ [108]. The details pertaining to
these measurements are presented in section 6.3.

It is also important to mention at the onset that this chapter does not provide a
finished system design. Several other questions necessary to that end have not been
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considered as a part of this thesis. For example, one among these questions is where
the processing of the signals received/transmitted by these embedded antennas
would take place. The RF front-end should be possibly as close to the antennas as
possible, so as to avoid longer transmission lines between the antenna and the front-
end, as these would lead to additional RF losses. From an economics point of view, a
good solution would be the one that can be integrated into the car without the need
for modifications to the car body. Or as a first proof-of-principle, a car model may
be chosen which allows for a straightforward integration of the antenna-front end
combination. The successful demonstration of the principle with such a car would
act as a motivator for modifying other car geometries where such an integration
would not be possible otherwise. At the time of writing this thesis, such questions are
being considered in the follow-up project entitled ’smarte integrierte funksysteme für
vernetzte mobilität und logistik (SISYVOS)’ [109].

6.2 Radiation characteristics of multiband patch antennas em-
bedded in the left and right covers

Towards the end of chapter 4, the radiation characteristics of multiband patch anten-
nas embedded in the two adjacent B-column plastic covers on the left side of the car
were considered. For this chapter, a third multiband antenna was embedded in the
front-right plastic cover of the car, as shown in Fig. 6.1 (a). In principle, it was the
same as the multiband antenna of chapter 4, with the difference that the feeding line
was extended 7 cm vertically. Considering the intention of integrating a front-end
along with the antenna in the future, such a vertical feed line extension was sensible
for two reasons: (i) Given the limited width of the plastic cover, and practically no
space between the cover and metal chassis along the cover length, front-end inte-
gration could only be envisioned at the bottom end of the plastic cover, where more
space was available in width, as well as in the distance from the car chassis. (ii) The
amount of additional loss contributed by such a line extension could be ascertained.
As far as point (ii) is concerned, simulations showed that a 7 cm long microstrip line
on a 1.6 mm thick FR-4 substrate (tand = 0.023) dampened an input signal by ⇡ 0.7
dB at 2.6 GHz. Measurements in VISTA, whereby the radiation performance of a
front-right B-column plastic cover integrated multiband antenna without microstrip
line extension and with microstrip line extension was compared, corroborated the
additional loss suggested by the simulations. Otherwise, the radiation patterns were
identical between these two antenna variants. As a whole, the radiation patterns and
peak directivities and gains for the right side embedded antenna were comparable to
the antenna pair embedded on the left side of the car within the design frequency
range 1.71...2.69 GHz. These values for the left side embedded antenna may be read
from Table 4.3 in chapter 4; for the right side embedded antenna the difference to
these values was negligible.

In Fig. 6.1 (a), the front-left 1, front-left 2, and front-right antennas have also
been indicated as Rx1, Rx3, and Rx3 antennas respectively, as these acted as receive
antennas for downlink data rate measurements at 1.85 GHz described in the next
section. Downlink data rate was also measured for a pair of reference monopoles,
ref1 and ref2, placed on the roof of the car. Fig. 6.1 (b) and (c) present the normalized
horizontal and vertical gain patterns of the indicated antennas. Especially focusing
on the horizontal pattern, one may notice that the monopole is omnidirectional,
whereas in case of the embedded antennas, irrespective of whether the Rx1/Rx2
combination or the Rx1/Rx3 combination is chosen, there is always a null along the
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FIGURE 6.1: (a) A car schematic indicating the location of the various
antennas, including a snapshot of the triple-patch antenna with the
elongated feed line. (b), (c) Normalized measured horizontal and
vertical cuts of directivity for the embedded antennas and the rooftop

monopole, Ref1, at 1.85 GHz.
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driving direction. This information would be helpful in interpreting some of the data
rate measurement results presented ahead.

6.3 LTE MIMO data rate measurements

6.3.1 MIMO data rates achievable with LTE

In general, for an N ⇥ M MIMO system, with N, M > 1, a data rate min(N, M)
times than that for a SISO system is achievable under rich multipath conditions.
Therefore, let us first consider the maximum data rate possible with a SISO wireless
LTE link, which is dependent upon the chosen modulation scheme as well as the
channel bandwidth.

LTE advanced releases 8...11 offer three types of modulation schemes, namely,
QPSK, 16-QAM, and 64-QAM in the downlink [110, 115], and one of these is chosen
depending upon the channel conditions. Naturally, higher order modulation schemes
imply a higher data rate, but it is not a good strategy to always select the highest order
scheme for this reason. Broadly, the selection strategy is as follows: (i) The eNodeB
transmits a reference signal to the user equipment (UE). (ii) The UE computes the
signal-to-interference-plus-noise ratio (SINR), and depending upon the SINR value,
transmits back a corresponding channel quality indicator (CQI) value to the eNodeB.
(iii) Based upon the received CQI value, the eNodeB selects the highest modulation
scheme and code rate such that the packet error rate remains below 10% [111]. There
are 15 CQI values available in LTE, lower values correspond to QPSK and higher to
64-QAM (see Table 1 in [111]). As far as the channel bandwidth is concerned, 4G
LTE permits bandwidths of 1.4, 3, 5, 10, and 20 MHz [115]. Naturally, the higher the
channel bandwidth, the higher would be the data rate.

In LTE, the smallest unit of resources that can be allocated to a user is known as
a physical resource block (PRB). The resource element (RE) is the smallest physical
channel unit, each uniquely identifiable by its subcarrier index k and symbol index l
within the PRB. A PRB spans 12 subcarriers over 7 OFDM symbols and in total 12·7 =
84 REs. One PRB pair is the smallest schedulable unit in most downlink cases, and
fits into two 0.5 ms consecutive slots as shown in Fig. 6.2. [112-114]

Based upon this information, the data rate offered by a SISO wireless LTE link
may be computed as follows [115]:

1. Assume C MHz as the selected channel bandwidth. 10% of C represents the
guard bandwidth, therefore the proportion of the channel bandwidth available
for data is B = 0.9 · C MHz.

2. Since each PRB is 0.18 MHz in bandwidth, the number of PRBs in a slot required
for B MHz channel bandwidth = B/0.18 = P.

3. Each PRB has 84 resource elements or OFDM symbols. Therefore, the number
of OFDM symbols contained in P PRBs = P · 84 = R

4. Let K be the number of bits/symbol corresponding to the selected modulation
scheme. The total number of bits needed for representing R OFDM symbols in
a 0.5 ms slot = K · R = KTot.

5. 25% of the transmit data is control data, and the rest is user data. Considering
this, the SISO data rate for the user may now be given as: DSISO = 0.75 ·
KTot/(0.5 · 10�3) bits/s. Then, as mentioned, DMIMO = min(N, M) · DSISO
under ideal channel conditions.
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FIGURE 6.2: LTE frame structure (adapted from [112]).

6.3.2 Measurements in VISTA and comparison to field tests

The entire measurement set-up in VISTA is shown in Fig. 6.3 (a), along with an 
equivalent schematic in Fig. 6.3 (b). The Audi A1 with plastic embedded antennas 
(Rx1, Rx2, Rx3) and the rooftop monopoles (Ref1, Ref2; Fig. 6.3 (c)) was placed at 
the centre of the 6.5 m diameter turntable. We can see that inside the car was a 
Huawei E8372 USB-stick LTE modem [116] with inputs for two LTE antennas. The 
modem was connected to a laptop which was executing the network performance 
measurement program iperf for measuring the downlink data throughput. The Rx1 
and Ref1 antennas were not only used for receiving LTE data during the measurement, 
but also for transmitting the channel quality information to the Rohde & Schwarz 
communications tester CMW500. This information was not transmitted directly from 
these antennas to CMW500, but was relayed over a horn antenna that had a wired 
connection to CMW500. This horn antenna was placed on the back seat of the car.

Coming to the rest of the measurement set-up outside the car, we can see two 
vertically polarized double-ridged horn antennas, Tx1 and Tx2, located at 45 degrees
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to the centre of the turntable on either side of it. Furthermore, there was an LTE
mobile base station crossed-dipole antenna pair, labelled Tx3 and Tx4, positioned at 0
degrees to the centre of the turntable. All of the Tx antennas were approximately at
a 5 m distance from the turntable centre and at a height of roughly 1.6 m from the
ground. At the back of the picture, on the right hand side, one can notice CMW500,
to which the Tx antennas were connected in pairs at a time. CMW500 can generate
LTE signals in various transmission modes, numbered through TM1...TM10 in release
12 (refer [117] for a description of each mode) . The modes that were used for the
measurements considered here were the the TM1 mode and the TM4 mode. TM1
mode corresponds to the usage of a single transmit antenna, and using a single
receive antenna on the car, this mode was able to deliver the SISO data rate. TM4
mode denotes closed loop spatial multiplexing on 2 transmit antennas, which made
it suitable for measuring the downlink MIMO data rate with 2 receive antennas
connected to the Huawei modem at the car. Furthermore, CMW500 allows for the
selection of the modulation scheme, and it was set to 16-QAM. Therefore, it was
known that the peak SISO data rate would be roughly 50 Mbps, for 20 MHz channel
bandwidth, as per the calculation procedure in the previous section. Consequently,
the peak 2x2 MIMO data rate would be around 100 Mbps.

Downlink data rate was measured with different combinations of Rx antennas on
the car and Tx antennas outside the car in distinct measurements, without altering
the measurement set-up in any way, except for changing the antenna connections
to the Huawei modem and CMW500. Consider the measurement procedure for the
Rx1/Rx2 antenna combination:

1. The Rx1 and Rx2 antennas were connected to the Huawei modem, whereas the
Tx1 and Tx2 antennas were connected to CMW500.

2. The transmission mode of CMW500 was set to TM4 for closed loop MIMO
operation.

3. The transmit power per LTE resource element was set to the maximum value of
-32.8 dBm at CMW500.

4. The turntable was rotated 360 degrees in 73 steps of 5 degrees each. At each
step, the downlink data rate was recorded for 10 seconds by iperf. The data rate
was averaged over 10 seconds for each turntable step in post processing.

5. Tx1 and Tx2 antennas were disconnected from CMW500, and Tx3 and Tx4
antennas were connected instead. Step 4 was repeated.

The entire procedure above was repeated for the Rx1/Rx3 and Ref1/Ref2 antenna 
combinations. The downlink SISO data rate was also measured similarly with the Rx1 
antenna, once with Tx1 as the transmit antenna, and then with Tx3 as the transmit 
antenna, after switching CMW500 to TM1 transmission mode. It is important to 
note that as the measured data rate is influenced by multipath propagation, changes 
in the measurement environment lead to changes in the multipath behaviour, and 
as a consequence in the measured data rate. Therefore, the VISTA measurement 
results apply to the set-up under consideration. It is also for the same reason that 
the data rate varies over time in the field tests discussed later. As the car moves on 
the road, the multipath behaviour changes in accordance with the surrounding 
environment.

The measurement results are presented in Fig. 6.3 (d)...(g). Consider first the 
parts (d) and (e). These represent the measurements with the horn antennas Tx1 and
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Tx2  as  the  transmit  antennas.  The  SISO  data  rate  (blue  curve)  was  50  Mbps  over
nearly  the  entire  360�  range,  except  at  a  few  points  towards  the  end.  The  orange
dotted  curve  in  both  (d)  and  (e)  indicates  the  downlink  MIMO  data  rate  achieved
with  the  Ref1/Ref2  antenna  combination  at  the  car;  we  can  see  that  leaving  aside  a
few  points  in  60...120�  and  the  240...300�  range,  it  was  around  100  Mbps  over  the  360�

turntable  rotation.  In  comparison  to  the  orange  dotted  curve,  the  blue  dashed  curve
in  part  (d)  shows  the  MIMO  performance  of  the  Rx1/Rx2  antenna  combination  at  the
car.  Similarly,  the  violet  dashed  curve  in  part  (e)  presents  the  MIMO  performance
of  the  Rx1/Rx3  antenna  combination  at  the  car.  It  can  be  seen  that  in  both  the  cases,
the  rooftop  monopoles,  i.e.,  the  Ref1/Ref2  combination  performs  better.  One  of  the
reasons  for  this  performance  difference  is  contained  in  the  radiation  patterns  of  these
antennas,  as  depicted  earlier  in  Fig.  6.1.  The  Rx1/Rx2  combination  radiates  primarily
towards  the  left  side  of  the  car,  the  Rx1/Rx3  combination  radiates  both  on  the  left
and  right  sides,  which  is  better  than  the  former  situation.  But  in  both  the  cases,  a  null
exists  along  the  driving  direction.  This  is  not  true  for  the  rooftop  monopoles;  these
radiate  omnidirectionally  in  the  horizontal  plane,  therefore  have  a  better  coverage
and  achieve  a  better  data  rate.  Another  important  fact  is  that  depending  upon  the
angle  of  rotation,  either  the  antenna(s)  in  the  left  plastic  cover(s)  or  the  one  in  the
right  plastic  cover  is  shadowed  by  the  body  of  the  car,  whereas  no  such  shadowing
problem  exists  for  the  rooftop  monopoles.

  Let  us  now  move  onto  the  parts  (f)  and  (g)  in  Fig.  6.3.  The  difference  here  is  that 
the  cross-polarized  dipole  antennas,  Tx3  and  Tx4,  were  used  as  the  transmit  antennas.
The  green  curve  in  both  the  parts  shows  the  downlink  SISO  data  rate  measured 
with  Rx1  at  the  car  and  Tx3,  the  -45�  oriented  dipole  of  the  crossed  dipole  pair,  at 
CMW500.  Once  again,  49  Mbps  was  achieved  at  a  majority  of  the  points,  although 
the  performance  was  slightly  worse  compared  to  the  SISO  data  rate  measurement 
with  the  Tx2  antenna  in  the  previous  case.  The  orange  curves  in  (f)  and  (g)  represents 
the  MIMO  data  rate  achieved  with  the  Ref1/Ref2  antenna  combination  on  the  roof  of 
the  car.  In  comparison,  the  pink  dashed  curve  in  (f)  and  light  green  dashed  curve  in 
(g)  depict  the  MIMO  data  rate  obtained  with  the  Rx1/Rx2  and  the  Rx1/Rx3  antenna 
combination,  respectively.  The  difference  between  the  MIMO  performance  of  the 
rooftop  monopoles  and  the  embedded  antennas  is  not  so  evident,  as  it  was  in  parts 
(d)  and  (e).  As  a  whole,  the  MIMO  data  rate  was  also  less  consistently  close  to  100 
Mbps  as  opposed  to  in  parts  (d)  and  (e).  This  could  simply  be  due  to  the  polarisation 
mismatch  between  the  crossed  dipole  antennas  and  the  vertically  polarized  rooftop 
monopoles  and  embedded  antennas.

In  all  cases,  Fig.  6.3  (d)...(g),  the  MIMO  data  rate  fell  below  the  SISO  data  rate 
at  some  of  the  measured  points.  Ideally,  MIMO  data  rate  should  be  >  SISO  data  
rate.  In  closed  loop  operation,  the  transmitter  is  capable  of  adjusting  the  transmit 
mode  depending  upon  the  channel  condition  information  contained  in  the  feedback 
loop  from  the  receiver.  So,  for  example,  if  the  channel  does  not  offer  rich  multipath 
conditions,  the  transmitter  could  switch  to  a  transmit  diversity  mode  or  a  SISO 
mode  to  ensure  that  data  is  transmitted  reliably  at  a  speed  no  less  than  what  a  SISO 
connection  would  offer  under  the  same  conditions.  Although  CMW500  was  operated 
in  closed  loop  configuration,  it  remained  operational  in  the  initially  set  TM4  MIMO 
mode  irrespective  of  information  provided  to  it  by  the  feedback  path.  At  some 
measurement  points,  operation  in  the  MIMO  mode  may  not  have  been  suitable,  and 
at  these  points  the  MIMO  data  rate  fell  below  the  SISO  data  rate.

For  a  deeper  insight  into  the  measurement  data  discussed  above,  consider  the
plots  presented  in  Fig.  6.4  (a)  and  (b).  As  mentioned  earlier,  the  turntable  was  rotated
through  360�  in  73  steps  of  5�  each.  P  represents  the  percentage  of  steps  at  which  the
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FIGURE 6.4: Curves indicating the percentage of measured data points
with data rate � to the values along the x-axis with: (a) Tx1/Tx2
horn antennas as transmitters, and (b) Tx3/Tx4 crossed dipoles as

transmitters. More details in the text.

measure data rate D was � the values contained in the X-axis of the graph. Part (a)
compares P with Tx1 and Tx2 horn antennas as the transmit antennas. The percentage
of points above the SISO data rate and above 90 Mbps has been indicated in each
case. Ref1/Ref2 antenna combination performs the best, and between the Rx1/Rx2
and the Rx1/Rx3 combinations, the latter performs slightly better. The reason that
the Rx1/Rx3 combination performed slightly better than the Rx1/Rx2 combination,
but worse than the Ref1/Ref2 combination has been elucidated earlier based upon
the radiation pattern differences of these combinations. As the 2 x 2 MIMO data
rate cannot be more than twice the SISO data rate, the curves drop off sharply right
before the 100 Mbps point on the x-axis. Part (b) illustrates P with Tx3 and Tx4
crossed dipole antennas as the transmit antennas. One can clearly see here that
the performance difference between the Ref1/Ref2 combination and the embedded
antenna combinations is not so distinct as in Fig. 6.4 (a). The Rx1/Rx3 in fact performs
slightly better than the Ref1/Ref2 combination. In any case, this measurement with
the crossed dipole antennas as transmitters is of more practical importance than the
measurement with the horn antennas as transmitters, as mobile base stations typically
comprise crossed dipole antennas (for keeping the array compact [117]). A lack of
major performance difference between the Ref1/Ref2 and Rx1/Rx3 combinations in
relation to the crossed dipole antennas as transmitters is certainly interesting to see
here.

The company Antennentechnik Bad Blankenburg [118] conducted a field test
with the Rx1/Rx3 antenna combination in place, and compared the MIMO data rate
performance of this combination with the SISO data rate obtained with a rooftop
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monopole antenna. They took a total of 30 SISO (with the rooftop monopole) and 30
MIMO (with the B-column antennas) data rate measurements n on the same
day in rural and urban environments in and around the city of Weimar. Each SISO
and MIMO data rate measurement n was conducted simultaneously so
that both the measurements experienced the same channel conditions, but at the
same time each pair of these measurements was taken at a different time within the
time window of ap-proximately 08:30 am to 03:00 pm. This allowed to additionally
take into account the different network load conditions at different times of the day.
Snapshots from the field test are shown in Fig. 6.5 (a) and (b). Inside the car, the
setup was similar to that in VISTA: There was an LTE modem to which the rooftop
monopole and the Rx1/Rx3 antennas could be connected. The modem was
connected to a laptop with an RJ-45 interface, and the laptop was running a suitable
program to record the data rate. The measurement result is presented in Fig. 6.5 (c).
On an average, the MIMO data rate with the Rx1/Rx3 combination was 1.6 times
higher than the SISO data rate with the rooftop monopole. A subsequent field test
on the same route was done by the same company, wherein the MIMO performance
of a pair of rooftop monpoles was compared to the SISO performance of a rooftop
monopole. Here also it was found that on an average the MIMO data rate with
rooftop monopoles was 1.6 times higher than the SISO data rate with a single
rooftop monopole. Granted that the channel conditions may have been different
during these two sets of measurements, but considered as a whole with the VISTA
measurements with the crossed dipole base station antennas as transmitters (Fig.
6.4 (b)), the argument is bolstered that there is no significant difference between the
MIMO performance of the Rx1/Rx3 combination and the rooftop monopole
antenna pair with the bas station antennas as transmitters.

A few more observations can be made looking at Fig. 6.5 (c):

1. The MIMO data rate remained comparable to the SISO data rate in the least
multipath rich conditions that arose during the rural stretches of the field test.
This means that the base station had actually switched from the MIMO mode
to a transmit diversity or SISO mode at these points, unlike in the VISTA mea-
surements where CMW500 never made any switch between the modes to ac-
count for the deteriorating multipath situations.

2. This observation is contained in the first one, that the MIMO performance de-
grades in the rural areas, the most likely reason for this being the decline in
multipath richness in these areas. Although not directly comparable to the
Bad Blankenburg field tests, [119] shows that the multipath richness indeed
declines in rural areas as measured through a corresponding increase in the Ri-
cian factor. These authors conducted V2V field tests, and computed the prob-
ability density functions for the Rician factor in urban, suburban, and rural
environments. They found out that for urban areas most of the Rician factor
values lay between -7...+10 dB, with the average value being 1.8 dB, whereas in
rural areas, most of the Rician factor values were concentrated between +2...+7
dB, with the average value being 3 dB. Therefore, on an average, Rician fac-
tor is higher in rural areas than urban areas, in other words, the direct signal
path carries more power than the combination of scattered paths in rural envi-
ronments. Thus it can be expected that MIMO performance degrades in rural
areas.

3. The peak MIMO data rate in urban conditions was not always twice the cor-
responding SISO data rate. This is because the data rate for a given channel
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FIGURE 6.5: (a),(b) Snapshots from the field tests indicating the ref-
erence monopole antenna, and the embedded Rx1/Rx3 antennas. (c)

Measured peak data against the measurement number.

bandwidth not only depends upon the selected modulation scheme, but also
on the coding rate selected based upon the CQI value fed back by the receiver
to the base station. A coding rate below 1 implies that the achieved data rate
will be below the maximum possible data rate for a given modulation scheme
and channel bandwidth combination.

6.4 V2V communications field tests

As mentioned earlier in chapter 2, V2V communication is quickly gaining traction
due to the passenger safety and traffic optimization benefits it offers. We saw that
for the purpose of LTE mobile communications, B-column mounted antennas per-
formed similarly to the car rooftop monopole antennas, in terms of the measured
data rates. Therefore, the question arose if the V2V communications performance
of the plastic cover embedded antennas would compare to that offered by rooftop
mounted monopole antennas. The performance metrics for V2V communication are
packet delivery ratio (PDR), which is the ratio of packets received to the total num-
ber of packets transmitted n n n n
and received power, PRx. High data rates like for LTE are not important as the
packets in V2V communication are just a few bytes in size.
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V2V communication field tests were conducted in the later half of 2020 to eval-
uate the performance of the B-column antennas and have been comprehensively re-
ported in [120]. Concisely, the main findings of this pioneering work were: (i) For 
relative distances <300 m between the transmitter car and the receiver car, there 
was no remarkable performance difference between the rooftop monopoles and the 
front-left and front-right B-column antenna combination, (ii) For relative distances 
� 300 m, the rooftop monopoles performed better, before these also reached the -95 
dBm receiver sensitivity limit at distances upwards of 500 m. On an average, the 
PDR and PRX of the rooftop monopoles were respectively 8.8% and 8 dBm higher 
than for the front-left/front-right B-column antenna combination. These differences 
can be understood in terms of the gain pattern differences between the rooftop 
monopoles and the B-column antennas. Once again, there was a significant 
difference between the gains of the rooftop monopoles and the B-column antennas 
along the driving direction, with the monopoles having a 20 dB gain advantage 
along this direction. In the field tests, the Tx-car was following the Rx-car, and these 
were, every once in a while, travelling in a straight line. In such instances, the gain 
deficit of the B-column antennas along the driving direction leads to their reduced 
performance. But this does not imply the unsuitability of B-column antennas for 
V2V communication.

The important conclusion here is that as significant performance differences ap-
pear only above relative distances of 300 m, these would be inconsequential in the 
fu-ture. For the field tests under discussion, only our two cars were equipped with 
V2V communication hardware, whereas in the future, all cars are likely to be 
equipped with V2V hardware. This implies that within the 300 m gap there would 
most likely be other V2V capable cars forming a part of the ad-hoc communications 
network. Therefore, the V2V communications distances would realistically lie 
below 300 m, in which case the B-column antennas are as good as the rooftop 
monopole antennas.
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Chapter 7

Conclusion and outlook

The preceding pages presented several interesting mobile communication antenna
designs, their theoretical backgrounds, simulations, and measurements including
field tests. As outlined at the beginning of this work, the principal design challenge
was the close proximity of the antennas to the metallic chassis, as well as the low
integration space in the plastic cover. The di-patch, the multiband patch, and the HIS-
dipole were able to surmount these challenges and deliver a better performance over
typical patch antennas in terms of an improved impedance bandwidth in general, and
additionally a lower total occupied surface area in the case of the di-patch antenna.
Furthermore, in the last chapter concerning the LTE MIMO data rate performance
tests, the performance of the plastic embedded antennas was found to be comparable
to the rooftop monopole antennas. Although these antennas were designed targeting
the goals of KUBINKA, there is nothing restricting their application only to the scope
of this project. In a general sense, these antennas form worthy candidates for usage
in other applications as well, where the proximity of the antenna to an underlying
metal surface presents a design challenge.

Several things can be imagined in terms of the future work, as enlisted below in
no specific order:

1. Till now HIS was combined with a typical half-wavelength dipole antenna. It
would be interesting to thoroughly study the interaction of a di-patch antenna
with a HIS, to ascertain if it offers any advantages over the aforementioned
typical combination.

2. If it would be possible to obtain an even more wideband or multiband behaviour
from the di-patch antenna through additional parasitic / directly connected
patches, modifications to the shape of the di-patch, and/or cutting out slots at
suitable locations on the patches.

3. The di-patch antenna arose from the observation that at the second harmonic
resonance, the input impedance of a dipole antenna is very high closely above
a ground plane. Suitable manipulations were made to the dimensions of the
dipole antenna, the feeding point adjusted, and the input impedance could be
brought down to 50 W. This was an exercise from an engineering point of view.
It would be fascinating as well to explain the interaction of the second harmonic
mode with the ground plane from a more theoretical or physics point of view.

4. Horizontal stacking was used for designing the multiband patch antenna in
chapter 4, as sufficient vertical integration space was available in the plastic
cover and also because the resulting two-layer antenna design would be simple
enough to be milled in our own lab. However, ample vertical space may
not always be available. In such a case, it should be possible to stack the
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parasitic patches vertically. The would reduce the antenna size along the vertical
dimension while, in principle, maintaining the same multiband behaviour.

. Going from the bare antenna to the partial door frame and subsequently to
the entire car, at each step there is a reduction in the antenna efficiency. Of
course, as mentioned in the text, the losses increase due to the introduction
of dielectrics, including the plastic covers, the surrounding rubber, the glass
windows and the car paint, as well as the finite conductivity of the car metal. An
even finer multi-step measurement procedure to isolate the losses contributed
by each of these things would further help increase our understanding of the
interaction of the antenna with the car. It could be like this: After the bare
antenna measurement, measure the plastic cover alone, then together with the
partial door frame. This would quantify the loss contributed by the plastic
cover in the first step, and the total increase in losses with the introduction of
the door frame. Then the door frame could be measured once with the rubber
parts, once unpainted, and so on to decompose additional losses offered by the
door frame into their constituent parts.

. Even with the B-column antennas on the left and the right sides of the car, there
would always be a null along the driving direction, in other words, the coverage
would not be truly omnidirectional in the horizontal plane. To enhance the
communication performance, suitable places should be found at the front and
back of the car to embed antennas covering the same frequencies. This would
especially be helpful for V2V communications, where a lot of information is
exchanged between the cars along the driving direction.

. Another approach pertaining to point 6 would be to just have the antennas
inside the left and right side covers of the car, but to design these antennas 
such that the radiation pattern of the left cover antenna spills over a little 
bit to the front of the car, and the radiation pattern of the right cover
antenna spills over a bit to the back of the car. Such a thing could probably be
achieved by weigh ing the field distribution on these antennas
appropriately and/or by cutting out portions of the PCB ground plane not
directly below the antenna elements. If possible, such a procedure would
achieve omnidirec-tionality without the need for additional antennas at the
front and back of the car.
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Mutual impedance between
half-wave folded dipole antennas

The authors in [73] derive the mutual impedance between two folded dipole antennas,
with N = 2, where N represents the number of arms in each folded dipole. The
derivation would be concisely presented here, and subsequently it will be shown that
the result can be easily generalized to determine the mutual impedance between two
N-arm folded dipole antennas.

Consider Fig. A.1 (a), wherein a half-wavelength dipole (antenna 1) and a 2
arm folded dipole (antenna 2) are at a distance d from each other, and are oriented
along the Z-axis. Radiation from antenna 1 induces a voltage V21F at the terminals of
antenna 2, which may be given as:

V21F = � 1
I2

Z L2/2

�L2/2
Ez21 (z) I2 (z) dz (A.1)

where I2 is the current at the input terminals of antenna 2, Ez21 is the electric field
component in the Z-direction at antenna 2 due to antenna 1, and I2 (z) is the current
distribution along antenna 2.

The mutual impedance at the port of antenna 2 referred to the current I1 at the
input of antenna 1 is then defined as:

Z21F =
V21F

I1
= � 1

I1 I2

Z L2/2

�L2/2
Ez21 (z) I2 (z) dz (A.2)

The current I2 (z) along antenna 2 comprises a combination of two types of
current flow: (i) The transmission line mode currents that flow in equal amplitude

FIGURE A.1: (a) A typical dipole and a folded dipole at a distance
d from each other. (b) Equivalent model of an N-arm folded dipole

antenna showing the antenna mode currents.
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The current I2 (z) along antenna 2 comprises a combination of two types of cur-
rent flow: (i) The transmission line mode currents that flow in equal amplitude and
opposite phase along the two arms. Since the two arms are at a negligible distance
from each other, the electric fields generated by these currents cancel out, and have
no contribution to the mutual impedance, (ii) The antenna mode currents Ia1 and Ia2,
on the other hand, are excited with the same phase and amplitude. Therefore, one
can consider the folded dipole arms as being collapsed to a filamentary current of
value 2⇥ Ia1, following which the effective current in the second antenna as a whole
is:

I2 (z) = Ia1 (z) + Ia2 (z) = 2 · Ia1 = 2 · I2m sin


k
✓

L2

2
� |z|

◆�
(A.3)

where I2m is the maximum current each of the two arms of antenna 2. Sinusoidal
distribution for I2 (z) of course assumes that the radius of the antenna wire is far
smaller that the considered wavelength. Substituting the expression for Ez21 and
equation (A.3) into equation (A.2) gives:

Z21F =
V21F

I1
= 2 · j  h I1m I2m

4p I1 I2

Z L2/2

�L2/2
sin


k
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L1

2

◆
e�jkr

r

�
dz

(A.4)

where I1m is the maximum current for antenna 1. The meanings of other terms 
can be found in [73]. The expression following the factor of 2 in equation (A.4) is 
the standard expression for the mutual impedance between two typical half-
wavelength dipole antennas, and may simply be denoted as Z21. Therefore,

(A.5)Z21F = Zdipole to f olded dipole = 2 · Z21

Following the principle of reciprocity,

Zf olded dipole to dipole = 2 · Z21 (A.6)

Therefore,

Zf olded dipole to f olded dipole = 2 · (2 · Z21) (A.7)

Generalization: The equivalent model of an N-arm folded dipole antenna indi-
cating the antenna mode currents is shown in Fig. A.1 (b). Given the wire radius
and overall width of the antenna are negligible, Ia1(z) = Ia2(z) = ... = IaN(z) =
Im sin

h
k
⇣

L2
2 � |z|

⌘i
. If this antenna were antenna 2 in Fig. A.1 (a), then the multi-

plying factor in equation (A.3) and subsequently equation (A.4) would be N instead
of 2. Following the same arguments thereafter, this would lead to the generalized
result:

Zf olded dipole to f olded dipole = N · (NZ21) = N2 · Z21 (A.8)
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