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Abstract 

Automotive antennas for reception of terrestrial broadcasting services have experienced significant 

advancements in recent years. Short multiband antennas as well as small multi-antenna modules on 

the car roof are the common solution for rather low-end vehicles. However, car manufacturers 

increasingly tend to hide their receiving antennas within dielectric parts of the traditionally metallic 

car body. In this case, multi-antenna diversity configurations are generally employed in order to 

compensate for the shadowing effect of the metallic components immediately enclosing the concealed 

antenna structures. For both types of these critical car antennas mentioned above, the effective High-

Impedance Amplifier concept offers a generic and easy implementable interface. Throughout this 

thesis a variety of active automotive antennas for the reception of AM, FM, DAB, and DVB-T 

broadcasting services are considered. For all investigated visibly mounted car antennas, such as ultra-

short helical roof antennas, as well as hidden multi-antenna diversity systems, for example embedded 

into the windscreen, the differently-sized side screens or integrated into a polymeric roof cutout of the 

vehicle, the respectively optimized High-Impedance Amplifier circuits have successfully proven their 

worth. Their higher independence from the corresponding car antennas under test offers major 

performance improvements in comparison to a conventional 50 Ohm amplifier concept. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

  



 

 

 

 

 

 

 

Kurzfassung 

Automobilantennen für den Empfang terrestrischer Rundfunkdienste haben in den letzten Jahren 

erhebliche Fortschritte erzielt. Kurze mehrbandfähige Antennen sowie kleine Mehrantennen Module 

auf dem Autodach stellen die gängige Lösung für Fahrzeuge der unteren bzw. mittleren Preisklasse 

dar. Allerdings neigen die Automobilhersteller zunehmend dazu ihre Empfangsantennen innerhalb 

dielektrischer Fahrzeugkomponenten der normalerweise metallischen Karosserie zu verstecken. In 

diesem Fall werden in der Regel Mehrantennen Diversity Konfigurationen eingesetzt, um den 

Abschattungseffekt der unmittelbar umgebenden metallischen Karosserie zu kompensieren. Für beide 

oben genannten Typen von kritischen Automobilantennen bietet das effektive 

Hochimpedanzverstärker Konzept eine allgemeine und einfach zu implementierende Schnittstelle. Im 

Rahmen dieser Arbeit werden eine Vielzahl aktiver Autoantennen für den Empfang von AM-, FM-, DAB- 

und DVB-T-Rundfunkdiensten betrachtet. Für alle untersuchten sichtbar montierten 

Fahrzeugantennen, wie ultra-kurze Helix Dachantennen, sowie versteckte Mehrantennen 

Diversitysysteme, z.B. eingebettet in die Windschutzscheibe, die unterschiedlich großen 

Seitenscheiben oder integriert in einen polymeren Dachausschnitt des Fahrzeuges, haben sich die 

zugehörigen jeweils optimierten Hochimpedanzverstärker Schaltungen bewährt. Ihre größere 

Unabhängigkeit von den jeweiligen Fahrzeugantennen bietet deutliche Leistungssteigerungen im 

Vergleich zu einem herkömmlichen 50 Ohm Verstärker Konzept. 
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1 Introduction and Thesis Overview

For several decades, it has been a common practice to fit commercial vehicles and
private cars with a multitude of antennas and electronic devices for the reception
of the constantly growing number of broadcasting services and other applications.
In the early years of car radio history, long obtrusive passive antennas, covering
only a minimal number of services, were visibly mounted on parts of the metal-
lic car body. With the fitment of these antennas a good reception quality was
guaranteed. But over time and with the development of more and more antennas
within the automotive environment, the negative effect of them on the styling
of the vehicle became a thorn in the side of car manufacturers. Consequently, a
steady trend towards ever shorter (low-end vehicles) or in the best case even in-
conspicuously hidden (high-end vehicles) car antennas and antenna systems has
become evident in recent years. The length shrinking and hiding of antennas,
however, involve some decisive drawbacks which can not be countered by pas-
sive antenna structures. Under the restriction of more stringent visual criteria of
modern vehicles, especially the hidden car antenna structures suffer severely from
their mainly narrow mounting volumes as well as the strong coupling with the
surrounding car body. In this case, it is practically impossible to achieve broad-
band 50 Ω antenna impedances without lossy matching networks. These huge
challenges can only be addressed with the principle of active antennas, and in case
of hidden antennas with the aid of active multi-antenna diversity configurations.
However, a variety of rigorous requirements are also imposed upon the connected
antenna amplifiers in all operating frequency bands (e.g. high gain, low noise,
good intermodulation suppression and low ripple of the frequency response in
conjunction with the antennas). In contrast to standard 50 Ω amplifiers, a High-
Impedance Amplifier (HIA) concept provides some valuable benefits and enables
an effective and generic interface for various 50 Ω and non-50 Ω car antennas
in diverse critical mounting positions. With the use of a HIA at the antenna
feeding point, the low-noise first-stage Field-Effect Transistor (FET) simply acts
as a probe. Requiring only a reasonably constant antenna radiation resistance of
more than 8 Ω, many new antenna structures can be treated in a similar way,
thus offering an easy integration process for car manufacturers. In this way, all
demands posed on the amplifier circuit as well as on the active antenna com-
binations can be met. Moreover, due to the high-ohmic input impedance, the
disruptive mutual coupling between different antennas in a compact diversity
setup can be significantly reduced. In order to keep the costs and the number of
car antennas low, active antennas or antenna systems have to be developed with
the ability to receive more than one service. This means that both the antenna
and the corresponding amplifier circuit have to be suited for this task.
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This doctoral thesis reflects the work which was done in the field of unobtru-
sive high-performance active multiband automotive antennas and multi-antenna
diversity systems for the reception of the terrestrial broadcasting services AM
(MW: 526.5 – 1606.5 kHz), FM (Japan & ECE: 76 – 108 MHz), DAB (VHF
Band-III: 174 – 240 MHz / L-Band: 1.452 – 1.492 GHz) and DVB-T (UHF
Band-IV/V: 470 – 690 MHz) at the Institute of High Frequency Technology and
Mobile Communication within the University of the Bundeswehr Munich under
the guidance of Univ.-Prof. Dr.-Ing. habil. Stefan Lindenmeier. As the modern
vehicle forms a platform for antennas which only allows small antennas on the
outer skin of the car (e.g. ultra-short roof antennas) or hidden antenna mounting
positions within mainly narrow and shadowed installation volumes (e.g. antennas
in dielectric screens or roof apertures), the beneficial HIA concept is extensively
investigated for an efficient combination with these critical antenna structures.
In this context, optimally designed HIA circuits are matched with challenging
new antenna structures and multi-antenna diversity combinations. In this way,
the advantages of the HIA concept can be scientifically analyzed and critically
evaluated in comparison to a conventional 50 Ω amplifier concept. First, very
small active antennas and multi-antenna configurations on the car roof are con-
sidered, followed by hidden active diversity antennas in the different screens and
in the roof of the vehicle.

One example of a small antenna is an ultra-short helical antenna, which poses
special challenges to the amplifier. At the beginning of the 1970s, the commonly
known 80 – 90 cm long passive Amplitude Modulation (AM)/Frequency Modula-
tion (FM) rod antennas on the front or rear fender of the vehicle were gradually
replaced by 40 cm long active monopole antennas, usually mounted on the roof
of the car in the vicinity of the windscreen or the rear screen [1, 2]. Although the
rod-type antenna is still omnipresent for most low-end cars, its length has been
severely reduced further in order to fulfill the steadily increasing aesthetic and
mechanic requirements of the automotive industry. Despite the ongoing trend
for miniaturization, the ever shorter antennas necessarily have to continue per-
forming at least as good as the established 40 cm long antennas. Helical antenna
structures operating in normal mode can be perfectly used to overcome the diverse
challenges which result from decreasing the length of monopole antennas [3, 4].
As a consequence, shorter 28 cm and 20 cm long active helical antennas have
gained in popularity in the last few years and a special active Capacitive Cou-
pled Helical Antenna (CCHA) with a total length of only 14 cm has recently been
introduced and can be optimized for certain operating frequency bands [5, 6].
Another important trend for vehicular antennas is represented by the integra-

tion of as many services as possible in one single antenna element. Nowadays,
there is a continually growing demand toward Digital Audio Broadcasting (DAB)
radio which offers better audio quality than AM and FM radio and is more suit-
able for mobile scenarios [7]. As a result, the need arises to develop more sophis-
ticated multiband antennas which have AM/FM radio reception as well as DAB
capabilities in both Very High Frequency (VHF) Band-III and L-Band. In this
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context, the combination of a critical 14 cm ultra-short powerful CCHA with an
appropriate low-cost HIA circuit for AM, FM and DAB (both bands) broadcast
reception is investigated in this work [8].
Besides the desired size reduction and the multiband reception possibilities,

usually various antennas for different services should be efficiently combined
within small housings on the car roof. Consequently, the performance poten-
tial of a 18 cm short active helical antenna element in the surrounding of other
antennas for further applications is considered as well. In order to highlight the
visual difference of the mentioned monopole car antennas, Fig. 1.1 (a) compares
the new 14 cm and 18 cm short AM/FM/DAB helical antennas to the larger 28 cm
and 40 cm long commercial rod or helical antennas and the 80 cm long traditional
rod antenna, all for AM/FM radio reception purposes only. The achievable aes-
thetic advantage of the novel multiband antennas is obvious. Fig. 1.1 (b) depicts
the corresponding HIA prototype for the 18 cm short triple-resonant CCHA and
the realized four-antenna multifunctional sharkfin roof module. In this case, the
HIA circuit is mounted horizontally in direct connection and immediate vicinity
to the different antennas.
Apparently, the AM/FM/DAB CCHAs have a very low effective height and

exhibit a highly reactive antenna impedance behavior. Consequently, they im-
pose strict constraints upon the subsequent antenna amplifier, if power matching
would be required. In the past years, extensive investigations had the purpose
of finding out the optimum amplifier technology, for which design considerations

(a) Historical antenna length development (b) Active multi-antenna combination

Figure 1.1: Length comparison of the new 14 cm ultra-short and 18 cm short
CCHA ( , including the respective amplifier circuits) with commer-
cial longer monopole car antennas ( ) and integration of the 18 cm
short CCHA with its HIA circuit into a multi-antenna roof module.



4 1 Introduction and Thesis Overview

and experimental results were presented and discussed [9, 10, 11]. Based on these
research results, the applied amplifier for the presented antenna structures has to
have a high input impedance and should simultaneously exhibit enough gain and
low noise character in order to achieve a good sensitivity, while at the same time
adhering to the challenging requirements concerning its linearity. Furthermore,
in combination with the short antennas, the active antenna produces undesired
sharp resonances within the operating frequency bands which have to be com-
pensated by the HIA circuit [6]. As power matching is not a feasible solution for
these small antenna structures, the employed HIA picks-up the antenna voltage
without drawing power from the antenna and no matching to the antenna’s input
impedance is required [12].

In the sheltered car test radome of the institute, the signal level of active car
antennas, averaged for a complete horizontal car rotation, can be measured on
a turntable as a function of frequency [13]. Fig. 1.2 shows the final vertically
polarized DAB-VHF field measurement results of the novel 14 cm ultra-short
AM/FM/DAB CCHA in combination with the optimized single-stage FM/DAB
HIA circuit (both displayed in Fig. 1.1 (a)), mounted unobtrusively in the rear
roof section of a test vehicle and characterized by the solid blue curve. The
ripple value of the averaged signal level of the active DAB-VHF antenna is within
the required maximum limits and the mean value also fully complies with the
imposed specifications. The 0 dB line drawn black serves as a reference for
the measured results and represents the averaged signal levels received with a
corresponding passive DAB-VHF quarter-wavelength rod antenna, placed on the
vehicle’s trunk. The additionally plotted dashed blue curve shows a huge ripple of
the active frequency response because of the inevitable narrowband performance
of the short helical antenna element, which fortunately could be compensated by

Figure 1.2: Vertically polarized DAB-VHF field measurement results of the
single-stage FM/DAB HIA with the 14 cm ultra-short CCHA (op-
timized and previous state , with vertically mounted HIA) and
the 18 cm short CCHA ( , with horizontally mounted HIA), in rela-
tion to the averaged signal level of the passive reference antenna ( ).
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finding an optimal balance of antenna and amplifier design. In this way, in the
FM and the other operating frequency ranges as well, all demanded specifications
concerning the active frequency response behavior could be met. To the best
of the authors knowledge, this is the first time when such smoothed frequency
responses with high gain values have been achieved with an only 14 cm short
antenna element for the reception of all terrestrial audio broadcasting services.
Moreover, with support of an integrated Adaptive Gain Control (AGC) circuitry
and a noise optimization network, the employed single-stage HIA also fulfills the
imposed linearity and noise requirements. This enhanced HIA version, depicted
in Fig. 1.1 (b), especially provides good performance in conjunction with the
18 cm short CCHA, as additionally illustrated for the DAB-VHF frequency band
in Fig. 1.2 in cyan color.

A further example of critical antenna structures with respect to their mount-
ing position are hidden antennas. Given that cars equipped with visible antennas
are regarded as being less visually appealing, vehicle manufacturers tend to con-
ceal their antenna structures as far as possible, particularly in high-end vehicles.
These hidden active antennas offer several significant advantages over automotive
rod antennas, especially with regard to requirements like robustness, lower wind
noise, capability to withstand mechanical stress without breaking, and certain
safety standards [14]. Apparently, they are also aesthetically superior, although
they have to be specifically designed for each car type. However, in order to
compensate for the shadowing effect of these antennas, multiple antennas for
the reception of the same terrestrial broadcasting services are generally employed
within hidden mounting positions. By means of these antenna diversity concepts,
the reception quality of broadcast programs can be considerably enhanced in crit-
ical mobile environments. Fig. 1.3 shows the lateral outline of a car body in order
to demonstrate some scenarios with screen and roof antennas which could occur
in an automotive multi-antenna diversity configuration. In the case represented
here, an embedded windscreen antenna diversity system is combined with an in-
tegrated antenna diversity roof module, fully concealed in the car body. The rear
screen, side screens or other dielectric parts of the vehicle could obviously also
serve as possible hidden mounting positions for the respective diversity antennas.
Moreover, also a combination of a hidden antenna diversity system with a visible
short roof antenna (e.g. a CCHA) is conceivable. In addition to the optimally
designed diversity antennas, the supporting amplifier technology in terms of the
HIA again plays a major role. Because of the negligibly small input current of
the HIA, the mutual coupling between the occuring diversity antennas can be
reduced to a minimum. The receiver can finally choose those signals with the
best reception quality, which results in high diversity gain [15, 16].
In this context, another goal of this thesis is to prove the feasibility of advanta-

geous HIA circuits in combination with such hidden FM/DAB-VHF and Digital
Video Broadcasting - Terrestrial (DVB-T) multi-antenna diversity systems. A
variety of new hidden active antenna diversity systems in various mounting po-
sitions of the different test vehicles are investigated in this work.
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Figure 1.3: Configurations of hidden active multi-antenna diversity systems.

In a first approach, several diversity antennas are inconspicuously embedded
into the windscreen and the small side screens of a vehicle, while the associated
HIA circuit is aligned with the different screen antenna systems. Amongst oth-
ers, a new concept of an active, switchable and adaptive windscreen antenna,
consisting of three FM and four DAB-VHF antenna structures, is considered.
Fig. 1.4 shows the design of the windscreen antenna diversity system for the re-
ception of FM and DAB-VHF radio broadcasting services. The two frequency
bands are combined by means of filter circuits (orange-marked boxes) and in order
to switch between the different antenna structures, pin-diode switches (yellow-
marked boxes) are inserted onto the glass. In this way, depending on the switching
status, the long ring antenna yields various versions of advantageous and well-
established windscreen diversity antennas, hidden within the black print area
marked at the rim of the windscreen. All antenna structures are amplified with
a two-stage HIA circuit as well as with a conventional 50 Ω reference amplifier
at the single antenna feeding point of the windscreen. A comparison of the mea-
sured maximum deviation values of the frequency responses of all antennas in
conjunction with both amplifiers is given in Table 1.1. As indicated by the dif-
ferent coloring, for the 50 Ω amplifier a high ripple value of more than ±6 dB is
typical (red color), while the HIA yields a low ripple for each antenna with values
below ±3 dB (green color). The additional effort for the pin-diode switches in
order to obtain the DAB4 ring antenna structure is justified, as the diverging
radiation characteristic of this antenna contributes to a high diversity efficiency.
And also the other investigated screen antennas show a great performance in
conjunction with the employed HIA circuit with respect to the active frequency
response behavior as well as further diversity capability criteria.

Table 1.1: Ripple of the frequency responses of all antennas with both amplifiers.

ripple [dB] FM1 FM2 FM3 DAB1 DAB2 DAB3 DAB4
HIA ±2 ±3 ±3 ±2 ±3 ±3 ±3

50 Ω amp ±6 ±6 ±7 ±6 ±6 ±6 ±7
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Figure 1.4: Sketch of a car windscreen with the embedded active, switchable and
adaptive diversity antenna structures FM1 – FM3 and DAB1 – DAB4.

In a second approach, an integrated FM/DAB-VHF/DVB-T2 two-antenna di-
versity system within a small cutout in the roof of a test vehicle is designed and
optimized in conjunction with a two-stage HIA circuit. High demands are placed
on the active diversity antennas, if these antennas have to be combined within
such a narrow and shadowed mounting volume. The measurement setup of the
planar antenna module, concealed in the rear section of the vehicle roof, is de-
picted in Fig. 1.5. The two antennas A1 and A2 are measured with the HIA as
well as with a traditional 50 Ω amplifier, the aim being clear that ultimately only
one amplifier technology should be utilized for the two-antenna diversity system.
Fig. 1.6 presents the final results of the gained FM Signal-to-Noise Ratio (SNR)
of the optimally designed planar roof antennas with the HIA, related to the re-
spective values achieved with the 50 Ω amplifier (black 0 dB line) for horizontal
polarization. The averaged gain in SNR is about 4 dB in case of both optimally

Figure 1.5: Measurement setup of the integrated FM/DAB-VHF/DVB-T2 planar
two-antenna diversity roof module.
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designed roof antennas. But also other integrated roof antenna structures with
non-optimized impedance behavior with respect to an intended amplification with
the HIA achieve an increase in SNR in comparison to the 50 Ω amplifier in the
FM frequency band. In the other operating frequency ranges as well, the results
clearly reveal that a HIA circuit has been achieved within this work which is the
better choice for the planar antenna diversity roof module. Altogether, three vari-
ations of the amplifier’s output stage are presented, all of them providing specific
benefits depending on the individual application and highlighting the enormous
flexibility of the applied HIA concept.

Figure 1.6: FM SNR of the HIA with the optimized roof antennas A1 ( ) and
A2 ( ), in relation to the values of the 50 Ω amplifier ( ).

The general structure of the thesis is organized as follows:

Chapter 1 provides an overview of the thesis and highlights the most remark-
able results of the work.

Chapter 2 reviews the main theoretical basics of car antennas and antenna
amplifiers, required for the subsequent chapters. The fundamental characteristics
of both are described and the measurement facilities and simulation capabilities
used for this work at the Institute of High Frequency Technology and Mobile
Communication are explained.

Chapter 3 introduces the state of the art of active AM, FM, DAB and DVB-T
car antennas. The terrestrial broadcasting services referred to this work and the
frequency-dependent propagation behavior of the corresponding electromagnetic
waves are briefly described. A general discussion concerning modern automotive
multiband antennas follows, having the purpose of reviewing the development
over the last years. In this context, various visibly placed and some hidden car
antennas and antenna systems for reception of terrestrial broadcasting services
are shown. Finally, contemporary amplifier technologies are considered and the
resulting benefits of a HIA concept are highlighted.
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Chapter 4 moves the discussion towards the short helical roof antennas in con-
junction with the HIA. First, a two-path implementation of the HIA with a single
transistor for the FM/DAB (VHF Band-III and L-Band) amplification is pre-
sented, connected to a novel AM/FM/DAB helical antenna of only 14 cm height,
featuring a capacitive coupling. After introducing the ultra-short triple-resonant
helical roof antenna element, the measured and simulated results of the antenna
impedance are compared and the design of the amplifier circuit is considered in
the respective operating frequency bands. The first design approach consists of
an active antenna network without integrated AGC and noise optimization cir-
cuit, whereas the second setup demonstrates the benefits of an enhanced HIA
version, thus improving the linearity and noise performance. This amplifier cir-
cuit is adapted to be used in combination with a 18 cm short CCHA and further
antennas for various applications. The active field measurement results of both
short helical antennas and multi-antenna configurations on the roof of a test ve-
hicle are presented for each operating frequency range. Even in the immediate
proximity to the other antennas, the described amplifier is able to flatten the
active frequency response of the CCHA, despite the sharp FM and DAB-VHF
antenna resonances.

Chapter 5 introduces various embedded FM/DAB-VHF screen antennas, com-
bined with a flexible two-stage HIA. Two differently realized antenna diver-
sity concepts in the windscreen and further antenna structures in the small side
screens of a test vehicle are considered. For each screen antenna system some
measured and simulated results are compared and evaluated. Moreover, the de-
sign of the corresponding HIA circuit with an integrated filter and smoothing
network between both amplifier stages is described and experimental results as
well as simulated results are shown. Finally, the active field measurement results
of all embedded screen antennas and further evaluations with respect to the di-
versity performance of the windscreen antennas are presented. Again, the applied
HIA is able to smoothen the active frequency responses of the different 50 Ω and
non-50 Ω screen antennas, while maintaining a low noise level and a satisfying
linearity.

Chapter 6 investigates integrated active FM/DAB-VHF and DVB-T2 diversity
antennas within a small roof cutout of a test vehicle. A first planar FM/DAB-
VHF antenna diversity roof module with non-ideal impedance behavior with re-
gard to a desired amplification with a HIA is considered and the design of the am-
plifier circuit as well as the related measured and simulated results are discussed.
The active field measurement results and further evaluations already indicate the
benefits of the employed two-stage HIA in contrast to a 50 Ω reference amplifier.
In a second arrangement within the roof cutout, the antenna impedances of the
new planar two-antenna diversity module are optimally designed with respect to
a further processing with the HIA in both operating frequency bands. In this
context, the measured results of the antenna impedances are also compared with
the simulations. The corresponding HIA is enhanced with a transformer, an AGC
network for the FM path, and a common-collector output stage. The field mea-
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surement results of the optimized integrated diversity antennas in conjunction
with the proposed HIA circuit and a conventional 50 Ω amplifier are shown, and
the FM SNR values achieved with both amplifier concepts are highlighted. Fi-
nally, the amplifier topology is readjusted to be also employed for the reception
of DVB-T2 signals in conjunction with the optimally designed two-antenna roof
module. The related simulated results of this advanced multiband HIA circuit
are presented with and without preconnected roof antennas. Once again, the
HIA fully succeeds in coping with the stringent requirements in all operating
frequency bands.

Chapter 7 gives a final overview of the achieved results and concludes the work.
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2 Main Features of Active Car Antennas
In an active antenna configuration, an amplifier is inserted in the immediate
vicinity of an antenna and further drives the receiver. Consequently, for the fol-
lowing observations the term ‘active’ is always referred to an entity of an antenna
element with a related amplifier circuit (blue box in Fig. 2.1). Active automotive
antennas provide the first signal reception stage and increase the sensitivity and
dynamic range compared to passive receiving systems.
Fig. 2.1 displays the common receive chain of an active car antenna. The receiv-

ing Antenna Under Test (AUT) is directly connected to a subsequent amplifier
circuit (Device Under Test (DUT)) by the shortest possible route [17]. The ampli-
fying DUT should then be matched to the Radio Frequency (RF) cable of certain
length connected downstream and the final car receiver, which could possibly be
a radio for the reception of terrestrial audio broadcasting services.

Figure 2.1: General receive chain of an active car antenna configuration.

Throughout this chapter, the fundamental properties of car antennas and the
corresponding antenna amplifiers, which will be utilized in the subsequent chap-
ters, are introduced, and the related measurement and simulation capabilities are
explained. The receiver part is not subject of the thesis. All considered car an-
tennas for terrestrial broadcasting are measured in the sheltered car test radome
of the Institute of High Frequency Technology and Mobile Communication on the
terrain of the University of the Bundeswehr Munich as well as simulated with
the 3D electromagnetic simulation software CST MICROWAVE STUDIO R© [18].
On the basis of specified limit values imposed by the automotive industry, the
antenna amplifier circuits are characterized in the well-equipped laboratory of
the institute and simulated with the electronic design software ADS R© [19]. The
active car antenna simulations, presented for all investigated antennas and ampli-
fiers in the respective chapters, accompany and support the ultimately relevant
measurements of the different antenna and amplifier parameters. An exemplary
comparison of measured and simulated results in both sections helps understand-
ing the various characteristics and points out the excellent opportunities which
simulation software programs nowadays offer.
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2.1 Car Antenna Parameters
Antennas for themselves are passive devices, meaning that they consist of con-
ducting elements and do not require an external power source.

This first section initially focuses on the theoretical descriptions of the most
essential passive antenna parameters (first stage of the active receiving system in
Fig. 2.1), which will be required in the following chapters, and describes the asso-
ciated measurement and simulation methods for car antennas. Some of the stated
definitions primarily apply to transmitting antennas, however, as a consequence
of the reciprocity theorem [20], they also count for the considered receive mode
of antennas. Specific particularities of modern active car antennas for reception
of terrestrial broadcasting services will be outlined in Section 3.2.

2.1.1 Theoretical Descriptions
Impedance and Matching

The frequency-dependent antenna impedance

ZA(f) = RA(f) + j ·XA(f) (2.1)

represents the impedance behavior provided by the antenna element at its input
terminal [21]. The resistance RA(f) consists of the antenna radiation resistance
RA,rad(f) and the loss resistance RA,loss(f) (which is negligibly small, thus that in
the following observations RA(f) can be equated with RA,rad(f)), while XA(f)
presents the reactive component of the antenna impedance. The passive an-
tenna element is represented by its equivalent circuit for receive mode in Fig. 2.2
(marked gray), consisting of the antenna impedance ZA and the voltage source

V A = EA · heff , (2.2)

where EA is the incident electric field strength at the antenna feed and heff the
effective antenna height. For passive antennas (mostly connected to a coaxial
cable with Z0 = Z0 = 50 Ω) or active antennas with a 50 Ω amplifier connected
downstream, it applies with respect to Fig. 2.1:

ZL = Zin = Z0 = 50 Ω . (2.3)

Figure 2.2: Equivalent circuit of a passive receiving antenna connected to a load.
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For an efficient transfer of energy, power matching conditions (ZA → Z ′A, with
Z ′A = R′A + j ·X ′A

!= Z∗L = Z0) should be provided [22]. In this case,

Pmax = 1
2 ·
|V A|

2 · Re (ZL)
|Z ′A + ZL|

2 = 1
2 ·

|V A|
2 · Z0

(R′A + Z0)2 +X ′A
2 = |V A|

2

8 · Z0
(2.4)

is the maximally received power. This power can only be transferred by means
of inserted lossless components which match Z ′A to Z∗L, resulting in R′A = Z0
and X ′A = 0. Furthermore, the output impedance Zout of the amplifier should
be matched to the RF cable impedance Z0 and the impedance Zrec of the final
receiver (see Fig. 2.1). In a realistic scenario, however, the AUT mostly provides
an impedance different from 50 Ω, which leads to a mismatch between both ports
in case of 50 Ω amplifiers. In this situation, only lossy matching circuits can help
to improve the antenna matching, as will also be considered in Section 3.3.1.
For the intended amplification with a HIA, ZL corresponds to the capacitive

high-ohmic input impedance of the FET (|Zin| → ∞). In this case, no current
flows into the circuit and the full antenna voltage V A is applied to the input
of the first-stage FET. Consequently, no matching to the antenna impedance is
required and no power is drawn from the antenna element. All benefits of the
HIA concept will be described in more detail in Section 3.3.2.

Pattern and Field Regions

The antenna radiation pattern or characteristic describes the relative strength
of the received field or power from various angular directions. Commonly, the
patterns are plotted as a two-dimensional slice of the measured three-dimensional
pattern in the horizontal or vertical plane [21]. Mathematically defined, the
pattern can be expressed as a vector function in spherical coordinates

F (Θ, ϕ) = FΘ(Θ, ϕ) · eΘ + Fϕ(Θ, ϕ) · eϕ , (2.5)

where eΘ represents the unit vector in vertical/elevation direction and eϕ the
unit vector in horizontal/azimuth direction. Fig. 2.3 shows a three-dimensional
radiation characteristic of a directional antenna within a spherical coordinate
system (Θ, ϕ, r). The radiation of directional antennas (e.g. a yagi antenna) is
directed at a certain angle and is mostly used with terrestrial TV broadcasting to
achieve higher gain in a specific direction compared to omnidirectional antennas
and thus avoid ghost pictures associated with analog TV reception. Omnidirec-
tional antennas (e.g. a monopole antenna) radiate uniformly across all azimuth
angles with almost equal power in all horizontal directions in the vertical plane.
The space surrounding the antenna can be divided into three regions, based

on the behavior of the electromagnetic field [21]. The first two regions in the
immediate vicinity of the antenna are the reactive and radiating near-field regions.
In these regions, the property and structure of the surrounding material may alter
the antenna performance and thus the field is very dependent on the distance to
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Figure 2.3: 3D antenna pattern within a spherical coordinate system.

the antenna [23]. In the far-field region, it can be assumed that the antenna is a
point source. Consequently, it is necessary for pattern measurements to choose
a distance sufficiently large to be located in the far-field. In this context, the
minimum permissible distance rmin for far-field considerations depends on the
maximum overall diameter dmax of the antenna in relation to the considered
wavelength λ (for antennas physically larger than a half-wavelength) [24]:

rmin ≥
2 · d2

max

λ
. (2.6)

Gain, Directivity and Efficiency

In many RF wireless systems, an antenna is designed to enhance radiation in
one direction, while minimizing it in other directions [23]. The antenna gain
in the main radiation direction is usually of most importance and related to
the radiation intensity of a fictitious isotropic radiator, resulting in units ‘dBi’.
Alternatively, the antenna gain can be referred to the gain of a real resonant
half-wave dipole, producing the units ‘dBd’ (0 dBd =̂ 2.15 dBi). Expressed as a
function of the angle-dependent radiation intensity U(Θ, ϕ) and the input power
Pin of an isotropic radiator, this results in [21]:

G(Θ, ϕ) = 4 · π · U(Θ, ϕ)
Pin(lossless isotropic source) . (2.7)

The directivity D of the antenna is closely related to the gain G, but does not
take the influences of losses in the antenna element into consideration. These
losses may be due to an occuring mismatch at the antenna’s input terminal,
conduction losses and dielectric losses. As the antenna gain is the ratio of the
maximum reception in a specific direction to that of a reference antenna for equal
input power, it is also a measure for the antenna’s efficiency η (0 < η < 1), which
is defined as the ratio of gain to directivity [24]:

η = G

D
. (2.8)
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Polarization

The polarization of a wave radiated from an antenna is based on the orientation
of the electric field vector with respect to the Earth’s surface and describes the
behavior of the electric and magnetic field vectors as they propagate through free
space [21]. Vertically polarized radiation is less affected by reflections over the
transmission path, while with horizontal polarization such reflections often cause
variations in the received signal strength [25]. With circular polarization, the
electric field vector rotates with circular motion toward the direction of propaga-
tion, making one full turn for each RF cycle. This rotation may be right-handed
or left-handed. Elliptically polarized waves consist of two perpendicular waves of
unequal amplitude which differ in phase by 90◦.
In an automotive environment, the polarization of the received signals de-

pends on the considered service [23]. Most satellite services, such as Global
Positioning System (GPS) and Satellite Digital Audio Radio Service (SDARS),
use circularly polarized signals. Antenna signals used for terrestrial applications
are predominantly linear polarized, outlined as either horizontally or vertically
polarized, while in cellular communication services usually vertically or cross po-
larized waves are radiated. For best performance, the polarization of the receiving
antenna should be consistent with the polarization of the transmitted signal.

Diversity Reception Criteria

The mobile reception of signals can be severely impaired by attenuations, reflec-
tions, diffractions, scattering and refraction effects due to existing obstacles in the
signal path. Fig. 2.4 shows a multipath fading scenario with five wave bundles,
originally transmitted at the same time from a nearby mountain, which arrive
at the receiving car antenna via different paths and times [2]. The superposition
of the signals introduces phase shifts, time delays, attenuations and distortions,
which may destructively interfere with each other. Different car antenna diver-
sity schemes can help mitigating these multipath effects in order to improve the
signal reception quality and reliability of a receiving system [26]. In this context,
spatial antenna diversity concepts employ at least two physically separated an-
tennas. All of these diversity antennas experience a varying interference scenario
with reception disturbances occuring at different times, thus that being combined
to a multi-antenna diversity system, a more robust link compared to a single an-
tenna implementation can be realized. Obviously, an antenna diversity system
requires additional hardware and greater demand for post-processing than the
single antenna, but using multiple receiving antennas with independent propaga-
tion paths for the broadcasting signals is an effective way to decrease the total
number of drop-outs and lost connections [27].
One necessary precondition for an improvement in reception quality is that

the coupling and correlation of the considered diversity antennas are minimized.
Mutual coupling, quantified by means of the S-Parameter S12 (isolation) between
two antennas, degrades not just the antenna’s efficiency, but it can alter the
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Figure 2.4: Automotive multipath reception scenario.

pattern behavior as well. However, particular attention has to be paid to the
de-correlation of the antenna signals received by the various antennas in order
to be combined in a diversity circuit for an optimum SNR. By utilizing pattern
(and often also polarization) diversity within a critical mounting volume, the de-
correlation of diversity antennas can be significantly improved. The de-correlation
factor is most often characterized by the Envelope Correlation Coefficient (ECC)
(0 < ECC < 1), which takes into account the radiation pattern shape, polarization
and relative phase of the fields between two diversity antennas [28]:

ECC =

∣∣∣∫ ∫4π (F1(Θ, ϕ) · F2
∗(Θ, ϕ)

)
dΩ
∣∣∣2∫ ∫

4π

∣∣∣F1(Θ, ϕ)
∣∣∣2 dΩ

∣∣∣F2(Θ, ϕ)
∣∣∣2 dΩ

. (2.9)

F1(Θ, ϕ) is the angle-dependent vector function of the radiation pattern result-
ing from antenna 1, F2

∗(Θ, ϕ) the respective conjugate complex radiation pattern
of antenna 2 and Ω indicates the spherical angle constellation in elevation and
azimuth

( ∮
dΩ =

∫ 2π
0
∫ π

0 sin ΘdΘdϕ
)
. Consequently, the ECC is a measure of

how correlated two radiation patterns are. If they are similar to each other(
F1(Θ, ϕ) ≈ F2(Θ, ϕ)

)
, the ECC approaches 1, and if they are completely inde-

pendent from each other, the value is close to 0.
The diversity efficiency is a second commonly used parameter introduced as

a figure of merit for an antenna diversity system [2]. It describes the fictitious
number n (1 < n < N) of de-correlated antenna signals in a multi-antenna system,
consisting of altogether N diversity antennas, and is based on the improvement
factor of the signal quality QD obtained with the diversity system under test in
comparison to the signal quality QS achieved with a single car antenna [29, 30]:

n = QD
QS

. (2.10)

2.1.2 Measurements and Simulations
In the research process of new antennas it is mandatory for antenna engineers
to have all the modern measurement equipments and simulation tools available,
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which are required for the evaluation of automotive antennas. The measurements
of the antenna characteristics are performed in antenna test ranges. Typically,
indoor and outdoor ranges exist with associated limitations for both. Outdoor
ranges are not protected from environmental influences, while indoor ranges are
limited by space restrictions.
Furthermore, 3D electromagnetic field simulation programs with different im-

plemented solvers offer the possibility to additionally simulate the AUT in parallel
to the measurements. As the various antenna parameters are highly influenced
by objects in the proximity of the antenna, for the best accuracy, the AUT should
be measured and simulated in an environment which most closely resembles the
setting where the antenna is finally intended to operate. In the case of car an-
tennas, the metallic car body including the dielectric glass layers is surrounding
the antenna and should be included in the investigations, as it forms an essential
part of the antenna function in the considered frequency range.

Measurement Facilities

An institutes’ own measurement setup with turntable has been built in an open-
air ground and a self-developed software enables to measure a multitude of avail-
able or newly designed car antennas. In this car test radome, it is possible to
examine antenna structures and antenna systems in the ambience of the vehicle
in the broadband frequency range from 76 – 800 MHz. In this way, comparisons
of the various measured car antenna parameters with simulated results can be
performed. The three-dimensional signal pick-up, the antenna impedance and the
complex pattern are recorded for horizontal and vertical linear polarizations, av-
eraged for a complete 360◦ horizontal car rotation [13]. Because of the unknown
free space propagation losses, depending on weather conditions, the measured
averaged signal levels are normally referred to the measurement results achieved
with a passive quarter-wavelength rod antenna, usually mounted at the fringe of
the trunk of the considered test vehicle. Moreover, the antenna diversity criteria
described in Section 2.1.1 can be evaluated by post-processing.
The basic measurement setup of the sheltered car test radome of the institute

and a glimpse inside the construct is shown in Fig. 2.5. The 3 m high transmit-
ting log-per antenna is arranged in a distance of approximately 40 m from the
turntable, which is installed within the radome in order to protect the sensitive
measuring equipment from the weather. In case of car antenna measurements in
the FM frequency range, the minimum permissible distance rmin of the far-field
region, according to eq. (2.6) with dmax ≈ 5 m, is about 17 m. Consequently,
the distance between the transmitting antenna and the receiving AUT is large
enough for far-field measurements, also in the higher frequency ranges. The emit-
ted RF waves can be either horizontally or vertically polarized. In order not to
disturb the measurements by ground reflections, metallic fence nets are mounted
between the transmitting antenna and the turntable. The log-per antenna and
the AUT on the test vehicle are connected to a Vector Network Analyzer (VNA),
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Figure 2.5: Measuring system of the radome with a view into the interior.

which captures the transmission coefficient S21 between both antennas. Further-
more, a broadband RF Power Amplifier (PA) is inserted between the VNA and
the transmitting antenna in order to compensate for the cable and free space
propagation losses. The VNA and the motor control of the turntable are con-
trolled by a measuring computer and a full frequency sweep is performed every
5◦ during the horizontal rotation. The software on the computer calculates the
frequency-dependent antenna directivity and pattern by averaging the values for
each frequency point for a complete car rotation. Finally, the curves of the av-
eraged signal levels are fitted with a polynom of ninth degree in order to take
account for the measurement errors caused by undesired reflections within the
radome. Impedance measurements are also performed with the VNA during the
recording of the antenna characteristics. In this context, the VNA transmits a
small amount of power Ptrans to the antenna and measures the proportion of
reflected power Prefl, which enables to compute the reflection coefficient S11 in
dependence of the antenna impedance ZA(f) [21]:

|S11|
2 = Prefl

Ptrans
=
∣∣∣∣ZA(f)− Z0
ZA(f) + Z0

∣∣∣∣2 . (2.11)

In this case, Z0 is the impedance of the VNA cable of typically 50 Ω. The
return loss of the antenna is defined as the logarithmic magnitude of the reflection
coefficient S11, according to:

S11,dB = −20 · log |S11|dB . (2.12)

Passive as well as active car antenna measurements are feasible in the car test
radome. For omnidirectional antenna structures, like rod or helical monopole
antennas, it is furthermore possible to obtain the desired receiving antenna pa-
rameters without consideration of the test vehicle and for a fixed measurement
situation in an anechoic chamber of the institute. This completely shielded and
reflection-free room is lined with absorbers of different lengths and operational
for antenna measurements covering the FM and DAB frequencies. It enables the
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evaluation of antenna impedances and reception levels over frequency (without
averaging the values for a horizontal 360◦ rotation), again related to the measured
results of the respective reference antennas with well-known gain.

Simulation Capabilities

As a result of the further development of electromagnetic Computer Aided De-
sign (CAD) simulation software and the increasing performance and storage ca-
pacity of computers, simulations of automotive antennas, which support the im-
portant measurements, are nowadays well acknowledged. With the possibility to
additionally simulate sophisticated car antennas during the design development
process, the most essential antenna parameters can be further optimized. Of
course, ultimately crucial are the measurement results of the different specified
antenna characteristics. Only if the many stringent requirements, imposed by
car manufacturers and Verband der Deutschen Automobilindustrie (VDA), can
be fulfilled by measured results, the considered (active) car antenna or antenna
system has proven to be successfully installed in the vehicle. Nevertheless, as car
antenna measurements ordinarily are relatively time-consuming and expensive,
time and costs can be saved by means of accompanying simulations, especially in
case there is no test vehicle available at all. In the meantime, even challenging
hidden car antennas can be reliably simulated in the ambience of the surrounding
and influencing metallic car body. Finally, the simulated results can be verified
by measurements in the car test radome. In general, an appropriate combination
of measurement and simulation effort is required.
CST MICROWAVE STUDIO R© offers an accurate and efficient computational

solution for electromagnetic field problems and enables fast analysis of high-
frequency devices, such as antennas [18]. The simulation software allows to
choose the most appropriate numerical method for the design and optimization
of antennas, operating in a wide range of frequencies. In this context, multi-
ple powerful solver modules are provided. For the performed simulations of the
investigated car antennas for reception of terrestrial broadcasting services, the
Finite Element Method (FEM) of the implemented frequency domain solver is
used. This solver with tetrahedral meshing is the best choice for electrically
small antenna structures [18]. The simulated results include the evaluation of
electromagnetic near-fields (e.g. surface currents), far-fields (e.g. radiation pat-
terns) and S-Parameters (e.g. computed antenna impedance and coupling effects
between different antennas).
Among other things, CST R© provides the possibility to simulate complex ve-

hicles with window-printed antenna structures. Fig. 2.6 shows two simulation
models of a test vehicle with an embedded state-of-the-art FM antenna in the
form of an ultra-thin copper wire (yellow color), drawn in the center of the wind-
screen [14]. The design of this antenna has been optimized with respect to a great
performance for horizontally, vertically and circularly polarized FM signals, as
well as also for the low-frequency AM range [31]. The car simulation model
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(a) Simplified car simulation model (b) Detailed car simulation model

Figure 2.6: Simulation of a FM windscreen antenna within different car models.

in Fig. 2.6 (a) represents a significantly simplified version of the comprehensive,
detailed and meshed simulation model in Fig. 2.6 (b). In both models, the struc-
ture and the dimensions of the FM windscreen antenna are completely consistent
and correspond to the real conditions present in the measurement setup. The
detailed car simulation model, however, is modeled so accurate that the required
simulation time is by far higher than the time needed for the simulation of the
same antenna within the simplified car model. But as long as the critical dimen-
sions and dielectric properties of the antenna, the windscreen, and the directly
surrounding part of the car body are mainly comparable in both models to the
real values given in the measurement scenario, both simulations deliver reliable
results with regard to the antenna impedance. The simulated Economic Commis-
sion for Europe (ECE) FM (87 – 108 MHz) antenna impedances are displayed in
Fig. 2.7 (a) in red (simplified model of Fig. 2.6 (a)) and orange (detailed model of
Fig. 2.6 (b)) color. Both simulated results are in very good agreement, regardless
of the used car simulation model. The corresponding measurement result, illus-
trated in blue color, moreover coincide with the simulated results. These findings
clearly demonstrate that the embedded FM windscreen antenna is modeled pre-

(a) Antenna impedance (b) RP in the horizontal plane (Θ = 85◦)

Figure 2.7: Simulated impedance and vertically polarized RP results of the FM
windscreen antenna within the simplified ( ) and detailed ( ) car
simulation model of Fig. 2.6, compared to the measured results ( ).
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cisely enough in the ambience of the simplified car simulation model to receive
realistic simulation results concerning the antenna’s impedance. Fig. 2.7 (b)
shows the respective measurement and simulation results of the vertically po-
larized Radiation Pattern (RP) of the FM windscreen antenna in the horizontal
plane (for f = 100 MHz and Θ = 85◦). The color assignment is equivalent to the
case of the ZA(f) results in Fig. 2.7 (a). It is shown that for considerations of
the radiation characteristic in the far-field it is necessary to use the more detailed
car simulation model, as the impact of the vehicle, including its interior, as a res-
onance and scattering body has a particularly great influence in the investigated
frequency range.
Consequently, the simplified car simulation model can be well used for first

fast estimations, but when it comes to precise simulation results, especially with
respect to far-field properties like the antenna pattern, the more detailed and
denser meshed the simulation model is, the closer to reality the simulated results
are. For these reasons, the comparisons between measurements and simulations in
the following chapters are always performed with the most accurate car simulation
model of the real test vehicles available.

2.2 Antenna Amplifier Properties
The antenna amplifier captures the received antenna signals and provides the first
level of signal amplification in an active receiving system according to Fig. 2.1.
In this context, the theoretical descriptions of the most significant amplifier

properties, which will be applied in the following chapters, as well as the related
measurement and simulation methods are presented. Peculiarities of modern car
antenna amplifiers for terrestrial broadcasting will be described in Section 3.3.

2.2.1 Theoretical Descriptions
S-Parameters

The antenna amplifier is an active two-port network described by a matrix of
S-parameters, using wave representations via incident ai and reflected bi power
waves at the amplifier ports (i = 1,2 in case of two ports) [20]:(

b1
b2

)
=
(
S11 S12
S21 S22

)(
a1
a2

)
. (2.13)

At this point, it is of no consequence whether the device is a Bipolar Junction
Transistor (BJT), a FET or any other semiconductor device. Their S-parameters
indicate the degree of gain between both ports

S21,dB = 20 · log |S21|dB , (2.14)

the isolation between both ports (reverse gain)

S12,dB = −20 · log |S12| dB , (2.15)
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and the matching at both ports (input/output return loss)

S11,dB = −20 · log |S11|dB , (2.16a)

S22,dB = −20 · log |S22|dB . (2.16b)

Eq. (2.16a) is consistent with eq. (2.12) in case of the antenna (where S11 is
referred to the antenna input). The insertion loss ILdB is defined as the extra
loss (intrinsic loss in the network and mismatch at both ports) produced by the
insertion of a DUT (e.g. a passive filter network) between two reference planes of
a measurement setup, given by [32]:

ILdB = −20 · log |S21| dB . (2.17)

Noise Issues

Any communication system receives the desired signal and an additional un-
wanted random signal called noise, which originates from a variety of sources and
interferes with the transmitted message. It is therefore necessary to distinguish
between the different types of noise and define how they are generated. In this
way, their effects can be minimized to a certain degree, although it is not possi-
ble to completely eliminate noise in electronic devices. The amount of noise, as
a superposition of all noise sources, is of major importance for input stages of
electronic systems (commonly realized by a Low Noise Amplifier (LNA)). The
inherent noise in all semiconductor devices is composed of the following types:

• Thermal noise (or Johnson Nyquist noise) is the most present noise source
within an amplifier network, which results from a fluctuation in voltage or
current caused by the random motion of charge carriers in any conducting
medium at a temperature above absolute zero. The internal Root Mean
Square (RMS) noise voltage source is described by the Nyquist equation [33]

v2
th = 4 · k · T ·R ·∆f , (2.18)

where k is the Boltzmann constant, T the absolute temperature, R the
value of the resistance, and ∆f the bandwidth.

• Shot noise is associated with a discrete structure of electricity and the
individual carrier injection through a p-n junction. This is a random process
and the RMS noise current source is given by [34]

i2sh = 2 · q · I ·∆f , (2.19)

where q is the electron charge and I the forward junction current. Shot
noise is particularly noticeable in semiconductor devices, such as Schottky
barrier diodes and tunnel junctions.
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• Flicker noise is a form of noise which exhibits an inverse frequency power
density curve (1/f characteristic) and appears in almost all electronic de-
vices. It often occurs as a resistance fluctuation and the corresponding noise
spectral density function can be expressed in the form of [34]

Sfl(f) = K/f , (2.20)

where K is a process-dependent constant and f the considered frequency.

The noise sources are not only internal to the amplifier circuit, but also a
characteristic of the radio channel (external noise sources) [2]:

• Atmospheric noise is radio noise caused by natural atmospheric processes,
primarily lightning discharges in thunderstorms. The sum of all lightning
flashes results in atmospheric noise.

• Man made noise or industrial/artificial noise is the electrical noise produced
by sources such as automobile/aircraft ignition, electrical motors, switch
gears, and many other heavy electrical machines. This type of noise results
from the arc discharge taking place during operation of these machines.

• Cosmic noise is experienced at frequencies above around 15 MHz when
highly directional antennas point towards the sun or to certain other regions
of the sky, such as the center of the Milky Way Galaxy. Celestial objects
like Quasars, which are extremely dense objects far away from Earth, emit
electromagnetic waves in its full spectrum, including RF waves.

Properties like the noise figure and output noise voltage are used as measures
of the noise contribution in an antenna amplifier. In order to characterize the
receiver alone, H. Friis introduced the noise figure concept which describes the
degradation in SNR (according to eq. (2.26)) by the receiver [35]. This allows
to compare the sensitivity of a real amplifier to an ideal, lossless and noiseless
amplifier with the same bandwidth and input termination. In wireless RF com-
munication systems, the noise factor F defines the noise performance of a device
and relates the SNR available at the input to the SNR at the output [32]:

F = SNRin
SNRout

≥ 1 . (2.21)

The definition of the logarithmic noise figure FdB is expressed in terms of:

FdB = 10 · log(F )dB . (2.22)

For a cascaded system, the total noise factor Fcas can be computed by the Friis
formula [35]

Fcas = F1 + F2 − 1
G1

+ F3 − 1
G1 ·G2

+ · · ·+ Fn − 1
G1 ·G2 . . . Gn−1

, (2.23)
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where Fi and Gi (1 ≤ i ≤ n) are the respective noise factor and gain values of the
n stages. This equation shows that the major factor affecting the noise factor is
the first amplifier stage. Moreover, it follows that the overall noise contribution
of a cascaded system can be reduced by increasing the gain (G1) of the low-noise
(F1) first amplifier stage, which also gives the LNA its name.
As the noise floor limits the detection of weak signals and the distortion prod-

ucts limit the upper level of detectable power, the output noise voltage of an
amplifier circuit is a second essential measure describing the noise behavior of an
amplifier. Any source of white noise can be modeled as a thermal noise source
with an equivalent noise temperature. Components and systems can then be
characterized by this temperature. Given the noise factor F of a component or
a system, the corresponding equivalent noise temperature Te is given with [32]

Te = (F − 1) · T0 , (2.24)

where T0 represents the ambient noise temperature of around 290 K. Using the
equivalent noise temperatures of the components, the amount of noise voltage at
the output port of the considered system can be calculated by the square root of
vth, thus being dependent on the Intermediate Frequency (IF) bandwidth ∆f :

vout =
√

4 · k · Te ·R ·∆f . (2.25)

Signal-to-Noise Ratio and Sensitivity

In analog and digital communications, the SNR is a measure of the desired signal
power strength S relative to the overall unwanted background noise N [32]:

SNR = S

N
. (2.26)

If the incoming signal strength is Vs (in µV) and the noise level is Vn (in µV),
the SNR in decibels is given by:

SNRdB = 20 · log
(
Vs
Vn

)
dB = 10 · log

(
S

N

)
dB . (2.27)

The minimum discernible signal gives an output SNR of 0 dB (Vs = Vn). In
this situation, the received signal borders on unreadable because the noise level
severely competes with it. Vs must be greater than Vn in order to be detectable,
which gives a positive SNR value. If all levels are expressed in decibels, the
formula can be simplified to:

SNRdB = SdB −NdB . (2.28)

The power levels may also be expressed in dBm (relative to mW), dBµV (relative
to µV) or to some other standard by which the levels can be compared.
The SNR value is a key parameter for the sensitivity of the receiver. Receiv-

ing systems always have a specified sensitivity which is related to the minimum
signal strength Vs,min at the input required to achieve an acceptable SNR. The
sensitivity of commercial automotive receiving systems has a large impact on the
overall quality of the received service, particularly in areas of low signal strength.
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Stability Considerations

If an active DUT exhibits gain, but is not designed properly, the circuit may
oscillate, even though that is not the intended function of the amplifying element.
Unwanted oscillations are referred to as circuit instability. The stability factor
and measure are functions of frequency, characterizing the tendency to instability.
If the isolation S12 of a device (according to eq. (2.15)) is unequal to zero, a signal
(feedback) path exists from the output to the input of the circuit, which creates
an opportunity for oscillation. The stability factor k is defined as [32]

k = 1− |S11|
2 − |S22|

2 + |∆|2

2 · |S12 · S21|
, (2.29)

with
∆ = S11 · S22 − S12 · S21 . (2.30)

From a practical point of view, k > 1, |S11| < 1, |S22| < 1 lead to an uncondition-
ally stable two-port. Theoretically, this alone is insufficient to ensure stability and
an additional condition should be satisfied by support of the stability measure

B = 1 + |S11|
2 − |S22|

2 − |∆|2 , (2.31)

which should necessarily be greater than zero. Because S12 can never be zero
for real transistors, a signal path exists from the output, where power levels are
higher due to the device’s gain, to the input. However, an adequately designed
and stabilized amplifier circuit will not oscillate, irrespective of which passive
source and load impedances are presented (including short or open circuits of
any phase).

Nonlinear Distortions

Nonlinear distortion is a term used to describe the nonlinear relationship be-
tween input and output signals of electronic devices, such as amplifiers [36]. Due
to increased transmitter densities, the intermodulation behavior is even more im-
portant today than it was a few years ago. In case of two input tones with the
same amplitude Vin but at different frequencies f1 and f2 within the operating
bandwidth of the amplifier, the composite input signal is given by:

Stwo−tone = Vin ·
(

cos (2πf1t) + cos (2πf2t)
)
. (2.32)

A perfectly linear amplifier would produce an output signal that includes two
tones at the exact same frequencies as the input signal, but at the amplified
output power. However, a real amplifier produces additional signal content at its
output at many other frequencies than the two input tones:

fm,n = |m · f1 ± n · f2| , with m,n ∈ N0. (2.33)

Thus, nonlinear distortion leads to harmonics occuring at multiples of each input
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Figure 2.8: Output voltage spectrum with FM frequencies f1 and f2 and disturb-
ing intermodulation products within the different frequency bands.

tone and the system additionally produces signals at the sums and differences of
the fundamental frequencies, resulting in k-th order intermodulation products
with k = m+ n. The nonlinear distortions of the 3rd order at the frequencies of
2 · f1 − f2 and 2 · f2 − f1 are the dominant cause of disturbances in large signal
regions for terrestrial broadcasting services, since the mixed products fall back
into the considered operating frequency band and can not be removed from the
spectrum by filter measures. In case of multiband amplifiers, also the intermod-
ulation products of 2nd order (|f1 ± f2|) can be very disruptive, since these may
fall into one of the adjacent operating frequency bands. In order to demonstrate
the complexity of this problem, Fig. 2.8 shows a typical output voltage spectrum
of two input signals, according to eq. (2.32), with frequencies f1 and f2 located
within the FM operating frequency band. As it can be seen, the undesired signal
at the frequency of f2 − f1 falls into the low-frequency AM band (blue-marked
area), whereas the sum signal at the frequency of f1 + f2 disturbs the higher-
frequency DAB-VHF band (green-marked area). But the most interfering effects
are caused by the two intermodulation products of 3rd order which fall back
directly into the FM band (orange-marked area) and therefore have to be sup-
pressed as far as possible. Because of the fluctuating signal levels in a driving
car, an intermodulation product usually only appears sharply and resembles the
acoustic impression of hard multipath reception disturbances [36]. In principle,
the disturbances occur when the mixed products emerge from the system noise
floor, which is also marked in Fig. 2.8. Fundamentally, the intermodulation dis-
tance of k-th order akk describes the logarithmic ratio between the output voltage
level of the fundamental tones and of the various distortion products according
to eq. (2.33), mathematically expressed as:

akk = 20 · log
(
Vout,fund
Vout,IM(k)

)
. (2.34)

Consequently, ak2 and ak3 correspond to the logarithmic ratio of the output
voltage of the fundamental tones and the mixing products of 2nd and 3rd order,
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respectively (as also indicated in Fig. 2.8). The dynamic range measures the
ratio between the strongest undistorted signal on a channel and the minimum
discernible signal, which is mostly given by the noise floor.

2.2.2 Measurements and Simulations
In contrast to the comprehensive measurement procedure for the car antennas
in the radome, the corresponding antenna amplifier circuits can be characterized
in the laboratory of the institute, thus without consideration of the intended
operating environment. The majority of the amplifier properties mentioned in
Section 2.2.1 can be measured with the aid of directional couplers with matched
source and load presented to the two-port terminals, which is equivalent to the
operating method provided by a VNA. The stability and nonlinear distortion
investigations are performed with a spectrum analyzer. Furthermore, a few am-
plifier properties depend on the impedance behavior of the preconnected antenna
and consequently these measurements should be performed in conjunction with
the antenna element or at least a representative antenna dummy circuit.
The VDA issued recommendations concerning compliances with requirements

for the amplifier circuits [37]. Some typical specified values for the ECE FM
frequency band are listed in Table 2.11. In the other terrestrial broadcasting
frequency ranges as well, specific limits for the various amplifier parameters are
demanded, which should be observed and maintained in the optimization (mea-
surement as well as simulation) process of the amplifier.

Table 2.1: Common amplifier specifications for the ECE FM band.

S21,dB S22,dB vout (∆f = 120 kHz) ak3 (Vout = 110 dBµV)
> 5 dB < –6 dB < –5 dBµV > 60 dB

The required gain S21,dB (according to eq. (2.14)) and output matching S22,dB
(according to eq. (2.16b)) of the amplifier are always referred to a 50 Ω system.
Furthermore, for the following considerations with the investigated HIA, a high-
ohmic input impedance (|Zin| → ∞, calculated from S11 according to eq. (2.16a))
is desirable. The noise figure FdB (according to eq. (2.22)) is normally only
required for the DAB amplifier core, whereas in the AM and FM frequency bands
the output noise voltage is of major relevance. The specified output noise voltage
values vout (according to eq. (2.25)) are averaged with the test receiver for an IF
bandwidth ∆f = 120 kHz in the FM band, while the set IF bandwidth differs
with respect to the currently investigated broadcasting service (∆f = 9 kHz in
the AM band and 1.5 MHz in the DAB band). The intermodulation distance
of 3rd order at the frequency of 96 MHz (2·f1 − f2, according to eq. (2.33) with
f1 = 98 MHz and f2 = 100 MHz) is required for a signal voltage of 110 dBµV,
tapped at the amplifier output. The linearity values primarily apply for amplifiers

1The tabulated limits only serve as guideline values and may vary depending on the type of
active AUT and the car manufacturer.
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without implemented AGC circuitry and are specified for a fixed output voltage
level, which also varies depending on the considered broadcasting frequencies (as
will be stated in the respective evaluations). Finally, the SNR can be computed
with eq. (2.28) and is usually evaluated for comparisons of active antenna results
obtained with different amplifier circuits.

The simulation of high-frequency circuits is an important design and optimiza-
tion tool of engineering, considering also the parasitic characteristics of the used
components. In this context, the circuit simulation software ADS R© [19] provides
the possibility to simulate the amplifier circuits and thus optimize the amplifier
parameters with respect to the demanded requirements apart from the compar-
atively time-consuming measurements.
The complex S-Parameters of the amplifier circuits are measured by means of

a VNA, whose operating principle has already been introduced in Section 2.1.2.
Fig. 2.9 depicts the block diagram of the S-Parameter measurements of the active
DUT with an applied supply voltage of +V. A previous calibration of the electrical
length of the input and output measuring cables of the VNA is required, indicated
by the dashed line.

Figure 2.9: Block diagram of the S-Parameter measurements of the DUT.

The simulation program is also capable of calculating the S-Parameters of the
two-port amplifier circuit and graphically displays the results. The influences of
the wire lenghts between the components, as well as the losses of the substrate,
copper, vias, coils and connectors in the test setup, can also be taken into ac-
count in the simulation model. Fig. 2.10 shows a comparison of the measured
(blue curves) and simulated (red curves) S-Parameters S21,dB, S11 and S22 of
a basic FM HIA (recognizable by the high-ohmic input impedance) in a 50 Ω
system. This FM HIA circuit is composed of a voltage follower FET stage and a
second BJT amplifying stage, corresponding to the amplifier structure shown in
Fig. 3.3, and will be used for the graphical evaluations of the amplifier parameters
in the following. The general peculiarities and benefits of the HIA concept will
be discussed in Section 3.3.2. The amplifier exhibits a FM standalone amplifica-
tion S21,dB of 12 – 12.7 dB and a very good output matching to 50 Ω is achieved
by means of an included matching network at the amplifier output. Based on
the S22 representation, the calculated output return loss value S22,dB is below
–14 dB in the entire ECE FM band (see zoomed area of S22 in the vicinity of
50 Ω). Furthermore, the FM input impedance is extremely high-ohmic (with a
small capacitive component), which is intended by this amplifier concept. Thus,
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Figure 2.10: Measured S21,dB, S11 and S22 results ( ) of a basic FM HIA, com-
pared to the simulated results ( ) in a 50 Ω system.

these first results obtained by the S-Parameters of the basic FM HIA fully com-
ply with the related FM specifications stated in Table 2.1. On the other hand,
Fig. 2.10 confirms that for the antenna amplifiers as well, the comparability be-
tween measurements and simulations is ensured, indicating the reliability of the
circuit simulation tools for the considerations of the further amplifier properties.
With the aid of a conversion of the measured or simulated one-port antenna

impedance ZA(f) into the S-Parameters of a lossless two-port network [10], it is
furthermore possible to consider properties of active antenna combinations. In
this way, the frequency response of an antenna structure in combination with
the subsequent amplifier network can be evaluated, which gives similar results as
observed in the complex field measurement scenario of the active antenna in the
presence of the surrounding car body in the radome. Fig. 2.11 shows the block
diagram of the active antenna gain measurement and simulation, respectively.
Some VNAs are able to import the one-port antenna impedance data during

Figure 2.11: Block diagram of the active antenna gain considerations (DUT com-
bined with the converted two-port representation of the antenna).
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Table 2.2: Common active antenna gain requirements for the ECE FM band.

Averaged signal level Maximum deviation
> 0 dBref < ±5 dB

the measurement process of the S-Parameters (as shown in Fig. 2.9), internally
convert it into a non-dissipative two-port representation and thus calculate the
antenna gain in conjunction with the connected amplifier circuit. Table 2.2 gath-
ers typical active antenna gain requirements for horizontally polarized FM field
measurements. As already described in Section 2.1.2, the measured averaged
signal levels are always referred to the respective levels obtained with a passive
quarter-wavelength monopole antenna, resulting in units ‘dBref’. In general, the
gain of the active antenna should at least exceed the gain of the reference antenna.
By embedding the calculated two-port antenna characteristics at the amplifier

input into the simulation model, the active antenna gain S′21,dB can be computed
and displayed. In this way, huge time-savings can be achieved by simulatively
optimizing the active car antenna gain with respect to the imposed specifications
presented in Table 2.2. The computed gain of the state-of-the-art FM windscreen
antenna of Fig. 2.6 in combination with the basic FM HIA, whose S-Parameters
are illustrated in Fig. 2.10, is depicted in Fig. 2.12. The active frequency response
of the antenna is relatively smooth with a deviation value of ±3.5 dB, thus fulfill-
ing the requirement on the maximum deviation. This result is highly attributed
to the broadband FM antenna impedance behavior shown in Fig. 2.7 (a), which
is a first good precondition for a constant amplification with the HIA, as will
be explained in more detail in Section 3.3.2. As the active antenna gain val-
ues determined by the field measurements in the radome are always referred to
the measured values of the reference antennas, the simulated active gain levels
can not be compared to the measured averaged signal levels specified in ‘dBref’.
Nevertheless, the behavior of the simulated active frequency response is in good
accordance with the field measurement (despite the averaging for all horizontal

Figure 2.12: Simulated S′21,dB of the FM windscreen antenna of Fig. 2.6 in con-
junction with the basic FM HIA (5 dB per division on the y-axis).
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receiving angles). Consequently, the simulation of the active antenna gain can
be perfectly used in order to optimize the amplifier with regard to a flattening
of the antenna’s frequency response (by minimizing the ripple), thus adhering
to the maximum deviation requirement given for active car antennas. However,
the presented result already indicates the challenge of additionally processing
the Japanese FM band, ranging from 76 – 90 MHz, as well as further operating
frequency bands with a single active antenna configuration.
A common way of measuring the noise contribution in high-frequency electron-

ics is based on the Y-factor method in which a matched noise source is switched
between two different defined noise powers. Commercially available noise sources
are characterized by an Excess Noise Ratio (ENR) value, describing the ratio of
the equivalent noise power when switched on, related to the noise power of a re-
sistor at a temperature of T0 = 290 K, representing the switched-off mode. From
the difference in noise power at the output of the DUT the noise figure of the
measured object can be determined by means of a noise figure meter. Fig. 2.13
shows the block diagram of the noise figure measurement setup. An accurate
measurement of FdB assumes that the noise figure meter is initially calibrated by
bypassing the considered DUT (indicated by the dotted line in Fig. 2.13).

Figure 2.13: Block diagram of the noise figure measurement of the DUT.

In the simulations, the equivalent noise models containing all noise sources are
created for a particular device, such as a BJT, a Junction Field-Effect Transistor
(JFET) or a Metal Oxide Semiconductor Field-Effect Transistor (MOSFET).
The sum of all noise contributions in the simulated amplifier circuit results in the
total noise figure FdB. Fig. 2.14 shows the calculated noise figure of the basic FM
HIA circuit in a 50 Ω system in red color (although generally not specified for the
FM band). The simulated values of 2.3 – 2.5 dB agree well with the measured
values obtained with the noise figure meter and are situated below the commonly
required limit of maximally 3 dB (as specified for the DAB amplifier core).

The output noise voltage vout is measured with a test receiver at the output port
of the DUT. The IF bandwidth ∆f , depending on the considered broadcasting
band, can be individually selected in the receiver menu. Fig. 2.15 depicts the
block diagram of the related measurement method. In general, different loads
are switched to the input port of the DUT and the test receiver records the
frequency-dependent output noise voltage values in dBµV. The most significant
measurement is performed with the car AUT (real antenna or designed dummy
circuit) at the input port, since this is the intended condition. However, also
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Figure 2.14: Simulated noise figure ( ) of the basic FM HIA in a 50 Ω system
and output noise voltage ( ) combined with the antenna element.

further extreme loads, such as open, short, and 50 Ω, are frequently additionally
preconnected to the amplifier in order to get an insight of the output noise voltage
behavior for arbitrary input impedances.

Figure 2.15: Block diagram of the output noise voltage measurements of the DUT.

The simulation of the amplifier’s output noise voltage with ADS R© also takes
the antenna structure, again described by its respective two-port representation,
into consideration. In this context, the FM output noise voltage can be calculated
for an IF bandwidth of 120 kHz with the aid of the simulated noise figure FdB
of the standalone amplifier (red curve in Fig. 2.14) and the active antenna gain
values S′21,dB of Fig. 2.12. Fig. 2.14 displays the simulated result of the output
noise voltage vout of the basic FM HIA combined with the state-of-the-art FM
windscreen antenna in orange color. As it can be seen, the simulated values are
entirely located below the demanded averaged output noise level of –5 dBµV, as
outlined in Table 2.1. A comparable result can be achieved by the measurement
of the amplifier circuit in conjunction with a representative dummy circuit of the
FM windscreen antenna at the input, as long as the antenna replication shows an
equivalent impedance behavior as the real car antenna according to Fig. 2.7 (a).
The SNR performance of an active antenna, and hence the sensitivity of the

receiver, can be calculated according to eq. (2.28). The signal strength SdB is
represented by the active gain results of the automotive AUT in the field mea-
surement setup, whereas the noise contribution NdB is obtained by the output
noise voltage measurement of the DUT in conjunction with the antenna element
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or an antenna dummy circuit. Consequently, the SNR values can not be measured
directly, but can be derived by subtracting the frequency-dependent logarithmic
output noise voltage values from the frequency-dependent logarithmic signal lev-
els for a given polarization. In most cases, the averaged SNR value is the crucial
parameter when comparing different amplifier topologies or even technologies
with each other. As more amplifier gain results in a lower noise contribution
within the circuit, the SNR takes both parameters into account and is therefore
ultimately essential for the evaluation and selection of the appropriate amplifier
circuit for the use of a particular car antenna with specific impedance behavior.
The greater the averaged SNR value in conjunction with the same antenna struc-
ture, the better suited is the respective amplifier for this type of antenna, also
resulting in an improved receiver sensitivity performance.
The stability considerations of the amplifier circuit are performed by means of a

spectrum analyzer. The block diagram of the stability measurements of the DUT
is shown in Fig. 2.16. The purple arrow indicates the importance to investigate
different characteristic loads (again open, short and 50 Ω) at both ports of the
amplifier circuit, thus also switching the spectrum analyzer from the output port
(as shown in the figure) to the input port. As the considered amplifier network,
in the event of a certain instability, not necessarily oscillates in the intended
frequency band of operation, it is important to observe a wide frequency range
(e.g. Direct Current (DC) – 20 GHz), in which ideally no oscillations are measured
with the spectrum analyzer. In this way, irrespective of which load is presented
to the examined port, it can be excluded that possible oscillations occur at the
input or output stage of the DUT. The tendency to instable behavior of a two-
port amplifier is often already evident during the measurement of the circuit’s
S-Parameters with the VNA. As soon as S11 or S22 runs out of the smith chart
(|S11|, |S22| > 1) at particular frequencies, the considered amplifier circuit is
unintentionally instable and consequently oscillates at these frequencies. The
key challenge for amplifier designers is to design the circuitry with regard to an
unconditionally stable amplifier performance.

Figure 2.16: Block diagram of the stability measurements of the DUT.

The stability indicators can be calculated and graphically displayed in ADS R©.
Also here, it is important to underline that for the stability considerations it is
not sufficient to solely examine the performance in the useful frequency band. As
possible oscillations may also occur at any other frequencies outside the operating
bandwidth, a much wider frequency range has to be investigated (up to at least
6 GHz in the simulations). If the broadband calculated stability properties are
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maintained within the required limits, the equipped real test amplifier in most
cases does not undesirably oscillate.

Fig. 2.17 depicts the block diagram of the nonlinear distortion measurements.
As described in Section 2.2.1, for the required Intermodulation Distortion (IMD)
measurements a two-tone signal is injected into the DUT. Generator 1 transmits
a signal with an input voltage of Vin at the frequency f1 and the second generator
carries a signal with the same input voltage at the frequency f2, both located
within the investigated operating bandwidth. Two bandpass filter are inserted in
order to avoid undesired mutual couplings of both generators. After the filtering,
both signals are added by means of a RF power combiner, resulting in the com-
posite input signal Stwo−tone according to eq. (2.32). An attenuater follows which
is used to vary the applied input level. Finally, the spectrum analyzer measures
the output voltage spectrum of the DUT, as illustrated in Fig. 2.8, as a function
of the voltage level of both generators.

Figure 2.17: Block diagram of the nonlinear distortion measurements of the DUT.

The simulation of the linearity characteristic of the DUT is performed with
ADS R© using the implemented harmonic balance method. The voltages and cur-
rents of the circuit are described as a weighted superposition of several frequency
components, thus the calculation is carried out in the frequency domain. In order
to calculate the different voltages, a source with multi-frequency excitation is con-
nected to the input port of the simulated amplifier circuit. For the calculations of
the intermodulation distances, according to eq. (2.34), the voltages of the various
frequency components at the output of the amplifier are analyzed and referred to
the voltages of the fundamental tones. In this way, the mixed products of 2nd,
3rd, and higher orders as well as the linear relationship between the output and
input voltages of the fundamental tones can be calculated. In each case of the
simulated intermodulation distances, the measurements deliver highly compara-
ble results to the simulations, as will also be confirmed in the following chapters.
For the FM frequency band considered here, the basic FM HIA should maintain
a minimum IMD of 3rd order ak3 of more than 60 dB at 96 MHz (2·f1 − f2) for
a required output voltage level of 110 dBµV. These strict linearity requirements
can frequently only be met with the employment of an AGC circuitry within the
amplifier network.
Once again, time and costs can be saved during the optimization process of the

active AUT by achieving reliable results of the different antenna and amplifier
properties via the quickly executable simulations.
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3 State of the Art of Active Car
Antennas for Terrestrial Broadcasting

The ever-increasing electronic complexity of the automobile information system
leads to constantly growing requirements for antenna developers and car manu-
facturers. At the beginning of car radio history, car radios only received AM/FM
audio broadcasting services for a long period of time. But nowadays, innovative
digital radio services with improved sound quality, such as DAB and SDARS,
add themselves to the analog radio signals [25]. In Europe, AM and FM radio
sets still continue to be standard equipment for cars, while in the meantime DAB
is available in many countries and should become the European standard for au-
dio broadcasting in the near future [38]. Consequently, more operating frequency
bands (e.g. AM, FM and DAB) should be covered with modern multiband anten-
nas. In this context, an increasing number of car manufacturers also equip their
vehicles with DVB-T antenna diversity reception facilities for TV broadcasting.
The more unobtrusive modern car antennas are, the more popular they are

for automotive manufacturers for commercial use. For these reasons, a notice-
able trend is given by reducing the length of whip antennas to a strong extent,
installing screen antennas invisible, and integrating antennas into other non-
metallic hidden sections of the vehicle. Active window-printed antennas have
become very attractive, especially with respect to aesthetical requirements. In
particular for high-end vehicles, active antenna diversity systems for FM and TV
reception, consisting of several nearby placed antennas, are very common and
efficient [15, 26, 29]. Currently, different active automotive multi-antenna sys-
tems for AM, FM, DAB radio as well as DVB-T television reception have been
implemented, whereas some of these well-established antennas have been investi-
gated at the Institute of High Frequency Technology and Mobile Communication
within the University of the Bundeswehr Munich in cooperation with antenna
designers and car producers. But also new types of inconspicuously hidden car
antennas profit from the progress in semiconductor technology and the techno-
logical advancement of low-noise and high-linearity amplifiers [10]. Several inves-
tigations over the last years showed that some exclusive benefits can be expected
from a high-ohmic amplifier concept in comparison to the traditional amplifier
counterparts with 50 Ω interface [9, 10, 11].
Terrestrial broadcasting represents the one-way transmission of audio, data

and/or video via radio frequencies to a multitude of users via terrestrial (Earth
based) stations [39]. In this context, this chapter starts with a consideration of
the different terrestrial broadcasting services reflected in this work, ranging from
the lower-frequency analog AM and FM radio services to the higher-frequency
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and more modern digital broadcasting services DAB and DVB-T. Moreover, a
brief overview of former and present-day car antenna types for the reception of
the respective terrestrial broadcasting services is presented. A multitude of con-
temporary automotive antennas are integrated preferably invisible into dielectric
parts of the car body (rather implemented as diversity antennas in high-end ve-
hicles), whereas others are still mounted visibly on the vehicle (predominantly
found on metallic car roofs of low-end vehicles). Finally, the focus is on the
required amplifier technologies for the passive antenna structures in order to ob-
tain powerful active antenna configurations. Conventional amplifiers, which are
mostly characterized by a 50 Ω input and output interface, are briefly touched
upon and the advantageous concept of the applied HIA is introduced.

3.1 Terrestrial Broadcasting Services
With the increasing availability of hidden antenna structures within non-metallic
mounting positions of the vehicle, as in the window panes (windscreen, rear screen
or side screens) or plastic covers (e.g. trunk lid or panorama sunroof), the result-
ing antenna impedances cover almost any area of the complex reflection coefficient
plane in the smith chart. This is particularly true for antennas operating in the
different frequency bands of the terrestrial broadcasting services.
In this context, the lower frequency range from 153 kHz to 26.1 MHz is used

for AM radio reception or its digital successor Digital Radio Mondiale (DRM),
while FM radio reception occurs in the VHF Band-II (VHF frequency range: 30 –
300 MHz). Digital radio is a more modern format for broadcasting entertainment
radio and uses digital rather than analog modulation schemes, providing higher
spectral efficiency and better audio quality [7, 23]. The reception of DAB radio is
preferably carried out in the VHF Band-III. The additional DAB frequencies in
the L-Band (L-Band frequency range: 1 – 2 GHz) are appropriate for a local DAB
supply, because of the smaller terrestrial coverage for higher frequencies. The
channels of digital television reception extend to the Ultra High Frequency (UHF)
Bands IV and V (UHF frequency range: 300 MHz – 3 GHz). In the following,
the characteristics and particularities of the considered terrestrial broadcasting
services AM, FM, DAB and DVB-T will be briefly discussed.

3.1.1 AM Radio
AM radio was the earliest modulation method used to transmit voice by RF
frequencies, broadcasted on three low-frequency bands. The corresponding Eu-
ropean frequency allocation is shown in Table 3.11 [40]. The AM MW frequency
band is the most heavily used band for commercial AM broadcasting and repre-
sents the term ‘AM radio’ most people are familiar with. For these reasons, the
investigations throughout this thesis will focus on this AM band, ranging from
526.5 – 1606.5 kHz.

1The AM MW broadcasting in the USA ranges from 530 kHz to 1720 kHz.



3.1 Terrestrial Broadcasting Services 37

Table 3.1: Division of the European AM radio broadcasting band.

AM frequencies: allocation:
153 kHz – 279 kHz long-wave (LW)

526.5 kHz – 1606.5 kHz medium-wave (MW)
5.95 MHz – 26.1 MHz short-wave (SW)

Each AM MW radio station is assigned a precise carrier frequency and it must
keep its transmitted information within ±5 kHz of that frequency. Consequently,
AM MW broadcasting stations can theoretically be placed every 10 kHz, which
means that there are a total of 107 channels available [21]. In general, the double-
sideband modulation scheme is used with reduced carrier power. This modulation
is not very energy and spectrum efficient, as the modulated signal contains the
RF carrier and the mirror image of the baseband spectrum, which finally results
in a doubling of the required RF bandwidth [40]

BAM = 2 · fAM,max , (3.1)

where fAM,max is the highest frequency in the modulating signal’s spectrum. The
simplicity of this scheme allows the use of AM receivers without amplification
devices in case of strong transmitter signals.
How far an AM signal travels depends on the frequency, power of the transmit-

ter, nature of the transmitting antenna, conductivity of the soil around the an-
tenna, and the ionospheric refraction [2]. AM MW broadcasting stations provide
a local coverage of a few 100 km via vertically polarized groundwave propagation
during the day and regional as well as even continental coverage via skywave (mul-
tiple reflections between the F2-layer and Earth) propagation, predominantly at
night [1]. Consequently, AM radio stations can transmit over very large distances,
but simultaneously AM radio suffers from high atmospheric noise and interfer-
ence effects, especially during bad weather and fading conditions. Moreover, as
the baseband signal is limited to only 4.5 kHz in the AM MW frequency band,
requiring an RF bandwidth of 9 kHz according to eq. (3.1), the audio quality is
rather low and inadequate for high-fidelity transmissions [40].
For these reasons, AM radio has been in decline for several years, with many

AM radio stations going out of business each year [41]. In Germany, AM broad-
casting is switched off since 2016. In the meantime, most of the listeners moved
on to services with improved audio reception quality, such as FM and DAB or
other digital radio sources like Satellite and Internet radio.

3.1.2 FM Radio
The most part of the worldwide FM frequency band ranges from 76 MHz to
108 MHz2. Table 3.2 shows the occupied FM frequencies depending on the lo-
cation. The FM investigations in the following chapters will be performed for

2The International Radio and Television Organisation (OIRT) FM band in Eastern Europe
ranges from 65.8 MHz to 74.0 MHz.
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both FM frequency bands (Japan & ECE), even though it is apparently more
challenging to cover the increased total FM bandwidth of 32 MHz with a single
active AUT, instead of the Japanese or ECE FM band only.

Table 3.2: Location-dependent distribution of the FM radio broadcasting band.

FM frequency band: location:
76 MHz – 90 MHz Japan
87 MHz – 108 MHz ECE & USA

As for FM the baseband audio signal is used to modulate the frequency of
the carrier wave, FM radio adopts a different approach than AM radio. The
bandwidth assigned to each FM station [42]

BFM = 2 · (∆f + fFM,max) (3.2)

is sufficiently wide (actually infinite, but about 98 % of the energy is concentrated
in a finite bandwidth) to broadcast high-fidelity radio signals, thus offering supe-
rior audio quality in comparison to AM stations. In this context, ∆f is the peak
frequency deviation and fFM,max is the highest audio frequency in the modulating
signal, where the baseband signal stretches from 30 Hz to 15 kHz. Nowadays, the
baseband FM channel is extended to include further enhancements like Radio
Data System (RDS) and Traffic Message Channel (TMC), which increase the
baseband bandwidth to about 59 kHz. Consequently, FM radio broadcasting
offers greatly reduced noise and interferences compared to AM radio, as well as
lower distortions and a larger audio bandwidth.
In Europe, almost exclusively horizontally polarized signals are broadcasted in

the FM frequency range. Because of their higher frequency, the FM waves are
usually not reflected by the atmospheric E-layer, but can still be refracted in the
lower atmospheric layers. On the other hand, the frequency is not high enough
for a clean Line-Of-Sight (LOS) propagation and diffraction helps the FM waves
travel around objects with dimensions comparable with their wavelength. Due
to the fact that the electrically highly conductive car body forces field conditions
which also contain vertically polarized field components, the mobile FM radio
reception situation is more demanding than the high quality reception with a sta-
tionary home receiver. The receiving FM car antenna is mounted at a low height
above ground. The metallic car body serving as ground has comparable dimen-
sions with the FM wavelength (≈ 3 meters for the FM center frequency), thus
scattering the waves and strongly impacting upon the antenna’s performance.
As the car travels, reflection, diffraction and scattering on larger obstacles in the
surrounding environment lead to a multipath propagation scenario, in which the
incident waves have random amplitudes and phases due to their different propa-
gation paths, although they might have the same origin (see also Section 2.1.1).
Moreover, in mobile receiving scenarios, the multipath composition changes con-
tinuously (dependent on geography, vegetation, buildings, and other influencing
obstacles existent in the antenna’s vicinity) and thus only statistical analysis are



3.1 Terrestrial Broadcasting Services 39

possible. The wave superposition at the receiving antenna leads to distortions
and interference patterns that can corrupt the demodulated signal. For these rea-
sons, antenna diversity schemes are commonly employed for FM radio reception
purposes [2].
Originally, all German radio stations should have switched their transmission

from FM to DAB by 2012. However, as the digital format with improved audio
quality could not replace the analog FM radio so far, the deadline for the planned
conversion was recently extended to 2025 [43].

3.1.3 DAB Radio
DAB radio, also known as digital or high-definition radio, is audio broadcasting in
which the analog audio signal is converted into a digital signal and transmitted on
an assigned channel, usually in the FM frequency range [7]. In Europe, spectrum
was made available either in the VHF Band-III (channels 5 – 13) or in the L-Band
(channels A – J), as tabulated in Table 3.3. Band-III is predominantly used for
the overregional public broadcasting ensembles, while the L-Band is utilized to
broadcast private local ensembles due to its smaller coverage. The upper part of
the L-Band between 1467 MHz and 1492 MHz is reserved for satellite delivery of
digital radio. However, a long-term use of the L-Band for DAB is currently not
guaranteed by law and L-Band networks are constantly being ‘converted’ into
Band-III networks [38]. The following DAB considerations focus on the DAB-
VHF band (according to the frequencies shown in Table 3.3) as well as partially
also the entire DAB-L band, ranging from 1452 – 1492 MHz.

Table 3.3: Division of the European DAB radio broadcasting band.

DAB frequencies: allocation:
174 MHz – 240 MHz Band-III

1452 MHz – 1467 MHz L-Band

The advantages of digital signal broadcasting over conventional analog trans-
mission techniques are an improved sound quality, reduced multipath fading ef-
fects as well as an enhanced immunity to bad weather conditions, noise, and
other interferences. Moreover, DAB allows the frequency-economic use of Single
Frequency Network (SFN) broadcasting, where all transmitters radiate the same
program on the same frequency. At the transmitting site, the signal is compressed
using Moving Picture Experts Group (MPEG) algorithms and modulated using
Coded Orthogonal Frequency-Division Multiplexing (COFDM) [44]. However,
listeners must have a receiver equipped to handle the incoming DAB signals.
For the most part, DAB signals are propagated LOS via vertically polarized

signals, which improves the signal quality in mobile reception scenarios. Space
diversity schemes, utilizing two or more antennas mounted within the vehicle,
can further increase the overall reception quality.
In Germany, DAB radio is available in 80 % of new cars, primarily optional.

Leading the way are the UK, Norway, Denmark and Switzerland, where the vast
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majority of new cars currently comes with DAB as standard [38]. An upgraded
version of the DAB system was released in 2007, which is called DAB+ and is
not backward-compatible with DAB, but approximately twice as efficient and
more robust [45]. DAB+ is the further development of the DAB standard with
optimized digital audio compression schemes for modern transmission in best
sound quality. In most countries, it is expected that DAB+ radio will gradually
replace FM radio in the near future. Norway was the first country to announce
national analog FM radio switch-off, starting from 2017 [38]. Accordingly, digital
radio is foreseen as the audio broadcasting medium for the 21st century.

3.1.4 DVB-T Television
Digital Video Broadcasting is the European-based consortium standard for the
broadcast transmission of digital television, first broadcasted in the UK in 1998.
As shown in Table 3.4, DVB-T is broadcasted in the UHF Band channels 21 – 603.

Table 3.4: Division of the European DVB-T television broadcasting band.

DVB-T frequencies: allocation / channels:
470 MHz – 622 MHz Band-IV / 21 – 39
622 MHz – 790 MHz Band-V / 40 – 60

DVB-T has many technical characteristics, thus forming a very flexible system:

• 3 modulation options (QPSK, 16-QAM, 64-QAM)

• 5 different Forward Error Correction (FEC) rates (1/2, 2/3, 3/4, 5/6, 7/8)

• 4 guard interval options (1/32, 1/16, 1/8, 1/4)

• 4 possible channel bandwidths (5 MHz, 6 MHz, 7 MHz, 8 MHz)

• Choice of 1705 (2k) or 6817 (8k) carriers

Using different combinations of the parameters mentioned above, a DVB-T
network can be designed to match the requirements of the network operator,
finding the right balance between robustness and capacity.
For the DVB-T television transmission horizontal as well as vertical polariza-

tion is used. Within a geographical area, DVB-T also allows SFN operation where
two or more transmitters carrying the same data operate on the same frequency
(in accordance with DAB for digital audio broadcasting) [44]. For analog TV
transmission, antenna diversity concepts have proven to considerably enhance
the reception quality within multipath fading scenarios [29].
DVB-T has been further developed into newer standards such as Digital Video

Broadcasting - Handheld (DVB-H) and DVB-T2, which was finalized in 2011.

3Additional DVB-T frequencies are available in the VHF Band-II (channels 5 – 12).
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DVB-T2 is used for signal transmission with less bandwidth and transmits com-
pressed digital audio, video, and other data in physical layer pipes, using OFDM
modulation with concatenated channel coding and interleaving with a large num-
ber of sub-carriers, delivering an even more robust signal and offering a range of
different transmission modes [44]. Furthermore, DVB-T2 uses error detection
mechanisms and guard intervals, which enables the receiver the reception of data
signals in the presence of any interferences, echo signals or missing channels as
a result of strong multipath fading effects. Since the German government is
planning to reserve the previously used DVB-T 700 MHz transmission band for
the expansion of mobile broadband Internet, way was given to Digital Terres-
trial Television (DTT) for DVB-T2 in the frequency range up to 690 MHz [46].
DVB-T2 is the world’s most advanced DTT system, offering more robustness,
flexibility and 50 % more efficiency than any other DTT system. The switchover
from DVB-T to DVB-T2 started in metropolitan areas with around 40 channels
in March 2017 and will end by mid-2019 across the rest of Germany [46]. The
DVB-T investigations in this thesis concentrate on the frequency range for the
future DVB-T2 standard, ranging from 470 – 690 MHz.

3.2 Car Antenna Types
In recent years, a steady introduction of new electronic devices and applications to
the automotive environment has taken place, primarily designed to aid the driver
(e.g. navigation), increase safety (e.g. radar), enhance the driving experience
(e.g. radio and television) or for communication purposes (e.g. telephone) [25].
Multifunctional antennas, enabling transmission and reception of RF signals, are
a vital part of any wireless communication system within a vehicle, especially in
times where car manufacturers are seeking to create cost-effective, fuel-efficient,
lightweight vehicles with reduced aerodynamic drag, which are attributes that
obviously conflict with the equipment of the traditionally long monopole anten-
nas [23]. A plurality of demands and challenges are imposed on today’s car
antennas. Modern automotive antennas must increasingly meet criteria of op-
tical nature (also under safety aspects) and should be designed with respect to
possible Electromagnetic Compatibility (EMC) problems, such as the interaction
with other antennas, integrated electronics and in future also the electric motor
of a vehicle. Moreover, the ideal car antenna is characterized by a small mount-
ing volume, mechanical robustness, easy fabrication and installation, low wind
resistance, and it should preferably be invisible and durable. Not to forget, it
should be capable of being used throughout the world, despite varying operating
frequencies for some broadcasting services. Thus, ideally it is designed as multi-
band as possible in order to cover the frequency bands of several broadcasting
services with just one antenna element or antenna system.
In the foreseeable future, it is most likely that even further applications, such

as mobile Internet, collision avoidance radar and car-to-car (C2C) or car-to-
infrastructure (C2I) communication, will be integrated into the vehicular en-
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vironment, in addition to the well-established present-day services. Certainly,
each of these wireless services involves the implementation of more appropriate
antennas in order to receive the required signals in the respective operating fre-
quency bands. Due to the increasing multiplicity of automobile antennas, it will
become ever more necessary to hide them from view as far as possible. Conse-
quently, a multitude of modern antennas for the same or different services are
often accommodated within small and hidden mounting volumes. In this context,
the interaction of these critical antennas among each other is of greatest impor-
tance and several automotive services use multi-antenna diversity techniques to
enhance the overall quality of the received antenna signals [29, 47].

In the following, a brief overview of some state-of-the-art multiband car anten-
nas is provided. The considered automotive antennas are divided into a group of
Visible Car Antennas, such as the rod-type antennas on the car roof with respect
to Chapter 4, and a group of Hidden Car Antennas, which could possibly be
embedded unobtrusively into the screens or integrated into other dielectric parts
of the car body with regard to Chapter 5 and 6, respectively.

3.2.1 Visible Car Antennas
In the first years of car radio history, automotive antennas were apparently po-
sitioned on metallic parts of the car body, predominantly in the form of long
rod antennas. Visible locations on the chassis were correctly considered as those
mounting positions with the best reception capabilities within a mobile broad-
casting environment. However, since modern car antennas should be integrated
as completely as possible into the contour of the car body, or at least be hidden
under small radomes on the roof of the vehicle, the desire for miniaturization
came up and still exists today. Nowadays, short helical roof antennas with a
physical length lower than a tenth of the operating wavelength λ (λ/10 ≈ 30 cm
in the FM frequency range) are frequently used in low-end vehicles. Furthermore,
combinations of small antenna elements for terrestrial audio broadcasting with
other antennas for further services are widespread, mounted unremarkably near
the vehicle’s roof edge in the vicinity of the rear screen and hidden together under
compact housings.

Rod Antennas

The low frequency and high signal strength encountered in AM/FM car radios
enabled the employment of uncomplicated antenna structures in the past. The
most common antenna traditionally used for analog radio broadcast reception
is the rod-type antenna. In former years, a conductive rod with around one
quarter of wavelength in length, corresponding to roughly 80 cm in the ECE
and 90 cm in the Japanese FM band, was used to form a passive monopole an-
tenna [2]. For aesthetic reasons the front and rear fender were usually chosen as a
preferred mounting position and retractable versions became commercially avail-
able. However, over time and under design as well as safety aspects of carefully
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styled vehicles, the long rod antennas soon appeared as disturbing foreign bodies
to the automotive industry. Consequently, increasingly shorter active rod anten-
nas have become popular and were introduced onto the market. Rod antennas on
the car roof with typical lengths of 30 – 40 cm have been successfully established
(see left picture of Fig. 3.1 (a) in case of a commercial 40 cm long monopole roof
antenna [11]), whereas also a further length reduction to only 20 cm can theoret-
ically be achieved [48]. However, as shown in [11], decreasing the length of the
monopole to only 20 cm or less requires a special high-impedance and low-noise
amplifier, while the achievable performance is below the one obtained with the
90 cm long passive rod antenna. The reason for this is that the effective height
of the antenna is drastically reduced and the lowered voltage excited in the small
antenna element can not be sufficiently amplified in order to compensate for this
drawback, based on noise and linearity constraints [48]. Furthermore, no series
resonance character can be achieved with short rod antennas. In order to alle-
viate these issues, short helical antennas can be used instead, which reach a FM
series resonance similar to the 80 cm long rod antenna, even though naturally
with a greatly reduced bandwidth.

Helical Antennas

In contrast to their larger λ/4 rod antenna counterparts of earlier years, helical
antenna structures operating in normal mode are known to be well suited for
miniaturization, while maintaining a good performance level [3, 4]. Their res-
onant character improves the insufficient effective height of short antennas and
results in a more convenient antenna impedance in comparison to the rod-type
antennas. Moreover, these antennas keep an omnidirectional radiation pattern
comparable to that of a short vertical monopole on a car roof.
Helical antennas are usually wound on a flexible insulating dielectric rod and

are embedded into an insulating resin rod [25]. In a first arrangement, the length
of the aforementioned 20 cm long rod antenna could be reduced to only 14 cm
by means of a single-resonant helical roof antenna featuring a capacitive coupling
(CCHA), designed for AM/FM reception. This helical antenna behaves like a
simple monopole antenna with a capacitive impedance in the AM range, while
in the FM range it has a series resonance character [5]. Combined with a HIA
circuit for AM/FM broadcast reception, it fulfills the hard requirements imposed
by VDA and performs better than the 20 cm long active rod antenna, despite
the renewed drastic length reduction. Compared to the 90 cm long passive rod
antenna, it delivers about the same signal level, while maintaining a low out-
put noise level. A modified version of the active AM/FM antenna element in a
shortened form with roof capacitance is moreover successfully included within a
multifunctional sharkfin roof module and visible in Fig. 3.1 (b) [49].
An upgrade of the 14 cm short CCHA for an additional reception of DAB

signals in both bands followed in [6]. The corresponding antenna structure is
depicted in the right picture of Fig. 3.1 (a). This double-resonant helical antenna
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(a) Traditional 40 cm long AM/FM rod antenna on a car roof (left) in contrast to a
modern double-resonant 14 cm ultra-short AM/FM/DAB CCHA (right) [11]

(b) Interior of a hexband antenna sharkfin roof module [49]

Figure 3.1: Visibly placed automotive roof antennas.

element behaves capacitively in the AM and FM bands, but shifts the series
resonance into the DAB-VHF frequency band. The cylindrical metal socket is
tuned to have one quarter of wavelength in the DAB-L band. In combination
with an adapted HIA circuit, the active field measurement results show superior
performance compared to the passive monopole antennas in both DAB bands. In
the FM frequency band, however, the absence of an antenna resonance leads to
decreased signal levels in comparison to the 90 cm long passive rod antenna.

In Section 4.1.1, the 14 cm ultra-short double-resonant CCHA is enhanced to
a triple-resonant antenna version, thus clearly improving the signal performance
in the FM frequency band, while maintaining a good performance in the AM and
both DAB frequency bands.

Multi-Antenna Sharkfin Roof Modules

With an increasing demand for cell phone antennas, compact antennas were in-
stalled in small housings on the car roof in proximity to the rear screen. Most de-
signs consist of multiple closely situated antennas located under a single housing,
shaped like a sharkfin. Nowadays, many types of those so-called ‘sharkfin’ anten-
nas exist, introduced primarily by the European car brands near the turn of the
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21st century. In addition to terrestrial radio broadcasting antennas, the sharkfin
roof modules in general also shelter antennas for higher-frequency applications,
such as Long Term Evolution (LTE), Global Navigation Satellite System (GNSS)
or Digital Satellite Radio (DSR) [50, 51].
In [49], an automotive hexband antenna module has been realized in an only

65 mm high housing for the services AM/FM/GPS/SDARS and AMPS/PCS4.
The interior of this sharkfin roof module with the configuration of the different an-
tennas and amplifiers is shown in Fig. 3.1 (b). Also antennas of type ‘Scarabeus’
for the reception of satellite signals (GPS and SDARS, respectively) are arranged
under the cover [52, 53]. These ring antennas form a combination of a squared
loop antenna with vertical elements at every edge and capacitors to ground for
reducing the physical dimensions [54]. As the ring structures provide an elec-
tromagnetic length of around λ at their operating frequencies, the potential is
always zero in their geometric center. Consequently, monopole antennas can be
perfectly placed inside with a great decoupling between the different investigated
antennas [55]. But apparently, it is extremely challenging to implement a high-
performance AM/FM antenna in such a small housing. Nevertheless, in spite
of the predefined height of only 56 mm for the AM/FM antenna element with
meander-shaped topload, the performance of the antenna in combination with an
adequate HIA circuit is 2 – 3 dB better in the AM band and only 2 dB below the
performance of the 90 cm long passive rod antenna in the FM range. Thus, this
antenna design enables highest performance in lowest mounting volume and im-
pressively demonstrates the case of multiple individual antennas located closely
together under a single cover.
Section 4.1.4 will present active field measurement results of the novel ultra-

short triple-resonant CCHA in the immediate presence of a GNSS ring antenna.
Moreover, a 18 cm short CCHA will be combined with various other antennas for
different services within a sharkfin roof module, which results will be outlined in
Section 4.2.4.

3.2.2 Hidden Car Antennas
Examinations of production vehicles introduced onto the market over the past
years reveal a trend towards more aesthetically pleasing hidden car antenna struc-
tures, embedded into one of the screens or integrated into other dielectric parts
of the car body. However, as these hidden antennas have to be individually opti-
mized for each car type, the effort and costs correspondingly increase in relation
to the universally applicable omnidirectional rod or helical antennas on the car
roof. For these reasons, inconspicuously integrated antennas, usually realized in
the form of antenna diversity systems, are rather implemented in higher-class
vehicles.

4Advanced Mobile Phone System/Personal Communication Service
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Embedded Screen Antennas

Since the early 1990s, single AM/FM antennas or multiple antenna structures
have been mounted unobtrusively hidden in the screens of the vehicle, realized
by very thin wires within the laminated safety glass or by means of screen-printed
conductors in a double function as antenna and the heater. Glass-mounted an-
tennas provide no additional aerodynamic drag and create no noise under windy
conditions, which is a significant advantage over the visible roof antennas as
described previously. Moreover, they can not break easily upon contact with in-
terfering objects and thus they are protected against vandalism and damage [25].
A variety of different shapes are used for screen antennas, often forming con-

ductive strips, grid or meandering geometries [23]. However, a shape which serves
its purpose on one vehicle not necessarily performs well on other vehicles. This
is due to the strongly influencing effect of the shape of the vehicle body on the
antenna’s radiation behavior, which is significant for screen antennas, as already
demonstrated for a state-of-the-art windscreen wire antenna in Fig. 2.7 (b) (which
mostly operates as an universal glass-mounted antenna [14]). Screen antennas are
commonly located in the rear screen of the vehicle. On modern vehicles, these
antennas are often similar in appearance to the demister elements embedded in
the rear screen. Former designs adopted the defogger elements themselves, con-
nected through a DC blocking capacitor to the radio tuner, while newer construc-
tions mostly separate both functions, having a defogger element, which occupies
most of the glass, and a smaller area set aside for the antenna structures [23].
Fig. 3.2 (a) exemplarily shows an active AM/FM antenna, integrated into the
heater of the rear screen with a separate AM structure [47]. Screen-printed an-
tenna configurations for other broadcasting services have also been investigated,
a former paper describes a diversity system for analog TV reception [29].
Antennas placed on the windscreen are specified under the restriction that

visible wires are not allowed to pass through the driver’s field of view. Only
antenna structures located at a small distance from the vehicle body within the
black print area at the rim of the windscreen as well as wafer-thin wires arranged
in the center of the windscreen are permissible [14]. Furthermore, from the car
body edge isolated low-conductive and transparent surfaces in the front or rear
screen can serve as coated antenna structures. Windscreens using coated or heat
transmission reducing Infrared (IR) foils as antenna elements (in addition to the
Polyvinylbutyral (PVB) sheet for the required glueing of both laminated glass
panes) grow in popularity [56]. However, due to ignition noise generated by the
engine and the presence of other noise sources in the vicinity (e.g. dashboard elec-
tronics), the windscreen is usually not preferred for on-glass antenna applications.
As many SUVs or station wagons typically use the rear side screens in pref-

erence to the larger windscreen or rear screen, TV antennas have been printed
on these narrow mounting volumes in order to extend the frequency band [57].
In [58], mesh-grid FM antennas employ the space of the small quarter window
in order to broaden the FM operating bandwidth and increase the radiation effi-
ciency of the embedded antenna system.
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(a) Active AM/FM rear screen antenna with an individual AM structure [47]

(b) Switchable adaptive multi-antenna diversity system within a dielectric trunk lid [59]

Figure 3.2: Hidden car antennas.

In order to overcome the signal distortions due to the shadowing effect of the
surrounding metallic parts of the car body, space diversity techniques are usually
implemented for screen-printed antenna types.
In Section 5.1, coated as well as switchable and adaptive FM/DAB-VHF wind-

screen antenna diversity systems will be considered. Moreover, thin wire antenna
structures on the small side screens of a test vehicle will also be investigated.

Integrated Antenna Roof Modules

In [60], a planar antenna diversity system is integrated into a dielectric roof mod-
ule of a SUV. In this context, the test vehicle is fitted with a small cutout in
the car roof which is covered with a polymeric panel and forms an ideal location
for some hidden antennas. For some services, at least two antennas are deployed
in nearby locations in order to achieve radiation and polarization differences be-
tween the antenna elements, resulting in higher diversity gain [16]. The multiple
integrated antenna structures act as monopole probes, exciting the aperture in
which they are mounted. In the FM frequency range, the roof-mounted aper-
ture antenna on average performs 2 dB better than a side screen antenna, but
is expectedly unable to outperform the 90 cm long passive rod antenna for ver-
tical polarization gain. Consequently, this system provides a good alternative to
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glass-mounted wire antennas, which may be adversely affected by heated screen
elements and window tinting films containing conductive layers. Moreover, a
cutout in a car roof with an integrated glass sunroof panel has recently been used
for printing radio and television antennas [61]. Due to the small sizes of the aper-
ture it is a huge challenge to design several antennas for different applications in
close proximity to each other without interfering effects.

Thus, according to the receiving situation for the embedded screen antennas,
these integrated antennas also suffer from performance degradations due to radi-
ation blockage and multipath interferences [62]. Consequently, effective antenna
diversity systems have become common for broadcast reception in these critical
automotive environments in order to improve the overall reception capabilities.
An integrated planar FM/DAB-VHF and DVB-T two-antenna diversity mod-

ule within a small cutout of a car roof will be investigated in Section 6.2.1.

Further Hidden Antennas

In principle, antennas can be integrated into all non-metallic components avail-
able on the vehicle. Especially in vehicles with a dielectric trunk lid, spoiler or
other plastic parts of the car body (possibly the fender or bumper), wires or
printed conductors can be used as antenna elements, even in these narrow and
unusual mounting positions. In [59], an antenna concept for application in cars
with polymeric trunk lids, as it is often common in cabriolets, is presented. In
such vehicles, a traditional fixed rear screen consisting of glass is normally not
available [23]. Consequently, the integration of a multi-antenna diversity system
into the trunk lid, providing several versions of established antenna structures, is
a reasonable substitute. The main antenna is formed by a copper ring structure
around the perimeter of the plastic trunk lid near the metallic components of
the trunk. Two pin-diode switches are inserted into the ring structure in order
to control the impedances of the network. Both ends of the ring are connected
to an amplifier which is used to obtain active FM as well as TV diversity recep-
tion [26]. Furthermore, a separate AM radio feed is connected to a wire antenna
geometry, which is located within the ring antenna structure. A ground plane
is also included in the space between in order to additionally install a cellular
phone or GPS patch antenna under the polymeric trunk lid. This configuration
also provides an ideal position to allocate antennas for higher-frequency services.
Fig. 3.2 (b) displays the switchable ring antenna diversity module with the differ-
ent adaptive antenna structures, all integrated into the plastic trunk lid [59]. A
similar principle has also been applied below a non-conducting car roof. In [63],
the possibility of mounting a cavity-backed spiral antenna in the dielectric trunk
lid of a vehicle is investigated. This hidden antenna can also be employed for
multiple services due to its wideband impedance match and also offers a good
alternative solution for standard screen antennas.

In Section 5.1.2, a switchable and adaptive ring antenna will be embedded into
a car windscreen for the reception of three FM and four DAB-VHF signals.
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3.3 Antenna Amplifier Technologies
The RF amplifiers powering the signals of the passive receiving antennas have
experienced important technological developments over the last few decades. The
firstly used RF transistors were BJTs, which continue to find use with pulsed
signals. Initial circuits employing a FET used Silicon (Si) based transistors,
while nowadays lower-noise Gallium Arsenide (GaAs) devices are increasingly
available. The transistor’s parameters are set by the device’s geometry, quality
of the manufacturing process and semiconductor physics.
The key to a good level of input voltage at the receiver with a minimum amount

of noise includes many design investigations in an electrical amplifier. However,
amplifiers boost both the desired signal and the noise present at the input [32].
Moreover, experts have been sceptical about active antennas for many years, as
they did not believe that the major signal problems of amplifiers could be solved.
In mobile reception systems, the active car antenna must be functional on the
supply edges of the radio transmitters as well as in the immediate vicinity of
the transmitting antennas [25]. The level range, which in practice must be as
distortion-free as possible, is therefore enormous. Current noise improvements
mainly rely on the advances of the active semiconductor devices [36]. And also
the linearity achievable with modern antenna amplifiers steadily increases. In this
context, the car industry clearly benefits from the possibilities of size shrinking
(in case of monopole antennas), the use of novel antenna types in various, also
hidden, mounting positions (like window-printed and other integrated antennas),
as well as the application of antenna diversity schemes.
In the design and optimization process of active automotive antennas generally

a lot of challenges have to be faced. Just to mention a few of them:

• The antenna characteristics are strongly dependent on the structure of the
automotive environment.

• Compromises concerning an optimum connection point to the antenna struc-
tures must be addressed, usually resulting in a very narrowband frequency-
dependent impedance behavior of the AUT.

• The antenna and the subsequent amplifier circuit have to match with each
other with respect to power transmission and noise behavior.

• The large frequency range reserved for worldwide terrestrial radio and tele-
vision reception further aggravates the situation for possible car antennas.

The mobile reception scenario with an enormous variety and increasing com-
plexity of antenna structures, as described in Section 3.2, is further complicated
by the possibility of integrating multiple antennas for the same and different
broadcasting services into narrow mounting volumes within the vehicle. For this
purpose, multi-antenna diversity systems with various algorithms are used nowa-
days, which need 2 – 4 antenna signals in order to reduce the perturbing effects
of multipath fading in the frequency range above 30 MHz (see Section 2.1.1).
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However, if multiple FM, DAB or TV signals are received from several closely
situated antennas (e.g. within a rear screen), these are to some extent signifi-
cantly correlated with each other and consequently affect each other. As it will
be shown in the following, this issue and all other challenges mentioned above
can only be alleviated by using antenna amplifiers with a capacitive high input
impedance instead of the traditional antenna amplifiers with a 50 Ω interface.

According to Fig. 2.1, amplifier designers match active devices (e.g. transistors)
to the surrounding circuitry, the upstream antenna element and the downstream
receiver. In this section, the basics of modern antenna amplifier technologies
are introduced, which include the conventional 50 Ω amplifiers and the well-
established HIAs. As already indicated by the names of the amplifiers, the HIA
exhibits a very high-ohmic input impedance (as also shown for the basic ECE FM
HIA in Fig. 2.10, where Zin theoretically approaches infinite), whereas the 50 Ω
amplifier retains an input impedance with a broadband value of Zin ≈ 50 Ω. The
output impedances of both types of amplifiers should keep a value of Zout ≈ 50 Ω
in order to obtain power matching conditions with respect to the final receiver in
connection with the RF cable.

3.3.1 Conventional 50 Ohm Amplifiers
The traditionally used 50 Ω amplifiers are very restricted regarding possible an-
tenna impedances. In combination with an antenna element at the input, which
exhibits an impedance ZA(f) according to eq. (2.1), good impedance matching
can only be achieved over the entire considered frequency range with an antenna
reactance value of

XA(f) ≈ 0 Ω (3.3a)

and a radiation resistance value of

RA(f) ≈ 50 Ω . (3.3b)

As mismatch losses represent the amount of power wasted in the system, they
should be kept to an absolute minimum, which leads to the following strict con-
dition between the input impedance of the AUT and the amplifier directly con-
nected downstream to the antenna:

ZA(f) != Zin(f) ≈ 50 Ω + j · 0 Ω . (3.4)

Consequently, the 50 Ω amplifier poses rigorous requirements on the car an-
tenna structures and is therefore not universally applicable. Only in case of
power matching conditions between the antenna and the amplifier, according to
eq. (2.4), the 50 Ω amplifier delivers good results with an efficient transfer of
power transmitted to the load. This is also visualized in Fig. 3.4 (a). The differ-
ent coloring in the smith chart indicates those regions of the antenna impedance
ZA(f) where an efficient transfer of energy can be expected (green-colored area
around 50 Ω), whereas in the yellow- and especially the red-colored parts of the
smith chart significant signal losses have to be accounted for. Many modern car
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antenna structures within critical (e.g. narrow and shadowed) mounting volumes
are not capable of fulfilling eq. (3.4). These antenna impedances do not remain
within the green-marked antenna impedance area, as they are generally rather
low-ohmic or high-ohmic with a frequency-dependent reactance, which strongly
varies depending on the type of AUT and the related installation volume. In this
situation, lossy impedance matching networks have to be introduced in order to
transform the antenna impedances in the considered frequency range towards
a reasonably broadband value of around 50 Ω (into the region of Fig. 3.4 (a)
marked green). However, this results in a decrease of the achievable sensitivity
of the active receiving system. Without matching measures at the amplifier in-
put, the frequency responses of the critical antennas show large ripple values in
conjunction with the 50 Ω amplifier. In case of antennas with series resonance
impedance characteristics, which is common for modern antennas structures as
will also be presented in the following chapters, the active frequency responses
with the 50 Ω amplifier yield a maximum amplification around the antenna’s
narrowband resonance frequency and immense gain decreases towards both band
edges of the considered frequency range.
Furthermore, the standard 50 Ω amplifiers resistively load the employed an-

tennas in a diversity setup (by the input impedance of around 50 Ω) and thus
inevitably extract power from the antennas, which results in increased mutual
couplings between the different diversity antennas.
In Chapter 5 and 6, different conventional amplifiers based on a 50 Ω interface

are applied for reference investigations with the HIA in conjunction with the
considered hidden car antennas. The comparative results will prove that the
HIA mostly outperforms the 50 Ω amplifier with respect to the active frequency
response behavior as well as SNR considerations in the FM band. This applies
for both 50 Ω as well as non-50 Ω antenna structures with partially strongly
frequency-dependent impedance characteristics.

3.3.2 High-Impedance Amplifier Concept
The high impedance at the input of the HIA is achieved by choosing a suit-
able amplifier technology, wherein a first-stage FET is arranged in common-
drain (source-follower) or common-source circuit topology [9]. Circuits with only
one FET as amplifying medium are called single-stage amplifiers. A preferably
low-capacitance High-Electron-Mobility Transistor (HEMT) with an input ca-
pacitance value smaller than 1 pF is commonly used. The absolutely neces-
sary protection mechanisms in vehicular devices, in order to avoid destroying the
input transistors from Electrostatic Discharge (ESD), can be realized by low-
capacitance, highly-responsive protection circuits at the input and output of the
amplifier. Furthermore, an additional buffer (or acting as amplifying medium in
combination with a first-stage voltage follower), consisting of one or more BJTs
in various configuration possibilities, can serve as a second amplifier stage, which
leads to a two-stage amplifier concept with a few exclusive advantages compared
to the single-stage implementation, as will be presented in the respective chapters.
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A general structure of a two-stage HIA circuit, consisting of one performance-
enhancing FET in common-drain configuration at the input and a BJT as a sec-
ond amplifying stage (as the first voltage follower stage acts as a probe and thus
provides no amplification), is depicted in Fig. 3.3 [10]. An antenna structure with

Figure 3.3: Basic structure of a two-stage HIA with an antenna at the input [10].

a corresponding input impedance ZA(f), according to eq. (2.1), is directly pre-
connected to the input-stage FET. With respect to the equivalent circuit of the
active antenna in Fig. 2.2 (where ZL represents the high-ohmic input impedance
of the FET), the effective antenna voltage V A(f) is simply transferred to the out-
put of the FET (V out(f) in Fig. 3.3). The usually highly frequency-dependent
and partially unpredictable impedance behavior of an antenna structure, which
frequently results in huge resonance peaks of the active frequency response, can be
countered with a frequency-response-compensating reactance network, inserted
between both stages of the amplifier and indicated as the L-C filter network in
Fig. 3.3. In the frequency range above 30 MHz, automotive antenna structures
in most cases exhibit a frequency-dependent radiation resistance

RA(f) > 8 Ω (3.5)

with an additional, mostly arbitrary reactive component XA(f). By appropriate
adjustment of the input admittance

Y (f) = G(f) + j ·B(f) (3.6)

of the integrated L-C filter network, as marked in Fig. 3.3, the active frequency
response of the antenna can be smoothed by observing the condition [9]

RA(f) ·G(f) ≈ constant , (3.7)

where RA(f) is the radiation resistance of the antenna and G(f) the input con-
ductance of the filter. Consequently, as long as the conditions (3.5) and (3.7)
are met, the included filter structure of the HIA is designed for presenting flat
active frequency response characteristics for a wide range of frequency-dependent
antenna impedances (filter and smoothing function of the network). The antenna
reactance XA(f) can then be nearly arbitrary, which results in a high degree of



3.3 Antenna Amplifier Technologies 53

freedom with respect to possible car antenna structures. Moreover, if the con-
nected AUT satisfies the relation

ZA(f) ≈ 50 Ω + j ·XA(f) , (3.8)

the noise figure, intermodulation distances, and signal levels are almost indepen-
dent of the antenna structure itself [10].
For these reasons, the HIA provides an easy implementable interface between

antennas and the receiver, which allows the widest possible applicability with a
broad range of antenna variants and also meets the requirements of a 50 Ω inter-
face. This can also be highlighted graphically in the smith chart of Fig. 3.4 (b).
The color assignment is comparable to the one shown in the smith chart for the
50 Ω amplifier in Fig. 3.4 (a). Apparently, these regions of the antenna impedance
ZA(f) where an efficient transfer of energy can be expected (colored green) are by
far wider than the respective antenna impedance regions for the 50 Ω amplifier.
Only in the two narrow red-colored areas, signal degradations have to be ac-
counted for (so-called ‘forbidden’ antenna impedance regions of the smith chart,
which will partially also be faced in the following chapters). These are based on
a significant increase of the noise figure (and consequently the SNR) for very low
antenna radiation resistances (by violating eq. (3.5)) as well as nonlinear issues of
the amplifier confronted in the very high-ohmic regions (due to power matching
conditions of the antenna and the HIA input), resulting in a huge narrowband
rise of gain for the concerned frequencies. Desired/permitted antenna impedan-
ces for an amplification with the HIA exhibit a reasonably constant (with respect
to eq. (3.7)) and high (at least 8 Ω in order to satisfy eq. (3.5), but the noise
performance further increases for values above 50 Ω) RA(f), which is moreover
as broadband as possible over the considered frequency range. But also a vari-
ety of other non-resonant antenna structures can be perfectly processed with the
HIA, resulting in distinct performance improvements in comparison to the 50 Ω
amplifier, which will also be verified throughout this thesis.

In summary, it can be emphasized that in contrast to the 50 Ω amplifier, the
HIA acts as a probe for the received antenna voltage and consequently no match-
ing to the antenna impedance is required [9]. In this way, there is no need for
lossy matching networks between the AUT and the amplifier. As a consequence,
also switching in front of the active element is possible, which has no effect on
other applications and vice versa. Moreover, as no input noise current source
is present for the HIA, the effective output power and noise figure are nearly
independent of the antenna reactance XA(f). The gained degree of freedom of
the nearly arbitrary antenna reactance can be used by the antenna developers
to further optimize the directivity of the antennas. The reduced requirements
regarding possible antenna impedances provide the user with a high degree of
freedom when choosing the appropriate car antenna structures. In addition to
the integrated filter and smoothing network, also a frequency separation circuit
for AM, FM, DAB and TV applications can be realized after the FET input
stage. And finally, as the input gate current IG is negligibly small (in the order
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(a) ZA(f) regions for the 50 Ω amplifier (b) ZA(f) regions for the HIA

Figure 3.4: Generally permitted antenna impedances for an amplification with
both amplifier technologies (left: 50 Ω amplifier / right: HIA).

of a few µA), the mutual coupling between possible diversity antennas can be
significantly lowered, as the HIAs loading the antennas draw virtually no current
from the antenna elements. For all these reasons mentioned above, the presented
HIA technology enables a high-performing interface for various automotive an-
tenna types (e.g. for challenging modern car antenna structures) and is optimized
regarding low noise, low distortion and flattening of the antenna frequency char-
acteristics, which will also be confirmed in the respective chapters.

Especially for the critical car antenna structures considered in this thesis, the
condition of ZA(f) ≈ 50 Ω can normally not be achieved over the entire operating
bandwidth. In these situations, however, the HIA still delivers good results in
contrast to the conventional 50 Ω amplifier counterparts, which is exemplified in
a case study for the FM band in [64]. In this paper, a comparative evaluation at
the example of four state-of-the-art FM windscreen antennas in conjunction with
amplifiers of both technologies is drawn, where it is proven that the achieved
results concerning the active frequency responses of the different antennas are
superior with the HIA in comparison to the results obtainable with the 50 Ω
amplifier. This investigation again shows that for FM radio reception in cars a
HIA concept represents a lean interface between antennas and the radio, enabling
an easy integration of different antenna structures with low development effort.
But similar results can also be achieved with other critical car antenna structures
as well as for the higher DAB-VHF frequency band, as long as the conditions (3.5)
and (3.7) are fulfilled.
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4 Short Active AM/FM/DAB Helical
Roof Antennas

After becoming familiar with the general theoretical background and the state
of the art of modern active car antennas for reception of terrestrial broadcasting
services, this chapter focuses on short active AM/FM/DAB (VHF Band-III and
L-Band) helical roof antennas of two different lengths. A characteristic feature of
roof-mounted monopole antennas is their almost omnidirectional radiation pat-
tern, independent of the considered vehicle class, as the contour of the car body
only insignificantly influences the antenna behavior. Consequently, these anten-
nas can be employed on any kind of vehicle (excluding on a convertible roof top)
without substantial adjustments. However, it must be accepted that the antennas
are placed visibly and thus affect the styling of the vehicle. For these reasons,
short helical roof antennas or multi-antenna roof modules are especially found
in lower-end vehicles, without the need for diversity assemblies. The connected
FM/DAB amplifier exhibits solely one high-ohmic FET at the input and the com-
ponents of the circuit are optimized regarding a good performance when being
combined with the new triple-resonant CCHAs. The other imposed specifications
in each operating frequency band in relation to the amplifier circuit, as described
in detail for the ECE FM band in Section 2.2.2, are simultaneously targeted.
Based on the collected experiences with respect to 14 cm ultra-short active

helical antennas in [11], the established single- and double-resonant CCHAs are
further developed to a triple-resonant antenna version of the same length. With
an increased effort required for the design of the new CCHA in order to obtain
the third resonance, the results of the active frequency response in the FM and
DAB-VHF frequency ranges can be considerably improved, while maintaining
good results in the AM and DAB-L band. Also the concept of the associated
amplifier architecture presented in [11] is further optimized and tailored to the
impedance character of the new ultra-short helical antenna element. Moreover,
an enhanced HIA circuit, which fulfills all imposed requirements, is aligned with
a 18 cm short helical antenna with an integrated LTE decoupling measure, which
is adapted for a direct connection with a LTE ‘Nefer’ antenna [65] in the im-
mediate vicinity of antennas for further services within a sharkfin roof module.
The first part of the chapter presents the design of the novel 14 cm ultra-short
AM/FM/DAB CCHA with the structure of the related AM and FM/DAB am-
plifier circuits, and highlights the corresponding results of the amplifier alone
and the active antenna combinations. Despite the very sharp FM/DAB-VHF
antenna resonances, the active frequency response of the CCHA, mounted in a
predefined position in the rear roof section of a test vehicle, can be flattened in
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each operating frequency band by means of an adjusted two-path HIA. The un-
satisfactory linearity and noise values of the amplifier are improved in the second
section of the chapter by integrating an AGC and noise optimization network into
the FM/DAB-VHF part of the circuit. In this context, the 18 cm short CCHA
element with included LTE decoupling mechanism is introduced and all results
of the advanced HIA prototype, and of field tests with the active roof antenna
being combined with other diverse antennas, are presented.

4.1 High-Impedance Amplifier in Combination with a
14 cm Ultra-Short Triple-Resonant Helical Antenna

A monopole antenna element with a total height of hCCHA is regarded as being
electrically small, when [66]

k · hCCHA/2 < 1 , (4.1)

with the wave number k = 2·π/λ. Consequently, the investigated helical antennas
with total lengths of 14 cm and 18 cm can both be clearly considered as being
very small/short antennas with respect to the AM, FM and DAB-VHF operating
wavelengths (showing a maximum value of around 0.3 for the DAB-VHF band).
Although the radiation properties of short antennas are mainly independent of
their geometry, impedance matching networks are extremely difficult to employ
for these types of antennas, as will also be demonstrated in the following.
Based on investigations performed in [11], this first section initially introduces

a novel 14 cm ultra-short triple-resonant AM/FM/DAB (both bands) helical
roof antenna element and outlines the main differences and benefits in compar-
ison to the prior single- and double-resonant helical antenna structures of the
same lengths. The design of the CCHA with three different pitches (spacing
between turns) of the copper wire is presented and the measured results of the
antenna impedance in the FM and DAB-VHF frequency band are compared with
the simulated values. Subsequently, design considerations of the corresponding
amplifying element, a two-path HIA adapted to the triple-resonant CCHA, are
discussed in the respective AM, FM and DAB frequency ranges. Also the exper-
imental results and simulations of the investigated amplifier circuit are presented
and the achieved values in each operating frequency band are compared with
the demanded specifications. In a further step, the field measurement results of
the helical antenna in combination with the HIA prototype, mounted vertically
on the roof of a test vehicle in the vicinity of the rear screen, are considered
with regard to the requirements imposed on the active frequency response. The
additional third resonance (both DAB bands, as already shown in the double-
resonant antenna version [6], and a further FM resonance) considerably improves
the active antenna performance in contrast to the prior CCHA versions. A sec-
ond setup of the active antenna takes the potential influence of a surrounding
GNSS ‘Scarabeus’ ring antenna [67] on the active frequency response behavior
into account. The presented active field measurement results of this two-antenna
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combination imply that the desired reception of the AM/FM/DAB broadcasting
services is hardly disrupted by the presence of the additional satellite navigation
antenna.

4.1.1 Ultra-Short AM/FM/DAB CCHA
In general, the CCHA consists of a copper wire wound on a flexible dielectric
tube, thus that the antenna can be bent by more than 90◦, e.g. in a car-wash,
and then returns to its initial position. A first prototype of the 14 cm ultra-
short and thin CCHA for AM/FM radio reception is in series production in the
meantime (single-resonant helical antenna with an FM only resonance [5]). In
a second arrangement, presented in [6], a double-resonant AM/FM and DAB
antenna version of the same length exhibits a series resonance character in the
DAB-VHF band and a second resonance in the DAB-L band, thus achieving good
sensitivity values in the entire DAB frequency range. In this case, the CCHA has a
highly capacitive impedance behavior with a negligible real part RA(f) in the FM
band, as well as naturally also in the AM band. Consequently, the performance
of the active antenna is merely satisfactory in the FM band in comparison to
the results obtained with the 90 cm long passive reference rod antenna. By
adequately modifying the structure of these well-established CCHAs, the FM
series resonance can be reached in addition to the two DAB resonances, resulting
in the novel 14 cm ultra-short triple-resonant CCHA element, whose design will
be explained in the following.
The prior single-resonant [5] and the novel triple-resonant ultra-short CCHAs,

both mounted on an infinite electric ground plane, are simulated with CST R©.
The shape of the car body hardly affects the antenna parameters, consequently
the simulations can be performed without consideration of the test vehicle. Pre-
vious examinations already pointed out the challenges faced in simulating such
very short and round helical antenna structures [68]. Fig. 4.1 (a) shows the simu-
lation model of the 14 cm ultra-short single-resonant AM/FM CCHA. The lower
end of the helical antenna is isolated by a thin dielectric layer (εr ≈ 3.5) and
inserted into a cylindrical metal socket without having galvanic contact to each
other. The connection at the bottom of the metal socket serves as antenna feed-
ing. Alternatively, the capacitive coupling can be realized by a cylindrical pin
within the dielectric tube, as exemplarily shown in the test setup of the triple-
resonant CCHA in Fig. 4.2 (a). In the first single-resonant helical antenna setup,
the length of the copper wire is chosen in order to achieve a series resonance
character at the center frequency of the FM band. This can be achieved with a
single pitch of the copper wire, by simply adapting the total length to obtain a
quarter-wavelength FM antenna structure. Fig. 4.1 (b) depicts the related mea-
sured antenna impedance with the narrowband FM resonance in blue color. The
resonance frequency is located at around 94 MHz and the 3 dB bandwidth is only
5 MHz, which is quite narrow in contrast to the entire FM frequency bandwidth of
32 MHz (Japan & ECE band). The impedance displayed in red color corresponds
to the result received with the simulation model in Fig. 4.1 (a). The correlation of



58 4 Short Active AM/FM/DAB Helical Roof Antennas

both results is very good, indicating the reliability of the used simulation model
for the further development of the more complex triple-resonant CCHA.

In the ultra-short double-resonant antenna version of the same length, the pitch
of the helical structure is adapted (increased pitch for a constant height results in
a higher resonance frequency) to yield a sharp series resonance in the DAB-VHF
band [6]. Furthermore, the length of the cylindrical metal socket or pin is tuned
to have quarter-wavelength at around 1.47 GHz, in this way producing a second
DAB resonance in the L-band. In the AM range, the short CCHA behaves like a
simple monopole antenna with a capacitive high-ohmic input impedance for each
of the different antenna versions.
On the basis of the gained knowledge of the prior single-resonant and double-

resonant ultra-short helical antenna designs and the trustworthy simulation model
of Fig. 4.1 (a), the more sophisticated triple-resonant CCHA element is developed
and optimized in parallel to the associated equally important amplifier circuit,
which will be discussed in Section 4.1.2. In order to improve the reception quality
of the double-resonant CCHA in the FM frequency band, a further series reso-
nance is realized in the FM range, in addition to the two resonances for DAB
reception, by means of a more complex antenna design with varying pitch of
the copper wire. Fig. 4.2 (a) depicts the measurement setup of the novel triple-
resonant AM/FM/DAB-VHF/DAB-L CCHA with a total length of 14 cm and
with a capacitive coupling by means of a pin within the dielectric tube. In the
test setup, the considered CCHA is mounted on a metallic ground plane with
sizes of 60 cm x 60 cm. Fig. 4.2 (b) shows the corresponding simulation model
with a capacitive coupling by means of a socket around the antenna element.
Provided that the length of the capacitive coupling cylinder is the same, as long
as the distance between the pin and the copper wire of the antenna, separated

(a) Simulation model of the AM/FM CCHA (b) Related FM antenna impedance

Figure 4.1: Simulation model of the 14 cm ultra-short single-resonant CCHA and
comparison of measured ( ) and simulated ( ) FM impedances.
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(a) Test setup (b) Simulation model

Figure 4.2: Design of the new 14 cm ultra-short triple-resonant CCHA in the
measurement and simulation setup, showing both feasible coupling
techniques (measurement: pin / simulation: socket).

by the tube, is equivalent to the distance between the socket and the wire, iso-
lated by the dielectric, the resulting impedances of a CCHA model are absolutely
comparable to each other, irrespective of the applied coupling technique. This
statement will also be proven in the comparative results of Fig. 4.4.
A careful design of the wire pitch leads to the desired series resonances in the

FM and DAB-VHF frequency range. The total length of the helical antenna ele-
ment is subdivided into three segments, each with a different pitch of the copper
wire. The first pitch n1 is designed in order to obtain the desired resonance in
the DAB-VHF band. The decreased pitch n2 separates the DAB-VHF frequency
band and produces the FM series resonance in combination with the wire length
of n1. With the short third section of approximately 1 cm on the upper part of
the tube with a pitch of n3, similar to n1, the FM resonance can be fine-tuned
within a few MHz. In accepting the increased effort and costs required for the
variation of the pitch in contrast to the prior antenna versions, the active field
measurement results can be considerably improved in the FM and DAB-VHF
frequency range, as will be confirmed in Section 4.1.4. The length of the cylin-
drical coupling pin (measurement setup) or socket (simulation setup) is again
dimensioned to have one quarter-wavelength in the DAB-L band, which results
in a length of around 4.2 cm and the third resonance of this antenna structure.
In the AM band, the new CCHA still behaves capacitively, as no series reso-
nance can be obtained due to the height of the antenna. However, for the low
AM frequencies only the sufficient coupling to the uniform wire pitch n1 within
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the capacitive coupling area is crucial, which will be estimated in the following.
According to [32]

C ′ = 2 · π · ε
ln(D/d) (4.2)

for the calculation of the capacitance per unit length of a coaxial cable, the effec-
tive coupling capacitance of the CCHA can be determined with the parameters
of the helical antenna given in Table 4.1. In this context, ε = ε0 · εr represents
the permittivity of the dielectric material, D the inner diameter of the socket and
d the outer diameter of the tube (including the helical antenna structure). The
formula can be applied to the entire capacitive coupling length of the socket with
tsocket ≈ 18 turns of the copper wire with pitch n1. Only the effective length of
the copper wire tsocket ·∅copper is essential for the resulting coupling capacitance
Ccoupling within the CCHA section of lsocket ≈ 4.2 cm length:

Ccoupling ≈
2 · π · ε0 · εr,dielectric · tsocket ·∅copper

ln(Dsocket/dtube)
≈ 10 pF . (4.3)

This value is considered to be satisfactory for the capacitive coupling of the
antenna element to the socket in order not to deteriorate the AM reception of
the ultra-short antenna.
The logarithmic S11 behavior of the final optimally designed CCHA element

for the FM and DAB-VHF frequency range is illustrated with the solid blue
line in Fig. 4.3 (a). A second S11 curve with shifted resonance frequencies in
both bands is additionally plotted with the dashed blue line. These resonances
are achieved with a previous prototype of the triple-resonant antenna element,
which is designed with respect to more centrally placed FM (≈ 101 MHz) and
DAB-VHF (≈ 204 MHz) resonance frequencies. At first glance, these resonance
frequencies appear to be reasonable for a constant amplification of the FM/DAB-
VHF helical antenna signals, however, as will be presented in the active field
measurement results of Section 4.1.4, the previous placement of the DAB-VHF
resonance leads to huge challenges in overcoming a high resonance peak in the
DAB-VHF band. For this reason, the DAB-VHF resonance has to be slightly
shifted out of the center towards around 213 MHz. Simultaneously, the 3 dB
bandwidth increases from 6 MHz to around 11 MHz by using a thicker dielectric
tube with an outer diameter of 8 mm instead of 6 mm, thus that the wire can be
drawn with a higher pitch and the bandwidth correspondingly increases. With
this improved design, the imposed specifications concerning a high gain value
with low ripple of the active frequency response can finally be met in conjunction
with the optimized HIA circuit in all operating frequency bands. The active
frequency response behavior in the FM band is less dependent on the location of

Table 4.1: Parameter values for the simulation of the CCHA element.

dtube Dsocket ∅copper εr,dielectric
7.2 mm 8 mm 0.3 mm 3.5
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(a) Previous ( ) and final ( ) S11 in dB (b) Antenna impedance

Figure 4.3: FM and DAB-VHF S11 behavior of two differently designed ultra-
short triple-resonant CCHAs and measured impedance of the final
optimally designed antenna element for all operating frequencies.

the FM resonance frequency than in the DAB-VHF band. As a consequence, the
dashed FM resonance obtained with the previous CCHA prototype also results in
broadband flat active FM signal levels. The active field measurement results of
both realized ultra-short triple-resonant CCHA prototypes, mounted in the rear
roof section of a test vehicle, are presented for the FM and DAB-VHF frequency
ranges in Section 4.1.4, also in comparison to the respective measurement results
achieved with the prior double-resonant antenna version of the same length. In
this way, the accomplished improvements of the newly designed active CCHA
can be highlighted graphically.
Fig. 4.3 (b) portrays the measured impedance behavior of the final optimally

designed new CCHA (corresponding to the solid blue curve in the logarithmic
representation for the FM and DAB-VHF band in Fig. 4.3 (a)) in each operating
frequency range. As it can be seen, both measured series resonances, in the FM
band at around 104 MHz (with a 3 dB bandwidth of only 3 MHz) and in the
DAB-VHF band at approximately 213 MHz, are still rather narrowband com-
pared to the entire bandwidths of both frequency ranges (DAB-VHF bandwidth
is 66 MHz). Thus, the new CCHA further on inevitably produces very sharp FM
and DAB-VHF resonances, since the inductive part of the antenna has a high
quality factor, while in both bands keeping a relatively constant antenna radi-
ation resistance over frequency with a value greater than the required 8 Ω [10].
As expected, for the low AM frequencies the considered CCHA element behaves
like a simple monopole antenna with capacitive high-ohmic impedance values.
The DAB-L band center frequency is located at 1472 MHz with a bandwidth of
40 MHz, thus being a very narrowband application with 2.7 % bandwidth. The
large inductance of the helical antenna does not load the DAB-L antenna and
the measured antenna impedance exhibits a reasonable value close to 50 Ω.
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Fig. 4.4 shows the measured antenna impedance of the triple-resonant CCHA
in the FM and DAB-VHF frequency ranges in blue color, according to the test
setup in Fig. 4.2 (a), compared to the results obtained from the simulation model
of Fig. 4.2 (b), illustrated in red color. Even in case of the complex triple-
resonant antenna version, the agreement between measurement and simulation is
very good. These results moreover prove that the different coupling techniques
mentioned above deliver comparable antenna impedances.

Figure 4.4: Comparison of measured ( ) and simulated ( ) impedances of the
triple-resonant CCHA in the FM and DAB-VHF band.

Given the shown antenna impedances, it is in practice not possible to match
them to the receiver for the entire operating frequency range without significant
losses. This issue can be overcome by employing the active antenna principle.
The impedance character of the novel CCHA structure in the FM and DAB-VHF
range (which even reaches the ‘forbidden’ high-ohmic impedance region of the
HIA in both frequency bands, according to Section 3.3.2) indicates that an an-
tenna amplifier with high input impedance has to be used [11]. Instead of drawing
power from the antenna, this amplifier is optimized in order to pick-up as much as
possible from the diminished antenna voltage and then drives the radio receiver.
Based on investigations performed in [5], undesired sharp parallel resonances are
obtained inside both operating frequency bands when connecting the HIA to the
CCHA. This means that the frequency characteristic has to be flattened by the
subsequent amplifier part in the FM and DAB-VHF bands (see also Section 6.1.2).
For the DAB-L band there is actually no need for a HIA, because the antenna
impedance has a reasonable and broadband value. The applied two-path HIA
with only one FET for the FM and DAB (both bands) amplification, which will
be described next, manages to smoothen the narrowband FM/DAB-VHF series
resonances of the antenna, resulting in flat active frequency responses with high
gain values in each operating frequency band, as will ultimately be presented in
the active field measurement results in Section 4.1.4.
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4.1.2 Design Considerations of the AM/FM/DAB Amplifier
As the combination of the CCHA with a 50 Ω amplifier proves to be unfavor-
able [11], the possibility to use a single-transistor HIA with its capacitive input
impedance for covering the entire FM, DAB-VHF and DAB-L band is investi-
gated. The general advantages of the HIA concept have already been detailed in
Section 3.3.2. This kind of amplifier is well-known for being efficiently employed
for small antenna elements, where impedance matching is not recommended [69].
Interconnected with a second HIA path for AM reception, all terrestrial audio
broadcasting services can be covered in combination with the triple-resonant heli-
cal roof antenna of Section 4.1.1. This subsection concentrates on optimizing the
amplifier design in order to obtain a high-performance ultra-short active multi-
band antenna [8].
In this context, the two-path AM/FM/DAB amplifier structure for the double-

resonant CCHA, presented in [11], is further adapted for combination with the
novel triple-resonant CCHA element described previously. In contrast to a former
amplifier design in combination with a 20 cm short rod antenna [48], the presented
two-path amplifier requires only one GaAs HEMT for the FM and DAB (both
bands) services, thus enabling a very low-cost design. Different attempts were
addressed to also integrate the AM amplifying path into the FM/DAB network
in order to receive an even more cost-efficient one-path single-stage amplifier
solution for all operating frequencies. However, firstly, the linearity issues of
the ak2 for strong FM signals (e.g. the second harmonic of f1 = 98 MHz and
f2 = 100 MHz with f2−f1 = 2 MHz falls into the AM receiving band) can not be
alleviated with this implementation. In fact, because the FM channels are wider
than the AM ones, a number of consecutive AM channels would be disturbed.
Thus, no low-noise stage can be designed linearly enough in order to prevent FM
to AM intermodulation conversions [11]. Secondly, the need for a separate AM
amplification path arises from the inevitable flicker noise in the lower frequency
bands, which requires the use of low-1/f -noise transistors for the AM range.
Unfortunately, these devices exhibit an insufficient transconductance in order to
be also used for the FM/DAB amplifier. For these two reasons, the AM path
necessarily has to be separated and the different frequency bands have to be
processed individually in two paths. However, the reception of DAB-VHF signals
also proves to be challenging, as this frequency band is not located far enough
from the FM one and the amplifier may be subject to undesired FM to DAB-VHF
intermodulation conversions (taken the example above with f1 + f2 = 198 MHz,
which falls into the DAB-VHF receiving band). Thus, this design still experiences
some difficulties, which can only be countered by increasing the complexity and
costs of the amplifier, as will be demonstrated in the second part of this chapter.
The DAB-L band does not prove to be an issue as this frequency band is located
far away from the other operating frequencies.
The antenna impedance seen by the amplifier requires that the amplifying

element exhibits a low parallel input noise current source. In this case, FETs
have to be employed instead of BJTs. The use of FETs also helps achieving
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the high input impedance of the amplifier. Special requirements have also to
be met concerning the noise performance of the transistor employed in the first
stage of the antenna amplifier. Experimental measurements in [11] concluded
that Si JFETs are more appropriate for AM applications due to their low flicker
noise, while for FM and DAB, GaAs devices are preferred. Moreover, the input
capacitance Cin of the transistor has to be chosen as low as possible in order
to achieve good sensitivity values, while the amplifier should be able to drive
the coaxial cable and the radio receiver connected downstream, resulting in a
50 Ω output impedance in each operating frequency band. Other important
specifications which have to be taken into account are the noise figure, output
noise voltage, and the linearity values of the amplifier, as described in detail in
Section 2.2.2. Apparently, the amplifier should also exhibit high gain, as the
voltage induced in the short antenna element is very small. But unfortunately,
high gain values produce increased output noise voltage levels. Consequently, the
stated requirements are contradictory and the amplifier design has to be chosen
to allow for the acceptance of compromises. In the intended car environment, an
at least 2.5 m long coaxial cable connects the antenna amplifier on the roof with
the radio receiver in the dashboard or the trunk of the vehicle [2]. The usual
radio receivers have a 50 Ω input impedance in the FM range and a capacitively
high input impedance in the AM range. The high-ohmic character of the receiver
for the AM frequencies can be encountered by a buffer stage, as also deployed in
the presented configuration.
In Fig. 4.5, the block diagram of the optimized amplifier design for the process-

ing of the CCHA signals is shown. The AM and FM/DAB signals are processed
separately by two specialized low-noise amplifiers with high input impedance and
high linearity. The upper amplifier path, with only one single transistor for FM
and DAB radio reception, can be considered as a common-source configuration
with degeneration for the FM and DAB-VHF bands (green coloring), while in
the DAB-L range the transistor acts like a source follower with resonant out-
put transformation (blue coloring). This topology enables an amplification with
negative feedback tailored to the triple-resonant character of the CCHA in the
FM and DAB-VHF range. The FM/DAB amplifier core is built around a GaAs

Figure 4.5: Block diagram of the two-path AM/FM/DAB HIA for the ultra-short
triple-resonant CCHA.
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HEMT and filter measures at the input (high-pass) and output are included in
order to separate and recombine the signals of both amplifying paths. The lower
amplifier path of Fig. 4.5 indicates the structure of the AM amplifier part (yel-
low coloring). The AM amplifier is designed as a JFET cascode configuration
followed by a buffer stage in order not to deteriorate the output signal level when
connecting the long 50 Ω coaxial cable to the receiver. At the input and output
of the AM amplifier path, a low-pass filter prevents the higher-frequency signals
from reaching the AM stage. The presented amplifier configuration has the ad-
vantage of being an ultra-compact solution with low part count and low demands
concerning the input path.

In the following, the block diagram of Fig. 4.5 will be considered in more
detail in each operating frequency band, beginning with the low-frequency AM
amplifier part.

Design in the AM Range

The flicker noise exhibited by transistors severely affects the AM range. Si JFETs
normally have lower flicker noise, while the GaAs HEMT devices exhibit rather
high noise values at the lower frequencies. Otherwise, since the Si JFETs have an
insufficient transconductance, they are not suited for the FM/DAB applications,
but perform well in the AM amplifier part introduced in the following.
According to the coloring in the general block diagram of Fig. 4.5, the schematic

of the considered AM HIA is depicted in yellow in Fig. 4.6. The ultra-short
antenna element is replaced by its equivalent circuit consisting of V A and the
antenna capacitance CA ≈ 2 pF [11]. For a good AM performance it is obligatory
to reduce the total capacitive loading by both amplifier inputs to an absolute
minimum due to the already low antenna capacitance. It is moreover expected
that the practical realization contributes an additional capacitance Cpar to the
input node, caused by layout parasitics. An input-side JFET of type SST310 [70]
is commonly preferred due to its low flicker noise and low price. However, this
transistor has quite large gate-source CGS (around 4.8 pF) and gate-drain CGD
(around 1.6 pF) capacitances, thus that a significant input signal attenuation is
expected compared to the single-stage FM/DAB amplifier part, where the HEMT
exhibits very low input capacitances according to Table 4.2. In order to alleviate
this issue, the AM amplifier is built around a degenerated Si JFET cascode stage,
realized by the dual N-channel JFET of type PMBF J620 [71] (combining two
low-noise JFETs J1 and J2 in a single package). The degeneration reduces the
equivalent gate-source capacitance and improves the linearity, while the cascode
topology minimizes the Miller effect. Furthermore, as in the AM range the final
radio receiver has a high capacitive input impedance (of around 15 pF) and is
connected with a long (2.5 – 5 m, depending on the location of the receiver)
50 Ω coaxial cable to the active antenna, the load the antenna amplifier sees is
dominated by the cable capacitance Ccbl [2]. For these reasons, an additional
50 Ω AM buffer stage, composed of transistor J3 of type BF862 [72], is employed.
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Figure 4.6: Schematic of the AM amplifier part for the ultra-short triple-
resonant CCHA.

The gate biasing resistor RG plays an important role for the noise performance
of the amplifier for electrically short antennas [11]. The amount of noise picked up
by the transistor is a function of this resistor value, the antenna capacitance CA
and the input capacitance Cin of the amplifier (not marked in Fig. 4.6). The resis-
tor value has to be dimensioned for the lowest operating frequency, which in this
case for the AM MW band is set to around 530 kHz. As a general design rule, its
value should be chosen as large as possible, but for practical reasons it is limited
to a maximum of 10 MΩ. All capacitances can be considered as short-circuited
in the entire AM MW range. The resistance RS combined with the inductance
LS form the degeneration and improve the linearity of the common-source AM
input stage. The resistance R7 restricts the IDS current of the buffer stage. LD
is a choke inductor for the AM range and saves DC voltage headroom for high
RF input levels, while RD in combination with RS set the voltage gain of the AM
stage. The gates of the cascode stage transistors are biased with the help of the
voltage divider R2-R3-R4 and J3 is biased by means of the R5-R6 combination.
The JFETs are biased with around 30 mA, which results in transconductance
values of only around 16 mS. The output impedance of the AM cascode stage
is dominated by RD = 330 Ω. However, stages exhibiting large output impe-
dances are not well suited for driving large capacitive loads. The low-pass filter
formed by this output impedance and the capacitance Ccbl of the coaxial cable,
connecting the antenna amplifier to the high-impedance AM receiver, introduces
a resonance peak which could fall into the AM operating range. In this case, in
which RD = 330 Ω and Ccbl ≈ 400 pF (based on an estimated cable length of
4 m and a typical capacitance per unit length of 100 pF/m in the AM range),
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the peak would occur at around

fpeak,AM ≈
1

2 · π ·RD · Ccbl
≈ 1.2 MHz , (4.4)

which is located directly in the center of the AM MW band. Consequently,
for an improved AM performance an appropriate buffer stage with low output
impedance is added (J3), capable of driving the capacitive load. In combina-
tion with the resistance R8, the AM output impedance can thus be matched to
around 50 Ω.

Design in the FM/DAB Range

The use of a CCHA assumes that the amplifier flattens the overall frequency
response. For frequencies below the series resonance frequency fser, the antenna
impedance is capacitive, thus that in combination with the amplifier’s input
capacitance Cin a capacitive voltage divider arises. Above fser, the antenna
impedance is inductive and a parallel resonance occurs in combination with Cin,
which transforms the antenna’s open-loop voltage V A and increases the ampli-
fier’s input voltage V in, resulting in a sharp voltage peak (as it can also be seen
in Section 6.1.2). This parallel resonance frequency is present for both the FM
and the DAB-VHF frequency band and occurs inside or directly adjacent to both
operating frequency bands. These effects lead to the necessity to investigate pos-
sibilities to flatten the frequency responses and noise characteristics of an active
CCHA in order to fulfill the requirements imposed on automotive applications.
In choosing the voltage gain of the stage, a trade-off has to be made between
sensitivity, output noise level and linearity. In order to compensate for the re-
duced voltage V A excited by the electrical field in the short antenna element,
the first choice would be to increase the amplifier gain. However, also the output
noise voltage of the amplifier rises as the voltage gain increases. Additionally, the
linearity is a function of the amount of negative feedback, which again impacts
the gain. For these reasons, an amplifier configuration has to be chosen which
allows for a selective voltage amplification.

The FM/DAB amplifier consists of one amplifying stage equipped with a
NE3508 GaAs HEMT M1 [73], which is commonly intended for microwave appli-
cations. In Table 4.2, it can be noticed that the transconductance gm of the used
GaAs device is by far superior in contrast to the value of the JFET counterparts
of the AM amplifier. Furthermore, this transistor type has an excellent noise
figure and achieves good linearity, but because of its high flicker noise it is not
suited for the low-frequency AM radio service. As the dissipative power has to
be maintained at a reasonable level, the HEMT is operated at a drain current
IDS of around 30 mA and biased at VDS ≈ 2.5 V.
Fig. 4.7 depicts the schematic of the single-transistor, ultra-compact ampli-

fier path for the FM and both DAB bands. The ultra-short antenna element
is replaced by its equivalent circuit consisting of the voltage source V A and the
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Table 4.2: Parameters of the applied GaAs HEMT NE3508 [73].

IDS gm CGS CGD
30 mA ≈ 215 mS ≈ 0.85 pF ≈ 0.2 pF

antenna impedance ZA. The capacitance Cpar sums up the capacitive parasitic
effects which occur on the input path of the amplifier, including the ESD protec-
tion via BAV99 Si switching diodes at the amplifier input and output, coming in
pairs within the same package [74]. The input capacitance thus added is expected
to be lower than 1.5 pF.

Figure 4.7: Schematic of the single-stage FM/DAB amplifier part for the ultra-
short triple-resonant CCHA.

The resistor R7 together with the gate biasing voltage, set by R1-R2, determine
the DC drain current of the HEMT. The choke L8 saves DC voltage headroom,
while R10 improves the output matching of the FM/DAB-VHF stage. More-
over, R10 attenuates the undesired resonance frequencies of the parallel connected
choke for high frequencies, whereas R11 reduces the supplied voltage to some ex-
tent. The resistor R3 in parallel to the inductor L3 bias the transistor’s gate. L3
furthermore prevents the induced gate noise current source ofM1 from degrading
the noise of the AM amplifier stage and protects the FM/DAB input against the
intrusion of strong AM signals, which could produce unwanted nonlinear effects.
The L4-R4 and L9-R12 parallel circuits, together with R5 in series to C4, ensure
the stability of the stage and are dimensioned in order to have a minimal impact
upon the working range. Furthermore, the decoupling capacitors C3, C5, C8 and
C9 are DC blocks and can be considered as short-circuited for the entire operating
frequency range.
The FM part of the amplifier is basically a common-source stage with de-

generation. The degeneration is formed by the L5-R6 group, having an induc-
tive character. Consequently, the impedance ZFM (marked red in Fig. 4.7) is
frequency-dependent, but it features less noise than a broadband resistive degen-
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(a) New network (b) Prior network [11]

Figure 4.8: Circuits of the new and prior DAB-VHF degeneration.

eration does. The components are dimensioned in order to obtain around 10 dB
gain at 100 MHz, as will also be shown in Fig. 4.13 (a). The DAB-VHF and
DAB-L signal paths connected at the transistor’s source have only little impact
upon the FM degeneration.
The DAB-VHF part of the amplifier also consists of a common-source stage

with degeneration, implemented with a special negative feedback design. A
frequency-selective network composed of two series resonant circuits connected
in parallel is added to the FM degeneration described previously. The input
impedance ZDAB−V HF of the frequency-dependent degeneration (also marked
red in Fig. 4.7) compensates the sharp DAB-VHF resonance of the CCHA, thus
that a flat active frequency response can be obtained in the DAB-VHF range.
The prior network described in [11] consists of two coupled resonant circuits and
is shown in Fig. 4.8 (b) with the input impedance Z ′DAB−V HF . Fig. 4.8 (a) dis-
plays the circuitry of the new optimized DAB-VHF degeneration, extracted from
the schematic in Fig. 4.7.
The simulated input impedance ZDAB−V HF of the series resonant DAB-VHF

degeneration network of Fig. 4.8 (a), given by the components C6-L6-R8 and C7-
L7-R9, is shown in Fig. 4.9 with the solid red line. The impedance exhibits its

(a) Input impedances (b) Corresponding S11 in dB

Figure 4.9: Simulated S11 behavior of the new ( ) and prior ( ) DAB-VHF neg-
ative feedback circuits of the single-stage HIA, according to Fig. 4.8.
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maximum at the frequency where the antenna parallel resonance occurs (around
220 MHz, as shown in Fig. 4.9 (b)). As it can be seen, the new degeneration
network has a higher impedance value at the parallel resonance frequency and is
more broadband (3 dB bandwidth of 30 MHz in contrast to 24 MHz) than the
prior network, which is illustrated in Fig. 4.9 with the dashed red curve.

In the DAB-L part of the amplifier, the HEMT acts as a source follower, in
which the drain is grounded by means of the capacitance CD in series to RD
(marked blue in Fig. 4.7 at the drain of M1). The signal amplification is realized
by a resonance transformation in the narrow DAB-L band. In order to obtain
voltage gain, the stage drives the C10-L10-R13 network that boosts-up the voltage
level at its output (marked blue in Fig. 4.7 at the source of M1).

The additional components in Figs. 4.6 and 4.7 for the separation of the signals
at the input and the recombination at the output of both amplifier paths will be
described in the following.

Separation and Recombination of both Amplifier Paths

The two amplification paths have to be combined such that the interference be-
tween them is minimized, which is achieved by means of various filter structures.
The AM input has to be protected against the intrusion of strong FM/DAB

signals which can produce unwanted nonlinear effects. In this case, the inductor
L1 (Fig. 4.6) together with the total input capacitance Cin of the AM stage form a
low-pass filter, which reduces the FM signal well before it reaches the input of the
AM amplifier. The parallel connection of R1 attenuates an emerging resonance
peak of the L1 = 4.7 µH combination with Cin ≈ 10 – 15 pF. At the output of
the AM stage, L2 (Fig. 4.6) serves as a low-pass filter for the separation of the
higher FM and DAB frequencies from the low-frequency AM output path.
The high-pass filter composed of the two parallel connected series resonant

circuits C1-L1 and C2-L2 (Fig. 4.7) blocks the low AM frequencies. A carefully
dimensioned parallel connection of C1 and C2 furthermore reduces the capacitive
loading of the AM input stage (with preferably low capacitance values). On the
other hand, the capacitance values must be high enough in order to avoid a too
strong signal loss in the FM/DAB operating range. The output signals of the two
amplifier parts are also combined by means of filters. The L9-R12 combination at
the output of the FM/DAB-VHF path (at the drain ofM1 in Fig. 4.7) prevents the
DAB-L signals from entering the FM/DAB-VHF path, while the series resonance
of C11 with L11 in parallel to R14 is tuned on the DAB-L frequencies and isolates
them from the FM/DAB-VHF signals.

The amplifier circuit has been realized on a standard FR4 board and the related
prototype is shown in Fig. 4.10. The contour and the sizes of the equipped
circuit are predefined for an intended combination with a GNSS ring antenna,
as will be demonstrated in Section 4.1.4. The design of the layout concentrates
on optimizing the high-frequency behavior of the circuit, while simultaneously
minimizing the parasitic effects which could lead to instabilities. The DAB-L
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Figure 4.10: Realized two-path AM/FM/DAB HIA prototype for the ultra-short
triple-resonant CCHA.

path requires special attention when designing the layout because of its higher
frequencies. The ground plane has been removed from beneath the input node
towards the GaAs HEMT in order to minimize the input capacitance of the
amplifier circuit. By detaching the pin of the input SubMiniature version A
(SMA) connector, the ultra-short antenna can be mounted directly on top of the
amplifier Printed Circuit Board (PCB) (as exemplarily shown in Fig. 4.19 (a)),
thus avoiding additional undesired capacitive loading which may occur on the
input node.
In the following, the measured and simulated results of the two-path HIA are

presented in each operating frequency band.

4.1.3 Experimental Results and Simulations of the Amplifier
As it will be shown in the following, the discussed amplifier topology provides an
overall good performance, but fails to achieve some important specifications con-
cerning the nonlinearity and noise issues in the FM frequency range. The inter-
modulation products occurring in one operating band and affecting the other one
are the main problem of this single-stage FM/DAB amplifier approach. Neverthe-
less, it is a very low-cost and compact solution for the ultra-short triple-resonant
antenna element, which also provides smoothed active frequency responses with
high gain values in each operating frequency band, as will be confirmed in Sec-
tion 4.1.4.
The amplifier is characterized with respect to the imposed specifications in

each operating frequency band by experimental results in blue color as well as
the corresponding simulated values in red color.
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Measurements in the AM Range

In the low-frequency AM MW band, the gain requirements are softened in com-
parison to the other higher-frequency bands. The gain of the AM amplifier is
measured in the lab and plotted in Fig. 4.11 (a) together with the simulated re-
sult. Measured without the coaxial cable connected downstream, the gain value
of the amplifier should not exceed 4 dB in a 50 Ω system, while it should have
at least –2 dB. The measured gain value of the investigated AM HIA decreases
from 0.7 dB at 500 kHz to –0.1 dB at 1.7 MHz, thus completely remaining within
the given limits. The corresponding input and output impedances are displayed
in Fig. 4.11 (b). As expected, the input impedance of the amplifier is extremely
high-ohmic, whereas the output impedance is located in close proximity to 50 Ω
by means of the second buffer stage. Thus, the specification of a good output
matching towards the subsequent long coaxial cable in the AM band can also be
fulfilled. In each case, the simulations fit very well to the measurements. The
ultimately most relevant criteria for the AM MW amplifier gain are the active
field measurements of the amplifier in conjunction with the ultra-short helical
antenna element, which will be outlined in Section 4.1.4.

(a) Amplifier gain (b) Input/output impedances

Figure 4.11: Measured ( ) and simulated ( ) gain and impedance behavior of
the AM amplifier in a 50 Ω system.

The output noise voltage is measured with the test receiver (IF bandwidth of
9 kHz and ‘average’ mode) in the lab, with the amplifier being placed in a shielded
box as described in Section 2.2.1. The respective output noise voltage curves of
the amplifier are shown in Fig. 4.12 for the AM MW range, again considered in
a 50 Ω system. The measured AM output noise voltage shows a good agreement
with the simulations and is below –9.8 dBµV in the entire AM MW band, thus
easily accomplishing the imposed specifications which require a maximum mean
value of –5 dBµV.

The linearity of the AM amplifier is also measured in the lab by means of a
spectrum analyzer. For the AM measurements, the two input frequencies are
located at 700 kHz and 800 kHz. The specifications require a sufficiently high
ak3 value of the AM amplifier, being at least 50 dB at an output voltage level of
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Figure 4.12: Measured ( ) and simulated ( ) averaged output noise voltage of
the AM amplifier in a 50 Ω system for 9 kHz bandwidth.

100 dBµV. As stated in Table 4.3, the applied AM amplifier circuit achieves an
ak2

1 value of 43 dB and an ak3
2 value of 56 dB, which is considered as satisfactory.

Again, the simulations can be used well for reproducing the measurements and
simulatively optimize the values with respect to the specifications.

Table 4.3: Measured and simulated intermodulation performance of the AM am-
plifier for f1 = 700 kHz, f2 = 800 kHz and 100 dBµV output level.

measurement simulation
ak2 [dB] 43 45
ak3 [dB] 56 57

Measurements in the FM/DAB-VHF Range

The gain measurements in the FM and DAB-VHF range are also performed in the
lab with the 50 Ω VNA cables connected to the amplifier ports. In Fig. 4.13 (a),
the measured and simulated gain curves are shown in both frequency bands.
The FM amplifier part exhibits gain values between 15 dB at 76 MHz and 8 dB
at 108 MHz, measured in a 50 Ω system and in compliance with the minimally
required FM gain value according to Table 2.1. In the DAB-VHF frequency range,
the required averaged gain value can also be met with the presented circuit. The
FM/DAB-VHF input and output impedance behavior of the single-stage amplifier
is drawn in Fig. 4.13 (b). The requirements on the impedances are also fulfilled,
as the input impedance is still high-ohmic (despite the additional capacitive load
of the AM amplifier part, the capacitance of the HEMT and the many parasitic

1at the frequency f1 + f2
2at the frequency 2 · f1 − f2
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(a) Amplifier gain (b) Input/output impedances

Figure 4.13: Measured ( ) and simulated ( ) gain and impedance behavior of
the FM/DAB-VHF amplifier in a 50 Ω system.

capacitances and losses resulting from the layout) and the output impedance is
surrounding 50 Ω. Furthermore, the correlation between measured and simulated
results is very good.
A comparison between the measured and simulated FM/DAB-VHF noise figure

is shown in Fig. 4.14. As already indicated in Section 2.2.1, the noise figure
is only specified for both DAB frequency bands (a maximum value of 3 dB is
required for the DAB-VHF amplifier core). In the FM band, the output noise
voltage values are of major importance, but for the sake of completeness the FM
noise figure values are also displayed in Fig. 4.14. In both frequency ranges, the
curve progression between measurement and simulation is very similar and the
measured noise figure values do not exceed 2.8 dB. The simulations tend to be
slightly more optimistic, which can be explained by inaccurate noise models of
the transistor and the other noise sources in the simulated circuit.
The measured FM output noise voltage is illustrated in Fig. 4.15, determined

in an anechoic chamber with the 14 cm ultra-short CCHA connected to the
amplifier input. The mode of the test receiver is switched to ‘average’ and the IF
bandwidth is set to 120 kHz. In the Japanese FM band, the output noise level

Figure 4.14: Measured ( ) and simulated ( ) noise figure of the FM/DAB-VHF
amplifier in a 50 Ω system.
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Figure 4.15: Measured ( ) and simulated ( ) averaged FM output noise voltage
of the FM/DAB-VHF amplifier in conjunction with the CCHA for
120 kHz bandwidth.

rises strongly and even reaches positive values for 76 MHz – 84 MHz. A similar
behavior is also evident at the upper band edge of the ECE FM band, intersecting
the 0 dBµV line at 108 MHz. This dramatic increase of the output noise voltage
towards the FM band edges is based on the narrowband performance of the short
antenna element and can only be mitigated by modifying the amplifier input
with transforming measures for the antenna impedance to be more broadband in
the FM band. Around the series resonance frequency of the CCHA, minimum
values of –4 dBµV are met for a bandwidth of only 5 MHz. Thus, the imposed
requirement with respect to the noise behavior of the active antenna can not
yet be achieved. One way to decrease the overall output noise level would be to
sufficiently suppress the voltage gain of the stage, but this is not an appropriate
solution. Section 4.2.2 will describe a transformation network at the input of the
HIA, which manages to considerably improve the noise performance of the active
antenna. The discrepancy between measurement and simulation is below 1.7 dB
and is mainly attributed to the poor noise modelling of the HEMT.

The linearity of the FM/DAB-VHF amplifier part is measured by supplying two
tones at the input and recording the output signal levels for the fundamental input
frequencies and the 2nd3 and 3rd4 order intermodulation products. The relevant
measured and simulated values of the amplifier’s intermodulation performance
are given in Table 4.4 for the FM band (input tones located on f1 = 98 MHz
and f2 = 100 MHz) and Table 4.5 for the DAB-VHF range (input tones located
on f1 = 198 MHz and f2 = 200 MHz). As stated in the general specification
table for the FM band in Section 2.2.1, the FM values are required for 110 dBµV
output level, whereas in the DAB-VHF band the output level is set to 100 dBµV.
As it can be seen in both tables, the deviation of the measured and simulated

3at the frequency f1 + f2
4at the frequency 2 · f1 − f2
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Table 4.4: Measured intermodulation performance of the FM/DAB-VHF ampli-
fier for f1 = 98 MHz, f2 = 100 MHz and 110 dBµV output level.

measurement simulation
ak2 [dB] 43 45
ak3 [dB] 48 52

Table 4.5: Measured intermodulation performance of the FM/DAB-VHF ampli-
fier for f1 = 198 MHz, f2 = 200 MHz and 100 dBµV output level.

measurement simulation
ak2 [dB] 54 57
ak3 [dB] 66 70

linearity values is low. In the DAB-VHF frequency band, the specified limits
could be met for both intermodulation distances. In the FM band, however,
the amplifier circuit fails to accomplish the value of at least 60 dB for both
intermodulation distances. Consequently, the strict FM linearity requirements
can not yet be met with this single-stage FM/DAB amplifier configuration, which
is noticeably exposed to FM to DAB-VHF intermodulation conversion issues. By
means of an AGC circuitry at the input of the FM/DAB-VHF amplifier part, the
problem with the too low intermodulation distances can finally be solved.

Measurements in the DAB-L Range

The measurements of the single-stage HIA (designed as common-source configu-
ration) in the high-frequency DAB-L band are also performed in the lab of the
institute. Fig. 4.16 (a) displays the measured and simulated gain of the amplifier
for the DAB-L frequencies in a 50 Ω system. The gain is achieved by adequately
dimensioning the lengths of the conducting paths and the values of the effective
components in the DAB-L band. In this way, a measured gain value of broad-
band 11.5 dB can be obtained, which fulfills the requirements. The corresponding
simulation offers slightly more gain, which can be explained by unidentified para-
sitic effects in the PCB layout for the higher frequencies. The input impedance in
Fig. 4.16 (b) shows that for these high frequencies the amplifier inherently can not
be operated high-ohmic anymore (as will also be stated for the higher-frequency
DVB-T range in Section 6.3). The output impedance is again well-located in very
close vicinity to 50 Ω, thus avoiding signal reflections when connecting the 50 Ω
coaxial cable to the amplifier output. Even for these high frequencies, a good
correlation between measurements and simulations could be identified.
A comparison between the measured and simulated noise figure in the DAB-L

band is shown in Fig. 4.17. For the DAB-L noise figure a very good agreement
between measurement and simulation could be obtained and the values easily
fulfill the imposed specifications requiring a maximum value of 2 dB.
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(a) Amplifier gain (b) Input/output impedances

Figure 4.16: Measured ( ) and simulated ( ) gain and impedance behavior of
the DAB-L amplifier in a 50 Ω system.

Figure 4.17: Measured ( ) and simulated ( ) noise figure of the DAB-L ampli-
fier in a 50 Ω system.

Finally, also the intermodulation performance is investigated for the higher
DAB-L frequencies. Table 4.6 gives an overview of the achieved 2nd5 and 3rd6

order intermodulation distances for two input tones located on 1470 MHz and
1474 MHz. The experimental results resemble the simulated values and are found
to be satisfactory.

Table 4.6: Measured intermodulation performance of the DAB-L amplifier for
f1 = 1470 MHz, f2 = 1474 MHz and 100 dBµV output level.

measurement simulation
ak2 [dB] 31 34
ak3 [dB] 59 55

5at the frequency f1 + f2
6at the frequency 2 · f1 − f2
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In summarizing the stated amplifier results, the specifications are met for all
terrestrial audio broadcasting services as far as the intermodulation distances and
the output noise voltage values in the FM band are not concerned. As expected,
there is a serious issue concerning the FM ak2 (more specifically, 2nd order inter-
modulation products of strong FM stations which fall into the DAB-VHF band),
but also the ak3, which fall back directly into the FM operating band. By slightly
increasing the complexity of the amplifier circuit, all specifications can finally be
met. The results of this enhanced HIA version in combination with a 18 cm short
CCHA will be presented in the second section of the chapter.

In the following, the active field measurements of the investigated HIA in con-
junction with the 14 cm ultra-short helical roof antenna are considered in all
operating frequency ranges. Furthermore, the measurement results of the active
antenna surrounded by a GNSS ring antenna are presented.

4.1.4 Active Field Measurements of the Ultra-Short Helical Roof
Antenna and Combination with a GNSS Antenna

First, the AM, FM and DAB (both bands) field measurement results of the new
14 cm ultra-short triple-resonant helical roof antenna element in combination with
the two-path HIA prototype are presented. In a next step, this active antenna
for the reception of all terrestrial audio broadcasting services is combined with
a GNSS antenna for the additional reception of satellite navigation services. In
this context, a ‘Scarabeus’ ring antenna [67] is surrounding the vertically mounted
HIA circuit and the two-antenna combination is placed within a small housing
on the roof of the test vehicle, just above the rear windshield. The results of
the active FM and DAB-VHF frequency responses are then compared with the
results of the single active antenna, indicating that the influence of the closely
situated ring antenna can almost be neglected.

Active Measurements in the AM Range

The active field measurements of the automotive antennas in the AM frequency
range are performed in the car test radome, however, without the active antenna
being placed in the intended position on the roof of the test vehicle. As the
AM wavelength is by far higher (in the order of 100 · λ) than the maximum
dimensions of the vehicle, the influence of the metallic car body on the active
field measurement results is negligible. For these reasons, the AM field measure-
ments are specified differently than the higher-frequency FM and DAB-VHF field
measurements, which necessarily have to be executed in the presence of the test
vehicle.
Fig. 4.18 shows the AM field measurement setup inside the car test radome.

The active AUT is placed in the middle of a metallic ground plane with a diameter
of 1.4 m and a heigth of 1.2 m over the Earth’s surface. This configuration is
drawn in Fig. 4.18 (a). On the one hand, the ultra-short active antenna element is
depicted, whereas the received signal levels are referred to the values of a passive
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(a) AM receiving antennas (b) AM field measurement setup

Figure 4.18: AM field measurement setup with placement of the novel ultra-short
active CCHA and the 80 cm long reference rod antenna on a ground
plane inside the radome.

80 cm long reference rod antenna, placed next to the active CCHA. The received
AM signal levels are measured with a spectrum analyzer in conjunction with a
preconnected low-noise high-input-impedance pre-amplifier with a voltage gain
of 0 dB (effect of an impedance converter, which emulates the high impedance
input of a car receiver), which setup is drawn in Fig. 4.18 (b). Because of the
peculiarities in the AM frequency range, as discussed in Section 3.1.1, a 4 m long
150 Ω cable is used for the measurements of the long reference rod antenna, while
the AM signal levels of the shorter helical antenna are recorded by a 5 m long
50 Ω coaxial cable. Accordingly, the test setup depicted in Fig. 4.18 shows the
scenario of the reference antenna field measurement with the connected 150 Ω
coaxial cable. The imposed requirements demand AM signal levels of at least
–10 dBref for short active antennas with a height below 40 cm.
The AM measurements were performed in August 2014. On the display of the

spectrum analyzer in Fig. 4.18 (b) the AM receiving spectrum available at that
time is shown, which is composed of two AM LW signals at the frequencies of
153 kHz and 207 kHz as well as one frequency at 801 kHz, located in the AM
MW band. The received signal levels of the active helical antenna, in reference
to the signal levels measured with the passive rod antenna (resulting in units
‘dBref’), are tabulated in Table 4.7. As it can be seen, the minimally required
AM value can easily be reached by the new ultra-short helical antenna element in
combination with the AM amplifier part of the HIA, as presented in Section 4.1.2.
Since September 2015, no transmitting AM frequencies are available anymore in
the receiving spectrum of the University of the Bundeswehr Munich [75].
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Table 4.7: Received AM signal levels of the active CCHA in dBref.

f [kHz] signal level
153 –4.5 dBref
207 –3.8 dBref
801 –3.0 dBref

Active Measurements in the FM and DAB-VHF Range

For active field measurements in the FM and DAB-VHF frequency ranges it is
indispensable to take the influence of the car body as part of the automotive
antenna function into consideration. The dimensions of the car body correspond
to the considered wavelengths and therefore, as already discussed in Section 3.1.2,
for the evaluation of the far-field characteristics in the FM and higher frequency
bands, the metallic car body plays an essential role. The geometry and position of
the antenna element impairs the parameters of the vehicular antenna, such as gain
patterns, impedances and receiving levels. In case of monopole antennas on the
car roof, the impedances are hardly influenced by the shape of the car body as the
roof serves as a sufficiently large ground plane for the antennas. For the hidden
antenna structures in Chapter 5 and 6, however, it is mandatory to measure
the antenna impedances in the intended environment with the surrounding car
body, as for embedded or integrated antennas the vicinity of the enclosing ground
surface (e.g. the pillars of the car in case of screen antennas) is heavily influencing
the antenna behavior. Nevertheless, for measurements of the FM/DAB-VHF far-

(a) New active helical roof antenna (b) Reference antennas on the trunk

Figure 4.19: FM/DAB-VHF field measurement setup with placement of the novel
ultra-short active CCHA and the corresponding quarter-wavelength
reference rod antennas on the test vehicle inside the radome.
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field radiation characteristics it is always necessary to take the influence of the
metallic car body into consideration, irrespective of the car antenna’s intended
mounting position.
The measurement setup of the new active CCHA in the car test radome of the

institute is shown in Fig. 4.19 (a). The antenna element shown in Fig. 4.2 (a)
is covered with a commercial heat shrink tube. The considered test vehicle is
represented by a limousine and the rear roof section is modified in order to attach
the ultra-short active antenna element in a distance of around 16 cm to the rear
screen of the vehicle, which is a typical standardized mounting position of state-of-
the-art automotive roof antennas or multi-antenna modules. The antenna is tilted
around 60◦ in relation to the horizontal roof plane, which is a further common
value found for roof antennas, thus improving the reception capabilities of the
horizontally polarized FM signals (in Europe) by reflections, diffractions and
scattering effects at the fringe of the roof in the vicinity of the AUT. Fig. 4.19 (b)
shows the 80 cm long FM and the 35 cm long DAB-VHF quarter-wavelength
reference rod antennas, both placed on a small metal plate connected with the
metallic trunk of the test vehicle. The received averaged signal levels of the active
AUT are referred to the values of the corresponding reference rod antennas (see
Section 2.1.2).
Fig. 4.20 shows the final horizontally polarized FM field measurement results

of the novel 14 cm ultra-short AM/FM/DAB CCHA, discussed in Section 4.1.1,
in combination with the optimally designed single-stage FM/DAB HIA circuit,
as considered in Section 4.1.2, in the rear roof section of the test vehicle as a solid
blue line. The black 0 dB line serves as reference measurement for the presented
results and represents the averaged signal level received with the corresponding

Figure 4.20: Horizontally polarized FM field measurement results of the single-
stage FM/DAB HIA combined with the new ultra-short triple-
resonant CCHA (optimized and previous state of Fig. 4.3 (a))
and the prior double-resonant CCHA ( ), in relation to the aver-
aged signal level of the passive FM reference antenna ( ).
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passive FM quarter-wavelength rod antenna. The averaged FM signal level of
the active CCHA of around +4 dBref with a ripple value smaller than ±3 dB is
situated entirely within the required limits of Table 2.2.

Figure 4.21: Vertically polarized DAB-VHF field measurement results of the
single-stage FM/DAB HIA combined with the new ultra-short triple-
resonant CCHA (optimized and previous state of Fig. 4.3 (a))
and the prior double-resonant CCHA ( ), in relation to the aver-
aged signal level of the passive DAB-VHF reference antenna ( ).

Accordingly, Fig. 4.21 presents the final DAB-VHF field measurement results
of the novel active CCHA in the rear roof section of the considered test vehicle as
a solid blue line. In this case, the results are evaluated for the vertically polarized
signals of the transmitting log-per antenna (as the DAB signals are preferably
transmitted with vertical polarization) and referred to the measurement results
achieved with the 35 cm long passive DAB-VHF quarter-wavelength rod antenna
(black 0 dB line). The mean value of the averaged signal level with the active
CCHA of around +14 dBref fully complies with the imposed specifications and
a maximum ripple value of ±2 dB perfectly stays within the required limits.
In both diagrams, the averaged signal levels of the previous CCHA prototype,

with the designed resonance frequencies displayed in Fig. 4.3 (a) as well, are
additionally plotted in dashed blue color. As already mentioned before, this pre-
vious triple-resonant antenna element delivers comparably good results to the
optimized antenna version in the FM band. In the DAB-VHF frequency range,
however, it shows a huge ripple of the active frequency response because of the
inevitable narrowband performance of the short helical antenna element in the
broader DAB-VHF band, which could fortunately be successfully compensated
by the employment of the optimally designed CCHA by shifting the DAB-VHF
resonance frequency towards 213 MHz. In this way, and by simultaneously op-
timizing the DAB-VHF degeneration of the HIA circuit as described in Sec-
tion 4.1.2, the demanded specifications concerning the active frequency response
in the DAB-VHF range could also be met.
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Consequently, in the FM and DAB-VHF frequency ranges as well, the active
field measurement results clearly indicate the high performance of the ultra-short
antenna element when being combined with the single-stage FM/DAB HIA cir-
cuit. In comparison to the prior double-resonant antenna element, which results
are also shown in both figures in yellow color, in both frequency bands a few
dB could be gained and the active frequency responses could be considerably
smoothed.

Active Measurements in the DAB-L Range

As the high frequencies of the DAB-L band exceed the possible frequency range
for vehicular field measurements in the car test radome (as the dimensions of the
screws of the radome are comparable to the wavelength in the higher frequency
ranges and thus undesirably influence the measurements), the L-Band measure-
ments are performed inside an anechoic chamber of the institute, without the
ambience of the test vehicle. Obviously, vertically polarized field measurements
can be performed in the anechoic chamber only for a fixed measurement position,
which is a sufficient condition for the vertically polarized DAB-L signals. Fig. 4.22
depicts the measurement setup of the new active CCHA and the corresponding
4 cm long passive DAB-L quarter-wavelength reference rod antenna. The ground
plane with sizes of 60 cm x 60 cm serves as a large enough replica of the metallic
car roof and consequently, the measured signal level results within the anechoic
chamber appropriately resemble the averaged field measurement results in the

Figure 4.22: DAB-L field measurement setup with placement of the novel ultra-
short active CCHA and the corresponding quarter-wavelength refer-
ence rod antenna on a ground plane inside an anechoic chamber.
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Figure 4.23: Vertically polarized DAB-L field measurement results of the single-
stage FM/DAB HIA combined with the optimally designed ultra-
short triple-resonant CCHA ( , of Fig. 4.3 (a)) and the prior double-
resonant CCHA ( ), in relation to the received signal level of the
passive DAB-L reference antenna ( ).

radome. Also the vertically polarized DAB-VHF field measurement results for
a fixed position in the anechoic chamber are very comparable in both measure-
ment scenarios (but of course, more closely in tune with the real situation is the
horizontal 360◦ investigation of the averaged signal levels in the car test radome).

Fig. 4.23 shows the active frequency responses in the DAB-L band, again re-
lated to the values of the corresponding reference antenna. Ultimately essential
for the L-Band performance is only the length of the cylindrical socket or pin
for the coupling of the antenna structure, resulting in a broadband impedance in
the vicinity of 50 Ω (as depicted in Fig. 4.3 (b)), as well as the amplifier design
with an adequate resonance transformation for the high L-Band frequencies. An
averaged signal level of more than +13 dBref with an absolutely flat frequency
response behavior once again completely fulfills the requirements.

Ultra-Short Active CCHA Combined with a GNSS Ring Antenna

As described in Section 3.2.1, when visibly mounting an antenna on the roof
of a low-end vehicle it is advantageous to cover as many different services as
possible by means of multi-antenna roof module configurations. A commercial
multifunctional hexband antenna module is exemplified in Fig. 3.1 (b), containing
antenna elements for six different services within a small sharkfin radome. This
thesis also investigates antenna combinations of the short AM/FM/DAB CCHAs
in the direct presence of other antennas for further applications, such as satellite
radio, navigation and communication services. In this context, the design of the
ultra-short helical antenna element is preserved and only the environment of the
active antenna for the reception of terrestrial broadcasting services is adapted.
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In a first setup, the described single-stage FM/DAB HIA circuit is mounted
vertically in the predefined position on the car roof (as depicted in Fig. 4.19 (a)),
but now surrounded by an optimally designed ‘Scarabeus’ ring antenna for the
additional reception of GNSS signals (corresponding to GPS, BeiDou, Galileo
and GLONASS in the L1 frequency band) from the direction of zenith [76]. This
antenna combination is designed for a cover with a strictly limited volume of
49 mm x 40 mm x 40 mm (length x width x height). On top of the cover, the
new 14 cm ultra-short CCHA is connected via screw contacts. Fig. 4.24 shows the
final construction of the applied functional demonstrator with the two-antenna
combination for the reception of AM/FM/DAB and GNSS signals, in the left-
hand picture on a finite ground plane with sizes of 60 cm x 60 cm, and on the
right-hand picture mounted in the rear roof section of the test vehicle.

(a) Active two-antenna combination [76] (b) Related field measurement setup

Figure 4.24: Functional demonstrator of the two-path HIA circuit surrounded by
a GNSS ring antenna and corresponding field measurement setup
including the cover and the 14 cm ultra-short CCHA in the rear
roof section of the test vehicle inside the radome.

In Section 3.2.1, it was remarked that the design of the ‘Scarabeus’ antenna is
perfectly appropriate for integrating metallic structures (e.g. further antennas)
into the center of the ring antenna, as here the potential of the phase center is
equal to zero. The article in [76] describes the presented AM/FM/DAB/GNSS
antenna combination and the achieved results in the GNSS frequency range from
the perspective of the GNSS antenna element. The GNSS antenna is made of
a single metal sheet, which is bent in such a way that a rectangle ring held by
four flat pillars is formed. The upper metallic part of the antenna obtains low
dimensions of only 25 mm x 20 mm (length x width). Even in combination with
the 14 cm ultra-short helical antenna, the GNSS ring antenna still shows superior
characteristics compared to a single patch antenna with a similar footprint [76].
Fig. 4.25 shows the active FM (horizontally polarized) and DAB-VHF (verti-

cally polarized) field measurement results of the single-stage HIA circuit for the
AM/FM/DAB/GNSS antenna combination in comparison to the results depicted
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in Figs. 4.20 and 4.21 (solid blue curves), measured without the GNSS antenna
element, in order to demonstrate the influence of the surrounding ring antenna.
As it can be seen in both figures, the active frequency responses in the FM and
DAB-VHF frequency ranges are hardly deteriorated by the presence of the GNSS
antenna. In both cases, the averaged antenna gain can be kept nearly constant,
only the ripple value slightly increases. The influence of the enclosing ring an-
tenna in the other operating frequency ranges is not considered here, as in the
AM band the sizes of the ‘Scarabeus’ antenna can obviously be neglected in com-
parison to the wavelength and in the DAB-L band solely the coupling length of
the CCHA plays a particular role, which has not been modified. Consequently, in
these operating frequency bands the impedance and radiation performance is not
expected to change for the worse. As a result of this examination, the presented
active antenna combination can be perfectly utilized in an antenna roof module
of a low-end vehicle.

Figure 4.25: Horizontally polarized FM and vertically polarized DAB-VHF field
measurement results of the 14 cm ultra-short active CCHA with ( )
and without ( ) the presence of the GNSS antenna, in relation to
the averaged signal levels of the respective reference antennas ( ).

4.2 Enhancement of the Amplifier for Combination with a
18 cm Short Triple-Resonant Helical Antenna and
Antennas for Further Services

The presented results of the single-stage FM/DAB HIA reveal that a few impor-
tant specifications imposed on the amplifier circuit can not yet be met. For these
reasons, in a second approach the amplifier is enhanced with an AGC circuitry
in the FM amplifying path, in this way improving the FM linearity issues in
comparison to the previous setup shown in Section 4.1.2. Also the insufficient
output noise voltage values of the amplifier are lowered by means of an effec-
tive impedance transformation network at the amplifier input, thus finally also
fulfilling the noise specifications in the FM frequency band and consequently all
requirements imposed on the amplifier circuit itself. In this context, this sec-
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ond section has a similar structure as the first one: Initially, the design of the
novel 18 cm short CCHA element is described, which is adapted to be used in
conjunction with a LTE antenna connected downstream and the enhanced HIA
circuit. The structure of this slightly enlarged antenna, in order to achieve a de-
coupling effect for the lower LTE frequencies ranging from 698 MHz to 960 MHz,
is characterized and the optimally designed antenna element for direct connection
with a LTE ‘Nefer’ antenna as well as with other antennas for further services
is depicted. The next two subsections then cover the design of the enhanced
HIA topology in the FM and DAB-VHF frequency range and present the ex-
perimental results with reference to the simulated values and the specifications.
Finally, the optimized enhanced HIA, with included AGC and noise optimization
network, is connected to the 18 cm short CCHA with implemented LTE decou-
pling measure. In a first measurement setup on the roof of the test vehicle, the
FM and DAB-VHF frequency responses of the active antenna are investigated
without the presence of additional antennas. The required specifications on the
active frequency response can be met for all operating frequencies, thus the way
is paved for the conclusive combination of the 18 cm short active CCHA with
other receiving antennas for further services, nominally LTE, GPS and SDARS.
Consequently, in an advanced multi-antenna configuration compared to the setup
shown in Section 4.1.4, the 18 cm short AM/FM/DAB helical roof antenna with
integrated LTE decoupling mechanism is connected to a newly designed LTE
antenna and the received signals are amplified with the enhanced HIA circuit
arranged horizontally. This two-antenna combination is further surrounded by a
‘Scarabeus’ ring antenna for the reception of GPS signals and integrated into a
multifunctional sharkfin cover with the additional presence of a closely situated
SDARS ring antenna. Despite the immediate vicinity of the four different an-
tenna structures, the active FM and DAB-VHF field measurement results still
adhere to the requirement of a flat frequency response with high gain values,
indicating the broad applicability of the short active CCHAs of variable length.

4.2.1 Short AM/FM/DAB CCHA with LTE Decoupling Measure
In a second setup, based on the results of the optimally designed 14 cm ultra-
short AM/FM/DAB helical antenna element of Section 4.1.1, a short CCHA
with a total length of 18 cm is constructed according to the same principle,
but now optimized for a direct connection with a LTE ‘Nefer’ antenna and the
enhanced HIA circuit, which will be considered in detail in Section 4.2.2. The
additional length of 4 cm is indispensable in order to separate the LTE low-
band frequencies from the AM/FM/DAB antenna, thus directly combining both
antenna structures for different services in an active multi-antenna configuration
with finally even two more antennas for further applications.
In order to combine the new 18 cm short triple-resonant active CCHA with

the LTE antenna within the same housing, a decoupling mechanism for the lower
LTE frequencies has to be inserted into the helical antenna element in order to
improve the decoupling of the CCHA in the LTE low-band and thus enhance
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Figure 4.26: Average realized gain of the LTE antenna in combination with the
18 cm short CCHA with ( ) and without ( ) LTE decoupling
mechanism, measured in the LTE low-band [77].

the performance of the LTE antenna. Fig. 4.26 presents the average realized
gain results of the LTE ‘Nefer’ antenna connected downstream to the 18 cm
short helical antenna, showing two curves in the LTE low-band with and without
the LTE decoupling structure within the CCHA. The result of the realized gain
without LTE decoupling mechanism in the CCHA (dashed blue curve) underlines
the necessity of including a measure in the helical antenna in order to reject the
LTE signals from the terrestrial broadcasting frequencies. A huge decline in the
LTE gain at around 720 MHz (encircled blue) results in values below –15 dBi and
in the entire LTE low-band the gain values seldom reach 0 dBi. As a consequence,
this antenna combination is obviously inadequate for a reasonable performance
of the LTE antenna. By inserting the LTE decoupling mechanism into the 18 cm
short CCHA, the performance of the LTE antenna can be improved significantly
(solid blue curve). The relatively constant average realized gain value for the
LTE low-band is 3 dBi, which indicates an acceptable performance of the LTE
‘Nefer’ antenna [77]. Thus, by means of this CCHA version with integrated LTE
decoupling mechanism, whose design will be investigated in the following, the
combined services of LTE on the one hand and AM/FM/DAB on the other hand
can be separated from each other, allowing the direct interconnection of both
antenna structures.
By largely keeping the identified antenna design with varying pitch as described

in Section 4.1.1, the LTE decoupling structure of the CCHA requires a further
short segment of the total antenna length with a fourth pitch n4 of the copper
wire. In order to maintain the high FM and DAB-VHF gain values of the ultra-
short CCHA without LTE decoupling mechanism, as presented in Fig. 4.25, the
antenna length is extended to 18 cm. In this way, the desired resonance frequen-
cies in the FM and DAB-VHF frequency ranges can still be achieved, despite
the additional high pitch n4 (see Fig. 4.27). A 14 cm ultra-short CCHA with
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LTE decoupling mechanism would also be able to further reach the two series
resonances, however, the required pitch n1 in the longest segment of the CCHA
for the DAB-VHF resonance had to be decreased so much that the obtainable
3 dB bandwidth would get too narrow. Consequently, the gain would signifi-
cantly decrease and the ripple value clearly exceeds the demanded limits. Thus,
for a possible integration of the triple-resonant active antenna into a multifunc-
tional sharkfin roof module with the presence of additional antennas for multiple
services, the total CCHA length of 18 cm is still considered as being short.
Fig. 4.27 (a) depicts the final optimally designed 18 cm short triple-resonant

CCHA including the small section of approximately 2 cm with a highly increased
pitch n4 (only 1.5 turns of the copper wire, as it can be seen in the zoomed area),
just above the end of the cylindrical metal socket. This area is introduced as the
LTE decoupling measure or mechanism. Except for this short section, the design
of the 18 cm antenna is strongly oriented on the structure of the shorter 14 cm
triple-resonant antenna element. The longest segment with pitch n1 (combined
with the LTE separation section with pitch n4) produces the DAB-VHF reso-
nance. In combination with the short region with the decreased pitch n2, the FM
series resonance can be obtained. And with the third upper section with pitch n3,
which is equivalent to n1, the FM resonance frequency can be fine-tuned and the
FM bandwidth slightly broadens. The picture in Fig. 4.27 (a) shows two antenna

(a) Design of the 18 cm short CCHA

(b) S11 behavior of both new CCHAs (14/18 cm)

Figure 4.27: Design of the 18 cm short triple-resonant CCHA with and without
heat shrink tube and comparison of the FM/DAB-VHF S11 behavior
between the 18 cm short CCHA with LTE decoupling ( ) and the
14 cm ultra-short CCHA of Fig. 4.2 without LTE decoupling ( ).
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prototypes, the left one encloses a heat shrink tube (for commercial purposes),
while the right one is not covered with a shrink tube (for testing purposes). The
effect of the surrounding heat shrink tube has to be taken into account when
designing the different pitches of the antenna. The dielectric material slightly
changes the location of the two resonance frequencies in the FM and DAB-VHF
band (in the FM band the series resonance is shifted around 2 MHz and in the
DAB-VHF band 4 MHz towards lower frequencies). Thus, the final design of the
helical antenna with intended surrounding heat shrink tube has to be adapted
accordingly in order to compensate for the frequency offset, resulting from the
presence of the shrink tube. The left antenna prototype of Fig. 4.27 (a) with heat
shrink tube is correspondingly modified in order to obtain the same impedance
behavior as the right antenna without shrink tube.

Fig. 4.27 (b) shows the measured logarithmic FM/DAB-VHF S11 characteristic
of the 18 cm short CCHA with the purple curve in contrast to the S11 behavior of
the 14 cm ultra-short CCHA, as introduced in Section 4.1.1, with the blue curve
of Fig. 4.3 (a). Based on the impedance behavior of the ultra-short antenna ele-
ment without LTE decoupling, the longer antenna element is again designed with
respect to a DAB-VHF resonance slightly shifted out of the mid-band towards
around 213 MHz (almost congruent with the DAB-VHF S11 of the 14 cm ultra-
short antenna). As a result of the height increase, the 3 dB bandwidth of the FM
resonance at 99 MHz increases to 4 MHz, while maintaining a 3 dB bandwidth
of 11 MHz in the DAB-VHF band.
The LTE ‘Nefer’ antenna structure connected downstream is depicted in the

measurement setup in Fig. 4.38 (a). The design of the LTE antenna is not subject
of this thesis, but the most important remark to be made on the effect of the
LTE antenna is that for the combination with the CCHA it simply functions
as a short extension (around 2 cm) of the total electrical antenna length for
the reception of the considered terrestrial radio broadcasting frequencies. Again,
the investigated HIA circuit (in this case with implemented AGC circuitry and
noise optimization network) is able to smoothen the sharp FM and DAB-VHF
antenna resonances, resulting in flat active frequency responses in both operating
frequency bands. The corresponding active field measurement results will be
presented in Section 4.2.4 and confirm this claim.

4.2.2 Design Considerations of the Enhanced Amplifier
The intermodulation and noise issues of the single-stage FM/DAB HIA, con-
fronted in the FM frequency range as pointed out in Section 4.1.3, can only be
countered by increasing the complexity of the single-stage amplifier design. One
possibility would be to also separate the FM and DAB parts, similar to the AM
amplifying part, and thus optimize each amplifier path with respect to the im-
posed specifications for itself. However, as also proven in [11], the effort for the
additional transistors and the decoupling of the different frequency bands at the
input and output paths complicates the amplifier design even further and espe-
cially increases the costs. For these reasons, this approach is not considered here.
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Instead, the problems are circumvented by adequately optimizing an AGC net-
work for the FM frequencies, thus alleviating the nonlinearities of the amplifier
stage, and moreover designing a noise optimization circuit in order to decrease
the unsatisfactorily high output noise voltage values in combination with the
18 cm short helical antenna. Both measures are effective at the input of the
single-stage HIA circuit and significantly improve the violated specifications, as
will be outlined in Section 4.2.3.
Fig. 4.28 depicts the block diagram of the enhanced single-stage FM/DAB-VHF

HIA in combination with the already described AM amplifier part. The separated
AM amplifier path (yellow coloring) remains unchanged with respect to Fig. 4.6
and is not considered further here. Just behind the input-side high-pass filter
for the FM/DAB-VHF frequencies, the noise optimization network is inserted
(red coloring), having the purpose of transforming the antenna impedance into a
more broadband range around the FM series resonance. Subsequently, the FM
and DAB-VHF part is splitted (orange coloring). The FM frequencies are fur-
ther processed and controlled by means of the AGC circuitry and the DAB-VHF
frequencies, at best, should be hardly influenced by the embedding of the AGC.
However, the insertion loss of the required filter networks, in order to separate
the FM frequencies from the DAB-VHF frequencies and vice versa, naturally
affects the DAB-VHF signals as well. At the input of the AGC the DAB-VHF
pass-band and FM band-stop filter structure decouples both frequency bands,
while at the output of the AGC both bands are recombined for a common am-
plification with the single-stage HIA circuit (green coloring). Between the two
FM AGC diodes, one path (dotted black lines of the AGC feedback) connects the
output of the FM/DAB-VHF stage with the low-power dual Operational Ampli-
fiers (OpAmp) [78] of the AGC. In case of too strong FM signals at the output,
producing the undesired nonlinear FM intermodulation issues, the FM path is
attenuated by the AGC (one input diode leads the strong FM signals towards
ground, whereas the DAB-VHF signals are not affected). The DAB-L path at the
source of the single-stage FM/DAB amplifier circuit is not considered anymore
(otherwise a further separation path for the high DAB-L frequencies had to be

Figure 4.28: Block diagram of the enhanced two-path AM/FM/DAB-VHF HIA
for the short triple-resonant CCHA.
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implemented after the input-side high-pass filter). The core of the single-stage
FM/DAB HIA implementation, as depicted in Fig. 4.7, predominantly remains
the same (displayed in the dashed green box of Fig. 4.28, only omitting the DAB-L
path of the previous block diagram in Fig. 4.5). Nevertheless, a few changes must
also be taken into account for the enhanced HIA circuit core, as will be described
in the following.

Design in the FM/DAB-VHF Range

Fig. 4.29 depicts a detailed schematic of the upper FM/DAB-VHF single-stage
amplifier part of Fig. 4.28. According to the previous setup in Fig. 4.7, the
amplifier core is further illustrated in green background color. The enhanced parts
of the amplifier circuit are highlighted according to the block diagram in Fig. 4.28
in orange (AGC circuitry) and red (noise optimization network) background color,
respectively. The ultra-short antenna element is again replaced by its equivalent
circuit consisting of the antenna voltage source V A and the antenna impedance
ZA (gray coloring). Moreover, kept unchanged compared to the previous circuit,
the capacitance Cpar sums up the capacitive parasitic effects which occur on the
input path of the amplifier, including the ESD protection circuit.
The noise optimization network at the amplifier input has the purpose of trans-

forming the narrowband FM antenna impedance in order to improve the noise
behavior of the active CCHA in Fig. 4.15, where it was shown that the output
noise voltage values largely increase at the band edges of the FM band, thus
not fulfilling the imposed noise specification which requires an averaged value of

Figure 4.29: Schematic of the enhanced single-stage FM/DAB-VHF amplifier for
the short triple-resonant CCHA.
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maximally –5 dBµV for 120 kHz bandwidth. The antenna’s impedance transfor-
mation is accomplished via the input connection of L2-C2 and L3-C3 in parallel
to C4 towards ground (via C5). The first L2-C2 parallel combination prevents
the DAB-VHF frequencies from intruding the transformation network. The pre-
connected C1-L1 series resonance circuit serves as a high-pass filter and only
minimally affects the desired impedance transformation. Fig. 4.30 shows the ef-
fect of the added noise optimization network with respect to the antenna input
impedance in comparison to the original antenna impedance of the 18 cm short
CCHA, according to Fig. 4.27 (b). Apparently, the FM bandwidth broadens
(especially for the lower FM frequencies the impedance leaves the ‘forbidden’
impedance region of the HIA, as explained in Section 3.3.2). The positive im-
pact of this antenna impedance transformation on the FM noise behavior will be
presented in Section 4.2.3.

Figure 4.30: Transformed antenna impedance ( ) of the original 18 cm short
CCHA ( , according to Fig. 4.27 (b)) by means of the applied
noise optimization network in the FM frequency band.

The AGC circuitry should actually only influence the FM frequency band,
as here the requirements on the linear behavior (ak2 and ak3) can not yet be
met. For these reasons, the FM frequencies firstly have to be separated from the
DAB-VHF frequencies at the amplifier input, as depicted in the upper AGC part
of Fig. 4.29. Filter circuits are added in the DAB-VHF path in order to pass
the DAB-VHF frequencies, while simultaneously blocking the FM signals. The
C8-L6 series circuit acts as a band-pass for DAB-VHF and connected in parallel
to L7 the three components function as a band-stop for FM. However, as the
single band-stop filter is too narrowband in order to block the entire FM band,
a second filter consisting of the components C9-L8-L9 is connected downstream
and the values are dimensioned in order to obtain a FM resonance frequency
slightly shifted compared to the resonance of the first filter, in this way broaden
the bandwidth of the FM stop-band. Inbetween both filter networks, a further
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filter measure is added. In this case, C10 in combination with L10-C11 short the
FM frequencies to ground (while blocking the DAB-VHF frequencies) and thus
further increase the achieved FM stop-band bandwidth. Consequently, also the
dynamic range of the AGC increases, as will be presented in the comparison of
the S21 characteristic with and without effective AGC shown in Fig. 4.33. The
capacitor C12 then reconnects the DAB-VHF frequency band to the common
amplification path. The indicated FM path of the AGC circuitry exhibits two
diodes (D1 in series and D2 in the parallel path towards ground), which are both
controlled by the supplied voltages at the AGC control unit (AGC OpAmp, as also
displayed in Fig. 4.29). Depending on these voltages, in a first state (forward or
pass state) D1 passes the FM frequencies towards the amplifying part of the HIA
with HEMT M1, in case of sufficiently low output voltage levels (detected by the
feedback path marked orange at the amplifier output), and D2 simultaneously
blocks the FM signals. The AGC feedback path to the AGC control circuit
(via the OpAmp) is composed of a weak coupling capacitance C21 in series to
a rectifier D3. By changing the value of C21 the activation voltage level of the
AGC attenuation effect can be controlled. In case of the FM pass state, the
L5-C6 parallel circuit suppresses the DAB-VHF frequencies and in combination
with C7 short the FM signals to the common amplification path, where the FM
and DAB-VHF signals are amplified collectively with the subsequent single-stage
HIA core. In the second state (reverse or block state), in case of too high output
voltage levels, D2 passes the FM signals towards ground, in this way controlling
the required intermodulation distances. The diodes are supplied in forward or
reverse configuration via the choke L4 and the resistance R1, depending on a lower
(forward state) or higher (reverse state) output level in comparison to the fixed
reference level at the AGC OpAmp. In general, a (start-stop) dynamic range of
the AGC of at least 20 dB is desirable and the control unit should intervene at
an activation voltage level of around 90 dBµV (thus acting at least up to a FM
input voltage of around 110 dBµV).

In order to reduce the increasing costs of the amplifier circuit (especially be-
cause of the additional AGC diodes and the OpAmp), the FM/DAB amplifier core
of Fig. 4.7 is slightly downsized in the enhanced amplifier version. The DAB-L
part is not considered anymore, thus only the FM and DAB-VHF common-source
stage with degeneration, as already described in Section 4.1.2, remains active.
Moreover, the DAB-VHF feedback part now only consists of one series resonance
circuit composed of C17-L14-R11, which is considered as sufficient as the GaAs
HEMT is minimally voltage regenerated by the C14-R6 feedback path, thus pro-
viding more stability and bandwidth for the overall amplifier performance. The
respective functions of the further components of the enhanced HIA circuit can
be extracted from Section 4.1.2. Also the diverse filter measures described in Sec-
tion 4.1.2, required for the separation and recombination of both amplifier paths,
are not revised as they are still valid for the enhanced amplifier. Moreover, the
composition of the AM amplification path is not explained further, as it stays
unchanged in comparison to the circuit shown in Fig. 4.6.
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The enhanced amplifier has been realized on a standard FR4 PCB and both
sides of the HIA are depicted in Fig. 4.31. The contour and the sizes of the ampli-
fier are predefined for a horizontal placement below the LTE ‘Nefer’ antenna and
the intended combination with the other antenna structures, as will be explained
in detail in Section 4.2.4. The design of the layout again concentrates on optimiz-
ing the high-frequency behavior of the circuit, while simultaneously minimizing
the parasitic effects which sensibly reduce the amplifier performance and could
lead to instabilities. For these reasons, the ground plane has again been removed
from beneath the input node towards the GaAs HEMT in order to decrease the
input capacitance of the amplifier circuit. Solely the top side is equipped with
components. The omitted ground surface towards the HEMT is visible at the
bottom side. The pin of the input SMA connector can again be detached from
the board and in this way the short antenna element can be connected directly
to the input of the amplifier (as shown in Fig. 4.38 (a)), thus avoiding undesired
capacitive loading effects which may occur on the input node.

Figure 4.31: Realized enhanced AM/FM/DAB-VHF HIA prototype for the short
triple-resonant CCHA.

In the following, the measured and simulated results of the enhanced single-
stage FM/DAB-VHF HIA are presented. It will be shown that the 2nd and 3rd
order intermodulation distance values of strong FM signals could be considerably
improved by means of the implemented AGC. Moreover, also the output noise
voltage values could be significantly reduced in contrast to the previous HIA
setup.

4.2.3 Experimental Results and Simulations of the Amplifier
The enhanced HIA is characterized with respect to the imposed specifications
in the FM and DAB-VHF operating frequency bands by experimental results in
blue color as well as the corresponding simulated values in red color. Regarding
the results of the AM amplifier part, the author refers to Section 4.1.3.
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Fig. 4.32 (a) displays the measured and simulated gain curves in both fre-
quency bands for the AGC’s FM pass state in a 50 Ω system. The agreement
between measurement and simulation is very good in the FM band. For the higher
DAB-VHF frequencies, however, the increased complexity of the enhanced am-
plifier circuit causes slight deviations of the frequency response. The measured
FM gain decreases from 13 dB at 76 MHz to around 5 dB at 108 MHz, while
in the DAB-VHF band the gain only varies between 13 dB at 185 MHz and
10 dB at 240 MHz. The averaged gain values in both bands fully meet the re-
quirements. The FM/DAB-VHF impedance behavior of the enhanced amplifier
circuit is drawn in Fig. 4.32 (b), still shown for the FM pass state of the AGC.
Obviously, the request for a high input impedance of the HIA in both frequency
bands can only be fulfilled completely in the lower-frequency FM band. As the
embedding of the AGC and the noise optimization network at the amplifier in-
put introduces more losses and additional parallel capacitances, the DAB-VHF
input impedance is not as high-ohmic anymore as shown with the previous HIA
version in Fig. 4.13 (b), without all these added measures at the amplifier input.
Nevertheless, the DAB-VHF input impedance values are still sufficiently high-
ohmic and moreover the reactive component is very low. The output impedance
in both frequency ranges is located in direct proximity of 50 Ω, thus fulfilling the
requirement of a good output matching towards the coaxial cable connected in
direction to the final 50 Ω radio receiver. The agreement between measured and
simulated impedances is good for all operating frequencies.
In contrast to Fig. 4.32 (a), Fig. 4.33 shows the measured FM/DAB-VHF gain

for the FM block state of the AGC. As requested, the DAB-VHF pass-band and
FM band-stop filter structure in the upper part of the AGC in Fig. 4.29 provides
a sufficient rejection bandwidth for the attenuated FM band. The attenuation
is more than 13 dB at 76 MHz and at the upper FM band edge even 17 dB
stop-band attenuation can be achieved. In comparison to the gain of the FM
pass state (corresponding to the measured curve in Fig. 4.32 (a)), the dynamic

(a) Amplifier gain (b) Input/output impedances

Figure 4.32: Measured ( ) and simulated ( ) gain and impedance behavior of
the enhanced FM/DAB-VHF amplifier for the FM pass state of the
AGC in a 50 Ω system.
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Figure 4.33: Gain and AGC dynamic range of the enhanced FM/DAB-VHF am-
plifier for the FM block state of the AGC in a 50 Ω system.

range (pass-band gain in relation to stop-band attenuation) of the implemented
AGC is at least 22 dB at 108 MHz (even 26 dB at 76 MHz), which is a very good
value. Moreover, the gain in the DAB-VHF band is hardly influenced by the
deployment of the AGC and further delivers high amplification values of more
than 10 dB.

Figure 4.34: Measured ( ) and simulated ( ) FM and DAB-VHF noise figure
of the enhanced FM/DAB-VHF amplifier in a 50 Ω system.

A comparison between the measured and simulated FM and DAB-VHF noise
figure is shown in Fig. 4.34. In both frequency ranges, the curve progression
between measurement and simulation is absolutely similar and the measured
noise figure values remain below 4 dB. As already experienced in the previous
HIA setup, the simulations tend to be more optimistic, which can be explained
by inaccurate noise models of the transistor, the AGC OpAmp, the diodes, and
all other noise sources in the simulations. The increase of the noise figure in
the DAB-VHF band, in contrast to the noise behavior displayed in Fig. 4.14,
originates from the additional losses of the used coils and the influences of the
additional networks at the amplifier input. Nevertheless, the required noise figure
with a maximum value of 3 dB is only specified for the FM/DAB amplifier core,



98 4 Short Active AM/FM/DAB Helical Roof Antennas

which only slightly changed (rather slimmed down) in comparison to the single-
stage FM/DAB HIA version of Fig. 4.5. Consequently, it can be assumed that
the achieved maximum noise figure value of 2.8 dB, according to Fig. 4.14, also
holds true for the enhanced HIA core without all the influences of the new input
networks.

The measured and simulated FM output noise voltage over frequency is shown
in Fig. 4.35. The measurements are again performed in an anechoic chamber
with the 18 cm short CCHA connected directly to the input of the enhanced
HIA. The mode of the test receiver is switched to ‘average’ and the IF band-
width is set to 120 kHz. The congruence between measurement and simulation
is obviously very good. In the output noise voltage evaluation of the previous
single-stage FM/DAB HIA in Fig. 4.15, it was demonstrated that the narrowband
performance of the ultra-short antenna can not be balanced by the amplifier for
the entire FM band with a total bandwidth of 32 MHz. The output noise voltage
considerably increased towards the band edges of the FM band, thus violating the
imposed noise requirements. Fig. 4.35 indicates the achieved improvements of the
integrated noise optimization network at the input of the amplifier. As depicted
in Fig. 4.30, the impedance of the antenna broadens by means of the network
which also affects the FM noise behavior of the active CCHA. Naturally, the in-
crease of the output noise voltage towards the FM band edges can not be avoided
completely, which is further present in the illustrated results. Nevertheless, in
the surrounding environment of the antenna resonance, the values decrease to
–7 dBµV for a bandwidth of around 10 MHz and the increase towards the lower
FM band edge is softened to only –0.6 dBµV, while at 108 MHz a value below
–3 dBµV can be identified. Taking the averaged value of the FM output noise
voltage, the required value of maximally –5 dBµV can be met exactly.

Figure 4.35: Measured ( ) and simulated ( ) averaged FM output noise voltage
of the enhanced FM/DAB-VHF amplifier in conjunction with the
CCHA for 120 kHz bandwidth.
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For the linearity measurements in the FM and DAB-VHF frequency bands,
in both cases two tones are supplied at the input in order to measure the out-
put signals for the fundamental input frequencies and the 2nd7 and 3rd8 order
intermodulation products. As it was shown in the experimental results of the
HIA in the first section of the chapter, the second noticeable drawback of the
previous single-stage FM/DAB HIA was the insufficient linearity for strong FM
signals. The unsatisfactorily low intermodulation distances ak2 and ak3 for the
FM frequency range in Table 4.4 could be satisfied with the enhanced HIA setup
by means of the operating AGC circuitry at the amplifier input. Fig. 4.36 dis-
plays the output voltage level over the applied input level of the two input tones
at 98 MHz and 100 MHz in blue color. At around 85 dBµV input level, the
AGC starts attenuating the FM signals and consequently also the intermodula-
tion products shown in the other colors stop growing. The measured dynamic
range of the AGC is determined to be around 26 dB (acting up to 111 dBµV input
level), which is a very good value. After the operating range of the AGC, the ak2
intermodulation distances at 198 MHz (f1 + f2) and 2 MHz (f2 − f1), displayed
in brown and yellow color, respectively, again start to decrease. Both ak3 inter-
modulation distances at 96 MHz (2 ·f1−f2) and 102 MHz (2 ·f2−f1), illustrated
in red color, remain at a low output voltage level of maximally 30 dBµV.

Figure 4.36: Output voltage level over the applied input voltage level of the fun-
damental frequencies ( ) and the 3rd ( ) and 2nd (f1 + f2 and
f2 − f1 ) order intermodulation products.

Table 4.8 gives an overview of the measured linearity improvements of the
enhanced HIA. For the FM band the intermodulation distance of 3rd order is
higher than 66 dB and the intermodulation distance of 2nd order is above 58 dB
at 110 dBµV signal level of each fundamental output tone (calculated for the

7at the frequency f1 + f2
8at the frequency 2 · f1 − f2
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linearized curve shape without effective AGC). For the DAB-VHF band the
measurement of the 2nd order intermodulation product results in at least 60 dB
below a 100 dBµV signal level of each fundamental output tone and 71 dB for the
ak3, thus further fulfilling the specified DAB-VHF limits for both intermodulation
distances.

Table 4.8: Measured intermodulation performance of the amplifier in the FM
(f1 = 98 MHz, f2 = 100 MHz, 110 dBµV output level) and DAB-VHF
band (f1 = 198 MHz, f2 = 200 MHz, 100 dBµV output level).

FM DAB-VHF
ak2 [dB] 58 60
ak3 [dB] 66 71

Consequently, with support of the implemented AGC with its high dynamic
range, the linearity issues can be perfectly mitigated and finally all imposed
requirements with respect to the amplifier performance can be met with the
enhanced HIA circuit (by only slightly increasing the complexity and costs of
the amplifier circuit). In the following, it will be shown that the specifications
concerning the active frequency response in conjunction with the 18 cm short
CCHA can also be met in both operating frequency bands.

4.2.4 Active Field Measurements of the Short Helical Roof Antenna
and Combination with Antennas for Further Services

The optimized 18 cm short CCHA prototype of Fig. 4.27 (a) in conjunction with
the enhanced single-stage FM/DAB-VHF HIA of Fig. 4.31, which ultimately
fulfills all linearity and noise requirements, is measured in the car test radome
of the institute. In the following, the field measurement results of the active
helical antenna mounted in the rear roof section of the test vehicle are presented
and discussed in the respective frequency bands. Furthermore, also the active
field measurement results of the AM/FM/DAB helical antenna in the immediate
vicinity of other antennas for further services are outlined. It will be shown that
the flat active FM/DAB-VHF frequency responses with high gain values achieved
with the single antenna element are only slightly worsened by the presence of the
closely situated additional antenna structures.
Firstly, according to the measurement setup of the 14 cm ultra-short CCHA in

Fig. 4.19 (a), the 18 cm short antenna with integrated LTE decoupling measure
is measured in conjunction with the enhanced HIA mounted vertically in the
rear section of the car roof within the car test radome. Fig. 4.37 presents the
corresponding field measurement setup.
Secondly, based on the first two-antenna investigation with a surrounding

GNSS ring antenna in Section 4.1.4, in a next setup, the optimally designed
18 cm short AM/FM/DAB helical antenna with LTE decoupling mechanism
is combined with three antennas for different applications within a multifunc-
tional sharkfin roof module. In this implementation, the enhanced single-stage



4.2 Enhancement of the Amplifier for Combination with a 18 cm Short
Triple-Resonant Helical Antenna and Antennas for Further Services

101

Figure 4.37: FM/DAB-VHF field measurement setup with placement of the novel
18 cm short active CCHA on the test vehicle inside the radome.

FM/DAB-VHF HIA circuit is mounted horizontally below the LTE antenna.
Fig. 4.38 (a) depicts the test setup of the multi-antenna functional demonstrator,
showing an isolated passive SDARS ‘Scarabeus’ ring antenna (smaller dimensions
compared to the GNSS ring antenna, as the considered frequency is higher) in
the vicinity of a slightly larger passive GPS ‘Scarabeus’ antenna, in whose center
a LTE ‘Nefer’ antenna structure is collocated. The LTE antenna is situated in
direct connection with the new 18 cm short AM/FM/DAB CCHA. At the HIA

(a) Multi-antenna functional demonstrator (b) Active field measurement setup

Figure 4.38: Functional demonstrator of the enhanced active CCHA in combina-
tion with multiple antennas for diverse services and corresponding
field measurement setup including the cover and the 18 cm short
CCHA in the rear roof section of the test vehicle inside the radome.
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input, the ‘Nefer’ antenna structure enlarges the effective height of the active
AM/FM/DAB-VHF antenna by around 2 cm. The higher-frequency signals re-
ceived by the LTE antenna are fed through a filter structure towards a separate
LTE amplifier, which is mounted horizontally below the SDARS ring antenna.
Thus, the equipped HIA circuit only processes the AM/FM/DAB-VHF frequency
spectrum received by the 18 cm short CCHA (via the additional length of the
‘Nefer’ antenna). The active field measurement scenario of the multi-antenna
sharkfin module on the car roof is depicted in Fig. 4.38 (b).

Fig. 4.39 presents the final FM (horizontally polarized) and DAB-VHF (verti-
cally polarized) field measurement results of the single active antenna in Fig. 4.37
in green color and the multi-antenna combination of Fig. 4.38 (b) in brown color.
The marginal signal losses of the multi-antenna combination in the FM and
DAB-VHF frequency ranges, compared to the values of the single active CCHA,
result from the smaller total effective height, despite the longer CCHA element
itself. As the HIA circuit is mounted horizontally in this implementation, the
total effective height of the active antenna combination is smaller than the total
height in the other configuration, where the vertically mounted two-path HIA
prototype exhibits a height of around 4 cm. In this way, a reduction of the ac-
tive antenna gain of 2 dB has to be taken into account in the DAB-VHF band.
However, the specifications imposed on the active frequency response can still be
completely fulfilled in both operating frequency bands.

Figure 4.39: Horizontally polarized FM and vertically polarized DAB-VHF field
measurement results of the 18 cm short active CCHA with ( ) and
without ( ) the presence of further antennas, in relation to the
averaged signal levels of the respective reference antennas ( ).

The presented results indicate a huge flexibility and applicability of the short
active helical antennas, which can easily be combined with several other antenna
structures for various different applications. In combination with the correspond-
ing enhanced FM/DAB-VHF HIA circuit, all requirements posed on the amplifier
as well as the active antenna performance can be met entirely.
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5 Embedded Active FM/DAB-VHF
Diversity Screen Antennas

As shown in Chapter 4, active multiband antenna structures or combinations
of antennas for different services can be attached visibly, but inconspicuous as
being very short, on the roof of the vehicle. In this case, the reception quality is
very good because the AUT receives the broadcasting signals mainly from LOS,
thus not impaired by the presence of the metallic car body. For these reasons,
in general, single active roof antenna elements are sufficient for the reception of
terrestrial broadcasting services. However, as already mentioned in Section 3.2.2,
in the automotive industry a clear tendency towards hidden antennas, for exam-
ple invisibly mounted on one of the screens of the vehicle, has become apparent.
In addition to their inconspicuousness, on-glass antennas offer some more vital
advantages over the monopole roof antennas. Screen antennas can not break
or bend easily, and thus they are adequately protected against vandalism and
damage. Moreover, they are not noisy under windy conditions during the drive.
However, a clear disadvantage over the rod and helical roof antennas is that they
have to be specifically designed for each car type and consequently they are rather
implemented in higher-class vehicles. Since the radiation capability of a single
window antenna is restricted by a variety of boundary conditions, the overall
directional characteristic can be improved and optimized by using more than one
antenna structure [59]. In this context, usually multi-antenna diversity concepts
are employed in order to compensate for the influencing effect of the surrounding
metallic car body. A comparison of different antenna configurations in the past
showed that even compact antenna diversity systems embedded into one single
car screen provide a high diversity efficiency and offer a great replacement for
the visible roof antennas of Chapter 4 [29], despite an increased complexity re-
quired for the realization and the related hardware for processing the antenna
diversity signals.
For antennas printed on the window glass of a car, the chosen location depends

on the need to maintain unobstructed vision. This chapter investigates various
active multi-antenna diversity systems and antenna structures in the FM and
DAB (VHF Band-III) range, which are all hidden in the screens of a test vehicle.
The first section describes the design and some peculiarities of the respective
passive screen antennas. Two differently realized antenna diversity systems em-
bedded into the windscreen and various antenna structures mounted onto the
small side screens of the car are discussed. A comparison between measured and
simulated results is drawn for each antenna system. In the second section, the
design, the experimental results as well as the simulations of the corresponding
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FM/DAB-VHF amplifier are considered. For this type of antennas, the applied
HIA is composed of two transistor stages: a high-ohmic FET at the input and a
second BJT as an amplifying output stage, with an included individual filter and
smoothing network between them. Finally, the active field measurement results
and further evaluations of each screen antenna system are presented.

5.1 Embedded FM/DAB-VHF Screen Antennas
Until today, no passive terrestrial broadcasting antenna structure in a car win-
dow is known which has an equivalent receiving performance to the respective
quarter-wavelength monopole antennas. By applying the principle of active an-
tennas, as will be demonstrated in the second part of the chapter, the amplifier
becomes an integral part of the antenna and the performance can be considerably
improved, even within the metallic environment of the screens. Most theories on
antenna diversity systems claim a minimally required distance between two em-
ployed antennas in order to obtain a de-correlation between the received antenna
signals [47]. Nevertheless, it has been shown that making use of the resonances of
the car body and utilizing a variety of antennas, the desired de-correlation effect
can be realized even though all antennas are placed in close vicinity to each other
in the same car window [2].

In the FM frequency range, the horizontal dimensions of the car windscreen or
rear screen aperture correspond to roughly half the wavelength (λFM/2 ≈ 1.5 m),
while in the higher-frequency DAB-VHF band, the sizes of the vehicle’s side
screens partially approach λDAB/2 ≈ 75 cm. For these reasons, resonances with
maximum electric field intensity can be obtained in the middle of the apertures
and therefore, for a good reception quality, screen antennas should be predomi-
nantly arranged in this part of the window. However, due to imposed restrictions
of car manufacturers, the implemented antenna structures are not allowed to dis-
turb the aesthetic impression of modern vehicles and thus they should be settled
hidden in the screens. Consequently, only ultra-thin antenna wires drawn in the
center of the windscreen (mainly made of wolfram with a typical diameter of only

(a) Simulation model of the test vehicle over ground (b) Related reference angles

Figure 5.1: CST R© simulation of the automotive screen antennas with selected
reference planes according to the measurements.
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30 µm, as exemplarily shown in Fig. 2.6), heating structures of the rear screen
(as exemplarily displayed in Fig. 3.2 (a)), and antennas concealed within the
black print area at the rim of the screens, as will be presented in the following,
are permissible.
As the investigated embedded screen antennas strongly couple to the metallic

structures of the car body, care must be taken to model these car antennas as re-
alistic as possible in order to get accurate antenna gain pattern simulations. Fur-
thermore, for adequate comparisons of measured and simulated radiation charac-
teristics, the same reference planes for the angles Θ and ϕ are essential. Fig. 5.1
depicts the used simulation model of the test vehicle as well as the correspond-
ing reference angles for the measurements and simulations, respectively [79]. The
axis assignment corresponds to the spherical coordinate system shown in Fig. 2.3.
In accordance with the measurements, the front direction of the car is given for
Θ = 85◦ and ϕ = 0◦.
This first section of Chapter 5 deals with some concepts of hidden screen an-

tennas within different mounting volumes. In the first instance, a four-antenna
FM/DAB-VHF diversity system embedded into a coated car windscreen is consid-
ered. After describing the basic structure of the antenna system in the measure-
ment scenario, the related simulation model is shown and some measured results
are compared with the simulated results. A second multi-antenna diversity setup
within the windscreen investigates switchable and adaptive FM/DAB-VHF an-
tenna structures. In this case, pin-diode switches and filter circuits are mounted
between the antenna copper strips of different lengths with a low distance to the
surrounding metallic car body. Thus, in compliance with the first windscreen an-
tenna diversity system, these windscreen diversity antennas are also completely
hidden within the black print area at the rim of state-of-the-art car windscreens.
The related measurement as well as simulation models are presented and the
respective results are compared to each other. Finally, various copper antenna
structures on the differently-sized side screens of the test vehicle are examined.
Once again, the antenna impedances are optimized with regard to a further ampli-
fication with the HIA and the measurements are compared with the simulations.

5.1.1 Coated Windscreen Diversity Antennas
In the last years, coated screens have become increasingly popular, where a mainly
transparent conducting layer (e.g. a heat transmission reducing IR foil) covers
the screen for sun protection, preventing the integration of printed wire antenna
structures at the same position [56]. In the following, the performance poten-
tial of a car windscreen with a conductive foil in-between the laminated glass
screens is investigated, which yields four alternative FM/DAB-VHF connections
for antenna diversity [80].
Fig. 5.2 shows a sketch of the considered coated car windscreen in the cross-

section and in frontal view. In addition to the standard glued PVB sheet (gray
coloring), a second coated layer (yellow coloring), which also includes metallic
busbars and antenna structures (brown coloring), is inserted between the inner
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and outer pane of the windscreen (blue coloring). The coated layer below the PVB
sheet is provided by a wafer-thin conductive foil with a specified surface resistance
value RS(f) of around 4 Ω/square. The respective thicknesses of the composite
windscreen package are tabulated in Table 5.1. In the frontal perspective, the
detailed structure of the car windscreen with the locations of the two antenna
busbars at the top and bottom, the four antenna structures for the reception of
FM and DAB-VHF signals on the sides, and the imprinted coating in the space
between is depicted.

Figure 5.2: Draft of the coated windscreen antenna diversity system with the
antenna connections A1 – A4 in the cross-section and in frontal view
(dimensions are not to scale).

The antenna structures are realized in terms of different connections to the con-
ductive coating of the car windscreen. Antenna structure A1 is a simple monopole
antenna, independent of the busbars, whereas the other three antennas are con-
nected to the busbars by means of thin copper strips (with a width of 6 mm)
of different lengths. Thus, depending on the locations of the respective antenna
feeding points A1 – A4, four FM/DAB-VHF radio signals can be received. The
antenna feeding connections also indicate the four mounting positions of the re-
spective amplifier circuits (ideally constructed identically, as will be confirmed in
Section 5.2.3), which finally transmit the amplified antenna signals via connected

Table 5.1: Parameters of the coated car windscreen in the cross-section.

glass pane PVB sheet coated foil
thickness 2.1 mm 0.76 mm 50 µm
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50 Ω coaxial cables towards the diversity processor. The maximum distance of
the antenna structures and the busbars to the surrounding metallic car body
(not displayed in Fig. 5.2) is 3 cm. Consequently, the metallic surfaces are well-
located within the black print area at the rim of the windscreen, which is also
indicated in Fig. 5.2. Additionally to the desired antenna diversity system, also
other functions (e.g. heating) could be realized by means of the antenna busbars
on the coated windscreen.

Figure 5.3: Measurement setup with the final prototype of the coated car wind-
screen inside the car test radome.

After performing numerous examinations on a provisional test model with re-
gard to the dimensions and the guidance of the busbars and antennas, as well as
the realization of the antenna feeding, several windscreen prototypes were pro-
duced by an automotive glass manufacturer on the basis of the achieved test
results. The prototype of the car windscreen has been realized in an industrial
prototyping process and is depicted in Fig. 5.3. Both inserted layers (PVB and
coating) are masked in the silk-screen process while constructing the windscreen.
In this step, also the busbars and antenna structures are imprinted on the trans-
parent conductive foil with silver print, both located completely hidden within
the black print area shown at the rim of the windscreen. Consequently, the
field of vision is freed from any disturbing structures. The coated windscreen
is mounted on a prepared adhesive bead along the car body flange, while the
antenna connections lead into the interior of the vehicle in the form of short
kapton R©1 tapes between the inner pane and the adhesive bead. The connection
lengths of the used tapes (enlarged in Fig. 5.3 for the feeding of the antennas A3
and A4) of around 10 cm are chosen to be as short as possible in order not to
aggravate the inductive loading of the antennas (which has a non-negligible influ-
ence on the antenna impedance behavior for the higher DAB-VHF frequencies).
Finally, all antennas are measured passive and in combination with the optimized
FM/DAB-VHF HIA circuit presented in Section 5.2.1. The adapters to perform

1polyimide film developed by DuPont
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measurements at the feed point of the passive antenna structures as well as the
antenna amplifiers (enlarged in Fig. 5.3 for the amplifier location of antenna A2)
are screwed to the predefined chassis ground positions.

The passive impedances, the decoupling, and the radiation characteristics of
the windscreen antennas are recorded in the presence of the test vehicle on the
turntable inside the car test radome of the institute. With respect to the decou-
pling of the four diversity antennas, which all share the common connection to
the conductive coating, the maximum available power gain (‘maxgain’) [32]

S21,max =
∣∣∣S21,max

∣∣∣ = |S21|
2(

1− |S11|
2
)
·
(
1− |S22|

2
) (5.1)

is of physical relevance. In contrast to the S21 of two connected antennas mea-
sured in a 50 Ω system, the calculated S21,max takes the available mismatch
at both antenna ports (via S11 and S22) into account. As the ‘maxgain’ value
provides the maximum possible power flow between the two considered antenna
connections, the attainable decoupling value decreases in comparison to the mea-
sured S21 value. Nevertheless, for all combinations of the investigated coated
windscreen antennas, the S21,max decoupling value is higher than 10 dB in both
operating frequency bands, which can be considered as absolutely satisfactory.
Based on the final measurement setup in Fig. 5.3, the smith charts of Fig. 5.4

display the measured FM and DAB-VHF antenna impedances. It is obvious
that the four diversity antennas show a slightly varying impedance behavior, but
in each case with a reasonably high and constant antenna radiation resistance
RA(f) in the FM frequency band and a broadband impedance character in the
DAB-VHF range. As described in Section 3.3.2, and already confirmed in Chap-
ter 4 in case of the short helical antennas, these are both important preconditions
for a constant amplification with the subsequent HIA. Consequently, the inten-
tion to process the received signals of all windscreen antenna structures with an
equivalently equipped amplifier circuit, despite the differing antenna impedance

Figure 5.4: FM/DAB-VHF impedances of the four coated windscreen antennas.
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behavior, can be realized by a two-stage FM/DAB-VHF HIA circuit with an in-
dividually optimized filter and smoothing network between both stages, which
will be introduced in Section 5.2.1. Section 5.2.3 will present the final active field
measurement results of each diversity antenna and prove the assumption stated
above.
The coated car windscreen, with its antenna connections illustrated in Fig. 5.2,

is also modeled in CST R© and simulated using the FEM with the frequency domain
solver. Fig. 5.5 shows the corresponding CST R© simulation model of the meshed
windscreen, embedded into the meshed simulation model of the test vehicle. The
windshield is divided into three major areas for the simulations. Surface elements
with a dielectric coating and suitable selected surface resistance values (so-called
‘surface impedance sheets’) have proved to be the best solution for the material
assignment in each of these areas. As might be expected, the material of the car
windscreen is glass, indicated in blue color, while the coating of the glass screen,
in the area marked yellow, is given by the conductive foil with a low-ohmic surface
resistance value of 4 Ω/square. The surface displayed in brown color represents
the location of the imprinted metallic busbars and the two antennas on both
sides. An overview of the surface resistance values used for each material is
provided in Table 5.2. Deviations from the real value of the relative permittivity,
the dissipation factor, and the thickness of the coating or the screens have shown
only small changes on the antenna impedances. The section with the feeding
of the windscreen antennas A3 and A4 is enlarged in the small picture on the
right-hand side of Fig. 5.5. In this configuration, the upper antenna A3 is open-
circuited (the related feeding tape leads around the pane into the interior of the
vehicle) and the lower antenna structure A4 is fed to the port via a short kapton R©

tape, which is also apparent in the test windscreen of Fig. 5.3. A precise modeling
of the realistic conditions in the measurement setup, especially of the busbars and
the guidance of the antenna feeding via the tapes, is mandatory in the simulations
in order to obtain a good correlation with the complex measurement scenario.

Figure 5.5: CST R© simulation model of the coated car windscreen and zoom to
the feeding point of antenna A4.
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Table 5.2: Parameters of the coated car windscreen simulation model.

glass panes metallic structures coated foil
RS(f) 109 Ω/square 5 · 10−4 Ω/square 4 Ω/square

Figs. 5.6 and 5.7 present the comparative results of the measurements and sim-
ulations for the antenna structure A4 (feeding indicated in Fig. 5.5). Fig. 5.6 dis-
plays the evaluation of the measured (solid curve) and simulated (dashed curve)
FM/DAB-VHF antenna impedances, which shows a good agreement in both fre-
quency bands, whereas Fig. 5.7 visualizes the horizontal plane (at Θ = 85◦) of the
measured (blue curve) and simulated (red curve) vertically polarized radiation
patterns for f = 90 MHz in the FM band. The results of the simulated radiation
characteristic are strongly dependent on an accurate simulation model of the car

Figure 5.6: Comparison of measured ( ) and simulated ( ) FM and DAB-VHF
antenna impedances for antenna structure A4.

Figure 5.7: Comparison of measured ( ) and simulated ( ) vertically polarized
radiation patterns at 90 MHz for antenna structure A4 (Θ = 85◦).
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body (e.g. the geometry of the modeled gap widths of the vehicle). Taking into
account that for the description of a real car in combination with a sophisticated
screen antenna structure there are generally a lot of uncertainties [60], it can
be noticed that for the simulation of the coated windscreen diversity antennas a
good agreement with the measured results could be achieved, showing the main
effects in impedance and radiation characteristics.

5.1.2 Switchable Adaptive Windscreen Diversity Antennas
A second, switchable and adaptive, windscreen antenna diversity system, which
is also located completely hidden within the black print area at the rim of the
windscreen, is presented in the following [81]. Depending on the switching status,
based on the integration of RF switches and filter networks in a ring structure,
the antenna can be adapted to various versions of well-established windscreen
antenna structures. A similar concept of a switchable and adaptive FM ring
antenna has already been successfully implemented underneath a dielectric car
roof as well as within a plastic trunk lid [59].
The final configuration of the multi-antenna diversity system, embedded into

the windscreen of a test vehicle, is derived from basic research results of a simpli-
fied car windscreen test setup. In [82], several 4 mm wide antenna copper strips
of different lengths were investigated, which are all located within the bordered
black print area of a state-of-the-art laminated glass windscreen in a maximum
distance of 5 cm to the surrounding metallic car body. In this first measurement
model depicted in Fig. 5.8 (a), mounted on a wooden framework in order not
to disturb the measurements, the enclosing ground surfaces of the test vehicle
(A-pillars, roof and hood) are emulated by a 30 cm wide and thin ground frame
made of tin-plated steel sheet. The feeding of the antennas is provided in the
lower left corner of the windscreen by means of a 50 Ω coaxial cable towards the
connected VNA. According to the simplified test setup, a corresponding CST R©

simulation model was developed and is shown in Fig. 5.9 (a), having the same
physical dimensions as the real construction in Fig. 5.8 (a). In order to reduce the
complexity of the simulation model, the windscreen is modeled as a planar struc-
ture. The glass, with a thickness of approximately 0.001 · λFM , behaves almost
like free-space for the FM and also the DAB-VHF frequencies. Consequently, it
has a negligible impact on the performance of the considered windscreen anten-
nas. Only for higher frequencies a precise modeling of the glass screen curvature
with its respective parameters is mandatory, as the immediate environment of
the glass causes an offset of the antenna’s resonance frequency [83]. The used
parameters of the glass material in the simulation model of Fig. 5.9 (a) are given
in Table 5.3.
By exploiting the whole circumference of the windscreen, a ring antenna struc-

ture of fixed length serves as the longest antenna element possible (defined by
the physical dimensions of the windscreen and marked in both pictures). This
ring structure forms the outline of the further investigated antennas of different
lengths. Based on the simplified car windscreen model in the measurement and
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(a) Simplified car windscreen test setup

(b) Feeding of a monopole

(c) Feeding of a dipole/ring

Figure 5.8: Simplified car windscreen test setup with the adaptive ring antenna
and different antenna feeding techniques in the measurements.

(a) Simplified car windscreen simulation model

(b) Feeding of a monopole

(c) Feeding of a dipole/ring

Figure 5.9: Related CST R© simulation model with the adaptive ring antenna, in-
cluding the respective positions of the realized antenna structures,
and different antenna feeding techniques in the simulations.

simulation setup, all FM/DAB-VHF antenna structures which yield a resonant
impedance behavior in one of both operating frequency ranges were constructed
on the windscreen and the respective antenna impedances were recorded. In
this context, symmetrical/balanced (e.g. dipole and ring antennas) as well as
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Table 5.3: Parameters of the simulated planar glass windscreen.

thickness [mm] permittivity dissipation factor
2.1 7.3 0.04

asymmetrical/unbalanced (e.g. monopole antennas) copper antenna structures
were considered. As shown in both models, the impedances of the unbalanced
monopole antennas can be measured by connecting the unbalanced coaxial cable
to one of both ground bridges of the frame (Figs. 5.8 (b) and 5.9 (b), respec-
tively). The outer jacket of the cable is thus connected to ground and the inner
conductor of the SMA connector directly feeds the antenna structures. In case of
the symmetrical antennas, however, a Balanced-Unbalanced (Balun) component
has to be inserted, which converts between the unbalanced signal of the feed-
ing via the coaxial cable and the balanced signal of the antennas. Fig. 5.8 (c)
demonstrates the measurement scenario of a symmetrical antenna feeding with
the employed Balun pulse transformer TP-101 [84]. In the simulation model of
Fig. 5.9 (c), the discrete port is simply connected between both feeding points of
the balanced antenna.

In total, four monopole antennas, resulting in two further dipole antenna com-
binations, in the FM band, and six monopole antennas, according to three further
dipole antenna combinations, in the DAB-VHF band could be gained, in addition
to the long DAB ring antenna structure (DABR) with the maximum length of
around 2.5 · λDAB in the VHF Band-III. Fig. 5.9 (a) shows the locations of all
vertically and horizontally drawn FM and DAB-VHF antenna structures2. An
overview of the related lengths of the realized monopole antennas and the ring
antenna, measured from the antenna feeding point in the lower left corner and
referred to the respective wavelength, is presented in Table 5.4 for the FM band
and Table 5.5 for the DAB-VHF band. The lengths of the corresponding dipole
antennas are given by the double of the lengths of the monopole antennas.

Table 5.4: Lengths of the investigated FM monopole antenna structures.

FMS FMM

≈ λFM/4 ≈ λFM/2

Table 5.5: Lengths of the investigated DAB-VHF antenna structures.

DABS DABM DABL DABR
≈ λDAB/4 ≈ λDAB/2 ≈ λDAB ≈ 2.5 · λDAB

A comparison between measurement (blue color) and simulation (red color)
results of the shortest (DABS) and longest (DABL) DAB-VHF antennas within
the ring structure is shown in Figs. 5.10 and 5.11, respectively. In both figures,

2S ≡ short, M ≡ medium, L ≡ long, R ≡ ring
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a good correspondence between measured and simulated impedances and radia-
tion patterns (in case of the dipole antennas) could be achieved. The partially
occuring differences can be explained by disturbances in the car test radome, for
example reflections and diffractions in the measuring field or further obstacles
located within the radome, and by simulative inaccuracies (e.g. the planar mod-
eled windscreen). However, undesired distinct loops cover the impedances of the
short DABS antenna structures in Fig. 5.10. These narrowband impedance loops
cause sudden changes of the antenna radiation resistance RA(f), which should
be avoided for an intended further processing with the subsequent HIA circuit
(as also shown in Section 6.1.2). A similar behavior, albeit in a weakened form,
is still evident for the short FMS and the medium DABM antenna structures of
Fig. 5.9 (a) [82]. On the contrary, the impedances of the medium FMM and the
long DABL antenna structures show no impedance loops at all, as exemplified
for the DABL antenna in Fig. 5.11.
Apparently, the disruptive impedance loops arise as a result of the additional

length of the excluded antenna structures behind the currently measured anten-
nas on the windscreen (interrupted by a small gap in the copper strip). Through
coupling effects, the excluded part of the ring antenna as well as the surrounding
metallic ground frame are unintentionally excited. The total length of the ex-
cluded structure and the size of the gaps are the decisive factors for the extent of

(a) Impedances of the monopole antennas (b) Impedance and RP of the dipole

Figure 5.10: Measured ( ) and simulated ( ) resonant impedance behavior and
vertically polarized radiation patterns (dipole antenna, f = 215 MHz
and Θ = 85◦) of the short DAB-VHF antenna structures DABS .
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(a) Impedances of the monopole antennas (b) Impedance and RP of the dipole

Figure 5.11: Measured ( ) and simulated ( ) resonant impedance behavior and
vertically polarized radiation patterns (dipole antenna, f = 195 MHz
and Θ = 85◦) of the long DAB-VHF antenna structures DABL.

the undesired coupling and thus the resulting impedance loops. The developed
multi-antenna system on the simplified car windscreen test setup practically forms
a huge resonance body, where the feeding of one antenna undesirably influences
the adjacent antenna structure. As a consequence, the antennas of the final multi-
antenna diversity system on the windscreen of the test vehicle have to be chosen
well-considered in order to alleviate the coupling amongst the diversity antennas
and the surrounding car body to a certain extent and thus obtain impedances
without any disturbing loops in both operating frequency ranges (according to
the measured impedances of the long DAB-VHF antennas in Fig. 5.11). In this
context, the intended interruptions of the copper strips for the integration of the
necessary pin-diode switches and filter networks have a very beneficial effect.

Based on these findings, adequately selected copper antenna structures are
mounted on the outer pane of the laminated windscreen of the test vehicle. The
new adaptive windscreen antenna, as shown schematically in Fig. 5.12, consists
of altogether three FM and four DAB-VHF antenna structures. The antennas
consist of 2 mm wide copper strips and are mounted on the windscreen in a
constant distance of maximally 5 cm to the surrounding metallic car body (e.g.
represented by the A-pillars on the sides), thus again well-located within the
black print area indicated at the rim of the car windscreen. According to the
FMS antenna structures of the simplified test setup, two quarter-wavelength FM



116 5 Embedded Active FM/DAB-VHF Diversity Screen Antennas

Figure 5.12: Draft of a car windscreen with the final switchable and adaptive
FM/DAB-VHF multi-antenna diversity system, including the loca-
tions of the filters, switches, and the subsequent amplifier network.

monopole antennas FM1 (vertically drawn in green color) and FM2 (horizontally
drawn in blue color) are extended by means of FM bandstop / DAB-VHF band-
pass filter networks, as illustrated in the orange boxes of Fig. 5.12. In this way,
also DAB signals of the DAB1 and DAB2 antenna structures with a length of
approximately one wavelength in the VHF Band-III (corresponding to the DABL
antenna structures of the simplified test setup) can be received. Moreover, by
feeding both FM/DAB-VHF monopole antenna structures as a dipole antenna,
the FM3/DAB3 antenna, marked in purple color, can be obtained. And a fourth
DAB-VHF ring antenna structure DAB4, complemented with the additional cop-
per strip in red color, can be achieved by means of integrated pin-diode switches
on the windscreen, as depicted in the yellow boxes of Fig. 5.12. At the antenna
feeding point in the lower right corner of the windscreen, the balanced and un-
balanced FM/DAB-VHF antenna signals are finally amplified with the two-stage
HIA of Section 5.2.1, which is also a vital part of the active antenna diversity
system in addition to the optimally designed antenna structures (with respect to
their impedance behavior presented in Fig. 5.15).
Fig. 5.13 depicts the final implementation of the switchable and adaptive

FM/DAB-VHF multi-antenna diversity system with the ring structure on the
windscreen of the test vehicle, including both locations of the integrated filter
networks and RF switches.
The employed filter consist of the three lumped components L1 in parallel

to the series connection of C1 and L2 in the form of soldered Surface-Mounted
Device (SMD) components. The component values are designed in a way that
the FM frequencies are blocked and the DAB-VHF signals can pass the structure,
resulting in the four DAB-VHF resonances in addition to the three FM ones. The
dimensioning of the FM bandstop / DAB-VHF bandpass filter on the windscreen
is shown in Fig. 5.14 (a), while Fig. 5.14 (b) displays the corresponding insertion
loss over the frequencies of interest. As it can be seen, a low insertion loss in the
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Figure 5.13: Final measurement setup of the new switchable and adaptive
FM/DAB-VHF multi-antenna diversity system, embedded into the
windscreen of the test vehicle inside the car test radome.

DAB-VHF frequency range and a high stop-band attenuation in the FM frequency
band could be achieved with the inserted filter networks. In the DAB-VHF pass-
band, the series resonance circuit consisting of C1 and L2 is effective. The related
resonance frequency is placed centrally in the DAB-VHF band at around

fr,DAB−V HF = 1
2 · π ·

√
C1 · L2

≈ 202 MHz (5.2)

with a maximum insertion loss value of 1 dB in the entire DAB-VHF frequency
range. The bandstop for the FM frequencies is realized by the additional parallel
connection of both components with the inductor L1. The calculated resonance
frequency at

fr,FM = 1
2 · π ·

√
C1 · (L1 + L2)

≈ 91 MHz (5.3)

(a) Component values and structure (b) Simulated insertion loss

Figure 5.14: Dimensioning of the integrated FM bandstop / DAB-VHF bandpass
filter and related simulated frequency response from DC – 250 MHz.
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is located in the center of the FM band with a stop-band attenuation value of at
least 14 dB for the entire FM frequency range. L1 furthermore serves as a choke
for the necessary DC current flow (green-marked area in Fig. 5.14 (b)), required
for biasing the pin-diodes in the stationary forward state. The quality factor of
the coils is considered with a value of 30 for the simulation of the insertion loss,
which corresponds to a common value of state-of-the-art inductors in the specified
value range [85]. Due to the FM bandstop behavior, the antenna copper strips
behind the filter are not visible for FM signals, whereas DAB-VHF signals can
be received almost unimpeded by both the longer monopole antennas (as well as
the dipole antenna) and the ring structure. Consequently, with this configuration
the use of the ring structure is not provided for the FM band.
Further filter networks were also designed for the case that a short DAB-VHF

antenna should be connected to a longer FM antenna (FM bandpass / DAB-VHF
bandstop filter). However, this approach has proven to be inappropriate as the
resulting antenna combinations again showed some inevitable loops in the re-
spective impedances, as exemplarily demonstrated for the DABS antenna of the
simplified test setup in Fig. 5.10. Nevertheless, this configuration offers the possi-
bility to use the ring antenna as a fourth FM diversity antenna element (in com-
bination with three DAB-VHF diversity antennas). The achievable FM diversity
efficiency under these conditions is calculated and displayed in Section 5.2.3.
The switching between the dipole and ring antenna in the diversity mode

is performed via pin-diodes, both mounted onto the glass at both ends of the
FM3/DAB3 dipole as indicated in Fig. 5.13. In RF circuits and systems, pin-
diodes are semiconductor devices commonly used for switching functions. The
operation of the pin-diodes is controlled by an additional biasing network with
DC chokes at the antenna feeding point in the lower right corner of the wind-
screen. Fig. 5.13 depicts an enlarged section of the antenna feeding, including the
biasing network for controlling the diodes within the ring structure. Depending
on the polarity of the applied voltage, the diodes operate in forward or reverse
mode and therefore the connected antenna serves as a ring or dipole antenna,
respectively. The employed pin-diode switches of type BA779 require a forward
DC current of at least 20 mA [86]. By dimensioning an interconnected series
resistor to 1 kΩ, the required current flow can be provided at a supplied voltage
of 20 V. The measurement scenario of the balanced antenna feeding by means of
the Balun is shown. In operation with the Balun component, two 10 nF capaci-
tors for blocking the DC current between the antenna and the input of the Balun
are integrated. The additional hardware effort for the integration of the two pin-
diode switches, in order to also receive the signals of the DAB4 ring structure, is
absolutely justified, as this fourth DAB antenna considerably contributes to good
diversity reception characteristics in the VHF Band-III, as will be expressed in
the evaluation of the ECC in Section 5.2.3.
Depending on the switching status and configuration, in total three FM and

four DAB-VHF antenna impedances are finally measured with the connected
VNA and depicted in Fig. 5.15. Obviously, each antenna structure exhibits a
series resonance characteristic with a nearly constant antenna radiation resis-
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Figure 5.15: Measured impedances of the integrated switchable and adaptive
windscreen diversity antennas FM1 – FM3 and DAB1 – DAB4.

tance RA(f). Thus, the huge challenge of minimizing the strong coupling effects
experienced in the simplified car windscreen test setup could be overcome by an
appropriate selection of the lengths of the antenna structures (according to the
locations of the gaps in the copper strips for the embedding of the filters and
switches). Despite the extremely narrowband FM and DAB-VHF antenna res-
onances (which even reach the ‘forbidden’ high-ohmic impedance region of the
HIA, thus being comparable with the impedances of the ultra-short CCHAs), the
relatively constant RA(f) provides a good precondition for designing the subse-
quent HIA in order to achieve a flat active frequency response for each windscreen
diversity antenna in both operating frequency bands. The different antenna impe-
dances only vary with regard to the value of RA(f) and the attainable bandwidth.
In contrast to the coated windscreen antenna diversity system of Section 5.1.1,
only one single amplifier at the antenna feeding point is required which can cope
with all switchable and adaptive diversity antennas. In Section 5.2.3, the new
adaptive ring antenna is directly connected to an adapted two-stage HIA circuit

Figure 5.16: CST R© simulation of the switchable adaptive windscreen antenna
diversity system and comparisons of measured and simulated impe-
dances for the antenna structures FM1, DAB1 and DAB4.
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and the respective results of the frequency responses are shown for all active
antenna combinations.

The switchable and adaptive multi-antenna diversity system on the car wind-
screen is also simulated with CST R©. Fig. 5.16 shows a cutout from the simulation
model of the simplified test vehicle, as already introduced in Section 2.1.2, with
the antenna structures and components embedded into the windscreen. The two
smith charts show a good agreement between the measured and simulated an-
tenna impedances for the FM antenna FM1, the DAB-VHF antenna DAB1 (both
displayed in green color), and the ring antenna DAB4 (illustrated in red color).

5.1.3 Antennas on Side Screens
Not only the windscreen, or typically the rear screen, can be taken into consid-
eration for inconspicuously integrating antenna structures into the vehicle. The
hidden mounting positions of the differently-sized side screens are also feasible,
even though the available mounting volume for antennas is extremely limited
there. Fig. 5.17 shows the outline of a test limousine with the respective loca-
tions of the investigated side screens between the B- and C-pillars of the vehicle,
which gives a first impression of the very restricted space in contrast to the wind-
screen of the vehicle, as considered previously.

Figure 5.17: Outline of a limousine with placement of the considered middle and
rear side screens between the B- and C-pillars.

Several FM/DAB-VHF antenna structures on the narrow middle side screen as
well as the even smaller rear side screen of a test vehicle are investigated. Fig. 5.18
represents the CST R© simulation model of the two considered side screens, embed-
ded into a planar modeled lateral car body. In the simulation model, the middle
side screen is equipped with a thin copper ring antenna structure (and in the
following also with a dipole antenna), while the rear side screen includes a planar
copper antenna surface for a best-case consideration (and in the following also a
so-called ‘harp antenna’, constructed of the same transparent conductive material
as utilized in Section 5.1.1). The distances of both antennas to the surrounding
metallic car body, given with the B-pillar in case of the middle side screen and
the C-pillar for the rear side screen, are chosen to be 4 cm in all directions.
Again, each side screen antenna is finally amplified with the considered two-stage
FM/DAB-VHF HIA circuit, which will be presented in the next section, and the
corresponding active field measurement results are shown in Section 5.2.3.
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Figure 5.18: Simplified CST R© simulation model of both investigated side screens
with two embedded antenna structures (dimensions are given in cm).

Middle Side Screen

The wider middle side screen already exhibits relatively small sizes for embed-
ding FM/DAB-VHF antennas within this aperture. Different wire antenna struc-
tures are mounted within the restricted window area of approximately 0.2 m2

(≈ 50 cm x 40 cm) between the driver’s door and the rear side screen. Fig. 5.19
shows the test setup of an embedded copper ring antenna and a dipole antenna,
having the same form as the ring but with a small gap in the copper strip in the
upper left corner (black-marked area). In both cases, the antenna feeding point
is located in the lower right corner of the respective antennas. As described in
Section 5.1.2, the ring and dipole antenna, as being symmetrical antenna struc-
tures, are both fed by means of a Balun at the feeding point. The applied copper
strip has a width of 4 mm and would obviously be too obtrusive and inappro-
priate for commercial use. Thus, it only serves for illustrative purposes here.
Decreasing the width to a few µm (hardly visible anymore for the human eye)
narrows the obtainable bandwidth of the antennas to a certain extent, but still
results in flat active FM/DAB-VHF frequency responses in combination with the
two-stage HIA. Moreover, as an increasing number of modern vehicles nowa-
days also implement black print areas or tintings in the side screens, the wider
antenna elements could be simply hidden within this sector. However, as the
middle side screen is normally rectractable, the implemented antenna structures
rather serve as support antennas in combination with further diversity antennas,
e.g. embedded in the windscreen or rear screen of the vehicle.
Fig. 5.20 depicts the impedance behavior of both antenna structures on the

middle side screen in the FM/DAB-VHF frequency range. Furthermore, in case
of the dipole antenna, the comparative results of the measured (solid line) and
simulated (dashed line) FM and DAB-VHF antenna impedances are displayed in
blue color. The results demonstrate that the considerably simplified CST R© car
simulation model of Fig. 5.18 is modeled precisely enough for this purpose. Due
to the limited space available, and consequently the reduced antenna length, as
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Figure 5.19: Both investigated antenna structures on the middle side screen.

well as the coupling to the adjacent metallic frame of the car, the FM impedance
of the dipole antenna is very narrowband with a low-ohmic antenna radiation
resistance RA(f) of only 8 Ω, thus just fulfilling the requirement imposed on
the minimum radiation resistance value according to eq. (3.5). Comparable to
the results gained in Section 5.1.2, the FM impedance of the ring antenna in
cyan color is located in the high-ohmic impedance range of the smith chart. In
the DAB-VHF frequency bands, both antennas behave high-ohmic and rather
narrowband, however, the impedances run fairly symmetrical with respect to the
resonance frequency for all operating frequencies, resulting in a relatively constant
RA(f). As will be proven in Section 5.2.3, the subsequent two-stage HIA once
again perfectly flattens the narrowband FM/DAB-VHF frequency responses of
both middle side screen antennas.

Figure 5.20: FM/DAB-VHF impedances of the antenna structures in the middle
side screen, including the simulated results of the dipole antenna.
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Rear Side Screen

As Figs. 5.17 and 5.18 already indicate, the dimensions of the rear side screen
of the vehicle renewed decrease severely compared to the middle side screen.
Thus, it is hard to imagine placing a good FM/DAB-VHF receiving antenna
into this narrow mounting volume, as the considered signal wavelengths are by
far higher than the window dimensions. For these reasons, conventional wire
antenna structures, like the dipole and ring antenna in the middle side screen,
provide no appropriate solution anymore. In a first step, the maximum available
performance potential of an antenna in such a small window is investigated. For
this purpose, a copper surface is affixed to the rear side screen with a constant
distance of 4 cm to the surrounding metallic C-pillar. Fig. 5.21 (a) shows the
measurement setup of the planar copper foil antenna, according to the surface
marked yellow in the simulation model of the rear side screen in Fig. 5.18.
One huge drawback of the planar copper foil antenna is that the field of vision is

obviously completely restricted in the rear side screen. This antenna concept has
the only purpose of finding out the maximum achievable performance capability of
an active antenna structure on the small rear side screen. The goal is to develop
a second antenna structure which exhibits almost the same characteristics as
the copper surface, but, at best, offers nearly unrestricted view. The antenna
design shown in Fig. 5.21 (b) almost entirely fulfills these requirements. The five
horizontal copper branches with a width of 2 mm, in a distance of 4 cm to each
other, provide the framework of the surrounding ring structure, again constructed
of 4 mm wide copper strips, and moreover improve the horizontally polarized FM
reception capabilities (in Europe). The outer ring is based on the same outline
as the planar copper foil antenna. The appearance of this antenna structure
leads to the naming ‘harp antenna’. In the shown picture, the dimensions of
the copper strip are by far wider than in a realistic case, thus still disturbing

(a) Planar copper foil antenna (b) Coated harp antenna

Figure 5.21: Both investigated antenna structures on the rear side screen.
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the field of view through the rear side screen. Again, this illustration is only
chosen for showing the antenna structure. Decreasing the copper width to a
few µm in a silk-screen printing process (or again hiding the antenna within a
possibly given homogeneous window tinting), the harp antenna can be mounted
nearly invisible onto the small rear side screen and the good active measurement
results, which will be presented in Section 5.2.3, are hardly influenced by this
measure. Both structures are fed as monopole antennas via a short copper wire
and the resulting passive FM/DAB-VHF antenna impedances are measured with
a VNA and depicted in Fig. 5.22.

As it can be seen, the copper surface in the small rear side screen exhibits a
radiation resistance value RA(f) smaller than 8 Ω with a capacitive imaginary
part in the FM band. Therefore, this antenna is inappropriate for a consideration
with the subsequent HIA with respect to the SNR evaluation [10]. By inserting a
conductive transparent foil (as shown in Section 5.1.1 for the coated windscreen
antennas) in the framework of the harp antenna in the rear side screen, the losses
of the foil increase the antenna radiation resistance value in the FM band to
at least 10 Ω. Furthermore, the FM impedance of this antenna is located very
symmetrically with respect to the real axis of the smith chart, which results in
a reasonably constant antenna radiation resistance RA(f) as requested. In the
DAB-VHF frequency range, both investigated rear side screen antennas exhibit
a highly inductive broadband impedance character.
In Fig. 5.22, also the simulation results of the harp antenna (dashed blue curves)

are depicted in both frequency bands. Once again, the agreement between mea-
sured and simulated antenna impedances with the simplified CST R© car simulation
model of Fig. 5.18 is very good.
The harp antenna will be chosen exemplarily for all considered screen antennas

for the evaluations performed in combination with the HIA in Section 5.2.1 and
5.2.2, respectively. Section 5.2.3 will finally demonstrate that even in the small

Figure 5.22: FM/DAB-VHF impedances of the antenna structures in the rear
side screen, including the simulated results of the harp antenna.
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rear side screen good active reception characteristics can be achieved with both
considered antenna structures, being based on an optimally designed filter and
smoothing network within the HIA part.

5.2 High-Impedance Amplifier in Combination with
Embedded FM/DAB-VHF Diversity Screen Antennas

In contrast to the single-stage FM/DAB HIA for the processing of the signals
received from the ultra-short roof antennas of Chapter 4, this section investi-
gates a two-stage FM/DAB-VHF HIA concept for the screen antennas. Some
general advantages of a two-stage HIA structure have already been stated in Sec-
tion 3.3.2. By using an amplifier configuration with an additional BJT output
stage, a greater flexibility and applicability of the employed amplifier can be en-
sured for a wide variety of embedded screen antennas. An integrated filter and
smoothing network between both transistor stages can be individually adapted to
the impedance behavior of the currently treated antennas. The results achieved
in Section 5.2.3 will conclusively prove that it is feasible to apply the same HIA
configuration for all considered screen antenna structures with varying impedance
behavior. Unlike the HIA, an additionally investigated conventional 50 Ω ampli-
fier is very restricted regarding possible antenna impedances and clearly fails to
amplify the occuring non-50 Ω antenna structures, e.g. the low-ohmic rear side
screen antennas within their narrow mounting volume.
This section firstly concentrates on an effective design of the applied two-stage

HIA in order to realize high-performing active screen antennas. Subsequently,
the corresponding measured and simulated results of the amplifier circuit are
presented. And finally, the field measurement results and further evaluations of
the active screen antennas, also with respect to their diversity performance, are
highlighted.

5.2.1 Design Considerations of the FM/DAB-VHF Amplifier
As the different screen antenna systems, discussed in Section 5.1, predominantly
show diverging FM/DAB-VHF impedances (but fulfill important requirements on
the impedance behavior with respect to a further amplification with the HIA), it is
a great challenge to amplify all antennas with a single amplifier circuit. However,
this challenge can be met with the use of a HIA concept. In this context, the
two-stage FM amplifier structure introduced in [11] for the processing of the ultra-
short CCHA signals is further developed for combination with various embedded
screen antennas and enhanced for a desired amplification of DAB-VHF signals,
sharing the same amplification path. The configuration of the employed two-stage
FM/DAB-VHF HIA which can handle all occuring impedances of the investigated
screen antennas, as shown in the previous section, is presented in the following.
In Fig. 5.23, the general block diagram of the considered HIA is depicted. The

received FM/DAB-VHF signals of the investigated screen antennas are processed
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collectively by the first-stage HEMT in common-drain configuration (green col-
oring) and, after a filtering and smoothing process (blue coloring), a second BJT
output stage in common-base formation (brown coloring) transmits the signals
to the output of the amplifier. The first highly-linear source follower configura-
tion provides the high-impedance input character of the amplifier, but exhibits a
voltage gain value lower than 1 (as being a voltage follower without any amplifi-
cation settings). The second BJT stage forms a low-input-impedance gain stage
and takes over the output current of the first stage. Consequently, this second
stage is capable of a high voltage gain, while maintaining low noise and a good
linearity. As already discussed in Section 4.1.2 for the CCHAs, in choosing the
voltage gain of the stage, a trade-off has to be made between sensitivity, output
noise level, and linearity. The implemented L-C filter topology between both
stages of the amplifier allows for an amplification with combined FM and DAB-
VHF current series feedback, tailored to the impedance character of the currently
investigated screen antennas. In contrast to the HIA design in Chapter 4, no ESD
protection circuits as well as filter networks at the input and output of the am-
plifier are included, as the additional connection to further amplifying paths (e.g.
AM) is not intended for these antennas. Nevertheless, the matching of the out-
put impedance towards 50 Ω is still required for all operating frequencies (also
colored brown in Fig. 5.23). In the car environment, a 50 Ω coaxial cable finally
connects the output of the antenna amplifier with the radio receiver, located in
the dashboard or trunk of the vehicle, with normally 50 Ω input impedance for
the considered frequencies.
In the following, the block diagram of Fig. 5.23 will be examined in more detail

in Fig. 5.24 and the functions of the respective amplifier components will be dis-
cussed. As already described for the general block diagram, the FM/DAB-VHF
amplifying path basically consists of three blocks. The GaAs HEMT transistor
M1 of type NE3508 [73] is connected to the related circuitry as a source follower,
as displayed in green color. The BJT transistor B1 of type BFQ19 [87] is employed
with the corresponding circuitry in common-base and illustrated in brown color.

Figure 5.23: Block diagram of the two-stage FM/DAB-VHF HIA for the embed-
ded screen antennas.
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And an integrated filter and smoothing network is inserted between both stages
and marked in blue color. Due to their higher price, the number of GaAs HEMTs
is restricted in a low-cost amplifier design, thus that a cheaper BJT is preferred in
the second stage. Moreover, the BJT devices exhibit superior transconductance
values and consequently provide higher voltage gain. According to Fig. 4.7 in
Chapter 4, the investigated FM/DAB-VHF screen antennas are replaced by their
equivalent circuit consisting of the voltage source V A and the antenna impedance
ZA (gray coloring). The capacitance Cpar sums up the capacitive parasitic effects
which occur on the input path of the amplifier. The inductors L2, L3, L6 and L7
act as chokes for all operating frequencies. The resistors R6 and R13 attenuate
the undesired resonance frequencies of the parallel connected chokes for high fre-
quencies. Furthermore, the decoupling capacitors C1, C2, C5, C6, C13, and C15
are DC blocks and can be considered as short-circuited for the entire operating
range. The first-stage HEMT acts as a source follower, in which the drain is
grounded by means of the capacitance C4. The L1-R1 parallel circuit as well as
R5 in series to C3 ensure the stability of the FET stage and the component values
are dimensioned to have a minimal impact upon the working frequency range.
The gate biasing voltage is set by R3-R4 and R2 decouples the DC current from
the Alternating Current (AC) current. R7 defines the DC current of the HEMT
with regard to the applied voltage VDD. The connected FM/DAB-VHF filter
and smoothing network consists of a filter configuration composed of six lumped
components (C7 – C10 and L4, L5) and provides a frequency separation of both
operating frequency bands in addition to the desired smoothing function (depend-
ing on the investigated antenna impedances). Some specifications imposed on car
antenna amplifiers require a frequency separation (bandstop behavior) between
each considered operating frequency band, as will also be shown in Section 6.3.2.
These requests can be fulfilled here as well, but actually the filtering effect origi-
nates from the structure of the inserted network and has no further significance
for the intended smoothing function of the amplifier. The FM/DAB-VHF signal
amplification is finally realized with the bipolar transistor B1 in common-base
configuration. The L8-R14 parallel circuit at the output, combined with R9 in
series to C11 and R15 in series to C14, ensure the stability of the amplifying BJT
output stage, while the values of the components are again dimensioned to have

Figure 5.24: Schematic of the two-stage FM/DAB-VHF HIA for the embedded
screen antennas.
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a minimal impact upon the working range. The base biasing voltage is set by
R11-R12, while C12 grounds the bias for the operating frequencies. R10 defines
the DC current of the BJT stage with regard to the applied voltage VDD. L7
moreover saves DC voltage headroom, while R13 has a sufficiently high value,
thus that it can be neglected with respect to a 50 Ω load. As the common-base
formation provides a very high voltage gain of the signals, the resistor R8 in-
cluded before the filter network (highlighted in Fig. 5.24 in brown color, with
a low value of maximally 5 Ω in order not to contribute too much noise to the
circuit) attenuates the voltage gain to some extent. Finally, the inductor L9 at
the output of the HIA transforms the high-ohmic capacitive output impedance
of the common-base stage (seen into the collector of B1) towards 50 Ω, as will
also be verified in the experimental results of the impedances in Section 5.2.2.
The filter and smoothing circuit indicated in blue within the HIA of Figs. 5.23

and 5.24 keeps its topology for all considered screen antenna structures (com-
posed of the six components), but the component values of the network vary,
depending on the currently connected antenna system of Section 5.1. Fig. 5.25
exemplarily shows the frequency response of the employed L-C network for the
small rear side screen antennas of Section 5.1.3. In this case, the network is
designed and optimized (also simulative with ADS R©) on the basis of both mea-
sured FM/DAB-VHF antenna impedances presented in Fig. 5.22. As it can be
seen in the related curve of the frequency response, the integrated filter and
smoothing network hardly influences the DAB-VHF amplification, but slightly
more affects the active frequency response of the rear side screen antennas in
the FM band (increasing attenuation of the lower FM frequencies). Moreover,
the filtering effect of the developed network is clearly evident between both op-
erating frequency bands, showing the resonance frequency at around 131 MHz
with an attenuation of more than 12 dB. The impact of this filtering measure

Figure 5.25: Frequency response behavior of the individually optimized filter and
smoothing network for the small rear side screen antennas.
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can also be distinctly seen in the curve of the amplifier gain in a 50 Ω system, as
shown in Fig. 5.27 (a). The desired smoothing effect is rather low in the case of
Fig. 5.25, which can be explained by the broadband impedance behavior of the
two rear side screen antennas in both operating frequency ranges and the very
constant radiation resistance values over frequency. According to Section 3.3.2
and eq. (3.7), both rear side screen antennas are perfectly suited for a constant
amplification with the HIA without great smoothing measures in the amplifier
part (the L-C filter components can be mainly regarded as short-circuited for the
operating frequencies in this case). But this chosen prime example shows the
main principle of the intended smoothing function of the applied two-stage HIA
(for the other screen antennas the smoothing effect may be of greater extent).
By means of an appropriate individual design of the integrated FM/DAB-VHF
filter and smoothing network for each considered screen antenna system, the re-
spective active frequency responses of all FM/DAB-VHF antennas can finally be
flattened, despite the frequency dependence of the diverse antenna impedances.
The related active field measurement results in Section 5.2.3 will verify this claim.

The realized prototype of the applied two-stage HIA for the different screen
antennas is depicted in Fig. 5.26. The fundamental components are emphasized:
the high-ohmic FET as a voltage follower as a first stage, the BJT as the sec-
ond amplifying stage, and the variable filter network between both stages. The
circuit is printed on a standard FR4 board and supplied with a voltage of 6 V.
Both transistors are operated with a DC current of around 30 mA (however, the
linearity tends to improve for both transistors by increasing the current). The
layout design is furthermore aimed to minimize any parasitic capacitances on the
input node and to ensure the circuit’s stability. Consequently, also the ground
plane has been removed from beneath the input node towards the GaAs HEMT
(as it can be seen from the bottom side of the prototype in Fig. 5.26) in order to
reduce the total input capacitance of the amplifier to a minimum.
In order to highlight the achieved benefits of the HIA in the measurement re-

sults of Section 5.2.3, the results of the active frequency responses of all screen

Figure 5.26: Realized two-stage FM/DAB-VHF HIA prototype for the embedded
screen antennas.
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antennas are compared to the respective results obtained with a conventional
50 Ω amplifier. For these reasons, a 50 Ω amplifier has also been assembled and
tested in conjunction with the various antennas. This amplifier consists of a GaAs
Monolithic Microwave Integrated Circuit (MMIC) of type MGA-62563 [88], sur-
rounded by the appropriately dimensioned circuitry in order to achieve a broad-
band gain value S21 of around 14 dB in both operating frequency bands in a
50 Ω system (as also indicated in the diagram of Fig. 5.27 (a)). The 50 Ω ampli-
fier circuit is also simulated with ADS R© and reveals a good agreement between
measurement and simulation (as displayed with a dotted line in Fig. 5.27 (a)).
Consequently, the frequency responses of the diverse screen antennas can be sim-
ulated in conjunction with the amplifier and the achieved ripple values can be
extracted from the simulations and be compared with the respective results ob-
tained with the HIA, as will be demonstrated in Section 5.2.3. In this way, the
gained benefits of the HIA concept concerning the maximum deviation specifica-
tion on the active frequency response can be highlighted.
In the following, the experimental and simulated results of the two-stage HIA

circuit are presented for the FM and DAB-VHF operating frequency bands.

5.2.2 Experimental Results and Simulations of the Amplifier
The following analysis are performed for the rear side screen antennas of Sec-
tion 5.1.3. For the other investigated screen antennas of the first section, how-
ever, only marginally changed results are obtained (depending on the component
values of the individually designed smoothing networks for each antenna system).
As it will be shown, the presented two-stage HIA configuration provides good per-
formance with regard to the gain (S21,dB) and noise (FdB and vout) specifications
in both operating frequency bands and solely fails to fulfill the linearity require-
ments in the FM frequency range (FM to DAB-VHF intermodulation issues, as
already faced in Section 4.1.3).
The amplifier is characterized with respect to the imposed specifications in

each operating frequency band by experimental results in blue color as well as
the corresponding simulated values in red color.
The gain measurements in the FM/DAB-VHF range are performed in the lab

with the 50 Ω VNA cables connected to both ports of the amplifier. Fig. 5.27
illustrates the gain as well as the impedances of the applied HIA for the active
field measurements of the rear side screen antennas, as will be presented in Sec-
tion 5.2.3, considered in a 50 Ω system. The measurement results can perfectly
be verified by the simulated results of the circuit. The two-stage HIA circuit,
with its optimized filter and smoothing network according to Fig. 5.25, yields an
averaged FM amplification value of 15 dB and around 14 dB in the DAB-VHF
band. Moreover, the input impedance exhibits very high-ohmic values, while
the output impedance is well-located in the immediate vicinity of 50 Ω. Con-
sequently, all requirements imposed on the gain and impedance behavior of the
investigated two-stage HIA for the rear side screen antennas could be maintained.
The influence of the filter network between both transistor stages is also appar-
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(a) Amplifier gain (b) Input/output impedances

Figure 5.27: Measured ( ) and simulated ( ) gain and impedance behavior of
the applied two-stage FM/DAB-VHF HIA and a conventional 50 Ω
amplifier ( ) in a 50 Ω system.

ent in the gain curve of Fig. 5.27 (a), showing the frequency separation effect
between both operating frequency bands with the noticeable filter resonance at
around 131 MHz (as it is also visible in the frequency response of the filter alone
in Fig. 5.25). The attenuation between both operating frequency bands reaches
a value of more than 15 dB at the filter resonance frequency. The relatively
constant frequency response for the FM/DAB-VHF operating frequencies finally
manages to smoothen the frequency-dependent impedances of the small rear side
screen antennas, in addition to an intended high amplification of the signals. The
respective results of the employed amplifiers for the middle side screen antennas
(as also shown in Section 5.1.3) and the two windscreen antenna diversity sys-
tems of Section 5.1.1 and 5.1.2 slightly differ in comparison to the curves shown
in Fig. 5.27 (depending on the dimensioning of the inserted smoothing network).
In order to highlight the ultimately achieved advantages of the two-stage HIA

concept, the results of the active frequency responses in Section 5.2.3 will also be
compared to those of a 50 Ω amplifier using the same antennas at the input. The
measured (solid curve) and simulated (dotted curve) gain of this 50 Ω amplifier
is additionally plotted in Fig. 5.27 (a) in black color. The chosen 50 Ω amplifier
exhibits a broadband amplification value of 14 dB in both operating frequency
bands and the simulations represent the measurements very well. As the name
already implies, the input and output impedances of the amplifier are both located
very close to 50 Ω (colored black in Fig. 5.27 (b) for the measured impedances).
The performance of this amplifier circuit is used for reference investigations with
the HIA in Section 5.2.3.

A comparison between the measured and simulated FM (although not spec-
ified) and DAB-VHF noise figure is displayed in Fig. 5.28. In both frequency
ranges, an equivalent course of measured and simulated values could be reached
and the measured values do not exceed 3 dB. Consequently, the requirement im-
posed on the noise figure can be completely fulfilled. As already discovered for
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Figure 5.28: Measured ( ) and simulated ( ) FM and DAB-VHF noise figure
of the applied two-stage FM/DAB-VHF HIA in a 50 Ω system.

the single-stage amplifier of Chapter 4, the simulations tend to be slightly more
optimistic than the measurements, but the maximum deviation is only 0.2 dB.
In contrast to the measurements of the FM output noise voltage in Fig. 4.15

for the ultra-short antennas, the output noise voltage of the investigated active
screen antennas can not be evaluated in the lab. As the immediate environ-
ment of the embedded screen antennas considerably changes their performance,
especially with respect to their impedance and radiation characteristics, they nec-
essarily have to be characterized in the ambience of the surrounding metallic car
body. However, it is not possible to perform noise measurements of automotive
antennas within a completely shielded car test radome of the institute, in order
to avoid undesired noise influences from the outside. For these reasons, antenna
replications were designed for each screen antenna, which reasonably resemble the

Figure 5.29: Measured FM impedance of the original harp antenna ( ), accord-
ing to Fig. 5.22, and of the related antenna replication ( ).
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individual impedance behavior of the respective antennas. The small boards con-
sist of a few combined series and parallel L-C SMD resonance circuits, depending
on the considered antenna impedances. The equipped antenna replication for the
harp antenna on the small rear side screen is exemplarily depicted in Fig. 5.29.
The smith chart of Fig. 5.29 shows the presented FM impedance curve of the
original harp antenna (colored blue and equivalent to the impedance indicated
in Fig. 5.22), which is measured in the intended car environment of the rear
side screen. The second impedance in black color represents the measured FM
impedance of the designed antenna replication for the harp antenna. The small
discrepancy between both impedances is negligible for the output noise voltage
measurements performed in the anechoic chamber.

Figure 5.30: Measured ( ) and simulated ( ) averaged FM output noise voltage
of the applied two-stage FM/DAB-VHF HIA in conjunction with the
antenna replication of the harp antenna for 120 kHz bandwidth.

The measured FM output noise voltage of the two-stage HIA in conjunction
with the replication of the harp antenna at the amplifier input is depicted in
Fig. 5.30. The simulation was performed using the measured antenna impedance
ZA as the source impedance for the amplifier. The mode of the test receiver is
switched to ‘average’ and the IF bandwidth is set to 120 kHz. The experimental
values are found to be in a good agreement with the simulations, although the
simulations tend to be slightly more pessimistic in this case . A measured output
noise voltage value of –5.8 dBµV could be achieved on average for the entire
FM band and the maximum value is located below –4 dBµV. These are very
good results regarding the noise behavior of the active harp antenna, which easily
achieves the required value of averaged –5 dBµV. It is important to state that the
diverse antenna replications of the other investigated screen antennas also reach
the imposed noise specifications in combination with their individually adjusted
HIA circuits.
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Finally, the measured and simulated 2nd3 and 3rd4 order linearity values of
the amplifier are given for the FM/DAB-VHF operating frequency bands for
the specified output levels. Table 5.6 highlights the obtained values for the FM
band (input tones are located on f1 = 98 MHz and f2 = 100 MHz, whereas the
output level is set to 110 dBµV) and Table 5.7 shows the respective values for the
DAB-VHF range (input tones are located on f1 = 198 MHz and f2 = 200 MHz,
whereas the output level is set to 100 dBµV). As it can be seen in both tables,
the deviation of the measured and simulated linearity values is very low. The
results indicate that this amplifier topology is less subject to undesired 2nd order
intermodulation conversion issues, but further fails to achieve the required 3rd
order intermodulation distance without the deployment of an AGC circuitry in
the FM band. The FM intermodulation distance ak3 is evaluated to be 51 dB,
consequently 9 dB are missing in order to fulfill the requirements. The other
linearity values, especially for the DAB-VHF band in Table 5.7, are absolutely
satisfying and meet the specifications.

Table 5.6: Measured intermodulation performance of the FM/DAB-VHF ampli-
fier for f1 = 98 MHz, f2 = 100 MHz and 110 dBµV output level.

measurement simulation
ak2 [dB] 54 57
ak3 [dB] 51 52

Table 5.7: Measured intermodulation performance of the FM/DAB-VHF ampli-
fier for f1 = 198 MHz, f2 = 200 MHz and 100 dBµV output level.

measurement simulation
ak2 [dB] 58 61
ak3 [dB] 70 72

In conclusion, the amplifier circuit fails to accomplish the ak3 values for strong
FM signals. Consequently, the stringent FM linearity requirements can not be
met with this two-stage FM/DAB-VHF amplifier configuration. By increasing
the complexity of the amplifier, as shown in Section 4.2.2, also the nonlinear
issues could be finally solved by means of an additional AGC circuitry at the
HIA input, which is not considered further for the investigated screen antennas.
All the other requirements imposed on the performance of the two-stage HIA for
the rear side screen antennas can be completely fulfilled, which also applies to
the adapted HIA circuits for the other embedded screen antennas.
In the following, the active field measurement results of all individually opti-

mized two-stage HIA circuits in conjunction with the related embedded screen an-
tennas are presented with further evaluations in both operating frequency ranges.

3at the frequency f1 + f2
4at the frequency 2 · f1 − f2
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5.2.3 Active Field Measurements of the Embedded Screen Antennas
and Further Evaluations

In order to evaluate the achieved signal performance of the diverse screen an-
tennas, considered in Section 5.1, in combination with the two-stage HIA, whose
general structure is described in Section 5.2.1, active field measurements of the
antennas are performed in the car test radome of the institute. In this context,
the respective antennas are embedded into the screens of the test vehicle on the
turntable and the measured frequency-dependent signal levels are averaged for
a complete horizontal car rotation, as described in detail in Section 2.1.2. Ac-
cording to the imposed specifications, band-optimized quarter-wavelength rod
antennas are mounted on the trunk of the vehicle and serve as reference anten-
nas for the active field measurements. The active field measurement setup with
the placement of the passive FM and DAB-VHF reference rod antennas can be
extracted from Fig. 4.19 (b). The field measurement results plotted in the fol-
lowing always show the ratio of the averaged signal levels delivered by the active
screen antennas to the averaged signal levels obtained with the respective passive
reference antennas.
In addition to the active field measurement results, also further evaluations with

respect to the achieved performance capability of the different screen antennas
are conducted. Via the simulations, the ripple values of the active frequency
responses of all antennas are compared to the respective results obtained with
the conventional 50 Ω amplifier, as stated in Section 5.2.1. Furthermore, on the
basis of the received signal levels and radiation patterns, further diversity criteria
can be evaluated by post-processing measures and thus, the investigated diversity
antennas in the windscreen can also be classified with respect to their diversity
suitability (see Section 2.1.1). In this context, the ECC is calculated for two
selected diversity antennas of each windscreen multi-antenna diversity system
in both operating frequency ranges. Additionally, also the diversity efficiency
is calculated for a possible configuration of four switchable and adaptive FM
windscreen antennas, as mentioned in Section 5.1.2.

Measurements of the Coated Windscreen Diversity Antennas

Each coated FM/DAB-VHF windscreen diversity antenna, with its characteristic
impedance behavior displayed in Fig. 5.4, is amplified with the corresponding
individually adjusted two-stage HIA circuit of Section 5.2.1. The related mea-
surement setup of the coated windscreen antenna diversity system inside the car
test radome is shown in Fig. 5.3.
The horizontally polarized active FM field measurement results of the coated

windscreen antennas in Fig. 5.31 are referred to the results obtained with the
passive quarter-wavelength FM reference antenna (black 0 dB line). As it can be
seen, the FM signal levels of the four active diversity antennas offer on average
13 dB more gain than the 80 cm long reference rod antenna. Additionally, the
active frequency response of each antenna structure is smoothed by means of the
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Figure 5.31: Horizontally polarized FM field measurement results of the two-stage
FM/DAB-VHF HIA in combination with the four coated windscreen
diversity antennas, in relation to the averaged signal level of the
passive FM reference antenna ( ).

optimized filter network within the two-stage HIA part. As a result, the ripple
values don’t exceed ±4 dB in the entire FM frequency band.

The respective vertically polarized active DAB-VHF field measurement re-
sults in Fig. 5.32 are referred to the results obtained with the passive quarter-
wavelength DAB-VHF reference antenna (black 0 dB line). In the DAB-VHF
frequency range, an average of +9 dBref can be achieved with the active coated
windscreen antennas and the ripple values remain below ±3 dB.

Figure 5.32: Vertically polarized DAB-VHF field measurement results of the two-
stage FM/DAB-VHF HIA in combination with the four coated wind-
screen diversity antennas, in relation to the averaged signal level of
the passive DAB-VHF reference antenna ( ).
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Consequently, despite the slightly varying, but in each case reasonably broad-
band, FM/DAB-VHF impedance behavior of the antenna structures, the active
frequency responses can be flattened with the implemented filter network and
thus, all specifications on the active frequency response can be maintained.
In both operating frequency bands, except for antenna structure A2, all coated

windscreen antennas deliver comparable signal levels over frequency. The length
of the connected copper strip of antenna A2 is shorter than the lengths of the other
antennas. Consequently, the excitation is reduced for this antenna structure. In
the DAB-VHF band, antenna A2 receives on average around 4 dB less signal
level than the other three antennas. As expected, the antenna structures A3 and
A4 show an equivalent frequency response in both operating frequency bands.
The lower antenna structure A4 (connected to the busbar behind the windscreen
wipers) only receives slightly less signal level than the upper antenna A3, based
on the shadowing effect of the lower antenna busbar.

The active frequency responses of the investigated windscreen antennas are
also simulated with ADS R©, as described in Section 2.2.2. In order to compare
the obtained ripple values of the active field measurements with the HIA to the
respective ripple values achieved with the conventional 50 Ω amplifier, the re-
ceived signals of all four FM/DAB-VHF diversity antennas are processed with
both amplifiers in the simulations. The gained results of all ripple values are
tabulated in Table 5.8 for the FM band and Table 5.9 for the DAB-VHF band.
The simulated ripple values for the HIA are very close to the measured values
of Figs. 5.31 and 5.32, even though they generally tend to be around 1 – 2 dB
more optimistic. As it is shown in both tables by the green coloring, both ampli-
fier technologies provide a very constant amplification of the four FM/DAB-VHF
windscreen diversity antennas with simulated ripple values below ±3 dB, which
again confirms the measured results of the HIA with maximum ripple values of
±4 dB in the FM band and ±3 dB in the DAB-VHF band. Consequently, in
contrast to the antenna structures considered next, the reasonably 50 Ω impe-
dances of the coated windscreen antennas in Fig. 5.4 are also very well suited for
a further processing with the 50 Ω amplifier.

Table 5.8: Simulated FM ripple of the coated windscreen antennas.

ripple [dB] A1 A2 A3 A4
HIA ±2 ±2 ±3 ±3

50 Ω amp ±2 ±2 ±1 ±2

Table 5.9: Simulated DAB-VHF ripple of the coated windscreen antennas.

ripple [dB] A1 A2 A3 A4
HIA ±3 ±2 ±2 ±2

50 Ω amp ±2 ±3 ±3 ±3
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(a) FM ECC (A2/A4 combination) (b) RP at 100 MHz (Θ = 85◦)

Figure 5.33: Calculated diversity performance of the coated windscreen antennas
A2 and A4 in the FM frequency band.

The diversity performance of the coated windscreen antennas A2 and A4 (lo-
cated on opposite sides of the coated car windscreen, as displayed in Fig. 5.2)
is characterized by means of the ECC and illustrated for the FM frequencies in
Fig. 5.33 (a). The maximum value is 0.5 at 76 MHz, which indicates a good de-
correlation of both antenna structures in the entire FM band, although they are
connected to the same conductive coating on the car windscreen. Fig. 5.33 (b)
shows the corresponding horizontally polarized radiation patterns in the horizon-
tal plane for antenna A2 (purple color) and A4 (orange color) at 100 MHz and for
Θ = 85◦. The ECC value is close to 0 at this frequency, which can be identified by
the diverging radiation patterns of both antennas in Fig. 5.33 (b). The declines in
the signal level of antenna A4 (e.g. at ϕ = 180◦) can be compensated by a good
horizontal coverage of antenna A2 at these angles and vice versa. Consequently,
a good FM diversity capability can be expected from this antenna combination.

(a) DAB-VHF ECC (A1/A2 combination) (b) RP at 200 MHz (Θ = 85◦)

Figure 5.34: Calculated diversity performance of the coated windscreen antennas
A1 and A2 in the DAB-VHF frequency band.
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Fig. 5.34 (a) shows the ECC for the diversity antennas A1 and A2 (both located
on the left-hand side of the coated car windscreen, as marked in Fig. 5.2) in
the DAB-VHF frequency band. A low ECC value between 0 and 0.22 can be
achieved with these two antennas. The related vertically polarized radiation
patterns in the horizontal plane are shown for antenna A1 (blue color) and A2
(purple color) in Fig. 5.34 (b) for f = 200 MHz and Θ = 85◦. The ECC value is
0.18 at this frequency and the radiation characteristics of both diversity antennas
again complement each other very well (deep nulls of A1 are compensated by the
horizontal coverage of A2 and vice versa). And also the FM and DAB-VHF ECC
values of the other antenna combinations indicate the huge potential of the coated
windscreen antenna diversity system.

Measurements of the Switchable Adaptive Windscreen Diversity Antennas

The switchable and adaptive FM/DAB-VHF windscreen diversity antennas, with
their respective impedances shown in Fig. 5.15, are also amplified with the two-
stage HIA circuit of Fig. 5.24 (only the filter components are adapted to the
antenna impedances considered here). The corresponding measurement scenario
inside the car test radome is depicted in Fig. 5.13.

The active horizontally polarized FM and vertically polarized DAB-VHF field
measurement results are displayed in Figs. 5.35 and 5.36, respectively, in both
cases referred to the results obtained with the related passive quarter-wavelength
FM and DAB-VHF reference rod antennas (black 0 dB lines). The active switch-
able and adaptive FM windscreen antennas provide averaged signal levels of
+5 dBref, whereas in the DAB-VHF band +6 dBref can be achieved on aver-
age. Moreover, the ripple values don’t exceed ±4 dB in both operating frequency
bands. As a consequence, despite the extremely narrowband impedance behavior
of the three FM and four DAB-VHF diversity antennas, the active frequency
responses of all antenna structures could be flattened by means of the integrated
smoothing network between both stages of the employed HIA. Here again, all
required specifications on the active frequency response could be fulfilled.
As expected, the horizontally placed monopole antenna 2 obviously suffers from

the shadowed location behind the windscreen wipers and the hood. For these
reasons, the achieved signal levels are below the ones of the vertically mounted
monopole antenna 1 and the dipole antenna 3 in both frequency bands. How-
ever, they still exceed the averaged FM/DAB-VHF signal levels of the reference
rod antennas (≈ +3 dBref in both bands). The fourth DAB-VHF ring antenna
delivers the highest averaged signal level in comparison to the other DAB-VHF
windscreen antennas, which further improves the diversity performance of the
windscreen antenna diversity system in the DAB-VHF range. Finally, in both
frequency ranges each of the considered windscreen antennas provides a constant
frequency response in conjunction with one and the same HIA circuit at the single
antenna feeding point (which is also marked in Fig. 5.12).
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Figure 5.35: Horizontally polarized FM field measurement results of the two-stage
FM/DAB-VHF HIA in combination with the three switchable and
adaptive windscreen diversity antennas, in relation to the averaged
signal level of the passive FM reference antenna ( ).

Figure 5.36: Vertically polarized DAB-VHF field measurement results of the two-
stage FM/DAB-VHF HIA in combination with the four switchable
and adaptive windscreen diversity antennas, in relation to the aver-
aged signal level of the passive DAB-VHF reference antenna ( ).

The comparisons of the simulated ripple values of all switchable and adaptive
windscreen diversity antennas in combination with the two-stage HIA and the
50 Ω amplifier are presented in Table 5.10 for the FM band and Table 5.11 for
the DAB-VHF band. Again, the trends of the more optimistic estimated sim-
ulated ripple values for the HIA are absolutely comparable with the measured
ripple values, which can be extracted from Figs. 5.35 and 5.36. As displayed
in both tables in green color, the simulated active frequency responses with the
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HIA indicate a very constant amplification of the three FM and four DAB-VHF
windscreen diversity antennas with ripple values below ±3 dB. These simulated
results again verify the measured results with maximum ripple values of ±4 dB
in both operating frequency bands. Consequently, the very narrowband impe-
dances of the antennas, as apparent in Fig. 5.15, can be optimally smoothed by
adequately designing the filter and smoothing network of the two-stage HIA with
reference to condition (3.7) (as RA(f) is predominantly constant for all anten-
nas). In this way, the specifications imposed on the active frequency response can
be met with the HIA. The frequency responses of the same antenna structures
with the 50 Ω amplifier, however, yield a high ripple value of more than ±6 dB
in both frequency bands and thus would definitively violate the specifications for
all antennas, as marked in red warning color. These results are not surprising by
considering the narrowband non-50 Ω antenna impedances of Fig. 5.15, which are
not suited for an amplification with the 50 Ω amplifier at all. The 50 Ω amplifier
would require a separate matching network for each of the antenna structures,
which is difficult to achieve for these antennas and is obviously unfeasible in the
case demonstrated here with a single feeding point for all diversity antennas.

Table 5.10: Simulated FM ripple of the adaptive windscreen antennas.

ripple [dB] FM1 FM2 FM3
HIA ±2 ±3 ±3

50 Ω amp ±6 ±6 ±7

Table 5.11: Simulated DAB-VHF ripple of the adaptive windscreen antennas.

ripple [dB] DAB1 DAB2 DAB3 DAB4
HIA ±2 ±3 ±3 ±3

50 Ω amp ±6 ±6 ±6 ±7

The diversity performance of the switchable and adaptive windscreen anten-
nas is characterized by means of the ECC in both frequency ranges. In the FM
frequency band, both monopole antennas FM1 and FM2 (drawn vertically and
horizontally on the windscreen, as depicted in Fig. 5.12) are chosen for the ECC
evaluation. Fig. 5.37 (a) plots the calculated results of the ECC over the FM
frequencies with a maximum value of 0.2 at 76 MHz. Based on this diagram,
a very good de-correlation of the two antenna structures could be achieved, al-
though they are located in close proximity to each other on the windscreen. The
corresponding horizontally polarized radiation patterns in the horizontal plane
are shown for both antennas in Fig. 5.37 (b) for f = 100 MHz and Θ = 85◦.
The ECC value is only around 0.1 at this frequency, which implies a great de-
correlation. This is also reflected in the chart of both radiation patterns, which
are very different from each other and thus supplement each other for a good
collective horizontal coverage (the declines in the signal level of antenna FM1 are
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(a) FM ECC (FM1/FM2 combination) (b) RP at 100 MHz (Θ = 85◦)

Figure 5.37: Calculated diversity performance of the switchable and adaptive
windscreen antennas FM1 and FM2 in the FM frequency band.

compensated by the horizontal coverage of FM2 and vice versa). Consequently,
this two-antenna combination represents good FM diversity characteristics.
This can also be confirmed by the results of the diversity efficiency of the

switchable and adaptive windscreen four-antenna FM diversity system (with an
implemented FM bandpass / DAB-VHF bandstop filter between the copper strips
of different lengths and thus including a fourth FM diversity ring antenna, as de-
scribed in Section 5.1.2 as well). Fig. 5.38 shows the corresponding signal quality
QD over frequency for horizontal polarization in the FM band [2]. As the FM
antenna structures are mainly de-correlated to each other, the computed values
for the horizontally polarized FM signals achieve an averaged signal quality of
31.5 dB. Values of more than 30 dB are considered as being very good results with
respect to the diversity performance. With a given signal quality QS ≈ 12.5 dB
of a single antenna (also indicated in Fig. 5.38) and the averaged signal quality
QD ≈ 31.5 dB of the four-antenna FM diversity system, the equivalent num-
ber n of completely de-correlated antennas can finally be calculated according to
eq. (2.10) [29]:

n = QD
QS
≈ 2.52 . (5.4)

This result again confirms the high expectations on the developed multi-antenna
diversity system and also justifies the additional hardware effort required for the
integration of the pin-diode switches in order to obtain the fourth ring antenna
(accordingly, also with respect to the four-antenna DAB-VHF diversity system
presented in Section 5.1.2).
Fig. 5.39 (a) displays the calculated ECC for the diversity antennas DAB3

(dipole) and DAB4 (ring antenna, which can be extended from the dipole, as
depicted in Fig. 5.12) in the DAB-VHF frequency band, while Fig. 5.39 (b) shows
the related vertically polarized radiation patterns in the horizontal plane for both
antennas at 200 MHz and Θ = 85◦. The ECC curve exhibits a maximum value
of 0.47 at 226 MHz, which is considered as a good de-correlation value for both
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Figure 5.38: Computed signal quality QD of the switchable and adaptive wind-
screen diversity antennas for horizontal polarization in the FM band.

antennas. The radiation patterns for the dipole antenna DAB3 (purple color) and
ring antenna DAB4 (red color) at 200 MHz (with an ECC value of 0.25) once again
complement each other. These results again prove that the presence of the fourth
DAB-VHF diversity ring antenna has a very beneficial effect. And also the other
calculated FM and DAB-VHF ECC values of the diverse antenna combinations
point out the great diversity capability of the switchable and adaptive windscreen
antenna diversity system.

(a) DAB-VHF ECC (DAB3/DAB4 combination) (b) RP at 200 MHz (Θ = 85◦)

Figure 5.39: Calculated diversity performance of the switchable and adaptive
windscreen antennas DAB3 and DAB4 in the DAB-VHF fre-
quency band.
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Measurements of the Side Screen Antennas

The two middle and rear side screen antenna structures are measured in combi-
nation with the two-stage HIA circuit in their intended mounting position within
the test vehicle inside the sheltered car test radome, according to the test setups
depicted in Figs. 5.19 and 5.21, respectively.

Fig. 5.40 shows the measured FM and DAB-VHF active frequency response be-
havior of both investigated active middle screen antennas. In the FM frequency
band, the ring (cyan color) and the dipole (blue color) antenna both receive ap-
proximately 1 dB less averaged signal level than the corresponding passive FM
reference antenna (black 0 dB line). In the DAB-VHF range, around 4 dB more
gain than the respective DAB-VHF reference antenna is achieved. Moreover, the
ripple value could be maintained below ±4 dB in both operating frequency bands,
thus fulfilling the requirements on the active frequency response. However, these
results already point out the challenge of obtaining good FM receiving antennas
in this narrow mounting volume. The FM reference antenna level can hardly be
reached with both active middle side screen antennas, but in combination with
one of the investigated FM windscreen antenna systems for example, both FM
side screen antenna structures would serve as great supporting antennas (espe-
cially as the radiation characteristics strongly vary in contrast to the patterns
of a windscreen or a rear screen antenna, resulting in an improved combined
diversity efficiency). The results in the DAB-VHF frequency range imply that
the dimensions of the smaller side screens increasingly fit the DAB-VHF quarter-
wavelength, which can be even improved further for the rear side screen (however,
at the expense of the FM performance).
The results of the active antenna structures in the rear side screen are depicted

in Fig. 5.41. As expected, the FM performance of both active antennas is further
decreased in this extremely narrow mounting volume. Even the averaged FM
signal level of the best-case antenna on the rear side screen, nominally the planar

Figure 5.40: FM/DAB-VHF field measurement results of the dipole antenna ( )
and ring antenna ( ) in the middle side screen combined with the
two-stage FM/DAB-VHF HIA circuit, in relation to the averaged
signal levels of the passive reference antennas ( ).
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Figure 5.41: FM/DAB-VHF field measurement results of the harp antenna ( )
and copper foil antenna ( ) in the rear side screen combined with
the two-stage FM/DAB-VHF HIA circuit, in relation to the averaged
signal levels of the passive reference antennas ( ).

copper foil surface, is around 4 dB below the results of the corresponding FM
reference antenna (black 0 dB line). The designed harp antenna slightly outper-
forms the copper foil structure around the center frequencies of the FM band,
but is on average still 5 dB below the signal level of the reference antenna. These
results in the FM frequency range corroborate earlier results of small side screen
antennas. In the DAB-VHF band, however, both active antenna structures per-
fectly act as correctly dimensioned quarter-wavelength DAB-VHF antennas and
achieve a further performance increase of about 8 – 9 dB in contrast to both
middle side screen antennas. Also the low deviation value of ±3 dB in both
operating frequency bands is absolutely satisfying. Thus, these very restricted
antenna structures within the rear side screens can also be optimally employed
as supporting antennas in a multi-antenna diversity configuration.

A comparison of the simulated ripple values of the two-stage HIA and the 50 Ω
amplifier in conjunction with all considered antenna structures on the side screens
is given in Table 5.12 for the FM band and Table 5.13 for the DAB-VHF. The
difficulties of the 50 Ω amplifier in providing a constant active frequency response
for the investigated side screen antennas are clearly apparent by the many red-
colored violations of the imposed ripple specification. The low-ohmic impedances
of the antennas, as illustrated in Figs. 5.20 and 5.22, can not reach a 50 Ω char-
acteristic, but exhibit a reasonably constant antenna radiation resistance RA(f).
This attribute can be exploited by the HIA. The selected filter network within
the amplifier part is chosen in order to smoothen the active frequency responses
of the side screen antennas, as it is also evident in the slightly more optimistic
simulated results in both tables. The simulated ripple values of the antennas
with the HIA, highlighted in green color, once again fulfill all requirements on
the active frequency response for each side screen antenna, whereas the 50 Ω
amplifier would require an individual matching network for each of these critical
antennas.
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Table 5.12: Simulated FM ripple of the side screen antennas.

ripple [dB] dipole ring harp copper foil
HIA ±3 ±2 ±2 ±2

50 Ω amp ±6 ±6 ±5 ±6

Table 5.13: Simulated DAB-VHF ripple of the side screen antennas.

ripple [dB] dipole ring harp copper foil
HIA ±3 ±3 ±2 ±2

50 Ω amp ±6 ±5 ±4 ±4

In conclusion, the achieved results for all investigated screen antennas or an-
tenna systems clearly indicate that even using only one appropriate HIA con-
figuration (solely some of the filter component values have to be adapted to
the considered antenna application) for all screen antennas, good reception and
diversity performances can be achieved. In contrast to the 50 Ω amplifier coun-
terpart, no lossy matching networks are required for the different screen antennas
and the diverse multiband antenna structures are not loaded within a diversity
setup (which again results in an improved de-correlation of the antennas and
good diversity properties). Thus, the investigations show a great flexibility and
applicability of the applied two-stage HIA concept, since only one single ampli-
fier configuration can be used for various screen antennas with partially strongly
different (50 Ω and non-50 Ω) impedance behavior.
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6 Integrated Active FM/DAB-VHF/
DVB-T Diversity Roof Antennas

In addition to using the car’s screens, as comprehensively demonstrated in Chap-
ter 5, a further possibility of hiding active broadcasting antennas within the
contour of the vehicle is the planar integration of them into available dielectric
parts of the traditionally metallic car body. As already noted in Section 3.2.2,
in an increasing number of modern vehicles individual components of the car
body are constructed of environmentally friendly and lightweight plastics, e.g.
the trunk lid in cabriolets or panorama roof windows in luxury limousines, thus
that the placement of antennas into these mainly narrow mounting volumes be-
comes possible [59]. Comparable to the embedded screen antennas, these planar
integrated antenna structures also suffer severely from influencing effects of the
surrounding metallic parts of the car body. An insufficient excitation of electro-
magnetic fields obviously complicates the receiving situation for single concealed
antennas. For these reasons, multi-antenna diversity concepts are generally also
employed for integrated car antennas. Based on the active antenna principle,
compact active diversity antennas can be mounted within these challenging au-
tomotive environments and a satisfying reception quality and decoupling can be
achieved even for closely situated planar antenna structures for the reception of
terrestrial broadcasting services.
In automotive applications, the preferred mounting position for integrated an-

tennas is given by the car roof, as antenna diversity systems hidden inside cavi-
ties within dielectric parts of the roof can be fully concealed beneath the roofline.
Multiple antennas for the same and different services can be concentrated in these
integrated roof modules, which allows the car manufacturer to reserve space on
the vehicle prior to antenna development, and, on the other hand, enables an
antenna design in the reserved space largely independent of the vehicle’s devel-
opment. This chapter focuses on concealed active diversity antennas for the re-
ception of FM, DAB (VHF Band-III) and later also DVB-T2 (UHF Band-IV/V)
broadcasting signals. The investigated planar antenna modules are integrated
into a dielectric roof cutout of a test vehicle and consist of two antenna feeding
points. The first section covers a FM/DAB-VHF antenna diversity system, which
is composed of two physically separated antenna structures and has already been
installed into the roof cutout. The measured antenna impedances, which are
non-optimized with respect to a striven amplification with the HIA, are adopted
for further processing with a broadband FM/DAB-VHF HIA and a conventional
50 Ω amplifier. The design as well as the measured and simulated results of the
applied two-stage HIA are presented and the active field measurement results and
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further evaluations are compared to the respective results of the 50 Ω amplifier
in conjunction with the antennas. In the second part of the chapter, a planar
FM/DAB-VHF two-antenna diversity system is designed within the roof cutout
on the basis of an inverted-F principle. Planar Inverted-F Antenna (PIFA) struc-
tures are commonly employed for the reception of communication and navigation
signals [89, 90]. In this context, both antenna feeding points share the same cop-
per surface and the respective antenna impedances are optimized with regard to
an intended amplification with the HIA as well as the 50 Ω amplifier in both op-
erating frequency bands. In connection with this optimally designed antenna roof
module, the two-stage HIA circuit is enhanced with a transformer in combination
with a common-collector output stage, for adjusting the gain value in both op-
erating frequency bands, and an AGC network in order to overcome the already
known nonlinear issues of the amplifier in the FM band. The final evaluations
of both optimized active FM/DAB-VHF diversity roof antennas reveal that the
achieved SNR and the other evaluated results could be considerably improved
in contrast to the first antenna roof module, and especially with respect to the
obtained results of the 50 Ω amplifier in conjunction with the investigated anten-
nas. The optimally designed FM/DAB-VHF two-antenna roof module can also
be employed for the reception of DVB-T broadcasting signals. In this context,
the third and final section considers the possibility to further extend the topol-
ogy of the two-stage FM/DAB-VHF HIA with an additional input path for the
collective processing of the received multiband (FM/DAB-VHF and DVB-T2)
signals with a single amplifier circuit with common-emitter output stage.

6.1 High-Impedance Amplifier in Combination with
Integrated FM/DAB-VHF Diversity Roof Antennas

In general, the metal roof of the car provides a large ground plane for automotive
antennas and allows for mainly omnidirectional radiation and isolation to the pas-
sengers. However, this only applies for visibly mounted antenna structures on top
of the roof, as for example the short helical roof antennas discussed in Chapter 4.
In this case, the current state of the art is to settle a number of vehicular antennas
in unobtrusive multi-antenna roof modules, as exemplified in Section 4.1.4 and
4.2.4. These roof-mounted multiband antennas or multi-antenna modules can
not arbitrarily grow in size as they disturb the aesthetic appearance of modern
cars and influence their drag coefficient. The visual appearance of the vehicle is
nowadays a major selling point and visibly attaching larger antenna roof modules
is no desired solution anymore. One way to acquire more space for antennas is to
conceal them in dielectric parts of the car body, thus that they do not negatively
influence the vehicles’ design, but still provide good reception performance when
being implemented as a multi-antenna diversity system. However, similar to the
receiving situation for the embedded screen antennas in Chapter 5 (which also
suffer from the presence of the surrounding conducting parts of the vehicle, e.g.
the car’s pillars), the common integration of antenna combinations with their
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amplifier circuits into a narrow mounting volume requires a high degree of atten-
tion on undesired coupling effects among the antennas and the enclosing metallic
components of the car body.
This first section introduces an integrated antenna broadcasting module within

a roof cutout of the test vehicle with two planar diversity antennas for the recep-
tion of FM and DAB-VHF signals. The measured impedance behavior of both
antennas clearly shows that they are not optimized with respect to a planned am-
plification with the HIA, according to the requirements on desired antenna impe-
dances for a HIA discussed in Section 3.3.2. Instead, they are rather designed for
a further processing with a 50 Ω amplifier. Nevertheless, the broadband design
of the applied two-stage FM/DAB-VHF HIA, combined with an input compen-
sation network for the first-stage FET, is adapted to the given impedances, as
presented in the second subsection. In this way, even for these critical anten-
nas, the final active field measurement results reveal advantages compared to
the respective results obtained with a 50 Ω reference amplifier. And also the
other presented evaluations in both operating frequency bands indicate that for
this first non-optimized antenna diversity system for the HIA, good results can
be gained in comparison to the 50 Ω amplifier counterpart. Before that, the
measured and simulated results of the HIA are evaluated. Comparable to the
results of the single-stage and two-stage amplifiers presented in Chapter 4 and
5, the linearity issues of the two-stage FM/DAB-VHF HIA considered here can
not yet be solved in the FM band without further measures. The second sec-
tion will demonstrate the benefits of an implemented AGC circuitry within an
enhanced two-stage HIA circuit, thus finally fulfilling all required specifications
on the amplifier’s performance.

6.1.1 Planar FM/DAB-VHF Antenna Diversity Roof Module
By developing and employing new and more lightweight materials (e.g. carbon-
fiber-reinforced polymer (CFRP)) in the car industry, also new opportunities arise
for the placement of modern vehicular antennas for the reception of terrestrial
broadcasting services and other diverse applications.
The alternative roof mounting position for hidden car antennas presented in the

following allows to overcome possible problems of screen antennas, e.g. due to a
heated windscreen function or metal-coated solar reflection glass. But at the same
time the radiation may also be adversely affected by the surrounding metallic
parts of the car roof, which interfere with the planar diversity antennas and
thus sensibly reduce their performance. Measurement results in the past already
proved that integrated broadcasting antennas retain their reception abilities when
being hidden within a dielectric roof cutout, showing that it is feasible to conceal
antennas utilizing pattern diversity inside chassis cavities [60].
Fig. 6.1 shows the outline of a vehicle with the predefined mounting position of

the two-antenna diversity module, concealed in the provided cutout in the rear
section of the car roof, in close proximity to the spoiler at the back of the roof.
The investigated chassis cavity is manufactured from polystyrene (black-marked
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Figure 6.1: Outline of a test limousine with the integrated planar two-antenna
roof module within the available broadcasting area in the roof cutout.

area), a material already used in the mass production of electric cars, and provides
a total mounting volume of 100 cm (width) x 40 cm (length) x 10 cm (depth), with
the short length facing towards the driving direction to leave roof space available
for the embedment of a possible panorama window. The antenna broadcasting
module (yellow-marked area) is mounted within the available surface of only
80 cm x 20 cm on a 2 mm thick sheet of polystyrene, which serves as antenna
support (see also Fig. 6.15). The locations of both feeding points for antenna
A1 (marked green) and A2 (marked blue) are also indicated. Antenna A1 is fed
on the left-hand side and antenna A2 on the right-hand side of the broadcasting
module towards the car’s driving direction. The ambience of other antennas for
further services within the total surface of the roof cutout is not considered here,
but finally also antennas for GNSS, SDARS and communication applications are
mounted within the additionally provided area.

A first antenna diversity roof module, formed by two physically separated pla-
nar FM/DAB-VHF antenna structures, has already been integrated into the roof
cutout. For the following observations, the individual properties (e.g. impedan-
ces, radiation characteristics, etc.) of these realized diversity roof antennas are
considered as ‘given’. This two-antenna roof module is primarily not designed
for a further processing with a HIA, but rather adapted for a desired amplifi-
cation with a 50 Ω amplifier. The reason for this assumption is substantiated
by the behavior of the antenna impedances, as illustrated for both operating
frequency bands in Fig. 6.2. Although the radiation resistances RA(f) of the
antenna impedances exhibit a sufficiently high value of more than 8 Ω in the FM
and DAB-VHF band, the impedances mainly run asymmetrically to the real axis
into the inductive part of the smith chart and even into the ‘forbidden’ impedance
region, which is described in Section 3.3.2 and highlighted red in Fig. 6.2, for the
highest frequencies. Moreover, many undesired impedance loops cover the course
of the investigated antenna impedances in both operating frequency bands. These
impedance loops were already evident for the switchable and adaptive windscreen
antenna system in Section 5.1.2 and are the result of unintended coupling effects
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Figure 6.2: Measured FM and DAB-VHF impedance behavior of the given inte-
grated antenna diversity roof module.

between both integrated diversity antennas and the surrounding metallic car roof.
As the two individual broadcasting antennas are originally designed symmetri-
cally with respect to the middle cross-section of the vehicle in driving direction,
both measured FM/DAB-VHF impedances should practically be congruent. Un-
predictable small variances of both antennas, the enclosing car body and also
objects in the interior of the vehicle, however, minimally influence both antennas
in a different manner and thus the measured impedances differ slightly, but at
least show a very similar characteristic. Despite this critical impedance behav-
ior, the investigated HIA circuit can be adequately adjusted in order to achieve
flat active frequency responses with both diversity antennas. Section 6.1.4 will
prove that the employed broadband FM/DAB-VHF HIA manages to smoothen
the active frequency responses of the antennas with high gain and relatively low
ripple values in both operating frequency ranges.
In the following, the design optimization of the related two-stage HIA circuit

and the coarse structure of the 50 Ω amplifier used for reference investigations
with the HIA are considered.

6.1.2 Design Considerations of the FM/DAB-VHF Amplifier
As it has been shown in Chapter 5, a common-drain/common-base HIA topol-
ogy with an included filter and smoothing network perfectly flattens the active
frequency characteristics of the respective embedded screen antennas in both op-
erating frequency bands, while simultaneously being configured for reasonably
low noise. As a consequence, this two-stage HIA concept is maintained, but
adapted to the integrated roof antennas investigated here.
In Fig. 6.3, the general block diagram of the considered two-stage FM/DAB-

VHF HIA is depicted. The only difference in contrast to the block diagram of the
HIA configuration for the embedded screen antennas, as shown in Fig. 5.23, is the
omission of the filter and smoothing network between both transistor stages due
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to the presence of an included compensation network at the amplifier input (blue
coloring). The reason for this measure between the integrated roof antennas and
the amplifier circuit will be discussed in the following. After the compensation ef-
fect at the HIA input, the FM/DAB-VHF signals received from the roof antennas
are processed collectively by the first-stage HEMT in common-drain configura-
tion (green coloring) and transmitted to the amplifier output after the second
BJT stage in common-base formation (brown coloring). This common-base out-
put stage takes over the current of the first stage, due to its low input impedance,
which results in a high voltage gain with reasonably low noise and good linearity
characteristics. A matching of the output impedance towards 50 Ω is provided for
all operating frequencies, which is also displayed in brown color. With this am-
plifier topology without any included frequency separation networks, a relatively
broadband gain S21 can be expected, which is confirmed in Fig. 6.8 (a).
As illustrated in Fig. 6.2, the measured FM and DAB-VHF impedances of both

diversity roof antennas A1 and A2 distinctly run into the ‘forbidden’ high-ohmic
impedance region of the smith chart. In conjunction with a standard HIA with its
capacitive high-ohmic input impedance, which is exemplarily drawn in the smith
chart of Fig. 2.10, the investigated roof antennas produce massive resonance
peaks in the active frequency response in both operating frequency bands. This
effect is demonstrated for the simulated FM frequency response of the integrated
roof antenna A2 in conjunction with a standard broadband two-stage HIA (as
shown in Fig. 6.3 without the input compensation) with the blue-colored curve in
Fig. 6.5. The ripple value of the active frequency response exceeds ±9 dB in the
FM band, which significantly violates the specifications imposed on the active
frequency response behavior. Also for the DAB-VHF frequency responses of the
active roof antennas a resonance peak could be identified for the higher operating
frequencies, although softened in contrast to the huge undesired resonances in the
FM band (weakened effect for the higher frequencies according to eq. (6.5)). The
cause for the sharp increase of the gain, as well as correspondingly also the output
noise voltage, within the operating frequency bands, is a critical resonance of the
antenna structure. In order to alleviate these shortcomings, an adjusted filter and

Figure 6.3: Block diagram of the two-stage FM/DAB-VHF HIA for the integrated
roof antennas.
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smoothing network between both stages of the amplifier could be designed for the
investigated roof antennas, as explicitly shown for the embedded screen antennas
in Section 5.2.1, or alternatively, a compensation network could be employed
before the amplifier’s input stage, as will be demonstrated in the following.
Based on the impedances of both integrated roof antennas shown in Fig. 6.2,

it follows that the antenna impedances can be emulated by a resistance Re in
combination with a series resonance circuit (with Le,s and Ce,s) and a parallel
resonance circuit (with Le,p and Ce,p). Consequently, the simulated antenna
impedance Ze (index e stands for ‘emulated’) is composed of:

Ze = Re + j
(
ω · Le,s −

1
ω · Ce,s

)
+ 1

j
(
ω · Ce,p − 1

ω·Le,p

) . (6.1)

For the further calculations, both resonance circuits are replaced by an equivalent
series inductance L′e,s and an equivalent parallel capacitance C ′e,p in order to
simplify the equations for the higher frequencies

L′e,s = Le,s ·
(

1−
(
ωs
ω

)2
)

; C ′e,p = Ce,p ·
(

1−
(
ωp
ω

)2
)

, (6.2)

where ωs and ωp are the resonance frequencies of the series and parallel resonance
circuits, respectively. In this way, the antenna impedance can be expressed as:

Ze = Re + j · ω · L′e,s + 1
j · ω · C ′e,p

. (6.3)

For the relation of the voltage V in at the amplifier input to the antenna voltage
V A, according to the equivalent circuit in Fig. 6.4, it follows:

∣∣∣∣V in

V A

∣∣∣∣ =

∣∣∣∣∣∣
1

j·ω·C′
e,p

1
j·ω·C′

e,p
+Re + j · ω · L′e,s

∣∣∣∣∣∣ = 1√(
1− ( ωωr

)2
)2

+
(
ω ·Re · C ′e,p

)2
. (6.4)

In this equation, ωr = 1/
√
L′e,s · C ′e,p represents the critical resonance frequency

in dependence of the equivalent series inductance and parallel capacitance of the
antenna. The maximum amplification arises at the critical resonance frequency of
f = fr ≈ 116 MHz, which is located just above the FM frequency band and clearly

Figure 6.4: Equivalent circuit of the roof antenna at the input of the HIA.
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Figure 6.5: Simulated FM frequency response of the integrated roof antenna
A2 (including its antenna replication with the impedance shown
in Fig. 6.10 ) combined with a broadband HIA with ( ) and
without ( ) input compensation network (5 dB per division on
the y-axis).

visible in Fig. 6.5. An additionally plotted curve dashed black displays the active
FM frequency response of the designed antenna replication of A2 in combination
with the standard HIA. As shown in Fig. 6.10, the corresponding FM impedance
behavior shows no impedance loops at all. The huge peak at the calculated critical
resonance frequency of fr is further on present in Fig. 6.5. However, compared to
the blue-colored active frequency response of the real antenna A2 (including its
occuring impedance loops) in combination with the same standard HIA circuit,
a second, even higher, resonance peak within the FM operating band at around
103 MHz is evident. Thus, these findings imply that this additional peak is caused
by the influence of a small impedance loop of antenna A2 at the upper FM band
edge. Consequently, the importance of alleviating these disruptive narrowband
impedance loops is pointed out again. The ratio between V in and V A of the
resonance peak is given with (simulated values of the antenna):

V in

V A

= 1
ω ·Re · C ′e,p

≈ 4 . (6.5)

In order to shift the undesired resonance peaks towards higher frequencies, a
compensation network consisting of a parallel inductance is preconnected to the
amplifier input (as will be shown in the schematic of Fig. 6.7 in blue color). This
inductance is also connected in parallel to the inductance Le,p of the parallel res-
onance circuit of the antenna, according to eq. (6.1). Consequently, it enlarges
the parallel resonance frequency ωp. As shown in the simulated active frequency
response in Fig. 6.5 with the cyan-colored curve, the resonance peak can thus
be pushed out of the operating frequency band towards the critical resonance
frequency of around fr ≈ 128 MHz (indicated by the dashed cyan arrow). More-
over, the huge resonance peak caused by the presence of the impedance loop can
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be shifted to around 112 MHz (still visible in Fig. 6.5), which fortunately also
does not affect the operating frequencies anymore. In this way, the extremely
high ripple value of the roof antenna A2 in conjunction with the standard HIA
could be considerably reduced to only ±3 dB in the entire FM band by means
of the included input compensation. As a consequence, flattened FM/DAB-VHF
frequency characteristics can be expected from the active integrated roof an-
tennas, which will also be verified in the measurement results of Section 6.1.4.
The compensation effect at the amplifier input additionally functions as an an-
tenna matching measure, which leads to a shift of the antenna impedances out
of the ‘forbidden’ impedance region, as depicted in Fig. 6.6 for the more critical
impedance of the integrated roof antenna A2 in both operating frequency bands.
The impedances in cyan color show the desired shifting effect of the FM/DAB-
VHF antenna impedances into a more convenient region of the smith chart.
The general block diagram presented in Fig. 6.3 is considered in more detail in

the schematic of Fig. 6.7. As already mentioned for the block diagram, the main
difference in the schematic of the employed HIA for the integrated roof antennas,
in contrast to the schematic for the embedded screen antennas in Fig. 5.24, is the
compensation and antenna adjustment inductance Lcomp marked blue, which is
connected to ground before the gate of the applied HEMT M1. In order not to
deteriorate the DC operating point of the HEMT, C12 is inserted in series to Lcomp
and blocks the DC signals. Moreover, the decoupling capacitor C6 between the
two transistor stages replaces the previous filter and smoothing network, resulting
in a relatively broadband frequency response of the amplifier without any filtering
effects between both operating frequency bands. The other components of the
amplifier are kept unchanged with respect to the schematic in Fig. 5.24 and thus
the functions of the individual components can be extracted from Section 5.2.1.

Figure 6.6: Shifting effect of the compensation network on the impedance of an-
tenna A2 ( ) in contrast to the curve of the original impedance ( ),
according to Fig. 6.2, in both operating frequency bands.
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The desired high-input-impedance behavior of the HIA circuit gets lost when
the reactive component of the antenna impedance predominates. Lcomp = 330 nH
partially compensates the input capacitance Cin of the HIA, which is approxi-
mated with Cin ≈ 3 pF for the employed HEMT M1 of type NE3508 [73] in the
considered frequency range, including the parasitic capacitances Cpar occuring on
the input node. As a result of the chosen dimensioning of Lcomp, the resonance
frequency fin,res of the input impedance of the HIA is shifted to around:

fin,res ≈
1

2 · π ·
√
Cin · Lcomp

≈ 160 MHz . (6.6)

Consequently, the input impedances for the FM frequencies are located in the
inductive region of the smith chart, whereas the higher-frequency DAB-VHF
impedance values of the applied amplifier are still capacitively high-ohmic. The
measured input impedance behavior of the HIA with included input compensa-
tion is apparent in Fig. 6.8 (b), where it is confirmed that the input impedance
is located symmetrically to the real axis of the smith chart in the considered
frequency range, showing a measured fin,res at 150 MHz, which corresponds to
an effective Cin of around 3.4 pF (higher contribution of the occuring parallel
capacitances on the input node than estimated in eq. (6.6)).

In order to highlight the achieved benefits of the integrated roof antennas
in conjunction with the employed HIA circuit in the measurement results of
Section 6.1.4, the results of the active frequency responses are also compared
to the respective results obtained with a 50 Ω reference amplifier. For these
reasons, a commercial 50 Ω amplifier has also been measured in conjunction
with the roof antennas. This amplifier consists of two paths for an individual
amplification of the FM and DAB-VHF signals by means of two degenerated
common-emitter stages, both surrounded by the related circuitry in order to
achieve an averaged gain value of around 10 dB in the FM band and 13 dB in
the DAB-VHF band, measured in a 50 Ω system and indicated in the diagram of
Fig. 6.8 (a) in black color. Both amplifiers are finally grounded to the metallic
parts of the car roof, the inputs are attached to the feeding wires of the integrated

Figure 6.7: Schematic of the two-stage FM/DAB-VHF HIA for the integrated
roof antennas.
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roof antennas and the outputs are connected to the coaxial cables of the VNA.
Section 6.1.4 will compare the active field measurement results of the diversity
antennas in combination with both amplifiers and evaluate the achieved results.
In the following, the experimental and simulated results of the broadband two-

stage HIA circuit with input compensation network are presented for both oper-
ating frequency bands.

6.1.3 Experimental Results and Simulations of the Amplifier
As the changes in the design of the HIA employed for the integrated roof antennas
do not differ drastically in comparison to the HIA circuit for the embedded screen
antennas, also the issues stated in Section 5.2.3 primarily remain the same for
the present application. Consequently, the presented two-stage HIA configuration
still fails to achieve the linearity requirements in the FM frequency range without
further measures. The amplifier is characterized with respect to the imposed
specifications in each operating frequency band by experimental results in blue
color as well as the corresponding simulated values in red color.
The gain measurements in the FM/DAB-VHF range are performed in the lab

with the 50 Ω VNA cables connected to both ports of the amplifier. Fig. 6.8
displays the gain as well as the input and output impedances of the considered
HIA for the active field measurements in Section 6.1.4, measured in a 50 Ω system.
The comparisons between measured and simulated results are very good. The
investigated two-stage HIA circuit, according to Fig. 6.7, yields an amplification
of 12.5 – 14 dB in the FM band and 14.5 – 13 dB in the DAB-VHF band.
As it can be seen in the gain plot of Fig. 6.8 (a), no frequency separation is
provided between both frequency bands. Instead, the gain shows a broadband
characteristic. The input impedance in Fig. 6.8 (b) is arranged symmetrically to
the real axis of the smith chart and expectedly exhibits very high-ohmic values.

(a) Amplifier gain (b) Input/output impedances

Figure 6.8: Measured ( ) and simulated ( ) gain and impedance behavior of
the applied two-stage FM/DAB-VHF HIA and a commercial 50 Ω
amplifier ( ) in a 50 Ω system.
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The partially shift of the input impedance into the inductive region of the smith
chart is based on the result of the compensation effect of the amplifier’s input
capacitance, as described previously. The output impedance is well-located in
the vicinity of 50 Ω for all operating frequencies. Obviously, all requirements
imposed on the gain and the impedances of the considered two-stage HIA for the
integrated diversity roof antennas could be met.
In order to highlight the ultimately achieved advantages of the employed HIA

circuit, the measurement results of the active frequency responses will also be
compared to those of a 50 Ω reference amplifier in connection with the roof
antennas at the input. The measured curves (black color) of the gain and the im-
pedances are also indicated in Fig. 6.8. This 50 Ω amplifier exhibits a frequency-
selective amplification in both operating frequency bands with around 10 dB in
the FM band and 13 dB in the DAB-VHF band, while both impedances are
located in close proximity to 50 Ω.

A comparison between the measured and simulated FM/DAB-VHF noise figure
is shown in Fig. 6.9. In both operating frequency bands, a great correlation
between measured and simulated values could be obtained. The curve progression
of the noise figure is absolutely comparable to the plot shown in Fig. 5.28 for the
screen antennas, however, as a result of the decreased gain values, the maximum
noise figure value increases to 3.2 dB in the DAB-VHF band. Nevertheless, this
slight increase of the noise figure is accepted for a flattened active frequency
response behavior of the integrated roof antennas.

Figure 6.9: Measured ( ) and simulated ( ) FM and DAB-VHF noise figure of
the applied two-stage FM/DAB-VHF HIA in a 50 Ω system.

Comparable to the embedded screen antennas, the output noise voltage of the
active roof antennas can not be measured in the radome without the influence
of undesired ambient noise. Consequently, antenna replications of both investi-
gated roof antennas were designed for the FM band, which roughly resemble the
impedance characteristic of the respective antennas. The smith chart in Fig. 6.10
shows the measured impedance of the original integrated roof antenna A2 (col-
ored blue and equivalent to the impedance illustrated in Fig. 6.2) and of the
corresponding antenna replication (colored black). The FM impedance of the
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Figure 6.10: Measured FM impedance of the original roof antenna A2 ( ), ac-
cording to Fig. 6.2, and of the related antenna replication ( ).

antenna replication closely respresents the real measured impedance of the inte-
grated roof antenna A2 (the same also applies for antenna A1 and its individually
designed antenna replication).
The output noise voltage measurements of the two-stage HIA with input com-

pensation are performed in the anechoic chamber of the institute in conjunction
with the FM antenna replications at the amplifier input. The measured FM out-
put noise voltage of the amplifier in combination with the antenna replication
of the integrated roof antenna A2 is displayed in Fig. 6.11. The mode of the
test receiver is switched to ‘average’ and the IF bandwidth is set to 120 kHz.
The simulation was performed using the measured antenna impedance ZA as

Figure 6.11: Measured ( ) and simulated ( ) averaged FM output noise voltage
of the applied two-stage FM/DAB-VHF HIA in conjunction with the
antenna replication of the roof antenna A2 for 120 kHz bandwidth.
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the source impedance for the amplifier. The measured values very well agree
with the simulated results. The sharp increase of the output noise voltage for the
higher frequencies is due to the unchanged high-ohmic impedance behavior of the
antenna (and the replication) in the upper FM band edge, despite the positive
influence of the input compensation network according to Fig. 6.6. Consequently,
the averaged FM output noise voltage value is only –1 dBµV, which clearly vio-
lates the recommendations with a maximum averaged value of –5 dBµV.
The frequency-dependent output noise voltage values (N) are also determined

for the 50 Ω reference amplifier in connection with both FM antenna replications
of the integrated roof antennas. On the basis of the measured FM output noise
voltage values of both amplifiers, the SNR values of the active antenna combi-
nations can be calculated for the horizontally polarized FM signals according to
eq. (2.28). In this context, the additionally required frequency-dependent aver-
aged signal levels (S) of the active antennas, measured in the car test radome, are
presented besides the computed SNR evaluation for the FM band in Section 6.1.4.

Table 6.1: Measured intermodulation performance of the FM/DAB-VHF ampli-
fier for f1 = 98 MHz, f2 = 100 MHz and 110 dBµV output level.

measurement simulation
ak2 [dB] 51 53
ak3 [dB] 50 51

Table 6.2: Measured intermodulation performance of the FM/DAB-VHF ampli-
fier for f1 = 198 MHz, f2 = 200 MHz and 100 dBµV output level.

measurement simulation
ak2 [dB] 56 57
ak3 [dB] 69 71

The measured and simulated 2nd1 and 3rd2 order linearity values of the two-
stage FM/DAB-VHF HIA are shown for both operating frequency bands in
Table 6.1 and 6.2, respectively. In the FM band (input tones are located on
f1 = 98 MHz and f2 = 100 MHz and the output level is set to 110 dBµV), the
intermodulation distance ak3 achieves a maximum value of 50 dB. Consequently,
the investigated HIA circuit is further extremely exposed to the 3rd order in-
termodulation issues without the employment of an AGC circuitry. Thus, the
requirements on the linearity can not yet be fulfilled. However, the required
intermodulation distances in the DAB-VHF band in Table 6.2 (input tones are
located on f1 = 198 MHz and f2 = 200 MHz and the output level is set to
100 dBµV) can be completely achieved. Moreover, the deviation between mea-
sured and simulated linearity values is very low in both operating frequency
bands.

1at the frequency f1 + f2
2at the frequency 2 · f1 − f2
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As a consequence, the employed two-stage amplifier circuit for the integrated
diversity roof antennas still fails to accomplish the FM ak3 values. Moreover, the
measured FM output noise voltage values rise too strongly for higher operating
frequencies, based on the critical impedance behavior of the roof antennas. Both
issues will be overcome in Section 6.2 by using an enhanced two-stage HIA topol-
ogy with an included AGC circuitry at the amplifier input, combined with an
improved antenna design with respect to the antenna impedance behavior, thus
ultimately satisfying all specifications on the amplifier’s performance.
Nevertheless, the next subsection will prove that even for the non-optimized

roof antenna structures, smoothed active frequency responses with high gain
values can be achieved in combination with the considered HIA. Moreover, even
an increase in SNR could be gained (despite the increased values of the output
noise voltage in Fig. 6.11) in comparison to the SNR values of the 50 Ω amplifier
in conjunction with the antennas in the FM band.

6.1.4 Active Field Measurements of the Integrated Roof Antennas
and Further Evaluations

For the evaluations of the achieved performance of both integrated FM/DAB-
VHF roof antennas, investigated in Section 6.1.1, in combination with the broad-
band two-stage HIA circuit, described in Section 6.1.2, active field measurements
are performed in the ambience of the test vehicle in the car test radome of
the institute. The given antenna diversity roof module is integrated within the
predefined roof cutout, corresponding to Fig. 6.1, and the measured frequency-
dependent signal levels are averaged for a complete horizontal car rotation. Ac-
cording to the imposed specifications, band-optimized quarter-wavelength rod
antennas are mounted on the trunk of the vehicle and serve as reference anten-
nas for the active field measurements. The active field measurement setup with
the placement of the passive FM and DAB-VHF reference rod antennas can be
extracted from Fig. 4.19 (b). The active field measurement results, which are
presented in the following, show the measured averaged signal levels of both inte-
grated roof antennas combined with the two-stage HIA as well as the commercial
50 Ω amplifier (whose gain values are plotted in Fig. 6.8 (a)). In this way, the gain
and the ripple values of the achieved active frequency responses can be compared
to each other. The active field measurement results are referred to the averaged
signal levels obtained with the respective passive reference antennas (horizontally
polarized for FM and vertically polarized for the DAB-VHF evaluations).

In addition to the active field measurement results, also further SNR evalua-
tions are plotted for both active roof antennas for the FM band. The diversity
criteria of both antennas are not considered here, as the significance of these
results is of minor importance because of unavailable antenna geometry details.

Fig. 6.12 displays the averaged referred signal levels of the horizontally polar-
ized FM signals for both amplifiers. The color scheme is chosen according to
the colors of the antenna impedances presented in Fig. 6.2. The currently not
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measured roof antenna is also connected to an identically constructed amplifier
at the antenna input (HIA or 50 Ω amplifier), which is matched to 50 Ω at the
amplifier’s output. In this way, the influence of the second diversity antenna el-
ement is accounted for during the measurements, as this also corresponds to the
real reception scenario. As it can be seen for the two solid curves with the HIA,
the ripple value is below ±4 dB for both antennas, compared to ±5 dB for both
roof antennas with the 50 Ω amplifier shown with the dotted lines. Consequently,
both values are within the specified limit range of maximally ±5 dB.
The active antennas with the HIA circuit exhibit around 4 dB more gain, which

can be explained by the higher amplification value of the stand-alone HIA in a
50 Ω system, according to Fig. 6.8 (a). The achieved FM results of the two-
stage broadband HIA are absolutely acceptable, despite the varying frequency-
dependent radiation resistances RA(f) of the FM antennas. In accordance with
the simulated active frequency response in Fig. 6.5 (colored cyan), the influence
of the input compensation network is obvious. It manages to restrict the huge
gain increase towards the higher frequencies, resulting in a reasonably flat active
frequency response in the entire FM band.
On the basis of the presented measured FM signal levels in the radome and the

received output noise voltage values of the active antennas in the lab (obtained
with the respective antenna dummy circuits and shown in Fig. 6.11), the SNR of
the active antenna combinations (with the HIA and the 50 Ω amplifier) can be
calculated according to eq. (2.28) and referred to each other. Fig. 6.13 presents
the computed SNR evaluation for the horizontally polarized FM signals. The
unit ‘dBref’ is now referred to the SNR performance of the 50 Ω amplifier with
the investigated antenna structures. Only in the narrow Japanese FM frequency

Figure 6.12: Horizontally polarized FM field measurement results of the two-stage
FM/DAB-VHF HIA combined with the non-optimized roof antennas
A1 ( ) and A2 ( ) and the respective results obtained with the
50 Ω amplifier (dotted lines), in relation to the averaged signal level
of the passive FM reference antenna ( ).
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Figure 6.13: Horizontally polarized FM SNR evaluation of the two-stage
FM/DAB-VHF HIA combined with the non-optimized roof antennas
A1 ( ) and A2 ( ), in relation to the respective averaged values
obtained with the 50 Ω reference amplifier ( ).

range (marked yellow) between 80 MHz and 87 MHz, the achieved values of
the non-optimized roof antennas with the HIA circuit slightly underperform the
SNR values of the 50 Ω amplifier. For all other FM frequencies, and especially
in the ECE FM band (marked purple), an increase in SNR could be achieved in
comparison to the 50 Ω amplifier counterpart, resulting in averaged SNR values
of +3.5 dBref for antenna A1 (colored green) and +1.5 dBref for antenna A2
(colored blue). Thus, the huge potential of the HIA concept is already evident
by these SNR results obtained for the FM band, even for non-optimized antenna
impedances with regard to a desired amplification with the HIA.

The active field measurement results of the non-optimized diversity roof an-
tennas in the DAB-VHF range are depicted in Fig. 6.14. The vertically polarized
DAB-VHF signals of the integrated roof antennas A1 and A2 exhibit very similar
active frequency responses for the amplification with the HIA (solid curves) and
the 50 Ω amplifier (dotted curves). The 50 Ω amplifier delivers on average around
1 dB less gain than the HIA, based on the slightly reduced stand-alone DAB-VHF
amplification, as shown in Fig. 6.8 (a). Moreover, it exhibits higher ripple values
of at least ±6 dB in contrast to the active field measurement results of the HIA
with ripple values below ±5 dB, thus still fulfilling the imposed specifications
concerning the active frequency response behavior.

The active frequency responses of the investigated roof antennas are also sim-
ulated with ADS R©, as described in detail in Section 2.2.2. The gained results of
all ripple values are tabulated in Table 6.3 for the FM band and Table 6.4 for the
DAB-VHF band. The simulated ripple values for the HIA are very comparable to
the measured values, even though they again tend to be slightly more optimistic
(around 1 – 2 dB). It is shown for the FM band in green color that both amplifier
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Figure 6.14: Vertically polarized DAB-VHF field measurement results of the two-
stage FM/DAB-VHF HIA combined with the non-optimized roof
antennas A1 ( ) and A2 ( ) and the respective results obtained
with the 50 Ω amplifier (dotted lines), in relation to the averaged
signal level of the passive DAB-VHF reference antenna ( ).

technologies provide a relatively constant amplification of the two diversity roof
antennas with simulated ripple values below ±4 dB, which again confirms the
measured results with maximum ripple values of ±5 dB for the 50 Ω amplifier.
In the DAB-VHF band, the 50 Ω amplifier fails to keep the values within the
required ripple limits, as displayed in red color, whereas the considered HIA suc-
ceeds to achieve the FM ripple specifications with maximum values of ±5 dB
(maximally ±4 dB in the simulations and ±5 dB in the measurements).

Table 6.3: Measured and simulated FM ripple of both active antennas.

ripple [dB] A1 meas A1 sim A2 meas A2 sim
HIA ±4 ±3 ±3 ±3

50 Ω amp ±4 ±3 ±5 ±4

Table 6.4: Measured and simulated DAB-VHF ripple of both active antennas.

ripple [dB] A1 meas A1 sim A2 meas A2 sim
HIA ±2 ±2 ±5 ±4

50 Ω amp ±6 ±5 ±6 ±5

Finally, it can be stated that the results of the active field measurements and
the FM SNR evaluation already underline the high flexibility and applicability of
the two-stage HIA concept. The considered HIA circuit is adapted for amplifying
these non-optimized roof antenna structures. In contrast to the 50 Ω amplifier,
no lossy matching networks are required for both integrated roof antennas and
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the two diversity antennas are not resistively loaded within a diversity measure-
ment scenario, which are further significant advantages over the 50 Ω amplifier
principle.
In the following, the two-stage HIA is enhanced and optimized with regard to

a good performance in combination with a second antenna roof module. This
integrated two-antenna diversity system is optimally designed with respect to
its antenna impedances (despite the narrow mounting volume) for an intended
amplification with the HIA as well as equally also with the 50 Ω amplifier.

6.2 Enhancement of the Amplifier for Combination with
Optimally Designed Integrated FM/DAB-VHF
Diversity Roof Antennas

During the course of the project with the integrated active antenna broadcasting
module, the requirements concerning the averaged gain values of the amplifier
have been readapted in both operating frequency bands. The average FM gain
of the applied amplifier should be up to 8 dB, while in the DAB-VHF band
more gain of around 15 dB is required, both values measured in a 50 Ω system.
Consequently, the broadband two-stage FM/DAB-VHF HIA of the first section is
not appropriate anymore. An enhanced version of a two-stage HIA in combination
with a newly designed concealed two-antenna roof module will be introduced in
the following, in which both are accordingly adjusted in order to satisfy the
amended specifications with respect to the frequency-selective gain as well as all
the other violated requirements of Section 6.1.3.
The first subsection presents the design of the developed integrated antenna di-

versity roof module. The planar antenna geometry with two FM and DAB-VHF
feeding points, both sharing the same copper surface, is based on an inverted-
F principle and is now optimally designed with respect to a further processing
with the HIA and the 50 Ω amplifier. The amplification of the corresponding
two-stage HIA is performed with a transformer between the first source follower
stage and the second BJT stage in common-collector configuration. By choos-
ing an adequate transformer component, the gain can be individually adjusted
in both operating frequency bands and the noise issues can be improved signifi-
cantly. Moreover, the strict specifications posed on the linearity are covered by
means of an AGC network for the FM path at the amplifier input, based on
the same principle as discussed in Section 4.2.2. This will also be proven in the
measurement and simulation results of the HIA circuit. Finally, the active field
measurement results of the optimized integrated roof antennas in conjunction
with the enhanced HIA, as well as the commercial, also readapted, 50 Ω am-
plifier of the first section, are presented in both operating frequency bands. In
this context, also the SNR and diversity evaluations are highlighted, showing the
expected improvement in performance compared to the results of Section 6.1.4
in case of the non-optimized roof antennas, and especially in reference to the
corresponding results of the 50 Ω amplifier in combination with both antennas.
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6.2.1 Optimized FM/DAB-VHF Antenna Diversity Roof Module
As hidden multi-antenna element for mobile FM and DAB-VHF radio reception
(and also DVB-T TV reception as shown in Section 6.3), a planar foil surface
made of copper is mounted on the available area for the broadcasting module
within the car’s roof cutout, according to Fig. 6.1. Fig. 6.15 depicts the measure-
ment setup of the integrated two-antenna diversity system, which is now opti-
mized with respect to an intended amplification with the HIA (but also perfectly
suits the 50 Ω amplifier counterpart), as will be confirmed in the following.
The copper foil antenna structure shown within the predefined broadcasting

area is based on an inverted-F principle [89, 90]. In this context, a thin copper
strip in the middle of the planar antenna surface with a width of 1 cm is con-
nected to ground beneath the roof cutout in the interior of the vehicle, which
is demonstrated in the lower picture of Fig. 6.15. The antenna support is again
given by the dielectric polystyrene sheet, covering the major surface of the roof
cutout (white-colored material in Fig. 6.15). The dimensions of the copper surface
are chosen to maintain a distance of at least 4 cm to any surrounding metallic
obstacles in each direction. For these reasons, the copper foil surface with a
length of 80 cm is narrowed from 20 cm to 14.5 cm and shifted 2 cm to the right-
hand side of the available broadcasting area (due to the presence of a metallic
rear door servomotor in the lower left corner), viewed in the direction of travel.

Figure 6.15: Measurement setup of the optimized FM/DAB-VHF/DVB-T2 two-
antenna diversity roof module within the available broadcasting area
in the roof cutout of the test vehicle inside the car test radome.
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The optimized roof antenna system yields a simultaneous diversity function for
two FM, DAB-VHF, and DVB-T2 (for Section 6.3) antennas and the respective
feeding points A1 and A2, both visible in the same color assignment as shown
in Fig. 6.1, are located in a distance of 25 cm from the center of the copper
surface. Both antennas are excited by an electric field which is concentrated at
the edges of the metal frame as well as a magnetic field, which occurs due to
the edge currents along the frame. The RF connectors for the passive antenna
measurements (e.g. antenna impedances) as well as the amplifier circuits for the
active field measurements are screwed to the metallic parts of the car roof. For
the subsequent amplification with the HIA and the 50 Ω amplifier, whose designs
and results will be discussed in the next two subsections, short antenna feeding
wires of 5 cm length lead into the interior of the vehicle, which is also displayed
in the lower picture of Fig. 6.15. Since there is more free space available inside
the total surface of the roof cutout, an additional integration of further antennas
for other applications is provided as well. The entire roof cavity is ultimately
overlayed with a Sheet Molding Compound (SMC) light cover, which completely
adapts to the enclosing contour of the car roof.
By increasing the distance of the integrated antenna diversity roof module to

the surrounding metallic surfaces to 4 cm, the undesired mutual interferences
could be alleviated to a minimum in both operating frequency bands. This can
be clearly recognized in the measured FM/DAB-VHF antenna impedances shown
in Fig. 6.16. In contrast to the impedance behavior of the antennas in the first
setup, as displayed in Fig. 6.2, the improved design of the planar copper foil
structure results in symmetrically located FM and DAB-VHF impedances with
high (> 50 Ω) and reasonably constant antenna radiation resistances RA(f) for
both antennas in both operating frequency bands, showing only negligibly small
impedance loops due to disturbing coupling effects. As discussed in Section 3.3.2,

Figure 6.16: Measured FM/DAB-VHF impedance behavior of the two optimally
designed integrated roof antennas.
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the requirements with respect to desired antenna impedances for the HIA can be
perfectly met here, despite the relatively narrow and shadowed mounting vol-
ume. Obviously, none of the shown antenna impedances reaches the ‘forbidden’
impedance region in the smith chart, thus there is nothing that prevents a suc-
cessful amplification of these integrated roof antennas. Without the thin copper
strip connection to ground, the radiation resistance of the antenna impedances
would be below 8 Ω and thus unsatisfactorily low for a further amplification
with the HIA with respect to the noise and SNR considerations (eq. (3.5) not
fulfilled [10]).
The provided asymmetry of the antenna broadcasting module leads to an im-

proved de-correlation of both roof antenna structures, which will also be con-
firmed in the final ECC results of the antennas in combination with the HIA in
Section 6.2.4. Moreover, it will be demonstrated that the optimization of the in-
tegrated diversity roof antennas, with respect to their antenna impedances, leads
to a considerably improved quality of reception in conjunction with the enhanced
HIA circuit in both operating frequency bands.
The integrated two-antenna roof module of Fig. 6.15 is also simulated with

CST R© in the presence of the test vehicle. Fig. 6.17 depicts the related simulation
model of the vehicle including the space provided within the cutout of the car
roof. The planar inverted-F copper geometry for diversity reception of terrestrial
broadcasting signals is colored in yellow, while the polystyrene antenna support
material is displayed in green color. The further unused space within the roof
cutout in the direction of travel is finally employed for additional antennas for
other applications.
Fig. 6.18 shows a good correlation between the measured and simulated antenna

impedances in both operating frequency bands. The results are drawn for the
optimally designed integrated roof antenna A1, but a good agreement between
measurement and simulation is also apparent for the roof antenna A2.

Figure 6.17: Upper part of the CST R© simulation model of the test vehicle in-
cluding the roof cutout covered with the planar inverted-F copper
structure for simultaneous feeding of both diversity antennas.
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Figure 6.18: Comparison of measured and simulated impedances for the inte-
grated roof antenna A1 in both operating frequency bands.

The design of the enhanced two-stage HIA for the amplification of the optimized
integrated two-antenna roof module is presented in the following.

6.2.2 Design Considerations of the Enhanced Amplifier
The FM intermodulation and noise issues of the broadband two-stage FM/DAB-
VHF HIA, as described in Section 6.1.3, can only be countered by increasing
the complexity of the amplifier. In accordance with the amplifier design for the
18 cm short CCHA presented in Section 4.2.2, the enhanced HIA considered
here also includes an AGC circuitry for the FM path at the amplifier input. In
this way, the linearity of the two-stage HIA can be significantly improved and
the imposed specifications can be entirely met. In order to fulfill the changed
demands with respect to the varying amplification in both operating frequency
bands, a transformer is inserted after the first common-drain stage. In combina-
tion with a second BJT buffer stage in the form of a common-collector voltage
follower (which replaces the previous common-base amplifying stage), the insuf-
ficient output noise voltage values of the broadband HIA circuit in conjunction
with the non-optimized roof antennas of the first section can finally also be im-
proved (which is particularly also attributed to the optimally designed antenna
impedances shown in Fig. 6.16). By adequately choosing the transforming ratio,
the FM gain can be lowered to an averaged value of 8 dB, while the DAB-VHF
gain keeps high amplification values of around 15 dB, both measured in a 50 Ω
system and graphically displayed in Fig. 6.21. As the required amplification is
now delivered by the transformer component, the resistance R8 between both
transistor stages in Fig. 6.7 can be eliminated, which further improves the noise
performance of the enhanced amplifier circuit. Consequently, all violated speci-
fications confronted in the first section can ultimately be met, as will be proven
in detail in Section 6.2.3.
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Fig. 6.19 depicts the related block diagram of the enhanced two-stage FM/DAB-
VHF HIA. The input-side AGC circuitry (orange coloring) for controlling the FM
voltage gain for high input levels is completely based on the implemented AGC of
the single-stage HIA circuit of Fig. 4.29 and is not regarded further. With respect
to the operating principle of the AGC it is therefore referred to Section 4.2.2. In
contrast to the single-stage HIA design, no noise optimization network is re-
quired at the amplifier input, as the investigated roof antenna impedances are
significantly more broadband than the extremely narrowband CCHA impedances,
which involves positive effects on the noise values at the band edges. The core
of the two-stage FM/DAB-VHF HIA (displayed with the dashed green box in
Fig. 6.19) consists of the first-stage HEMT as a source follower (green coloring),
followed by the input-voltage-amplifying transformer component (blue coloring),
and the second common-collector output stage (brown coloring). The low-ohmic
output impedance of the second BJT stage (seen into the emitter) is combined
with a series resistor and thus well-matched to 50 Ω, while the AGC feedback
path at the amplifier output does not deteriorate the good matching towards the
50 Ω coaxial cable connected downstream, as confirmed in Fig. 6.21 (b).
A more detailed schematic of the coarse block diagram is depicted in Fig. 6.20.

The circuitry of the common-drain HEMT stageM1 is highlighted in green color.
The enhanced parts of the two-stage HIA circuit are illustrated with the cor-
responding background colors used in the block diagram of Fig. 6.19. The in-
tegrated FM/DAB-VHF roof antennas are replaced by their equivalent circuit
consisting of the antenna voltage source V A and the antenna impedance ZA
(gray coloring) and the capacitance Cpar sums up the capacitive parasitic effects
which occur on the input path of the amplifier (including the ESD protection
circuit). The input series capacitance C1, as well as C11, C12, C13, C16, and C17
are DC blocks and can be considered as short-circuited for the entire operating
frequency range. Inductor L1 acts like a choke for the operating frequency range
and replaces the entire noise optimization network of Fig. 4.29. The respective
functions of the other AGC components can be extracted from Section 4.2.2, as all
components are maintained. The L9-R4, L11-R9, L13-R12 parallel circuits ensure
the stability of both transistor stages in combination with the parallel connected

Figure 6.19: Block diagram of the enhanced two-stage FM/DAB-VHF HIA for
the integrated roof antennas.
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series combinations of R5-C9 and R13-C14. The gate biasing voltage is set by
means of R2 and R3, whereas the base of the BJT B1 is supplied via the choke
L12 by means of R10 and R11. The resistors R7 and R15 attenuate the undesired
resonance frequencies of the parallel connected chokes for high frequencies. The
operating point of the FET is set by R6 and R8, while L10 serves as a choke
for the operating frequencies. The same applies for the BJT stage with R14 and
R16, while L14 serves as a choke for the operating frequencies. Moreover, C10
and C15 ground the drain and the collector of both transistor stages for the RF
frequencies. The employed common-collector BJT topology serves as a low-noise
buffer for the output stage and exhibits good linearity properties. In conjunction
with the output resistor R17, a good matching towards 50 Ω can be achieved
which will also be confirmed in Fig. 6.21 (b). The required frequency-dependent
gain of the amplifier is obtained by using the transformer t1 in order to boost-
up the voltage level. The employed transformer component with a reasonably
frequency-independent and broadband transforming ratio of 1:k ≈ 1:7 amplifies
the output voltage of the first stage by a factor of 7. The input impedance of the
second common-collector stage is high, but the transformer decreases its value
by a factor of k2 ≈ 49, which improves the matching towards the low output
impedance of the first common-drain stage (seen into the source of M1). More-
over, the undesired noise contribution of the parallel noise current source of the
second BJT stage B1 is transformed by a factor of around 1/k2 ≈ 1/49 to the
amplifier input. As no further noise sources in the form of resistors are present in
the amplification path between both transistor stages, the output noise level can
be considerably reduced. Otherwise, the transformer would pick-up almost all
generated thermal noise and boost-up its level (resulting in UAr,out ≈ k · UAr,in,
where UAr,out is the output noise voltage after, and UAr,in before the transformer).

The layout of the enhanced FM/DAB-VHF amplifier has been realized on a
multi-layered PCB with further individual amplifying paths for AM and DVB-T

Figure 6.20: Schematic of the enhanced two-stage FM/DAB-VHF amplifier for
the integrated roof antennas.
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signals. The unknown influences and lengths of the predefined conducting paths,
as well as the additional effects of the further amplifier paths on the board, are
hard to identify and complicate a precise simulation of the amplifier’s perfor-
mance, as will also be stated in the simulated results.

In the following, it will be shown that the 2nd and 3rd order intermodulation
distances of strong FM signals could be considerably improved by means of the
implemented AGC and the output noise voltage values could be significantly
reduced in contrast to the broadband two-stage HIA version of Section 6.1.2.
Moreover, the chosen transforming ratio of the applied transformer component
fulfills the increased demands with respect to an individual gain value in both
operating frequency bands.

6.2.3 Experimental Results and Simulations of the Amplifier
The enhanced two-stage HIA circuit of Fig. 6.20 is characterized in the lab and
the anechoic chamber of the institute (blue-colored results) and simulated with
ADS R© (red-colored results) in order to verify and optimize the measurements.
The gain and impedance evaluations of the FM/DAB-VHF HIA are performed

with the VNA. Fig. 6.21 (a) shows the measured and simulated S21 curves in
both operating frequency bands for the AGC FM pass state in a 50 Ω system.
The agreement between measurement and simulation is reasonably good in the
FM band, but for the higher frequencies a few deviations of both curves can be
recognized. These differences are mainly attributed to the increased complexity
of the enhanced amplifier circuit (e.g. the AGC and transformer effects, which are
not fully captured in the simulations) as well as unidentified parasitic factors and
electromechanical couplings in the adopted multi-layered HIA layout (e.g. the
unknown lengths between the diverse components and the additional presence
of the AM and DVB-T amplifier paths, as mentioned in Section 6.2.2). These
influences can hardly be accounted for in the simulation model. Nevertheless,

(a) Amplifier gain (b) Input/output impedances

Figure 6.21: Measured ( ) and simulated ( ) gain and impedance behavior of
the enhanced two-stage FM/DAB-VHF HIA and a commercial 50 Ω
amplifier ( ) in a 50 Ω system.
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the correct tendency of the simulated frequency response is also given for the
higher-frequency DAB-VHF band. The measured gain value increases from 7 to
9 dB in the FM band, while in the DAB-VHF band the gain rises from 14 dB
at 174 MHz up to 16 dB at 215 MHz and then again decreases to 15 dB at
240 MHz. Consequently, the required gain values of the amended specifications
could be individually adjusted in both operating frequency bands by means of
an adequate choice of the HIA topology and a frequency-selective amplification
with the employed transformer.
The corresponding measured and simulated FM/DAB-VHF input and output

impedances of the HIA circuit are drawn in Fig. 6.21 (b) for the FM pass state of
the AGC. As already shown in Section 4.2.3, the demanded high input impedance
of the amplifier can be maintained in the lower-frequency FM band, but for the
higher DAB-VHF frequencies the input impedance increasingly runs into the
capacitive region of the smith chart. This undesired side effect is a result of
the input-side AGC network, whose components naturally also introduce losses
and parasitic parallel capacitances to the HIA circuit. Moreover, the unknown
parasitic influences of the layout play a particular role. However, the shown
DAB-VHF input impedance is still considered as being high-ohmic enough for the
intended functionality. The measured and simulated output impedances from 70 –
240 MHz are entirely surrounding 50 Ω, thus completely fulfilling the requirement
of a good output matching towards the 50 Ω coaxial cable connected downstream.
The agreement between measurement and simulation of the output impedance
again differs slightly due to the disregarded parasitic effects of the layout in the
simulations.
According to Section 6.1.4, the ultimately achieved results of the integrated roof

antennas with the considered HIA circuit will also be compared to the respective
results of a 50 Ω reference amplifier in conjunction with the same antennas, as
presented in Section 6.2.4. The measured curves of the gain and both impedances
of the 50 Ω amplifier are also illustrated in Fig. 6.21 in black color. The employed
50 Ω amplifier is an advanced circuit of the previous amplifier version, which
results are displayed in Fig. 6.8, in order to also satisfy the changed demands
with respect to the averaged gain values in both operating frequency bands.
Thus, the amplifier shows a frequency-selective amplification of 7.5 – 9 dB in the
FM band and around 15 – 17 dB in the DAB-VHF band. Both impedances are
expectedly well-located in close proximity to 50 Ω.
Fig. 6.22 displays the measured frequency response of the FM pass state (cor-

responding to the blue curve in Fig. 6.21 (a)) and block state of the AGC. The
DAB-VHF pass-band / FM band-stop filter structure in the upper part of the
AGC circuitry of Fig. 6.20 provides a high rejection bandwidth for the blocked FM
band. A stop-band attenuation of more than 15 dB can be achieved in the entire
FM band (colored red). These sufficiently high attenuation values can only be
accomplished with the presence of the additionally grounded C7-L8-C8 network
in the DAB-VHF pass-band path, as can be clearly seen in Fig. 6.22. A second,
blue curve for the FM block state shows the S21 without this filter network. In
this case, the required dynamic value (pass-band gain in relation to stop-band
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Figure 6.22: Measured gain of the enhanced FM/DAB-VHF HIA for the FM pass-
and block state of the AGC ( ), including the curve without the
additional filter measure in the DAB-VHF pass-band path ( ).

attenuation) of at least 20 dB for the entire FM band can not be reached due
to the narrowband performance without the additional network (only –5 dB at
76 MHz). In reference to the gain curve of the FM pass state, the dynamic range
of the implemented AGC is evaluated to be higher than 22 dB at 76 MHz and
24 dB at 108 MHz. Moreover, the gain in the DAB-VHF band is hardly affected
by the operation of the AGC and thus maintains its high averaged amplification
value of around 15 dB.
A comparison between the measured and simulated FM/DAB-VHF noise figure

is shown in Fig. 6.23. In both operating frequency bands, a good correlation
between measured and simulated values could be obtained. The small deviations
of both curves in the DAB-VHF band arise from the inaccurate gain simulations
of the HIA for the higher frequencies (less gain results in increased noise values
for the simulations), but the occuring differences are lower than 0.3 dB. Despite

Figure 6.23: Measured ( ) and simulated ( ) FM and DAB-VHF noise figure
of the enhanced two-stage FM/DAB-VHF HIA in a 50 Ω system.
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the considerably increased complexity of the circuit with a variety of additional
noise sources in contrast to the broadband HIA presented in the first section,
the employment of the transformer between both stages, in combination with
the common-collector output buffer stage, has a particularly advantageous effect
with regard to the noise properties of the amplifier. The components of the HIA
circuit are optimized in order to meet the required noise figure specification of
maximally 3 dB in both operating frequency bands, whereas actually only the
DAB-VHF value is specified for the amplifier core (which still leaves room for the
noise figure).
The output noise voltage values of the integrated active roof antennas can be

measured with the HIA in combination with the designed FM antenna replications
in the anechoic chamber of the institute. The smith chart in Fig. 6.24 shows the
measured impedance of the original integrated roof antenna A1 (colored green and
equivalent to the impedance shown in Fig. 6.16) and its corresponding antenna
replication, which adequately resembles the impedance characteristic of both roof
antennas.
The measured and simulated FM output noise voltage values of the two-stage

HIA in conjunction with the antenna replication are illustrated in Fig. 6.25.
The simulation was performed using the measured antenna impedance ZA as
the source impedance for the amplifier. In the measurements, the mode of the
test receiver is switched to ‘average’ and the IF bandwidth is set to 120 kHz.
The curve progression between measured and calculated values is very good,
although the simulations tend to be slightly more optimistic. Nevertheless, even
for the measured values, the imposed average noise requirements of –5 dBµV can
be fulfilled. This result is highly attributed to the symmetrical and broadband
impedances of both optimized roof antennas. In this way, the general increase of
the output noise voltage towards the FM band edges can be held within bounds.

Figure 6.24: Measured FM impedance of the original roof antenna A1 ( ), ac-
cording to Fig. 6.16, and of the related antenna replication ( ).
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Figure 6.25: Measured ( ) and simulated ( ) averaged FM output noise volt-
age of the enhanced two-stage FM/DAB-VHF HIA in conjunction
with the antenna replication of the roof antenna A1 for 120 kHz
bandwidth.

In compliance with Section 6.1.3, the frequency-dependent output noise voltage
is also measured for the 50 Ω amplifier prototype in connection with the FM
antenna replication of the roof antennas. On the basis of the measured FM output
noise voltage values of both amplifiers with the representative dummy circuit, the
SNR values of the active antenna combinations can be calculated and displayed
for the horizontally polarized FM signals, as will be shown in Section 6.2.4.
For the linearity measurements in the FM and DAB-VHF frequency bands,

two tones are supplied at the input in order to measure the output signals for
the fundamental input frequencies and the 2nd3 and 3rd4 order intermodulation
distances. Fig. 6.26 shows the output level over the applied input level for the
two FM input tones at 98 MHz and 100 MHz in blue color. At around 90 dBµV
input level, the AGC starts blocking the FM signals and the intermodulation
products stop growing within the dynamic range of the operating AGC. The
measured dynamic range of the amplifier can be determined to be around 24 dB
(acting up to 114 dBµV input level), which is a very good value. At signal
levels above the blocking range of the AGC, the ak2 and ak3 intermodulation
products at 2 MHz and 96/102 MHz, respectively, start to rise from the noise floor
(green-marked area), and the ak2 intermodulation product at 198 MHz further
increases. Table 6.5 gives an overview of the measured linearity improvements
of the enhanced HIA circuit in both operating frequency bands. As stated in
the general FM specification table in Section 2.2.1, the FM values are required
for 110 dBµV output level, whereas in the DAB-VHF band the output level is
set to 100 dBµV. For the FM band, the achieved intermodulation ratio of 3rd
order is higher than 60 dB and the intermodulation ratio of 2nd order is higher

3at the frequency f1 + f2
4at the frequency 2 · f1 − f2
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Figure 6.26: Output voltage level over the applied input voltage level of the fun-
damental frequencies ( ) and the 3rd ( ) and 2nd (f1 + f2 and
f2 − f1 ) order intermodulation products.

than 64 dB (minimum values obtained within the operating range of the AGC as
shown in Fig. 6.26). For the DAB-VHF band, the measurement of the 2nd order
intermodulation product results in at least 61 dB below a 100 dBµV signal level
of each fundamental output tone and 69 dB for the ak3, thus also fulfilling the
specified limits for both intermodulation distances.

Table 6.5: Measured intermodulation performances of the amplifier in the FM
(f1 = 98 MHz, f2 = 100 MHz, 110 dBµV output level) and DAB-VHF
band (f1 = 198 MHz, f2 = 200 MHz, 100 dBµV output level).

FM DAB-VHF
ak2 [dB] > 64 61
ak3 [dB] > 60 69

Consequently, with the support of the integrated AGC circuitry with its high
dynamic range, the linearity issues encountered in the first section can be ef-
fectively mitigated (by only slightly increasing the costs and the complexity of
the amplifier circuit). In this way, all imposed requirements with respect to the
amplifier’s performance can be met with the enhanced two-stage HIA version.
In the following, the active field measurement results of both amplifier circuits

in conjunction with the optimized integrated roof antennas and further evalua-
tions are presented in both operating frequency ranges.
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6.2.4 Active Field Measurements of the Optimized Integrated Roof
Antennas and Further Evaluations

The active field measurements of the optimized two-antenna diversity module of
Section 6.2.1, integrated into the cutout of the test vehicle’s roof, are performed
within the car test radome of the institute. Both concealed FM/DAB-VHF roof
antennas are amplified with the enhanced two-stage HIA circuit and the 50 Ω
amplifier, which were both introduced in Section 6.2.2. The aim being clear that
further improvements of the active frequency responses in the FM and DAB-VHF
range should be achieved with regard to the first integrated active antenna roof
module investigated in Section 6.1.1. Also a performance increase over the 50 Ω
reference amplifier should be realized for both optimally designed roof antennas,
although the considered antenna impedances are suited for an amplification with
the 50 Ω amplifier as well.
On the basis of the received signal levels and radiation patterns, further useful

criteria can be calculated or evaluated by post-processing measures, thus that the
integrated active roof antennas can also be classified with respect to their SNR
performance and diversity suitability. In this context, a good decoupling of both
active diversity antennas should be provided with the HIA in both operating
frequency bands, as the applied HIA circuits (both antennas are connected to
identically constructed amplifier prototypes during the measurements) do not
resistively load the antennas due to their high input impedance (virtually open-
circuited).
The test setup of the integrated active two-antenna roof module is shown in

Fig. 6.15. The measured frequency-dependent signal levels of the reference an-
tennas and the active FM/DAB-VHF levels of the integrated roof antennas are
again averaged for a complete horizontal car rotation. The following field mea-
surement results show the ratio of the averaged signal levels delivered by the
active roof antennas to the averaged signal levels obtained with the respective
passive reference antennas.
Fig. 6.27 indicates that the ripple values of the FM gain have been significantly

improved in contrast to the values of the non-optimized active FM antenna di-
versity system shown in Fig. 6.12. This applies for both investigated amplifiers,
as the FM impedances of the optimally designed roof antennas are obviously also
better suited for the 50 Ω amplifier counterpart. The horizontally polarized av-
eraged active FM gain value of both antennas in combination with the enhanced
HIA slightly decreases from +8 dBref in case of the non-optimized roof module
to +7 dBref for the optimized roof antennas, which is only attributed to the re-
duced gain value of the amplifier (on average 8 dB to 12 dB previously, measured
in a 50 Ω system). But what is even more important is that the huge ascents
of the active frequency response towards the FM band edges could be smoothed
out up to ±3 dB. Consequently, an absolutely flat FM frequency response be-
havior could be achieved, since the ripple value fluctuates by a tolerated value
of approximately ±1 dB in the measuring field (depending on diverging weather
and measuring conditions, as explained in Section 2.1.2). Due to the optimally
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Figure 6.27: Horizontally polarized FM field measurement results of the enhanced
two-stage FM/DAB-VHF HIA combined with the optimally de-
signed roof antennas A1 ( ) and A2 ( ) and the respective results
obtained with the 50 Ω amplifier (dotted curves), in relation to the
averaged signal level of the passive FM reference antenna ( ).

designed impedances shown in Fig. 6.16, also an improved performance from the
perspective of the 50 Ω amplifier is achieved, since the averaged gain values in
combination with the roof antennas increase to around +5 dBref (2 dB more than
before). However, they are still 2 dB below the averaged levels of the antennas
in connection with the HIA. The ripple values of both antennas with the 50 Ω
amplifier are also below ±3 dB in the entire FM band. Consequently, both am-
plifiers easily fulfill the requirements imposed on the active frequency response
in the FM band.

As already demonstrated in Section 6.1.4, on the basis of the measured FM
signal levels and the respective output noise voltage values (with the presence of
the antenna dummy circuits at the amplifier inputs), the averaged SNR values of
both amplifiers in conjunction with the optimally designed roof antenna struc-
tures can be computed (see eq. (2.28)) and the obtained results can be referred to
each other in order to get an insight into the gained benefits of the investigated
HIA concept. The evaluation of the averaged increase in SNR is illustrated in
Fig. 6.28 for the horizontally polarized FM signals of both integrated active roof
antennas. Apparently, a further increase in SNR could be obtained in compari-
son to the non-optimized roof antennas in conjunction with the broadband HIA
circuit, as considered in Fig. 6.13. Especially in the lower-frequency Japanese FM
band (yellow-marked area), a huge increase in SNR by more than 5 dBref could
be achieved with the enhanced HIA circuit combined with the optimized antenna
roof module. Only around the ECE FM frequencies (purple-marked area) be-
tween 102 – 104 MHz, both active antennas with the HIA show equivalent SNR
values to the 50 Ω reference amplifier. For the other ECE FM frequencies, the
referred SNR values are entirely positive, showing the huge further potential of
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Figure 6.28: Horizontally polarized FM SNR evaluation of the enhanced two-
stage FM/DAB-VHF HIA combined with the optimally designed
roof antennas A1 ( ) and A2 ( ), in relation to the respective
averaged values obtained with the 50 Ω reference amplifier ( ).

the HIA concept in combination with adequately optimized antenna structures.
On average, both diversity antennas combined with the HIA circuit achieve an
increase in SNR of around 4 dBref. Consequently, 3 dB more SNR in case of
antenna A1 and 1 dB more SNR in case of antenna A2 with regard to the first
setup of Fig. 6.13 could be gained in reference to the values obtained with the
50 Ω amplifier.
In the DAB-VHF frequency range, the averaged signal levels of the HIA with

the optimally designed roof antennas increase to +14 dBref (5 dB more in con-
trast to the results of the first antenna setup shown in Fig. 6.14), based on the
3 dB increased amplification value of the HIA in the DAB-VHF band, while
simultaneously reducing the ripple value to only ±3 dB. The DAB-VHF impe-
dances of both roof antennas displayed in Fig. 6.16 are also well suited for a
combination with the 50 Ω amplifier, as it can be seen with the dotted curves in
Fig. 6.29. The averaged gain values with the 50 Ω amplifier increase to +11 dBref
(showing a similar standalone amplification value compared to the HIA circuit
in a 50 Ω system), thus an active gain increase of around 4 dB in comparison to
the first roof antenna module could be achieved. And also the ripple values with
the optimized active diversity antennas maintain a maximum value of ±3 dB in
the entire DAB-VHF band.

The active frequency responses of the investigated integrated roof antennas
are also simulated with ADS R©. The gained results of all measured and simulated
ripple values of the different active antenna combinations are presented in Ta-
ble 6.6 for the FM band and Table 6.7 for the DAB-VHF band. As the courses of
the impedances are nearly identical, the simulated results are independent of the
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Figure 6.29: Vertically polarized DAB-VHF field measurement results of the en-
hanced two-stage FM/DAB-VHF HIA with the optimally designed
roof antennas A1 ( ) and A2 ( ) and the respective results ob-
tained with the 50 Ω amplifier (dotted curves), in relation to the av-
eraged signal level of the passive DAB-VHF reference antenna ( ).

currently connected roof antenna and therefore the results for both antennas A1
and A2 are shown together in the tables. In both operating frequency bands and
for both considered amplifiers, the simulated maximum ripple values are equiva-
lent to the measured values in Figs. 6.27 and 6.29, respectively. As highlighted
in green color, both amplifier technologies provide an absolutely constant am-
plification of the two FM/DAB-VHF diversity roof antennas with ripple values
below ±3 dB. Evidently, the considered impedances are also very advantageous
for a further processing with the 50 Ω amplifier. However, more gain and espe-
cially more FM SNR could be achieved with the optimized HIA circuit in both
operating frequency bands.

Table 6.6: Measured and simulated FM ripple of both active antennas.

ripple [dB] A1 & A2 meas A1 & A2 sim
HIA ±3 ±3

50 Ω amp ±3 ±3

Table 6.7: Measured and simulated DAB-VHF ripple of both active antennas.

ripple [dB] A1 & A2 meas A1 & A2 sim
HIA ±3 ±3

50 Ω amp ±3 ±3

In summary, the HIA offers better results than the 50 Ω amplifier with more
gain and equally low ripple. Consequently, the applied HIA concept provides a
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(a) FM ECC (A1/A2 combination) (b) RP at 100 MHz (Θ = 85◦)

Figure 6.30: Calculated diversity performance of the integrated roof antennas A1
and A2 with the HIA in the FM frequency band.

great solution in both operating frequency bands, fulfilling all requirements im-
posed on the active frequency response behavior of the integrated roof antennas.

The diversity performance of the integrated roof antennas A1 and A2 is char-
acterized by means of the ECC and illustrated for the FM band in Fig. 6.30 (a).
The maximum value is 0.63 for the lower FM frequencies, which still indicates
a reasonable de-correlation of both antenna structures, although for these fre-
quencies the mutual coupling is rather large in contrast to the values for the
higher FM frequencies, where the ECC decreases up to 0.2 at 108 MHz. As both
feeding points are located on the same inverted-F copper surface without any
physical separation to each other, the obtained results of the de-correlation can
be considered as a success. Fig. 6.30 (b) shows the corresponding horizontally
polarized radiation patterns in the horizontal plane for the antenna A1 (green
color) and A2 (blue color) at 100 MHz and for Θ = 85◦. The ECC value is
0.18 at this frequency, which can also be identified by the diverging radiation
patterns of both antennas, especially for ϕ ≈ 130◦. The decline in the signal
level of antenna A2 is compensated by a good horizontal coverage of antenna
A1 at this angle range. Consequently, a good FM diversity capability can be
expected from this two-antenna roof combination with the HIA. The calculated
ECC for the optimized integrated roof antennas A1 and A2 in combination with
the 50 Ω amplifier is higher than 0.88 in the entire FM frequency band. This
result is based on a high resistive loading of both roof antennas in a diversity
setup with the 50 Ω amplifier prototypes (both antennas are loaded with the
50 Ω input impedance of the amplifiers, which also results in a high correlation
between both diversity antennas). This effect can not be avoided for antenna
diversity measurements with 50 Ω amplifiers (the second diversity roof antenna
involves only minor improvements in this case).
Fig. 6.31 (a) shows the related curve of the ECC for the diversity antennas

A1 and A2 in the DAB-VHF frequency band. A low ECC value between 0 and
0.25 can be obtained for the higher DAB-VHF frequencies by the employment of
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(a) DAB-VHF ECC (A1/A2 combination) (b) RP at 200 MHz (Θ = 85◦)

Figure 6.31: Calculated diversity performance of the integrated roof antennas A1
and A2 with the HIA in the DAB-VHF frequency band.

both integrated roof antennas in combination with the HIA. Moreover, the value
does not exceed 0.6 in the entire DAB-VHF band, which results in a good de-
correlation of both integrated antennas also for the higher operating frequencies.
The vertically polarized radiation patterns in the horizontal plane for antenna A1
(green color) and A2 (blue color) are displayed in Fig. 6.31 (b) for f = 200 MHz
and Θ = 85◦. The ECC value is only 0.2 at this frequency and the radiation
characteristics of both diversity antennas again complement each other (deep
nulls of A1 are compensated by the horizontal coverage of A2 and vice versa).

In conclusion, the results for the optimized integrated antenna diversity roof
module with the HIA show that great reception and diversity performance im-
provements could be achieved. In contrast to the 50 Ω amplifier counterpart,
both multiband antennas are not loaded within a diversity setup, which again
results in an improved decoupling of both roof antennas. Thus, the investiga-
tions once again underline the great flexibility and applicability of the applied
two-stage HIA concept, even for reasonably 50 Ω antenna structures.

The next section additionally uses the DVB-T reception capabilities of the
optimally designed antenna roof module depicted in Fig. 6.15. In this connection,
also the related two-stage HIA has to be correspondingly adjusted to the advanced
two-antenna diversity roof module.

6.3 Extension of the Amplifier for Reception of DVB-T
with the Optimized Antenna Diversity Roof Module

An increasing desire of car manufacturers for multiband receiving antennas, even
within concealed mounting volumes, leads to the necessity to investigate pos-
sibilities to expand implemented hidden antennas for the reception of as many
broadcasting services as possible. However, this also implies that the correspond-
ing amplifier circuits have to be flexibly adaptable to the multiband antenna
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capabilities. The obvious approach would be to use separate amplifier paths
for each of the different operating frequency bands. However, this concept con-
siderably increases the costs and the complexity of the active antenna diversity
system, as a variety of transistors, including their related circuitry, as well as
diverse input and output filter networks for the separation and recombination of
all considered frequency bands have to be employed. Consequently, the oppor-
tunity to amplify all operating frequencies with a single amplifier circuit (‘1 pin
solution’) saves costs and creates major simplifications. On the other hand, it is
a tremendous challenge to prevent mutual interferences between the individual
frequency ranges with a single multiband amplifier configuration. As many car
manufacturers moreover frequently demand a strict filtering between all deployed
applications in a multi-antenna setup (which applies for frequency separations
among the considered services, but also with respect to other applications), addi-
tional filter measures have to be taken into account within the amplifier part. In
order to fulfill these rigorous specifications (in addition to the high amplification
required in all investigated operating frequency bands and the compliance with
all the other requirements imposed on the amplifier’s performance, according to
Section 2.2.2), numerous different filter networks with large edge steepnesses have
to be applied.

As already indicated in Section 6.2.1, the optimally designed (with respect to
the FM/DAB-VHF impedances) antenna broadcasting roof module of Fig. 6.15
can be extended for the additional reception of DVB-T2 (470 – 690 MHz) tele-
vision signals. This final section concentrates on an advanced HIA design, which
manages to also process the received DVB-T2 signals of the two integrated di-
versity roof antennas, in addition to the FM/DAB-VHF frequencies. The related
DVB-T2 impedance behavior of both antennas is shown in Fig. 6.32. The im-
pedances are entirely located in the capacitive region of the smith chart as the

Figure 6.32: Measured DVB-T2 impedances of the two optimally designed inte-
grated roof antennas, according to Fig. 6.15.
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relatively large copper surface (14.5 cm x 80 cm) acts as a high capacitance for
the higher digital TV frequencies. As the first-stage HEMT can not be operated
high-ohmic anymore with respect to its specific input impedance in the higher
frequency ranges, the investigated HIA mainly functions as a 50 Ω amplifier for
the received DVB-T signals. However, the requirements imposed on the HIA with
respect to its input impedance behavior, according to Section 3.3.2, are only valid
for the lower FM/DAB-VHF operating frequencies and the capacitive DVB-T2
antenna impedances are absolutely appropriate for a further amplification with
the extended HIA circuit, as will also be proven in the following.
The first part of the section focuses on the block diagram of the extended

FM/DAB-VHF/DVB-T2 HIA and describes the basic structure as well as the
arising challenges of this multiband amplifier concept. Then, the simulated results
of the amplifier alone as well as the frequency response of the concealed roof
antenna A1 in combination with the HIA are presented. In this context, not
only the required frequency separations between the three operating frequency
bands, but also to other services of the multi-antenna arrangement within the
roof cutout in the surrounding frequency spectrum are highlighted.

6.3.1 Design Considerations of the Multiband Amplifier
The concept of the enhanced two-stage HIA configuration presented in Sec-
tion 6.2.2 (with integrated AGC, transformer and common-collector output stage)
is now further adapted to cope with the increased demands with respect to the
multiband suitability of both integrated roof antennas in the FM, DAB-VHF,
and DVB-T2 band. The applied transformer (as well as further investigated
transformer components) can not be operated broadband enough in order to also
cover the higher DVB-T2 frequencies with enough amplification. Consequently,
the amplifier topology has to be correspondingly modified in order to take into
account the present situation with regard to an additional amplification in the
DVB-T2 range.
Fig. 6.33 shows the block diagram of the extended two-stage HIA for the recep-

tion of FM/DAB-VHF/DVB-T2 broadcasting services. A degenerated common-
emitter output stage (brown coloring) can help to achieve a broadband ampli-
fication for all considered operating frequencies, while maintaining a reasonably
good linearity and low noise. For these reasons, the output BJT stage of the
amplifier is again varied, which further demonstrates the range of application
of the HIA concerning its second stage (common-base in Section 6.1, common-
collector in Section 6.2 and common-emitter in Section 6.3). In this way, the
transformer component between both stages can be saved and the first-stage
HEMT in common-drain configuration (which remains unchanged in all three sec-
tions of the chapter and maintains its good noise properties also in the DVB-T
band) further sees a high impedance into the base of the BJT stage. As the
output impedance of the second BJT stage (seen into the collector) is rather
high-ohmic and broadband, a simply designed matching network has to be ap-
plied to the output of the multiband amplifier (also colored brown). Further



186 6 Integrated Active FM/DAB-VHF/DVB-T Diversity Roof Antennas

Figure 6.33: Block diagram of the extended FM/DAB-VHF/DVB-T2 HIA for the
integrated roof antennas.

enhancements at the input of the amplifier have to be considered with respect to
the required decoupling of the three different operating frequency bands amongst
each other (e.g. the AGC should continue to operate only in the FM band). For
these reasons, the input of the HIA is properly adjusted for the additional recep-
tion of the DVB-T2 operating frequency band (yellow coloring). Two DVB-T2
band-stop filter prevent high DVB-T2 frequencies from coupling with the already
discussed FM/DAB-VHF input path (colored orange and described in detail in
Section 4.2.2). A further filter network at the output of the FM AGC circuitry
additionally ensures a high decoupling from the DVB-T2 signals.
However, some car manufacturers not only impose specifications with respect to

required frequency separations among the amplified operating frequency bands,
but also with regard to adjacent services which could disturb the reception of
the considered terrestrial broadcasting services. Table 6.8 shows some typical
limit values for the required filtering between different frequency bands in the
frequency spectrum from DC to 1 GHz. As it can be noticed, an additional fil-

Table 6.8: Specified frequency separation values between different services.

FM – AM DAB – FM DAB – RKE DVB-T2 – RKE DVB-T2 – LTE
> 25 dB > 10 dB > 15 dB > 15 dB > 10 dB

tering to the low-frequency AM radio band, the Remote Keyless Entry (RKE)
applications (Japan: 315 MHz / ECE: 433 MHz)5 between the DAB-VHF and
DVB-T2 operating frequency bands, as well as the higher-frequency communica-
tion services has to be considered. The rigorous filter requirement in the DVB-T2
frequency band of at least 10 dB attenuation to the directly adjacent LTE low-
band (which starts at 698 MHz and thus leaves only 8 MHz space) can only be
countered with an included Surface Acoustic Wave (SAW) filter component in the
DVB-T2 input path. The employed SAW LTE band-stop filter [91] suppresses
the LTE low-band with an enormous edge steepness (attenuation of more than
20 dB at 703 MHz), while the insertion loss in the DVB-T2 pass-band remains
below 3 dB. However, this undesired insertion loss of the filter component has
to be compensated with a high gain in the DVB-T2 band in order to achieve a

5The RKE filtering values are required for both the Japanese and ECE RKE frequencies.
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required averaged amplification value of 15 dB over the entire frequency band.
The input and output impedances of the SAW filter are desirably high-ohmic in
the FM/DAB-VHF frequency ranges and sufficiently matched to 50 Ω for the
DVB-T2 frequencies. Consequently, it can be perfectly embedded into the paral-
lel DVB-T2 input path, whereas the enclosing filter networks (also colored yellow)
further improve the high-ohmic impedance behavior for the FM/DAB-VHF oper-
ating frequencies. Moreover, these filter prevent the FM/DAB-VHF signals from
reaching the DVB-T2 path. Finally, all operating signals are recombined before
the first-stage HEMT and processed collectively by the indicated HIA core. Fur-
ther filter measures have to be provided for the additionally required frequency
separations listed in Table 6.8. The filter measure at the amplifier input (blue col-
oring) provides the desired frequency separation to the low-frequency AM band.
The filter components are dimensioned in order to minimize the parallel capac-
itance contribution to the HIA input and thus preserve the high impedance of
the input stage for the FM/DAB-VHF operating frequencies. Other frequency
separation measures are included between both stages of the amplifier (also dis-
played in blue color) in order to reach the desired attenuations between the FM
and DAB-VHF band, as also shown in Section 5.2.2, as well as between the DAB-
VHF and DVB-T2 operating frequency bands (for the decoupling to the RKE
applications). The values of all employed decoupling capacitors in the circuit are
moreover slightly reduced in order to pass the higher DVB-T2 frequencies.
For the sake of preserving a clear overview, the corresponding schematic of

the extended multiband HIA circuit is skipped here. Due to the absence of
the SAW filter component, the amplifier could not be assembled and measured.
However, based on the collected experiences with respect to the correspondence
of measured and simulated results in this thesis (of the amplifier alone as well
as the combination with the antennas at the amplifier input), it is assumed that
the results of the performed simulations reliably replace the expected measured
results.
All simulated results of the extended two-stage HIA with and without connec-

tion to the optimally designed integrated roof antennas will be presented in the
following.

6.3.2 Simulation Results of the Amplifier and Combination with the
Optimally Designed Integrated Roof Antennas

The respective simulations of the extended FM/DAB-VHF/DVB-T2 HIA circuit
are performed in all three operating frequency ranges.
Fig. 6.34 displays the curve of the gain in each operating frequency band as

well as the impedances of the considered HIA in a 50 Ω system. According to
the specified values in Section 2.2.2 with respect to the DVB-T frequency band,
around 15 dB amplification is required from 470 MHz up to 690 MHz. The
two-stage HIA circuit exhibits a slightly reduced averaged amplification value
of around 12.5 dB in the FM band and 15 dB in the DAB-VHF and DVB-T2
bands, colored in red and evaluated for the FM pass state of the AGC. In the
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(a) Amplifier gain (b) Input/output impedances

Figure 6.34: Simulated gain and impedances of the extended FM/DAB-VHF and
DVB-T2 HIA for the FM pass ( ) and block ( ) state of the AGC
in a 50 Ω system.

blue-colored FM block state, the entire FM band is attenuated by at least 20 dB
(which meets the requirements on the AGC dynamic range), while the DAB-VHF
and DVB-T2 operating bands are only negligibly influenced. Consequently, the
AGC operates properly and is not impaired by the presence of the additional
DVB-T2 input path. The simulated input impedances in Fig. 6.34 (b) show rea-
sonably high-ohmic values in the FM and also in the DAB-VHF frequency band.
These results prove that the many additional measures at the amplifier input are
well-adjusted in order not to introduce too much parallel capacitance to the HIA
circuit. Consequently, the intended functionality of the HIA is further given for
the FM and DAB-VHF operating frequencies. For the higher DVB-T2 frequen-
cies, however, the applied first-stage HEMT of type NE3508 [73] inherently can
not operate high-ohmic anymore, which is also confirmed by the purple-colored
Zin,DV B−T2 impedance in Fig. 6.34 (b), showing a tendency to 50 Ω. The output
impedance is perfectly matched to 50 Ω for all operating frequencies by means of
the matching network after the common-emitter output stage.
All requirements on the specified gain and the impedances could be met in the

respective operating frequency bands. The required filtering between the consid-
ered operating frequency bands and the other adjoining frequency bands (corre-
sponding to the specified limit values in Table 6.8) are highlighted in the simu-
lated curve of the extended HIA in combination with the integrated FM/DAB-
VHF/DVB-T2 roof antenna A1.
Fig. 6.35 shows the simulated frequency response of the extended HIA circuit

in conjunction with the integrated roof antenna A1 at the amplifier input (very
similar results are also obtained with antenna A2, as the impedances in Fig. 6.32
do not vary significantly). As it can be seen, the averaged simulated gain values
primarily remain the same in comparison to the simulations performed in a 50 Ω
system (see Fig. 6.34 (a)). Only in the FM band, more gain could be achieved,
whereas in the DVB-T2 band the averaged gain value is slightly reduced by
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Figure 6.35: Simulated gain of the extended FM/DAB-VHF/DVB-T2 HIA in
conjunction with the integrated roof antenna A1, including all re-
quired frequency separation limits.

around 1 dB. The obtained ripple is very low in all operating frequency ranges
with maximum values of ±3 dB in the FM and DAB-VHF band, and ±4 dB in
the DVB-T2 band. Moreover, Fig. 6.35 shows the desired filtering effects between
the three operating frequency bands and the other implemented services of the
concealed multi-antenna roof module in the surrounding frequency spectrum of
the operating frequencies (DC – 1 GHz). According to Table 6.8, the stringent
filtering specifications could be largely met, as indicated by the black threshold
lines, even for the critical LTE low-band which is located directly adjacent to the
DVB-T2 frequency band (by means of the SAW filter in the DVB-T2 input path
of the amplifier).
The simulated FM/DAB-VHF/DVB-T2 noise figure is illustrated in Fig. 6.36.

Figure 6.36: Simulated FM/DAB-VHF/DVB-T2 noise figure of the extended
two-stage HIA in a 50 Ω system.
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Despite the renewed increased complexity of the amplifier circuit with a variety
of additional noise sources, the components of the two-stage HIA can be accord-
ingly designed with respect to good noise properties in combination with the
amplifiying common-emitter output stage. In this way, the noise figure is held
within bounds in all operating frequency bands. In the FM and DAB-VHF band,
the required maximum values of 3 dB could be maintained, while in the higher-
frequency DVB-T2 band a good value of around 4 – 5 dB could be achieved. The
sharp increase of the noise figure at the upper DVB-T2 band edge is due to a
pronounced effect of the steep filtering slope of the SAW filter component and
can not be avoided.

For the linearity simulations in the FM, DAB-VHF and DVB-T2 frequency
bands, two tones are supplied at the input in order to evaluate the output signals
for the fundamental input frequencies and the 2nd6 and 3rd7 order intermodu-
lation distances. Table 6.9 gives an overview of the simulated linearity values
of the extended HIA circuit in all three operating frequency bands. As stated
in the general specification table in Section 2.2.1, the FM values are required
for 110 dBµV output level, whereas in the DAB-VHF band the output level is
set to 100 dBµV and for the DVB-T frequencies 95 dBµV are required. The
presented results show good values in each operating frequency band with re-
gard to the linearity of the amplifier, which unexceptionally fulfills all required
specifications.

Table 6.9: Simulated intermodulation performance of the extended amplifier in
the FM (f1 = 98 MHz, f2 = 100 MHz), DAB-VHF (f1 = 198 MHz,
f2 = 200 MHz), and DVB-T2 (f1 = 600 MHz, f2 = 610 MHz) band.

FM DAB-VHF DVB-T2
ak2 [dB] > 64 46 48
ak3 [dB] > 60 54 54

In summary, the simulated performance evaluations of the investigated two-
stage FM/DAB-VHF/DVB-T2 HIA show very good results in all operating fre-
quency bands, despite the considerably increased complexity in contrast to the
prior amplifier versions of this chapter. In total, three different variations of the
amplifier’s output stage have been shown, all of them providing specific benefits
depending on the individual application and the considered antenna impedances.

6at the frequency f1 + f2
7at the frequency 2 · f1 − f2
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7 Conclusions

Automotive antennas have experienced significant advancements in recent years.
Short multiband roof antennas are the common solution for low-end vehicles. In
order to compensate for the severe shrinking of the length of these antennas,
appropriate antenna amplifiers have to be applied which are able to improve the
insufficient excitation and the inconvenient effective antenna height. However,
power matching is not possible for such small monopoles and thus they can not
be simply combined with conventional amplifiers for broadband radio reception.
High-impedance amplifiers have proven their worth for this kind of antennas and
perfectly alleviate the imposed constraints.
Over the last few decades, car manufacturers increasingly tend to integrate

their receiving antennas unobtrusively into dielectric parts of the car body, e.g.
in the form of the widely known active window-printed antennas. But also other
hidden mounting positions gain in importance and apparently improve the outer
appearance of the vehicle. Future developments in the automotive industry will
likely focus on a further integration of antennas within vehicular components,
also caused by the trend from metallic to polymeric materials. These antenna
structures, however, suffer extremely from their mainly narrow mounting volumes
and the immediate presence to the surrounding metallic parts of the vehicle. Con-
sequently, multi-antenna configurations are generally employed for hidden active
multiband car antennas in order to improve the reception quality of the combined
antenna system by means of pattern diversity. Also here, high-impedance ampli-
fiers are optimally suited, as they do not resistively load the diversity antennas
and offer several major benefits over standard 50 Ω amplifiers. Nevertheless, also
the used amplifiers have to fulfill numerous strict performance requirements.
The overall aim of this work has been finding a common interface between

all these critical car antennas mentioned above and the radio. A multitude of
modern antenna structures in different mounting positions within the automotive
environment have been considered for the reception of the terrestrial broadcasting
services AM, FM, DAB and DVB-T. The applied HIA concept offers a generic
interface and covers the needs for as many of the investigated antenna structures
as possible at the same time. Only the amplifier topology has been adapted to
the respective antenna or antenna diversity system. In this way, significant per-
formance improvements in all operating frequency bands have been gained with
the active antennas in contrast to the results of the amplifiers based on a 50 Ω
interface. By supplementing the HIAs with an AGC circuitry, all specifications
posed on the amplifier’s performance have been entirely met. Moreover, all inves-
tigated antennas and amplifiers have also been simulated and the obtained results
have been compared with the measured values, which showed good agreements.
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The first target has been the enhancement of an ultra-short helical antenna
element for a good reception performance of all terrestrial audio broadcasting
services. Based on previous investigations, a 14 cm short antenna has been de-
signed in order to also achieve a FM series resonance in addition to both reso-
nances in the DAB range. In the low-frequency AM range, the CCHA further
on behaves capacitively high-ohmic. Due to the more complex structure of the
helical antenna element, the effective antenna height and impedance could be
considerably improved for the operating frequency bands in comparison to the
short rod antenna counterparts. However, ultra-short antennas produce sharp
resonances and are difficult to be employed in broadband applications with 50 Ω
amplifiers. The corresponding HIA consists of a single HEMT stage, for the pro-
cessing of the FM and DAB signals, combined with a separate low-noise JFET
cascode stage for the AM signals in order to prevent FM to AM intermodulation
conversions. The ultra-short active antenna element showed a great performance
for all operating frequencies, even in the ambience of a surrounding ring antenna
for the reception of satellite navigation signals. Despite the sharp FM/DAB-VHF
antenna resonances, the specifications with respect to the deviation of the active
frequency response have been fulfilled in combination with the HIA.
The insufficient noise and linearity values of the first amplifier implementation

have been improved by the introduction of a noise optimization as well as an
AGC network at the HIA input. In this way, all stringent requirements imposed
on the amplifier circuit have been completely met. A very good performance
has been achieved in combination with a slightly enlarged helical antenna version
of 18 cm length. Even under complicated conditions in the direct presence of
a LTE antenna and the cohabitation of more antennas for various applications
within a multi-antenna sharkfin roof module, the good performance of the active
AM/FM/DAB CCHA has hardly been affected. The length extension by 4 cm
in contrast to the 14 cm ultra-short antenna has been vital in order to enable the
rejection of the LTE frequencies, which has also been investigated in detail.
The second objective has been the optimization of embedded screen antennas

in various mounting volumes. Two antenna diversity systems in the windscreen
have been designed. One of them is based on a conductive coating between the
laminated glass layers of the windscreen and consists of four physically separated
FM/DAB-VHF antenna feeding points with different connections to the coat-
ing. The other windscreen diversity antennas are obtained by a switchable and
adaptive ring structure within the black print area at the rim of the windscreen.
By means of integrated pin-diode switches and filter circuits on the windscreen,
three FM and four DAB-VHF state-of-the-art diversity antennas have been gen-
erated. Additionally, various FM/DAB-VHF antenna structures on the small side
screens of a test vehicle have been considered, which can be beneficially employed
as support antennas in conjunction with one of the windscreen antenna systems.
All investigated screen antennas have been amplified with a two-stage HIA

circuit with an included filter and smoothing network between both stages in
order to flatten the active frequency responses of the antennas. The selected
amplifier topology showed that a common-drain/common-base HIA configuration
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greatly flattens the different antenna frequency characteristics, while achieving
reasonably low noise and distortion. Also the diversity properties of the active
windscreen antenna diversity systems have been evaluated, which both indicated
an enormous potential with regard to a diversity sustainability in contrast to the
respective results achieved with a 50 Ω reference amplifier.

In a third approach, the employment of the HIA technology has been investi-
gated for a hidden roof mounting position. The goal has been the realization and
optimization of integrated active FM/DAB-VHF and DVB-T2 diversity antennas
within a small cutout of a car roof. A first FM/DAB-VHF two-antenna broad-
casting module has been considered, whose impedances are not optimized with
regard to an amplification with the subsequent HIA. Nevertheless, the applied
broadband two-stage HIA circuit managed to smoothen the active frequency re-
sponses in both operating frequency ranges by means of an input compensation
network. In this way, improved results have been achieved in comparison to a
commercial 50 Ω amplifier. Also the SNR evaluations in the FM band already
pointed out the existing potential of the HIA, despite the not yet optimally de-
signed integrated roof antennas with respect to their impedances.
The results have been further improved by means of a FM/DAB-VHF two-

antenna diversity roof module, which has been optimized for a further processing
with both amplifier technologies. By furthermore enhancing the HIA circuit
with an AGC network and providing a frequency-selective amplification with
a transformer component and a common-collector output stage, the active fre-
quency responses as well as the diversity capabilities of the optimally designed
integrated roof antennas have been highlighted even more in comparison to the
results obtained with the 50 Ω amplifier. In the FM band, 4 dB more SNR has
been achieved with the HIA in comparison to the 50 Ω amplifier counterpart.

Finally, the optimized two-antenna roof module has been employed for an ad-
ditional reception of DVB-T2 signals. For these purposes, also the HIA topology
has been adequately adapted. The input path of the two-stage HIA has been
extended by the DVB-T2 path and diverse filter measures have been applied in
order to separate the three operating frequency bands from each other. More-
over, a third possible configuration of the BJT output stage has been chosen,
as the common-emitter topology allows for the required broadband amplification
and further improves the linearity and noise behavior of the multiband ampli-
fier. The simulated results of this advanced amplifier have been presented with
and without connection to the optimally designed antenna roof module and high-
lighted the additional performance capacity of the HIA even in the high-frequency
DVB-T band.
Overall, the HIA concept has proven its worth for a multitude of critical car

antennas and mounting positions. The evaluations underlined the huge flexibility
and applicability of the HIA, which successfully enabled an effective interface for
all investigated 50 Ω and non-50 Ω car antenna structures. Its higher indepen-
dence from the antenna element, compared with a conventional 50 Ω amplifier,
offers significant performance improvements with respect to a wideband amplifi-
cation and diversity behavior.
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