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Abstract

Antennas used for FM transmission in radio stations are too large and to fit in the same for
vehicular communication is inconceivable, considering the dimensional aspects. The product
“EVAM System” is used for automotive communication in emergency vehicles. This product
uses FM band for transmission of traffic information to the surrounding vehicle. The FM
antennas normally installed on the vehicles are used for reception. The radiation efficiency of
these antennas is too low and VSWR is too large. Thus, the FM reception antennas reflect the
power at large scale, damaging the product as a result. The main objective of this thesis is to
design a low-profile antenna, which can be mounted on the emergency vehicle as demanded by
H&E Solutions AB. In addition to the dimensional requirements, the antenna should also satisfy
the specified performance characteristics. These specifications are explained in detail and a
design that best suits the product is developed considering both dimensional and performance
characteristics.
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Abstrakt

Antennerna som används för FM-överföring i radiostationer är för stora och att passa in i
detsamma för fordonskommunikation är otänkbart med tanke på dimensionella aspekter.
Produkten "EVAM System" används för bil kommunikation i nödfordon. Denna produkt
använder FM-band för överföring av trafikinformation till omgivande fordon. FM-antennerna
som normalt installeras på fordonet används för mottagning. Strålningseffektiviteten hos dessa
antenner är för låg och VSWR är för stor. FM-mottagningsantennen reflekterar således kraften i
stor skala vilket skadar produkten som ett resultat. Huvudsyftet med denna avhandling är att
utforma en lågprofilantenn som kan monteras på nödfordonet enligt kravet från H & E Solutions
AB. Förutom

de dimensionella kraven ska antennen också uppfylla de

angivna

prestandaegenskaperna. Dessa specifikationer förklaras i detalj och en design som bäst passar
produkten är utvecklad med tanke på både dimensions- och prestandaegenskaper.
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1. Introduction
Humans today are prone to face accidents and other unpredictable disasters due to several
reasons. Man has become more advanced in technology, which is the cause for calamity but it
can also be used to avert the same. There is increasing threat to human life every day, especially
after the world wars and industrialization. In order to protect human lives, each country has their
own emergency services that try to save people’s lives and provide security. One of the first
countries that started emergency services was the United States of America. In 1865, the civilian
hospitals started providing ambulance squads to save lives during the Civil Wars, closely
followed by the Britain which started the Ambulance service.
As there was development in the modes of transportation, there were also developments in the
organizational structures, response times and treatment methods. The development in
Technology contributed in developing the Emergency services. As the years passed by, there was
improvement from just transporting people to medical centers to providing securities, reporting
fire, health assistances, accidents, disaster and so on [1]. The development of telephones and
other communication systems has also been a key factor for these developments. Each country
has its regulations and provisions for the emergency services and it grows to be effective and
efficient each day.
Today, due to human’s advanced communication services and transportation systems, the
response times to the emergency situations have become shorter. But there are still people losing
lives since the emergency services are not able to reach the spot on the right time. The main
reason for this is the increasing traffic. Although people follow road and the traffic rules in
Sweden, there are situations in which there can be a delay in time, for these services to reach. In
most third world nations, though people intend to give way for the emergency service’s vehicles,
due to traffic these services are not able to make it in time.
One of the best ways to improve the road conditions better for these services is to intimate the
drivers ahead about the emergency so that they are alert and drive appropriately. The usage of
ICT can develop the road conditions and improve road safety. There are many ways to establish
communication between two parties with modern technologies available. One of the media that
can be used is an application on a smart phone that can intimate the driver about the emergency
vehicles passing by or intimation about an accident zone. Another idea would be to alert through
text messages using GSM. But these ways can distract the driver from concentrating on the roads
compromising the road safety.
Recently, many car manufacturing companies have come up with an idea of Vehicle to Vehicle
or Vehicle to everything communication. This kind of communication is a wireless transmission
of data so that there is an increased protection of human lives from road accidents. The main
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motive of these kinds of communication is to eliminate traffic collision and make driving better.
The companies that actively work on this kind of communication are General Motors, Benz,
Audi, Volvo and many others [2]. To establish communication, the control unit onboard uses
embedded systems in association with various sensors that predict and provide data or automate
autonomously depending on the driving conditions. The driver gets a notification on speed data
of the vehicles around and probable collision. In addition to this, there are lane change warnings,
cruise control and various other services.
The same service can be adapted to alert the drivers about the approaching emergency vehicles
or accidents. If the communication between the vehicles is established well then, the response
times can be improved.
H & E solutions is developing a product called “EVAM System”, that establishes
communication between the emergency vehicles and all the vehicles around. The transmission
stretch that the module is expected to attain is around a half kilometer or more. This way the
drivers can be more alert that an emergency vehicle is approaching on the road and they must
give way or drive respectively.
The communication between the emergency service and the vehicles ahead or around is
established via car stereo. In most of the cars, the car stereo is on as people use multimedia
during their travel. The module hijacks the car’s stereo through the FM signals transmitted from
the product for few seconds to alert the drivers about the emergency. This way the driver does
not get distracted, stays focused and alerted about the approaching emergency vehicle. The
product uses a control unit in addition with the module that dictates the traffic information. This
module generates audio signals in RF frequency (FM band). The cars around thus do not require
any additional resources to capture these signals, as all the cars have FM antennas installed. The
only requirement is installation of the product on any emergency vehicle: Ambulance, fire
engines or police cars.
Thus, the product generates the audio signals and transmission of these signals is enabled
through the FM antennas. But the current antenna used by the product is crucial to be mounted
on the emergency vehicles, as there are many regulations based on dimensions of antenna. The
main objective of this thesis is to design an antenna that satisfies all the requirement including an
easy ability to fit it in the vehicle.
As the communication is with all the vehicle around the emergency vehicle, the kind of antenna
that is required must radiate an omnidirectional pattern. The most popular omnidirectional
antenna is a monopolar or a dipole antenna. In FM range, the length of this monopole will be too
long and it is very difficult to fit it on the vehicles. Since it is a transmission kind of an antenna,
the reflection coefficient of the antenna should be kept low as possible. The reflected power can
damage the transmission unit.
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At present the product uses three channels in FM band to transmit the information. The main
requirement by the company is to fit the antenna under specified dimensions of the emergency
vehicles, and make it as invisible as possible. The specifications required are discussed in detail
in the upcoming chapters. At first, there is discussion that describes various methods to
miniaturize the size or to utilize the space that is available, sustaining the required radiation
patterns and antenna characteristics in FM band and thereby choosing the best antenna that can
fit in all the stated requirements.
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1.1 Background on antennas
Before listing the specifications of the antenna, the definitions of the terms involved in antenna
design is explained in detail. The antennas are used for transmission and reception of
Electromagnetic waves in wireless systems. The basic functioning of the antenna should be
dependent on the return loss, radiation efficiency, bandwidth of operation, gain or directivity of
the antenna, radiation pattern and polarization.
Return loss: It is the loss of power reflected back when there is an impedance mismatch or other
discontinuities. By standard the return loss of the antenna must be maintained less than -10dB,
which means that the reflected power is too small when compared to the power transmitted. The
standing wave ratio and reflection coefficient of the antenna can be related to this.
𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 𝑝𝑜𝑤𝑒𝑟
𝑅𝐿 (𝑑𝐵) = 10 𝑙𝑜𝑔10
𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑃𝑜𝑤𝑒𝑟
Reflection Coefficient: It is the ratio of the amplitude of reflected wave to the transmitted wave.
The discontinuity in the transmission line is usually expressed be voltage ratio of the incident
and the reflected amplitude. The reflection coefficient (г) and the standing wave ratio (SWR) is
expressed by,
𝐶𝑜𝑚𝑝𝑙𝑒𝑥 𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 𝑉𝑜𝑙𝑡𝑎𝑔𝑒
г=
𝐶𝑜𝑚𝑝𝑙𝑒𝑥 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑉𝑜𝑙𝑡𝑎𝑔𝑒
𝑆𝑊𝑅 − 1
|г| =
𝑆𝑊𝑅 + 1
Bandwidth of operation: It is the range of frequency in which the antenna operates, the range is
usually fixed with respect to the return loss of -10 dB.
Polarization: The orientation of the electric fields determines the polarization of the antenna.
The types of polarization are linear, circular and elliptical polarization. The receiver antenna and
the transmitting antenna should have the same polarization.
Directivity: It is the measure of the radiated power in a specific direction. The directivity of the
antenna is given by,
𝑈(𝜃, 𝜑)
𝐷 = 4𝜋
𝑃𝑡𝑜𝑡
𝑈(𝜃, 𝜑) is the radiation intensity and Ptot is the total power per unit solid angle.
Efficiency: The efficiency of the antenna is dependent on the polarization, impedance mismatch
and other hearing losses in the antenna.
Gain: The gain of the antenna is dependent on the efficiency of the antenna. The gain is
efficiency multiplied by the directivity of the antenna.
Radiation pattern: The pattern in which the fields or the waves are transmitted out of an antenna.
There are several kinds of antenna’s radiation pattern: Omnidirectional, Broadsided, end fire
radiation pattern and other directional patterns.
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2. Literature Survey
The main requirement of this project is to build an antenna that fits in the vehicle. In the FM
band, the antennas usually tend to be larger. In this chapter, the main focus is to research all the
possible antennas that could be used for vehicular application, effects of mounting and ways of
miniaturization. The model that is adapted to the requirement is elaborated in detail.
Vehicles today have grown to have infotainment systems, GPS, automated control and other
safety systems that work with a control from an Electronic Control Unit (ECU). There is a
development of Vehicular communication between vehicles and other things today. In order to
achieve all the above, there is a requirement in reception of signals which urges the need of
compact antennas to be mounted. The frequency band that these systems work on is completely
different and hence requires number of antennas that satisfies the essential working conditions
and to be mounted in a way that gives an optimal reception.
In most application, the basic requirement of the antenna is to receive the designated signals
around the vehicle. The antenna’s reception gets better when the distance from the ground is
increased. But this can’t completely be satisfied for AM and FM reception as the antenna tends
to be longer and placing the antenna on the roof will get hindered. On the other hand, for GPS
reception placement of antenna over the roof can increase the receptivity due to its small size.
The most basic dependencies of antennas in a vehicle are:
•
•
•
•
•
•
•
•

Ground influence
Location to be mounted and the material surrounding
Direction of mounting
Height to be chosen avoiding hindrance
Cable length
Larger Ground plane
Polarization
Radiation Pattern (Reception or Transmission)

The locations where the antennas can be mounted on the car are roof, mirrors, bumper, Trunk
covers, depending upon the application, the location of the antennas can be chosen. The most
common antenna that one can spot on the vehicle is the monopole antenna for FM/AM reception.
Usually these are whip antennas with omnidirectional radiation pattern with vertical polarization.
The receiver of this antenna is connected to the infotainment systems in the vehicle. Apart from
this, GPS navigation is small and broadside radiation pattern and is fitted on the roof of the car.
[3]
The recent research on antenna technology has led to building of antennas on the glass, mirrors,
windows roofs and other technologies. One of the recent invention that constitutes the above is
9

the glass antenna. In this design, the FM antenna is printed over the glass as a printed meander
line antenna on the glass, where glass behaves like a dielectric medium. Since the antenna is
designed over a dielectric medium, it requires dynamic matching network, thus improving the
bandwidth and the gain of the antenna. Although this model provides a good possibility for
mounting, the manufacturing of this antenna can be difficult. And the radiation pattern of the
antenna is in the broadsided direction. Thus, these kinds of antennas can be used for reception of
FM/AM radio signals (not in all applications but sufficient) [4]
Similar implementation is carried out over a cab’s roof. The design was adapted to accommodate
a few number of antennas on the same model with connections to receivers on different modules.
Thus, making the design compact and a comfortable fit into the cab. The main idea is to
implement printed spiral antenna over the dielectric material over the cab. The FM/ AM antenna
dipole antennas, GPS receiver antenna are converted into printed loop models. The loops are
square shaped and it covers an area of few meter squares that fits right over the roof. [5]

2.1 Miniaturization Techniques
The miniaturization techniques of a simple monopolar antenna can be used to convert a FM/AM
band antenna into a compact model apart from the specific models depicted above. One of the
most interesting ways of achieving a compact design is meander line antennas. The length of the
antenna corresponds to the wavelength of the antenna; thus, miniaturization techniques will be
very useful in the vehicular application. The conversion of the monopole or a dipole antenna into
a loop antenna or a meander line antenna is one of the techniques for miniaturization. The length
of the monopole remains constants but printing a complex and compact structure can sustain the
same properties of the antenna. But there are few fundamental problems that can arise by this
technique. These are:
•
•
•
•
•

Impedance matching of the converted antenna
Losses involved due to the implemented matching techniques
Influence of conductor diameter, thickness and dielectrics over radiation efficiency
Influence of the environmental conditions over the antenna
Achieving the intended polarization

A meander line antenna’s current flow is same as the current flow in a monopole or a dipole
antenna resulting in the same polarization and radiation. But in a loop antenna there are changes
from the norm because the current flow is circular or helical and the polarization becomes
circular. The meander line antenna can be modified into a square loop, where the current flow is
unchanged but the length of the antenna can be increased decreasing the frequency of operation.
[6]
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Fractal Antennas
The miniaturization technique that involves much controversy is the fractal antenna. The fractal
antenna is designed by making a repetitive iteration over the basic shape. For example, a basic
monopole is converted into a triangle by the first iteration; by the final iterations there are so
many triangles fitted into the triangle that was made on the first iteration. Thus, increasing the
length and applying it for low frequency purposes. [7]
Hilbert Curve antenna is one such model. The FM antenna in a mobile phone, which normally
uses a head set, is converted for cordless reception of FM signal. The technique is like previously
mentioned process. The monopole antenna is converted into a meander line- square loop
antenna, and then using iterations over the process, the antenna is converted as small as possible.
This model is very complex but the reception of the FM signal is not influenced by human or
other environmental interaction. The compact FM-Hilbert antenna is fitted on the mobile phones
over a PCB like a small chip. The total area of the antenna is 30 by 10 square millimeters.
Though it is one of the good miniaturization techniques, the bandwidth attained (for 1.5 VSWR)
is very narrow and cannot be used for transmitting purposes. And the power received by the
antenna is 20dB lower than the case where FM antenna is used as a cord in a mobile phone. Even
though the model is so compact, the usage of such antennas is not very profitable, as one must
make compromise on the radiation efficiency and the narrow band nature of the antenna, despites
designing as complex structure as a fractal antenna. Thus, the fractal antennas are not a
compatible solution for lowering the size of an antenna. [8]
Meander-line antennas
Although from [7], the meander line technique seems to be adapted in many cases like PIFA,
GSM and so one which would be rather suitable and compact for mobile phone applications. The
antenna designed in [9] is a modified meander line antenna where the monopole antenna is
converted into a meander line pattern. The total dimension of the design is compact, 40× 60 ×1.6
mm3. The substrate used in this antenna is FR-4, with dielectric constant of 4.4. The antenna
works in a dual band for GSM and WCDMA (810 – 960 MHz and 1.37- 1.97 GHz). A T patch
acts a feedline to the rectangular loop antenna to obtain a wider bandwidth. The antenna
efficiency is improved due to the combination of conductive lines, as this gives rise to increase in
loop inductance, decreasing the total reactance (combining with the capacitive value present).
The radiation pattern of the designed antenna is omnidirectional in X-Z plane. The impedance
matching is improved with the help of the ground plane. This is one of the ways in which
miniaturization of the antennas can be carried out and can be applied for vehicular applications.
The ground plane influence on these kinds of antennas can be used to improve bandwidths as
previously mentioned. The frequency of operation of these antennas is same as the case [9]. The
modification is the design using PIFA model using air as the substrate between the ground plane
and the antenna. The metallic plate is placed over an FR4 material. And the cases of analysis are
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made with a slot in the antenna design and without. The height of separation between the antenna
and the ground plane is constant in both cases. The radiation pattern is omnidirectional in X-Z
plane as in the previous case. But there is a change in bandwidth (at -6dB return loss) when
compared to [9] with the model without a slot. The model with slot is observed to have a better
bandwidth than the one without. [10]
This kind of design can be evidently applied for dual or multiband applications. In [11], for the
same frequency as before, the design is modified by coupling two square loop antennas with
each other. This way the antenna’s resonant frequency is adapted for three bands and similar
model with multiple bands can be designed based on the requirement. A meander line antenna
can be also designed as a spiral shaped antenna. But converting it into a spiral model, changes
the current flow in a circular or helical direction, thereby changing the polarization of the
antennas. This kind of design also changes the radiation pattern from being omnidirectional in XZ plane to just a broad side radiation pattern. One can get misled by not considering this detail,
as spiral antenna with log periodic arrangement of the spirals can give a wider bandwidth. [6]
Meander-Line Antennas in FM band
As discussed previously in many cases, antennas in FM band (88 – 108 MHz) are converted into
printed conductive lines over a dielectrics medium to make it compatible for mounting. This was
first made on a mobile phone antenna as discussed earlier. By using the method of moments
principle, some of the antenna are made into loops, and according to the operating frequency the
number loops are increased or decreased. The idea is to simply the complex integral equation
into a simple matrix form and then to solve the equations. Followed by, finding the relationship
between the number of loops, dimensions of the loop and the frequency of operation. By
following this, the derived expression is [12],
𝑓=𝑁

𝑐
2(𝐴 + 𝐵)

Where,
𝑓 is the resonant frequency
c is the speed of light in m/s
N is the number of loops in the modified antenna
A is the length of the first rectangular loop
B is the width of the first rectangular loop
By using this principle, antenna is designed in [13] in FM band. The dimension of the antenna
including the PCB over which it is embedded is 128 × 60 mm2. The center frequency of the
antenna is 98 MHz. This is integrated into a mobile phone instead of a headphone based antenna.
The antenna is further tested based on the human interaction with the model. Due to the
dielectric changes on with holding the antenna, there is a variation in the frequency of operation
and the impedance matching of the antenna. It is found from the results that though there is
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variation in the frequency of operation, the VSWR of the antenna has improved while holding
the antenna. Therefore, human interaction with the antenna can only make the antenna work
better if the resonant frequency of the antenna is not varied at a higher rate and is within the
required band.
Meander-line for automotive application
The design in [14] perfectly fits the requirement of miniaturization for vehicular application in
FM band. The center frequency of the antenna is 98 MHz. If the monopole antenna was designed
for this frequency the total length of the antenna would be 750 mm approximately. The
monopole antenna is converted into a rectangular loop and the dimension of the antenna
including the ground plane and the PCB over which the antenna is embedded is 100 × 50 mm2.
Adding up, the total length of the antenna corresponds to the length as that of the monopole
antenna. The substrate used in this antenna is FR-4 with dielectric constant 4.4. The height of the
substrate and the ground plane together is 1.5 mm. The bandwidth is measured from the VSWR
ration 8.5:1. This antenna is designed only for reception of FM signals. And thus 20 MHz
bandwidth is obtained.

Fig 1: Conversion of monopole to rectangular loop antenna
Fig 1, shows the design conversion from a monopole to a rectangular loop antenna. The
impedance matching of the antenna was poor without a matching network. The antenna has a
very narrow radiation pattern. To improve the bandwidth, a two-leg pi network with lumped
elements is designed. The matching network is connected between the feeding line and the
rectangular loop. On doing this, the antenna improves the bandwidth to 20 MHz at -2dB return
loss. The polarization of the antenna is linear and is unaffected by the changes made in the
design. The radiation pattern is omnidirectional in X-Z plane. A further study and
implementation of this model is done on upcoming chapters. This kind of a model is very much
suitable in FM range and an easy mount solution in vehicular or automotive application. As the
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normal whip or monopole antenna has size limitation and is easier to get obstructed due to
driving conditions.

2.2 Patch antennas for vehicular applications
Microstrip patches [6] are low profile, compact and easy to mount, manufacture and integrate
with the system. These are the reasons why patch antennas are very attractive for vehicular
applications. There are several kinds of patch antenna, but the kind of antenna that is on the
focus in this thesis is Circular and Rectangular patch antennas. The length and the radius of the
antenna corresponds with the wavelength of the antenna (λ/2). The advantages of using
microstrip patch antenna are:
•
•
•

Light weight, low profile and comfortable fit especially in automotive application
Easy to manufacture
Easy to attain Multi- band operation

The disadvantages are:
•
•
•

Narrow bandwidth
Low power handling capacity
Larger Ohmic loss due to substrate and the conducting microstrip match – mainly in case of
array antennas

The applications in which this kind of antennas can be used are mobile/telephone based
communications, Navigation systems, Military based communications. This is preferred in high
frequency applications as the size of the antenna would increase for low frequency.
In modern vehicles, to prevent collisions there are radar systems used. The frequency operation
for this application is from 77 to 86 GHz. An array of microstrip patch antenna is etched as a
single patch would not be enough to cover the bandwidth. The efficiency of the single patch is
poor and the radiation gain is very low. To accomplish flexibility on the polarization of the
antenna, the structure design is a comb-like antenna array, enhancing the profile. The area
occupied by the antenna is 20.7×2.5 mm2, proves that these antennas are compact and easy to
mount. [15]
In a microstrip patch antenna there are different modes of excitation that can be excited. The
variation in modes is by varying the standing waves on the antenna. When the standing waves
are excited on the antenna is varied from the fundamental mode (λ/2), there is variation in the
mode excited by the antenna. The fundamental mode of a rectangular patch antenna is TM10 and
the fundamental mode of a circular patch antenna is TM11. TM stands for transverse magnetic
field. The magnetic field in this antenna is perpendicular to the propagation of the
Electromagnetic waves, whereas electric field has components on the direction of propagation.
These modes have a radiation pattern in a broad sided direction. Further, one can vary the
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radiation pattern exhibited by the antenna by changing the mode of excitation. TM21 mode of a
circular patch antenna has a conical radiation pattern in the broad side direction (two lobes in the
broad side direction). Although tuning higher order or lower order modes of excitation is
complex and depends on factor such as substrate material, height, ground plane size and location
of excitation of the feed (in a cavity model). The bandwidth on TM11 mode is increased by
increasing the height of the substrate and the radiation efficiency is improved by increasing the
ground plane radius which is proved in [16].
One of the interesting ways in which the modes of excitation can be used is exciting the lowest
possible mode. The lowest possible mode in circular patch antenna is TM01 mode which has an
omnidirectional/monopolar radiation pattern. Thus, in automotive and other cellular application,
this mode can be excited and dual mode with different radiation pattern can be obtained. The
way of exciting both TM01 and TM11 is obtained by designing a circular patch antenna with a
shorting post. The ratio of the radius of the shorting post and the radius of the circular patch
antenna corresponds to the frequency of excitation. In this model, the frequency of excitation is
dependent highly on the height of the substrate and the substrate material. In [17], the frequency
of excitation is 960 MHz (TM01) and 1650 MHz (TM11). On using a shorting post and
optimizing the location of the feed, both the modes are excited. Thus, the same antenna can be
used for two different application, making the model too compact. If the total available area in
vehicles are used the same application can be used for FM band. Although the bandwidth
obtained in this model is only 80 MHz at 960 MHz (TM01). This model is further studied in the
upcoming chapters.
Instead of placing on big shorting post, there several smaller pins placed on the patch to improve
the bandwidth, radiation efficiency. The radiation pattern remains the same, as the modes of
excitation are varied by changing the location of the pins. In [18], a neural network model is
created to study the frequency of operation of TM01 mode excitation. As this model has a very
sensitive dependency on height of the substrate, substrate material and radius of the shorting post
(instead of pins). After training the neural network, an optimal height, radius of the shorting post
and substrate material is used. After accomplishing the required specifications, the shorted post
is converted to four different shorting pins placed at right angles to each other, circumscribing
the shorted post previously designed from the neural network. The frequency of operation
(TM01) of the final generated model is 1.02 GHz, the substrate used is PVC and the height of the
substrate is 3 mm.
The increase in bandwidth due to the placement of the pins is further analyzed in [19]. The total
number of pins placed to excite TM01 mode is three. The angle at which the two pins are placed
are 1360 at a distance closer to the edge of the antenna on the second and third quadrant. The
third pin is placed close to the origin at 00. The frequency of operation obtained by this model is
1.94 GHz at a bandwidth of approximately 250 MHz, at -10dB return loss. The key importance
of constructing this model is for the same design the frequency of excitation can be varied and
15

the mode of excitation can be varied. The increase in bandwidth is due to the placement of pins
and the change in substrate material from the previous cases. The substrate used in this material
is Foam and Arlon AR450. The Foam has a dielectric constant of 1.07 and AR450 has 4.5. The
height of the foam is 4.5 mm and the height of AR450 is 0.5 mm. Thus, combining the dielectric
constant becomes as low as approximately 2, which increases the bandwidth compared to [18]
and [17]. The size of the circular patch is only 25 mm. This antenna can also be adapted in FM
band and is further studied in upcoming chapters. The radiation pattern in all the three cases [17],
[18] and [19] is omnidirectional.
The working of this model is simple and can be converted into a circuit model. The shorting post
acts as a inductance, and the patch antenna is a series LC circuit. Adding a post is adding an
inductance in parallel to LC circuit. There is also some parasitic resistance involved in both the
post and the patch antenna, which is due to the dielectric losses involved. This is the reason for
the previous reasons in the dependency of the frequency on several factors. On changing the
height and the substrate material and the radius of the shorting post, the inductance in parallel to
the LC circuit is varied. The position of the pins changes the LC around the pin. [20] The
frequency of operation depends on 1⁄
. Thus, the placement of the pins must be in
√𝐿𝐶
accordance with to this. In some cases, it is possible to no longer excite the TM01 mode due to
position of the pins. The LC values of the pins only compensates for TM11 mode and it becomes
impossible to excite TM01 mode. The number of shorting pins will vary the bandwidth and the
frequency of operation due to this same theory. In [21], the circular and the rectangular patch
antennas are designed with the shorting posts. The difficulty with exciting the lowest mode in
rectangular patch is its geometry. It is easier to excite fundamental mode in a rectangular patch
antenna.
With this principle, the antenna characteristic is analyzed in both circular and the rectangular
patch antennas by varying the placement of the pins. The variation in the frequency of operation
is noted in rectangular patch antenna and the variation in the frequency, radiation pattern is
observed in circular patch antenna. For frequencies above 800 MHz, the antenna can be made as
small as possible, but by just varying the location of the pin, the frequency of the operation of the
antenna can be varied. This is one of the novel ways of decreasing the size of the antenna. [22]
Another factor to be noted in a microstrip patch antenna is the narrow bandwidth. This
disadvantage can be solved by two ways. One is to increase the height of the antenna but this
may result in losing the compactness of the antenna. But another way is to stack up the antenna
and coupling the working frequency of both antennas, thus increasing the bandwidth of operation
of antenna. [8]
As per this theory and adapting the principles in the mode of excitation, in [23] a novel dual
frequency operational antenna is designed. And the radiation pattern of these two antennas is
omnidirectional and broad sided. The two patches are stacked up over one another, TM11 at 1.6
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GHz and TM01 at 2 GHz. As the lower patch is shorted with shorting posts and the upper patch
is free of the shorting posts and excites TM11 mode. The substrate used is PVC (2.7 dielectric
constant). The patches are at height of 3 mm between each other. Both the patches are fed by one
single feed. This one antenna can be used for two different applications. The same principle can
be used to increase the bandwidth in case of FM band operation by shorting both upper and the
lower patches. The geometry of the antenna used in this antenna is a square shape and not
circular.
Another technique to improve the bandwidth of the antenna is to use materials of different
permittivity. The surface wave losses are minimized by increasing the number of dielectric
medium and hence the height. The bandwidth and the radiation efficiency is increased due to the
suppression of losses due to surface waves generated in the patch antenna. By adapting the same
model above, a rectangular patch antenna is shorted and the feed is excited with three different
dielectric substrates. The comparison is made between the model with shorting pin and the
model without shorting pin. The total bandwidth obtained without pin is 2 GHz approximately at
the center frequency 4 GHz whereas with shorting pin the bandwidth decreases to 1.5 GHz. This
is because the inductance is increased on placing the shorting pin, which increases the quality
factor decreasing the bandwidth. The total height of the antenna is 1.8 cm, though it is thick, the
advantage is the increase in bandwidth and the radiation efficiency of the antenna by [24].
The objective of this thesis is attained by adapting the principles about the meander- line antenna
and the excitation of TM01 mode antennas and the bandwidth improvement techniques are
adapted from [22], [23]and [24] which is explained in detail. These same principles are used to
design a FM antenna that fits in the space that is specified. The implementation is to be used for
vehicle to everything communication to improve the traffic conditions for the ambulance and the
emergency services in Sweden and in other European countries. The specifications and the
theory adapted for designing the antennas are further discussed in detail.
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3. Specifications listed for the product EVAM System
Specifications of the antenna with regards to the mounting of the antenna:
The vehicular communication between the product in the emergency vehicles and the vehicles
around the ambulance is to be attained. The communication is attained through the car stereo by
FM radio signals. The antenna that is designed for this specification should be easy to mount
under the blue lights of the ambulances. The dimension that is available underneath the blue
lights of the ambulance are:
Length of the antenna

1.5 meters (maximum)

Width of the antenna

280 millimeters (maximum)

Height of the antenna

Preferred 10 millimeters,
limit 50 – 70 millimeters (Not more)

Specifications of the antenna with respect to the characteristics
Frequency

88 to 108 MHz

Bandwidth

20 MHz

Radiation Pattern

Omnidirectional

VSWR

Less than 2.5

Polarization

Linear or Circular

Return Loss

-8 dB

The above are the characteristics and the dimensional limitation required for the product. The
company currently uses three channels of transmission within the FM band. This may be
increased in the future. For this reason, the specification for bandwidth is listed as 20 MHz.
There are various models simulated to obtain all the above characteristic of the antenna.
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4. Theory and Methodology
The designs that are discussed in this thesis are based on the concept of microstrip patch antenna.
A microstrip patch antenna is etched over a printed circuit board which is the reason for its low
profile. The patch antenna has a substrate material and a ground plane. The antenna can either be
designed with a feed line or as a cavity model. In a cavity model, the optimal position of the feed
is found by finding the position with best matching. In this thesis, the cavity model of the
microstrip patch antenna is implemented. The frequency of operation is related to the length of
the antenna, and to excite the fundamental mode length of the patch corresponds to λ/2. The
width of the antenna should be kept lower than the length to excite the fundamental mode in case
of a rectangular patch. By varying the length and the width of the antenna, higher modes can be
excited. For a rectangular patch antenna, the design specification is given by:
𝑐
𝑓=
2 × √𝜀𝑟 × 𝐿
f is the resonant frequency of the antenna
c is the speed of light in m/s
𝜀𝑟 is the relative permittivity of the substrate
L is the length of the patch in meters
The height of the substrate is also an important design consideration. If the height of the antenna
is more than 0.025λ, then the antenna efficiency is compromised. This is due to the surface
waves excitation within the substrate which deteriorates the efficiency of the antenna. The
bandwidth of the microstrip patch antenna is related to the frequency, height and the dielectric
constant of the substrate. This is expressed as:
4 × 𝑓2 × ℎ
𝐵𝑊 =
√𝜖 𝑟 × 𝑐
f is the resonant frequency of the antenna
c is the speed of light in m/s
𝜀𝑟 is the relative permittivity of the substrate
h is the height of the substrate in meters
In this thesis, both circular and the rectangular patch antenna is designed in FM frequency. The
model has a short circuit between the ground plane and the patch. This is implemented to excite
the lowest possible mode. The fundamental mode in patch antenna excites a broadsided radiation
pattern. But the lowest mode excites an omnidirectional radiation pattern, which is one of the
required specifications of the product. The rectangular patch excites an omnidirectional radiation
pattern with shorted post in the center of the antenna. For a circular shorted patch antenna, the
design implementation is based on the relation:
𝑘 ×𝑐
𝑓=
2 × 𝜋 × √𝜖𝑟 × 𝑅
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k is a constant which depends on ratio of the short circuit radius and the patch radius and mode
of excitation and R is the radius of the patch in meters.
This design can be used to excite TM01 mode. The model in [20], is simulated to understand and
adapt to FM range. The TM01 excitation is obtained at 900 MHz, the radius of the patch is 36
mm and the radius of the shorted post is 3.6mm. The substrate used in this model is Rogers
RT5880, and the substrate height is 5 mm. This model is simulated in CST and the results are:

Fig 2: Circular Patch antenna with a shorting post

Fig 3: S11 parameter-return loss
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Fig 4: TM01 excitation at 900 MHz

Fig 5: TM11 excitation at 1500 MHz
As can be observed, both the mode is excited in this model. But the bandwidth obtained with this
model is too narrow. Therefore, as discussed in previous chapter the model is converted with two
different substrates and changing one single antenna post into smaller pins placed in the patch.
The size of the circular patch is 25 mm and there are three pins placed in the patch. The
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substrates used are Foam and Arlon AR450, foam is of 4.5 mm and AR450 is 0.5mm. The
frequency of operation of this antenna is 2 GHz. The model adapted from the paper [22], and is
simulated in CST to adapt it to the requirements listed previously,

Fig 6: Conversion of single short circuit post into shorting pins

Fig 7: S11 parameter-return loss
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Fig 8: Radiation patterns at Phi =90 (top left) TM01 mode
The Bandwidth obtained in this model is 250 MHz, which makes the model much effective than
the previous model. The above designs are designed for FM range and TM01 mode is excited.
The implementation of pins and short circuit is equivalent to adding an inductor to a LC network.
Due to the ohmic losses, there is resistance involved in both the pin/short circuit post and the
patch antenna. This can be modelled as,

Fig 9: Circuit Model when one single short circuit post is added to the patch
On converting one single post into smaller pins, the inductance that is added in parallel to the
RLC- patch antenna is decreases, as the area of the inductance decreases with decrease in area. If
three pins are added then there are three inductances added in parallel, reducing the effective
inductance added in parallel. Thus, the impedance matching of the patch is improved by
optimizing the number of pins. The more detail explanation of why the bandwidth improves is
that, the quality factor improvement on changing the inductance value. The Quality factor of a
network is inversely proportional to the Bandwidth obtained.
The Quality factor of a RLC series network and RL network is
𝐿
𝑄1 = 𝑅 √
𝐶
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𝑄2 =

𝐿
𝜔𝑅

The Quality factor of the whole network is,
1
1
1
=
+
𝑄 𝑄1 𝑄2
Thus, if the inductance decreases, the quality factor decreases, increasing the Bandwidth. This
theory is satisfied in the previous case by reducing the area of the shorting pins and increasing
the number of pins. There will also be variations in frequency due to the placement of pins, as
the inductance and the frequency, ω are related by ω =1⁄
.
√𝐿𝐶
The models are designed and implemented to improve bandwidth based on the above models.
The discussions about the models implemented are done based on the concepts explained. The
above same models are designed for FM band utilizing the space available according to the
specifications.
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5. Implementations and Results
5.1 Simulation of the design based on [14]
The design comprises of a printed metallic line etched over a FR-4 substrate. The monopole
antenna is modified sustaining the total length required for the center frequency of 98 MHz. The
monopole antenna length L, required for 98 MHz is,
𝑓=

𝑐
4×𝐿

This is approximately 760 mm. The same length is miniaturized in the FR-4 substrate with
thickness of 1.5mm. The total ground plane used for this design is 67mm×50mm. The total
antenna dimension is 100mm×50mm. The antenna’s bandwidth is measured at return loss level
of -2dB. The antenna is designed with and without a matching circuit and both the results are
shown below.
Design:

Fig 10: Miniaturization of a monopole antenna

Fig 11: S11 parameters without and with matching network
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Radiation pattern with and without matching networks:

Fig 12: Radiation pattern at 98 MHz without matching network

Fig 13: Radiation pattern at 88 MHz with matching network
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Discussions:
Length of the antenna

100 mm

Width of the antenna

50 mm

Height of the antenna

1.5 mm

Radiation pattern

Omnidirectional in X-Z axis

Bandwidth

20% at 98MHz (-2 dB return loss)

Polarization

Linear

From the above table, the dimensions of the antenna look very promising as it can be easily fitted
on the vehicles. This model is only simulated for study purposes, as the model can only satisfy 2dB return loss level. Although the model can be adapted for three different channel
transmission, used by the product separately for each channel. The design can be adapted by
changing the length of the printed line, with three different antennas and three different inputs
from the three channels of transmission.

5.2 Excitation of TM01 mode in a circular patch antenna with a short circuit post
The design is based on the explanation of the model 1 in the chapter 3. A circular patch antenna
has a short circuit post at the origin.
Design Description:
Radius of the circular patch

322 mm

Radius of the short circuit post

31 mm

Height of the substrate

9.5 mm

Ground plane dimension

1 meter ×1 meter×0.5mm

Substrate

Rogers RT5880

Feed position

45 mm from origin
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Fig 14: Circular patch antenna with a short circuit post at the origin

Results obtained S11 parameter and Radiation pattern:

Fig 15: S11 parameter

28

Fig 16: Radiation pattern – Exciting TM01 mode

Radiation Pattern

Omnidirectional

Bandwidth

0.11 % at 103 MHz (-8dB return loss)

Polarization

Linear

The dimensional aspects required by the specifications are not satisfied. And the bandwidth
obtained by this model is 0.11 MHz even after increasing the height of the substrate to 9.5mm.
But this design can be used as it excites the omnidirectional radiation pattern. Further
implementations are made to increase the bandwidth of the model.

5.3 Excitation of lowest mode in a rectangular patch antenna with a short circuit
post
Application of the same above-mentioned is designed for rectangular patch antenna with a short
circuit post at the origin. The length of the antenna with the ground plane increases. But it rightly
fits the requirements listed.
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Design Description:
Length of the rectangular patch

1 meter

Radius of the short circuit post

30 mm

Height of the substrate

4.5 mm

Ground plane dimension

1.1 meters×280mm×0.5mm

Substrate

Rogers RT5880

Feed position

50 mm from origin

Fig 17: Rectangular Patch antenna with a shorting post at origin
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Fig 18: S11-parameter

Fig 19: Radiation Pattern at 99 MHz
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Fig 20: Excites fundamental mode at 105 MHz

Discussions:
Radiation Pattern

Omnidirectional

Bandwidth

0.12% at 98 MHz (-8dB return loss)

Polarization

Linear

The radiation pattern is Omnidirectional but has less gain in Y axis. The bandwidth is too
narrow, both on cases of circular and rectangular patch with shorting post. Trials on
improvement in bandwidth is implemented by converting a single shorting post to smaller pins as
explained in Chapter 4, Model 2. The inductance value is reduced, increasing the bandwidth. The
gain is improved in case of a rectangular patch antenna on doing this.

5.4 Converting the short circuit post to shorted pins on the circular patch
The inductance of a pin/wire can be varied by changing the radius of the pin, length of the pin.
The length of the pin here can’t be varied as it depends on height of the substrate. The radius can
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be varied. The number of pins also varies the inductance value, as it is equivalent to adding
inductances in parallel. Increasing the number of pins can increase the bandwidth, according to
the explanation in Chapter 4. Various studies are performed based on this. The formulation for
bandwidth also conveys that the increase in the height of the substrate and the decrease in the
dielectric constant of the antenna increase the bandwidth. Based on this, the number of substrates
used in this design is two. This reduces the effective dielectric constant.
Design Description:
Radius of the circular patch

350 mm

Radius of the short circuit post

1 mm

Height of the substrate

20 mm

Ground plane dimension

1 meter×1 meter×0.2mm

Substrates

Foam (19.5 mm), Rogers RT5880 (0.5 mm)

Feed position

25 mm from origin

Number of Pins

3 and 4 pins

Fig 21: Circular patch antenna with pins
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The study is made to increase the bandwidth of the antenna. The number of pins should increase
the bandwidth by theory. So, for the same width the number of pins is increased from 3 to 4 and
the results are shown below.

Fig 22: S11 parameter with three and four pins

Fig 23: Radiation pattern with 3 pins at 115 MHz
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Fig 24: Radiation pattern with 4 pins at 135MHz
Comparison:
With 3 pins

With 4 pins

Bandwidth: 0.8% at 118 MHz

Bandwidth: 1.35% at 133MHz

Radiation Pattern: Omnidirectional

Radiation Pattern: Omnidirectional but less
gain

Dimensional aspect: Larger than
specification

Dimensional aspect: Larger than
specification

Polarization: Linear

Polarization: Linear

Frequency: Lesser since Inductance larger
than 4 pins

Frequency: More since Inductance smaller
than 3 pins
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Discussion:
From the results, it is obvious that there is increase in bandwidth. But the frequency obtained
also increases. The positioning of the pin can vary the frequency and the variation is not less than
125 MHz for design with four pins. And placing the pins closer to the edge balances the
fundamental mode and doesn’t excite TM01 mode any longer. The observations are further made
by varying the height of the substrate and the radius of the pins in an attempt to increase the
bandwidth. And the same is applied for rectangular patch.
Study on increasing the width from 20 mm to 40 mm, changing the number of pins:

Fig 24: S11 parameter with 3, 4 and 5 pins at 40 mm substrate thickness

Fig 25: Radiation pattern at 110 MHz with 3 pins
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Fig 26: Radiation pattern at 120 MHz with 4 pins

Fig 27: Radiation pattern at 125MHz with 5 pins
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Comparison:
With 3 pins
Bandwidth: 1.35% at 111MHz

With 4 pins

With 5 pins

Bandwidth: 1.9% at 118MHz Bandwidth: 2.1% at 124 MHz

Radiation Pattern:
Omnidirectional

Radiation Pattern:
Omnidirectional

Radiation Pattern:
Omnidirectional less gain on
an axis

Dimensional aspect: Larger
than specification

Dimensional aspect: Larger
than specification

Dimensional aspect: Larger
than specification

Polarization: Linear

Polarization: Linear

Polarization: Linear

Frequency: Lesser since
Inductance larger

Frequency: More since
Inductance smaller than 3
pins

Frequency: Highest since
Inductance smaller than 3 and
4 pins

From the above results, it can be noted that there is an increase in bandwidth on increasing the
number of pins but the frequency also increases simultaneously. The increase in frequency is not
in the range of 10 MHz but 1 MHz. Thus, design doesn’t help as much in increasing the
Bandwidth in the range expected. On varying the radius of the inductance from 1mm to 0.5, for
20 mm height substrate with three pins, the bandwidth increase is from 1 MHz to 1.2 MHz
Hence it is not an appreciable amount of change in bandwidth even though the excitation of
radiation pattern is TM01. The same above is studied on a rectangular patch antenna. Although
one can wonder that increasing the radius and placing more pins would result in increase in
bandwidth as the same model. There is no appreciable increase in bandwidth. This design is
made by,
Increasing the dimension of the patch and adding more pins to increase bandwidth
Radius of the circular patch

540 mm

Radius of the short circuit post

1 mm

Height of the substrate

20 mm
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Ground plane dimension

1.4 meter×1.4 meter×0.2mm

Feed position

43 mm from origin

Number of Pins

3 and 4 pins

Fig 28: S11 parameters for design with 3 and 4 pins
In this case, the excitation is same as previous TM01 with less gain. But the bandwidth with
three pins is 0.9 MHz and bandwidth with four pins is 1.2 MHz. There is not much variation on
changing the number of pins as observed from the previous cases. And the dimension of this
antenna is too large than previous cases and cannot be used for this application.

5.5 Converting the short circuit post to shorted pins on the rectangular patch
The same above design is made on a rectangular patch with distinct number of shorting pins. The
rectangular patch antenna doesn’t behave the same way as circular patch antenna. It is easier to
excite the fundamental mode than the lowest mode. The design specifications are:
Length of the rectangular patch

1 meter

Radius of the short circuit post

1 mm

Height of the substrate

20 mm
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Ground plane dimension

1.1 meters×280mm×0.2mm

Substrates

Foam (19.5 mm), Rogers RT5880 (0.5 mm)

Feed position

50 mm from origin

Number of Pins

2 and 3

Fig 29: Rectangular patch antenna with pins

Fig 30: S11 parameter with two and three pins
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Fig 31: Radiation pattern at 107 MHz with two pins

Fig 32: Radiation pattern at 120 MHz with 3 pins- No longer excites omnidirectional pattern
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Discussions:
This model excites omnidirectional pattern on placing two pins. But the bandwidth increment is
not attained. The maximum bandwidth that can be attained by this model is 0.67% at 107MHz.
This model fits right considering the dimensional aspects. This proves that it is impossible to
increment bandwidth of this model to 20 MHz.

5.6 Stacking up the patches for three channels of transmission
The product uses three channels of transmission in FM band; three patches are stacked up in both
circular and rectangular microstrip patches. As can be observed above, the frequency increases
as the number of pins increases, due to decrease in inductance. So, the number pins must be
reduced, therefore there is no difference in placing one or two pins and a single shorting post.
For a rectangular patch, this doesn’t make a difference. And on implementing circular patches
with pins and one single short circuit post, the bandwidth remains to be same. Hence, design is
accomplished with a shorting post for rectangular stacked patch antenna and circular patch. The
design of circular stacked patch is,
Radius of circular patch 1

380 mm

Radius of circular patch 2

400 mm

Radius of circular patch 3

395 mm

Radius of the short circuit post

15 mm

Height of the substrate from ground to first
patch

20 mm

Between the patches

5 mm

Ground plane dimension

1meter×1 meter×0.2mm

Substrates

Foam (19.5 mm) ,Rogers RT5880 (0.5 mm)

Feed position

75 mm from origin
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Fig 33: Circular stacked patch antenna (top view and side view)

Fig 34: S11 parameter
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Fig 35: Radiation pattern at 98 MHz

Fig 36: Radiation pattern at 107 MHz
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Fig 37: Radiation pattern at 117 MHz
If the dimensional aspects of the specifications are modified in the future, this design can be used
since it is easier to excite TM01 mode in circular patch. The bandwidth of the antenna still
remains to be very narrow. In order to satisfy the dimensional aspect, the rectangular patch is
chosen.
Length of rectangular patch 1

1.1 meters

Length of rectangular patch 2

1.11 meters

Length of rectangular patch 3

1.06 meters

Radius of the short circuit post

8 mm

Height of the substrate from ground to first
patch

20 mm

Between the patches

3 mm

Ground plane dimension

1.13 meters×280mm×0.2mm
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Substrates

Foam (19.5 mm), Rogers RT5880 (0.5 mm)

Feed position

23 mm from origin

Fig 38: Three rectangular patches stacked up (top and side view)

Fig 39: S11 parameter
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Fig 40: Radiation pattern at 100 MHz

Fig 41: Radiation pattern at 104 MHz
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Fig 42: Radiation pattern at 110 MHz
At all the above frequencies, the excitation remains to be omnidirectional. In case in future if the
product requirements increase to 4 channels of transmission, the number of channels can be
increased. A realization example of this model is done by adding another patch of length

Length of rectangular patch 1

1.13 meters

Length of rectangular patch 2

1.12 meters

Length of rectangular patch 3

1.1 meters

Length of rectangular patch 4

1.14 meters

Radius of the short circuit post

8 mm

Height of the substrate from ground to first
patch

20 mm
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Between the patches

3 mm

Ground plane dimension

1.21meters×280mm×0.2mm

Substrates

Foam (19.5 mm), Rogers RT5880 (0.5 mm)

Feed position

90 mm from origin

Fig 43: S11 parameter
Discussion:
The four-patch model still excites omnidirectional radiation at all frequencies, proving that the
same model could be used up to six channels. For a rectangular patch, it is difficult to excite
omnidirectional radiation pattern. But this model helps in attaining three channels of operation or
more (in future). And it fits easily under the blue lights of the ambulance. Hence this antenna is
suggested for the product EVAM System.
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6. Conclusion
The rectangular stacked patch antenna is the best design that satisfies all the specified
requirements other than 20 MHz bandwidth range. And hence, will be used for the product
EVAM System. This is the model suggested, on fixing the frequency of operation at all the
transmission channels. Although from all the above simulations and results, the most evident
outcome is that the circular patch antenna is the best model to excite monopolar radiation pattern.
If the dimensional aspects are increased in future, the circular stacked patch will be a better
solution than the rectangular stacked patch. The geometry has also got an effect in the excitation
of lowest possible mode.
The bandwidth is very sensitive to the frequency of excitation. Therefore, with this design and
the frequency requirement it is impossible to attain 20 MHz range. As the product today has only
three channels of transmission, this design can be used on defining the frequency of operation.
But if the number of channels increases to six, the stack patch antenna width would increase
more than 6 cms. The dimensional aspect on width may not be satisfied for this requirement and
hence a different antenna must be designed for this application.
If the number of channels is increased, which is certain, it is better to attain 20 MHz bandwidth
range instead of using a multi-band operation. So, the focus in future should be that the antenna
has a suitable design with appropriate dimensional aspects which would result in a wider
bandwidth.
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