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Chapter 1

Introduction and Thesis Overview

This thesis embodies the work I have done in the field of automotive active antennas
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.

The length reduction of rod antennas is nowadays a major concern in the auto-
motive industry. The need for new shorter rods stems from the desire to fulfil the
design aesthetics of modern cars and to alleviate the mechanical issues the longer
rods have. However, despite the severe length reduction, the short rods have to
perform at least as good as the 40 cm long active monopoles usually met nowa-
days. In this context, the present thesis investigates the possibilities to use for AM,
FM and Digital Audio Broadcasting (DAB) broadcast reception in an automotive
environment 20 cm long active monopole antennas and 14 cm long active helical
elements. Concerning the FM reception, both Japanese and European bands are
simultaneously targeted, so that the resulting active antenna does not have to be
readjusted.

Electrically very short active antennas are challenging because the very low ef-
fective height of the antenna element and its inconvenient antenna impedance with
a highly reactive character pose important constrains upon the antenna amplifier.
The amplifier has to have high input impedance, which has to be increasingly higher,
as the antenna impedance gets also higher. At the same time, the amplifier has to
exhibit enough gain and low noise character, in order to achieve good sensitivity.
There are also important requirements to be fulfilled concerning its linearity.

A simple 20 cm long monopole is firstly considered as a convenient implemen-
tation for AM and FM reception. As it will become clear throughout this work,
simply reducing the monopole length does not yield the desired FM performance,
even when advanced antenna amplifiers are employed. The main concern is in this
case the sensitivity degradation caused by the poor effective height of the antenna
and the small antenna capacitance. Nevertheless, in the AM range the measured
performance (i.e. output signal-to-noise ratio in this case) achieved by the active
antenna developed in the present work is only about 4 dB below the one provided by
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the 90 cm long passive monopole. This outstanding result is important because all
the antenna elements investigated here perform similarly (from an electrical point
of view) in the AM range. As a consequence, the AM amplifier proposed here allows
them to be successfully used also for AM reception.

In order to alleviate these disadvantages, a novel antenna structure is used in-
stead. It consists of a helix with capacitive coupling, thus enabling the shaping of
the antenna impedance and the improvement of its effective height. This allows for
a rod shortening to only about 14 cm. In order to highlight the visual difference
thus achieved, Fig. 1.1 compares it to a state of the art 40 cm monopole. It will be
shown that only high-input impedance amplifiers are suited to be used together with
this type of antennas. In this combination, however, the active antenna exhibits an
undesired resonance which has to be compensated by the amplifier. An extensive
investigation has the purpose of finding out the best suited amplifier architecture for
which design considerations and experimental results are presented and discussed.

Fig. 1.1: The 14 cm active capacitive coupled helical antenna (CCHA) next to a commer-
cial 40 cm long active monopole, both mounted on the top of a car.

Measurements confirm that the novel ultra-short 14 cm helical active antenna
performs better than the 20 cm long active monopole antenna and achieves in average
about the same signal level as a passive 90 cm long monopole antenna. The measured
sensitivity is comparable to the one attained by 40 cm long active rod antennas and
is sustained over the entire European and Japanese FM ranges, as shown in Fig. 1.2.
To the best of our knowledge, this is the first time when such sensitivity is achieved
with such a short antenna element. Furthermore, this novel active antenna fulfills
the linearity requirements and therefore does not need additional automatic gain
control circuitry.
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Fig. 1.2: Measured FM sensitivity of different active antennas. Results are referred to the
90 cm long passive reference rod antenna. The 20 cm active monopole and the
14 cm active capacitive coupled helical antenna (CCHA) have been developed
throughout this work.

The steady increasing popularity of DAB demands adequate solutions for its
reception in cars. As a result the need arises to develop an ultra-short active antenna
which has besides AM and FM also DAB capabilities in both Band-III and L-Band.
As the 14 cm short capacitive coupled helical structure proves to be a good solution
for AM and FM, this work investigates further the possibility to receive also DAB
signals with the same antenna. The DAB L-Band does not prove to be an issue, as
the rod can be such designed in order to use for the higher frequencies only a small
part of it as a A/4 monopole; instead, the reception of DAB Band-III signals proves
to be much more challenging, as this frequency band is not far enough from the FM
one and the amplifier may be subject to undesired FM to DAB conversions. In this
context the thesis concentrates on investigating the best suited amplifier topologies
for a high performance AM/FM/DAB ultra-short active antenna.

The analysis and the experimental measurements show that a single-transistor
FM/DAB amplifier provides good performance but cannot overcome the FM-Band-
IIT intermodulation issue without the use of automatic gain control (AGC) circuitry.
It has, however, the advantage of being an ultra-compact solution with low part-
count and low demands concerning the input path.

This particular intermodulation issue can be overcome by introducing a separate
Band-IIT amplifier path, while the FM and L-Band can be partly processed together.
However, in this approach special care has to be taken in order to separate the FM
and DAB-Band-III signals on the input path. The filters required for this task have
to introduce little losses and at the same time to mask well enough each path from
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the other, so that no additional loading degrades the signal. The implementation
proposed in this work successfully manages to split and combine the different signal
paths; this, however, at the cost of a lower signal performance in the FM band and
lower DAB-Band-III noise performance. In the L-Band such an active antenna pro-
vides excellent gain and noise characteristics.

The thesis is structured as follows:
Chapter 1 provides a thesis overview and highlights the achieved results.

Chapter 2 introduces the problematic of radio reception in cars. The broadcasting
services addressed in this work (AM, FM and DAB) are briefly presented, in or-
der to highlight their particularities, including the propagation of the corresponding
electromagnetic waves. A general discussion concerning the automotive antennas,
their antenna amplifiers and the car radio receivers follows, having the purpose of
briefly reviewing their development over the last decades. It also introduces the
particularities of radio reception in cars.

Chapter 3 reviews basic concepts about short monopole antennas. The most im-
portant issues concerning the noise in electronic systems are reminded, as noise is
a major limitation factor to the design and use of active receiving systems. The
external noise picked-up by an antenna is also discussed. In the end, active antenna
theory is reviewed and the performance improvement brought by it when compared
to their passive counterparts is highlighted.

Chapter 4 moves the discussion towards the antenna amplifier itself and discusses
the parameters and requirements for car active antennas, especially concerning gain,
noise and linearity. Two important design considerations, the gate biasing resistor
and the noise of different commercial transistors are investigated. A description of
the measurement methods employed throughout this work is given.

Chapter 5 explores the possibility to use for automotive AM/FM application a very
short only 20 cm long active monopole antenna. The first design investigated con-
sists of a single AM/FM amplifier, which distinguishes itself by simplicity and low
costs, but does not succeed in coping with the FM to AM conversion. The second ar-
chitecture investigated contains two different paths for the AM and FM bands, thus
improving the linearity issues. The parameters and the conditions which determine
the performance of the designs are investigated and explained and measurement
results are presented and discussed.

Chapter 6 introduces an amplifier structure which is optimized to be used with a
novel, only 14 cm long thin helical antenna featuring a capacitive coupling. Am-



plifier architectures which flatten the frequency response of the very short resonant
antenna are investigated, while maintaining a low noise level and a good linearity.
The design analysis and experimental results are shown for the proposed high input
impedance amplifier concept which succeeds in coping with the requirements.

Chapter 7 explores the possibilities to extend the use of the ultra-short thin helical
antenna featuring a capacitive coupling also to the DAB service in both Band-III
and L-Band. An appropriate amplifier architecture is sought for, which is able to
manage the nonlinear and filtering issues, while maintaining low noise and good
sensitivity. Two different amplifier designs are proposed and their advantages and
disadvantages are discussed based on computational analysis and experimental mea-
surements.

Chapter § summarizes the conclusions and overviews the results achieved through-
out this work.

Appendiz A reviews the equivalent noise circuit for two-ports and the concept of
optimum noise impedance.

Appendiz B overviews the different field effect transistor technologies appliable for
the design of ultra short active antennas. Their noise mechanisms and noise models
are also discussed.



Chapter 2

State of the Art of Mobile Car
Antennas for Radio Reception

Not long after the spread of the commercial radio broadcasting, car owners had
the desire to have radio receivers also on the road, so that there were attempts to
accommodate domestic radio sets into cars. The first professional devices designed
and manufactured especially for automotive applications appeared at the beginning
of the 30, like for example the radios from Motorola and Blaupunkt. This was
the result of becoming aware of the car environment specific issues, like the lack of
space, the need for robust mechanical and electrical designs and the electromagnetic
interference.

The first car radios received only amplitude modulation (AM) and had to be
powered using vibrators, in order to step-up the low battery voltage to the value
required by the vacuum tubes contained in the radio. The following decades brought
continuous improvements and changes from vacuum tubes to robust low-voltage
discrete transistors and later integrated circuits. The radio-set was upgraded to
become a hi-fi audio system, by adding more and more sophisticated audio amplifiers
and loudspeaker systems and incorporating cassette players and later CD and MP3
players. The radio receiver itself became multi-service, being able to receive also
frequency modulation (FM) and later DAB and satellite radio, while the trend
continues towards an even larger service integration.

Present-day car radios are rather complex entertainment systems, which have
become standard equipment for cars and can be found in a wide variety from var-
ious manufactures. However, a good receiver delivers its best performance only in
combination with a good antenna.

In the first decades of car radio history the simple rod antenna about 1 m long
played the major role in reception. These antennas offered good performance both
in AM and FM; however, such long whips have difficulties in coping with styling
requirements, mechanical robustness and wind noise. Simply reducing the rod length
brings important performance degradation, because the height reduction decreases
proportionally the effective antenna height, increases its impedance and worsens the



obtainable bandwidth. This cannot be overcome as long as the antenna remains
passive. Another important issue occurs when the antenna is electrically short and
cannot be matched to the cable impedance; in this case there are certain constrains
placed on the cable length and thus on the allowed distance between the passive
antenna and the radio receiver.

Receiving radio in a mobile environment raises specific difficulties, as the situa-
tion is different in comparison to the home reception scenario. These phenomena,
like the multipath propagation of the higher frequency waves, had to be first under-
stood and correctly described by mathematical models. With the advances made
in the antenna theory and the understanding of the issues involved in the mobile
radio reception, new antenna structures had emerged, probably the most important
of them being the window-printed type. At first passive, such a structure entirely
fulfilled the mechanical automotive requirements, but had poor reception capability.

The major breakthrough came with the development of the active antenna, which
approaches the design of the receiving system from a different angle. By connecting
an amplifier with high-ohmic input impedance right after the antenna element and
thus picking-up the voltage induced in the antenna without drawing power from it,
a few delicate issues are being simultaneously overcome: the antenna size can be
reduced without degrading its performance, while the impedance matching towards
the cable is being alleviated, and so the constrains placed upon the cable length
eliminated. Additionally, the mutual coupling between antennas in a compact array
is being lowered, so that diversity becomes practical.

Based on these principles, the active version of the window-printed antenna has
become very attractive and enjoys commercial success. The active rod antenna and
the rear window printed type are nowadays the most common solutions for AM/FM
radio reception. The window-printed active antenna is aesthetically superior and
meets the automotive mechanical requirements, but it has to be specifically designed
for each car type. For low-end cars the rod type antenna is common.

The non-linear issue still remains the major intrinsic drawback of active antennas,
as any active device has a non-linear characteristic. The fact that the car travels
leads to a very large dynamic range of the signal level picked-up by the antenna,
which depends on the distance to different broadcast stations. A variety of large
undesired signals may enter the amplifier, because the active antennas are wideband
and do not perform any channel selection before the amplifier. Their exposure
to intermodulation issues imposes important linearity-requirements for the antenna
amplifier. Over the decades this issue has been alleviated by using better transistors
and improved circuit techniques, so that the solutions available nowadays enable high
linearity performance.

Concerning noise and sensitivity of active antennas, the advances made by the
semiconductor devices allowed for a steady performance increase. Besides modern
silicon (Si) transistors, the price reduction of high-performance gallium-arsenide
(GaAs) devices enabled them to be also used for automotive active antennas.
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Despite their simplicity and low price, 1 m long monopole antennas have mechan-
ical disadvantages when it comes to requirements like robustness, low wind-noise,
the capability to withstand mechanical stress without breaking and certain safety
standards for impact. To this add the aesthetic considerations. As long as shrinking
their size was not an option, retractable whip antennas have also been designed and
produced, although such a solution increases the overall antenna price, as it adds a
considerable amount of mechanics.

With the development of active antennas the rod became shorter, while main-
taining a performance comparable to the 1 m long one. 40 cm and later 30 cm
antennas mounted on the car roof or on a fender became standard for lower price
category cars, for which no window-printed antenna is foreseen. Even today, among
the rod antennas, these lengths are very common. The AM reception is active, while
for the FM band both passive and active whips can be met.

Nevertheless, the trend for miniaturization doesn’t stop here, as there is a strong
demand for further reducing the size of car rod antennas as much as possible. This
reduction is however dependent on the available amplifier technology. Another way
to obtain very short rods is to modify the antenna element itself; for this purpose,
special helical structures have recently been introduced, which can be optimized
for certain operating bands. Although their manufacturing is basically more com-
plicated, the performance improvement can be significant in comparison to simple
monopole antennas. Helical active rods about 20 cm long already equip some cars.

Another trend is represented by the integration of as many services as possible
in a single antenna. Traditional rod active antennas are designed for AM and FM
reception. However, nowadays there is a steady increasing demand towards DAB,
which offers better audio quality and is more suitable to mobile scenarios. Some
active antenna modules are designed to accommodate mobile phone signals with
the same antenna element as well. It is also aimed to design compact active antenna
modules in which the monopole cohabitates with satellite antennas, like for example
structures for Global Positioning System (GPS) and digital satellite radio.

Although there is a steady increase of the active antenna complexity, there is a
strong demand to lower their prices, while maintaining the high automotive quality
standards. This sets certain constrains and trade-offs upon the design, as they will
be also highlighted throughout this work.

Next, a brief description of the broadcasting services addressed in this work is
given in order to highlight their particularities and the propagation of the corre-
sponding electromagnetic waves. This is followed by a general discussion concerning
aspects of radio reception in cars: automotive antennas, antenna amplifiers and car
radio receivers. This briefly reviews their development over the last decades and it
also introduces the particularities of car radio reception.
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2.1 Radio Broadcasting Services

For decades, the car radio sets meant the reception of only AM and FM stations.
However, nowadays modern digital services, like DAB and digital satellite radio,
add themselves to the traditional radio broadcasting panoply. In Europe, AM and
FM radio sets continue to be standard equipment for cars, while DAB is available
only in some countries and not as standard option for cars. Next, the characteris-
tics and particularities of the AM, FM and DAB services will be briefly discussed,
together with some aspects concerning the propagation of the radio waves in the
corresponding bands.

2.1.1 AM Radio Broadcasting

Broadcasting using the AM as a mean of transmitting audio information is popularly
called “AM radio” and the radio spectrum commonly used for this services is usually
improperly called “the AM band”. This interval is divided into three bands, ranging
as follows:

e long-wave (LW) from 148.5 kHz to 283.5 kHz;
e medium-wave (MW) from 526.5 kHz to 1606.5 kHz;

e short-wave (SW) from 5.95 MHz to 26.1 MHz. Relevant for car radios is
usually only the range between 5.95 MHz and 6.2 MHz.

The AM was the first radio broadcast method and is still in use nowadays. In
this technique, the amplitude of the radio frequency (RF) carrier is continuously
changed by the instantaneous value (amplitude) of the modulating signal. This
results in the double sideband amplitude modulation, which means a translation of
the modulating spectrum and its mirror image around the RF carrier. If the highest
frequency in the modulating signal’s spectrum is fi, max, then the spectrum of the
modulated signal has the bandwidth [1]:

BAM =2 frn,Max (21)

The double sideband amplitude modulation is not very energy and spectrum
efficient, because the modulated signal contains the RF carrier (in which most of
the energy is concentrated, although it carries no useful information) and the mir-
ror image of the baseband spectrum (thus doubling the required RF bandwidth).
More complex amplitude modulation schemes can suppress the carrier (double side-
band suppressed carrier amplitude modulation) or even one of the sidebands (single
sideband amplitude modulation) in order to increase the power and bandwidth ef-
ficiency.

However, for commercial broadcasting the double sideband modulation scheme
is used. Due to its simplicity, it even allowed at the beginnings of the radio era the
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use of receivers that contained no amplification devices. As the baseband signal is
limited to 4.5 kHz in LW and MW (requiring 9 kHz RF bandwidth) and 2.5 kHz
in SW, the audio quality is therefore low and improper for high-fidelity transmis-
sions, as for example music channels require. However, the coverage attainable with
these frequencies due to ground and skywave propagation and the simplicity of the
modulation scheme still hold these services in use.

The diffraction of low frequency waves enables them to follow the curvature
of the Earth, so that they can travel up to 1000 km (vertically polarized); this
propagation mode is called groundwave. However, reflections in the ionosphere allow
the propagation of the so called skywave, with which even longer distances can be
covered. The reflective properties of the ionosphere are a function of the ionization
(caused by the solar radiation), the signal frequency (better at lower frequencies)
and incidence angle (better at higher angles) [2].

The lower frequency threshold for which skywaves occur is determined by the
attenuation in the D-layer of the ionosphere (80 — 100 km altitude), which is larger
for lower frequencies. Due to its insufficient ionization, this layer does not have
reflective properties. Reflections in the E-layer of the ionosphere (100 — 120 km
altitude) take place especially for frequencies below 6 MHz and allow a coverage up
to 1500 km. Multiple reflections between the F2-layer (250 — 350 km altitude) and
the earth can lead to a coverage of up to 12000 km.

The skywave propagation has the advantage of allowing extremely long-range ra-
dio connections, but is a strong function of the day-night cycle, season and latitude.
Therefore it poses some constraints concerning reliability. However, the ground-
waves still play an important role even in the satellite era, because a single power
transmitter can cover large geographic territories. Although, especially in Europe,
the AM commercial broadcast stations have lost their importance in favour of the
FM ones, the propagation properties of these frequency bands are still important
for national broadcast stations and special civil and military communications.

2.1.2 FM Radio Broadcasting

The ultra short wave (UKW)! band is a part of the broader very high frequency
(VHF) range and is usually (and improperly) denoted as the “FM band”, because
FM broadcast stations are operating within its range. In Europe the FM band is
located between 87.5 and 108 MHz, while in Japan it lies between 76 and 90 MHz.
In some countries the “lower FM band” standardized by OIRT? and ranging from
65.8 to 74 MHz is still in use.

Frequency modulated signals have better immunity to disturbances that occur on
the transmission path and enable the usage of lower emitter powers in comparison to
AM [3]. The baseband signal stretches from 30 Hz to 15 kHz, thus offering superior

L Abbreviation from the German word “Ultrakurzwelle”.
20rganisation Internationale de Radiodiffusion et de Télévision.



2.1. Radio Broadcasting Services 11

audio quality in comparison to the AM stations and allowing a proper broadcast of
music. In Europe the frequency deviation used for the frequency modulation of the
carrier is 75 kHz. The resulting spectrum of the FM signal is infinite, but about
98% of the energy is concentrated in a finite bandwidth, which can be approximated
by Carson’s rule [1]:

BFM = Q(Af + fm,Max) (22)

where A f is the frequency deviation and f, pax the maximum modulation frequency.
Although in comparison to AM the FM bandwidth is significantly larger and the
receiving equipment is more sophisticated, the improved audio quality made this
broadcasting method become over decades the most popular one for commercial
purposes and almost synonym with the concept of “radio”.

Nowadays the baseband FM channel was extended to include further enhance-
ments, like stereo audio signal, Radio Data System (RDS) signal and Traffic Message
Channel (TMC), thus increasing the baseband bandwidth to about 59 kHz. How-
ever, the bandwidth of the RF-channel is set in Europe to 150 kHz, so that the
268 kHz wide channel resulting from eq. (2.2) would not fit in. In order to achieve
this, the carrier is frequency modulated using a more complex scheme, in which the
frequency deviation is pondered across the baseband.

In Europe the channel spacing used for FM is usually 100 kHz. In order to provide
sufficient RF-bandwidth for each channel, only a certain number of transmitters can
simultaneously broadcast in a given region.

Due to their higher frequency, the UKW waves are usually not reflected by
the atmospheric E-layer and do not follow the Earth’s curvature, but can still be
refracted in the lower atmospheric layers [4]. On the other hand, the frequency is not
high enough for a clean line-of-sight propagation, and diffraction does help the UKW
waves travel around objects with dimensions comparable with their wave-length —
that is, a few meters. The reflection, diffraction and scattering on larger obstacles
lead to multipath propagation scenarios, in which the incident waves (to the receiving
antenna) have random amplitudes and phases, due to their different propagation
paths, although they have the same origin (i.e. the transmitter antenna). The wave
superposition at the receiving antenna leads to distortions and interference patterns
that can corrupt the demodulated signal.

The multipath scenario can be exactly determined only in particular cases, be-
cause it is dependent on geography, vegetation, buildings and other important ob-
stacles existent in the region where the transmitter and the receiver find themselves.
When the receiver is mobile, the multipath scenario changes continuously, so that
only a statistical analysis is possible.

Unlike the AM service, the FM one is meant to cover smaller areas; in doing so,
the frequencies are much often reused.

It is now clear that the mobile FM radio reception is a far more complex problem
in comparison to the stationary case, when the receiver finds itself at a fixed position.
If the mobile receiver is a car radio, the receiving antenna is mounted at a low
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height, while the conductive car body serving as ground has comparable dimensions
with the wave-length, thus scattering the waves and impacting upon the antenna’s
performance. As the car travels, the picked-up signal continuously fluctuates due
to the multipath propagation and the scattering on the objects in its immediate
vicinity (like other cars).

2.1.3 DAB Radio Broadcasting

The digital radio is the natural result of the trend which made all the communication
and entertainment systems migrate from analog to digital. The first commercially
available digital radio broadcast in Europe was Digital Satellite Radio (DSR), which
started in 1991, and was followed in 1993 by Astra Digital Radio (ADR). Both
were satellite services, but were little known and lacked commercial success [5].
With the development of audio compression methods and the coded orthogonal
frequency-division multiplexing (COFDM) modulation a new digital radio concept
became possible, which efficiently uses the bandwidth, is suited for mobile reception,
enables better audio quality than FM and is more resistant to noise and co-channel
interference.

DAB was developed at the beginning of the '90s as an European project and was
intended to be the replacement for the FM broadcast stations. However, even though
the first pilot broadcasts started in 1995 and ever since DAB is widely available in
many countries, the service still remains little known and has failed so far to replace
FM. According to the World DAB Forum [6] there are 19 countries with regular
DAB services (among them Australia, Canada, China, Singapore, South Korea and
Taiwan, the rest being European countries) and 16 countries in which tests and
trials are being performed. The service has an important commercial success in
the United Kingdom (62 million inhabitants), with 85% coverage, about 10 million
receivers sold and 446 DAB programs available. Also in Denmark the service enjoys
popularity: 90% coverage, 1.5 million receivers at a population of 5.5 million (1**
place worldwide at the receiver density), and 18 DAB programs. In Germany (82
million inhabitants), although the coverage reaches 85% and 153 DAB programs are
available, there are only about 546,000 receivers.

Compared to the analog broadcasting systems, DAB has a significantly more
complex structure. A single DAB RF-channel squeezes together more audio pro-
grams and data streams into a so-called DAB multiplex (ensemble) [5].

The audio information (the radio program itself) is first digitalized and then com-
pressed in order to reduce its data rate. The compression uses the lossy algorithms
MPEG?3-1 and MPEG-2 Layer II (also known as MUSICAM?*), which exploit the
psychoacoustic particularities of human hearing to remove both the redundant and
the irrelevant information from the audio stream. Depending on the desired audio

3Moving Picture Experts Group
4Masking Pattern Universal Subband Integrated Coding and Multiplexing
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quality, this technique reduces the original data rate from 1.5 Mbps (CD quality)
to 32 ... 384 kbps. For mono speech radio 64 kbps may be perceived as sufficient,
while for high-fidelity stereo broadcast at least 192 kbps are required.

The DAB multiplex contains a number of compressed audio channels (the radio
programs) and a number of data services. The exact structure of this multiplex can
be found in the specialized literature ([5], [7]) and is skipped here.

In order to increase the immunity of the transmission against disturbances that
occur on the transmission path, the data stream has to be channel coded. This
operation, which adds redundancy to the useful information, increases the data rate.
DAB has the particularity that every subchannel in the multiplex can have its own
amount of channel coding, thus leading to an unequal forward error correction. Prior
to modulation, each subchannel is scrambled in order to disperse its spectral power
density, and then a convolutional coding is applied. A time interleaving follows,
in order to improve the protection against burst errors. The interleaving spreads
the bits across 15 frames, so that a systematic delay of 360 ms occurs between
transmitter and receiver.

The degree of forward error correction applied to the streams inside a multiplex
determines also the number of programs which can be accommodated inside the
multiplex and the minimum signal-to-noise ratio (SNR) required for correct recep-
tion. Well protected programs need lower SNR at the reception, but require higher
data rates, so that fewer programs can be accommodated in the multiplex. Less
protected programs require lower data rates — and thus more programs fit inside the
multiplex —, but demand higher SNR at the reception.

The data prepared in this way is fed to the COFDM modulator, which uses
a number of subcarriers varying between 192 and 1536, whereby each subcarrier
is modulated using a 7 /4-shift-DQPSK (differential quadrature phase-shift keying)
scheme. This means that every COFDM subcarrier carries 2 bits. The COFDM
modulation can be seen as some sort of serial-to-parallel conversion: a number of bits
from the original serial data stream are simultaneously (parallel) placed on a number
of subcarriers. The sum of all these subcarriers constitutes the COFDM symbol. A
guard interval a quarter of a symbol long is introduced in the DAB standard after
each COFDM symbol. This measure insures immunity against echoes in multipath-
propagation scenarios, because intersymbol interference is avoided as long as echoes
arriving at the receiver do not exceed the guard interval. Additionally, this measure
allows the design of single frequency networks.

There are four DAB modes, which distinguish themselves by the number of
COFDM subcarriers available®. Since the bandwidth of the DAB signal is always
1536 kHz, it follows that each mode has different COFDM symbol lengths. Long
symbols improve the immunity to multipath propagation scenarios, where echoes
occur. However, long symbols imply the use of more subcarriers inside the COFDM
multiplex, so that the distance between the subcarriers lowers and difficulties may

SNumber of COFDM subcarriers: Mode I: 1536; Mode II: 384; Mode III: 192; Mode IV: 768.
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arise in mobile reception scenarios because of the Doppler Effect.

Together with the error correction and the additional information needed for
the receiver configuration, the total data rate of a DAB channel reaches 2.4 Mbps.
The net data rate, which regards only the audio and data streams, is in the range of
1.2... 1.73 Mbps. A DAB block contains typically between 6 and 8 radio programs.

DAB programs are broadcasted with vertical polarization in the VHF® Band
III (174 — 240 MHz) and in a portion of the L-Band” (1452 — 1492 MHz). As the
bandwidth of the DAB block is 1536 kHz wide, it follows that 4 DAB blocks together
with some guard band fit into a 7 MHz wide VHF TV channel. Consequently the
distance between the centre frequency of two consecutive blocks is 1.75 MHz. Each
block inside a VHF channel is denoted with a letter between A and D, while the
VHF channels are numbered between 5 and 13 (e.g. 7TA, 9C, etc). In L-Band the
channels are identified by the letter L followed by a letter between A and W (e.g.
LG, LR, etc).

In order to cover large areas, the DAB system allows the use of single frequency
networks, in which all broadcast stations casting the same program are using the
same operation frequency. These networks are possible due to the properties of the
COFDM signals and the guard interval between the symbols: the signals arriving
at the receiver from a neighbouring broadcast station are detected as echoes and
ignored, if the single frequency network is correctly designed, which means the dis-
tance between the broadcast stations and the emitting powers have to be correctly
chosen. Such networks represent a very economical use of the radio spectrum, but
require a perfect synchronization of all transmitters. This is achieved by using the
GPS clock signal for synchronization.

The DAB mode is chosen depending on the application. For single frequency
networks covering whole countries mode I in the VHF band is preferred, while for
local broadcast stations mode II in the L-Band is chosen. Mode III is intended for
the satellite DAB service.

2.2 Car Reception Antennas

A monopole mounted on the car is the simplest and oldest method of receiving
radio signals. Nevertheless, the need to make the antenna invisible and to improve
its mechanical robustness lead to the development of structures integrated into other
parts of the car, like the use of the rear window heater field or the deposition of
additional metal wire structures on the other car windows. However, such glass-
printed antennas have the disadvantage of requiring careful optimization for each
individual car model, thus making them more expensive.

Active windshield antennas, like the one shown in Fig. 2.1(a), entered mass
production in 1984 [8]. These structures can be optimized for both polarizations

5Frequency range from 30 to 300 MHz.
"Frequency range from 1 to 2 GHz.
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and exhibit good performance in both AM and FM, but have to disturb as little as
possible the visual field of the driver.

(b) Active AM/FM antenna integrated

(a) Active AM/FM windshield antenna in the ’80s.
in the side mirror.

The antenna amplifier has a two-path architecture.

Fig. 2.1: Examples of antennas mounted in the front part of the car.

The first car active antenna implementation is depicted in Fig. 2.1(b), where the
side mirror of a sports car acts as an active monopole antenna with roof capacity.

act. ant.
= 75“

(b) Rear fender AM/FM re-
tractable whip active an-
tenna.

(a) Rear window active AM/FM antenna with the AM struc-
ture separated from the heater.

Fig. 2.2: Examples of antennas mounted in the rear part of the car.

Antennas mounted in the front part of the car, regardless their type, are suscep-
tible of picking up the noise generated by the electronic equipment installed in on
board, although they have the advantage of a reduced cable length between antenna
and radio receiver. The rear mounting positions find themselves in a more “quiet”
region of the car, when it comes to noise, but have to be linked by longer cables
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to the radio receiver. The importance of the cable length and how active antennas
alleviate this issue is later discussed in Section 3.4.

An example of a rear window AM/FM active antenna which is integrated in
the window heater is given in [9] and shown in Fig. 2.2(a). In this case, a sepa-
rate antenna structure is used for AM, in order to avoid the expensive necessity of
decoupling the low-frequency AM path from the heater; in FM, due to the higher
frequency, the decoupling of the direct current (DC) heater path is much more con-
venient.

By contrast, a monopole telescopic antenna is shown in Fig. 2.2(b). These models
were mounted either on the front or on the rear fender of the car and required
additional mechanics in order to make them retractable.

|

i
(a) Low-end AM/FM active 40 cm long (b) High-end diversity antennas.
monopole antenna.

Fig. 2.3: Examples of low-end and high-end antenna structures.

Window-printed antennas, especially the rear ones, have additionally the advan-
tage of allowing the cohabitation of more antenna structures on the same glass plate,
thus making diversity possible [9] [10] [11]. For example, the high-end solution pro-
posed in Fig. 2.3(b) features not less than 3 FM antennas, 4 TV antennas and one
for AM. In addition, GPS and mobile phone antennas are mounted under the small
radome on the roof.

FM and TV diversity antenna systems equipped with high-impedance amplifiers
can be also integrated into plastic trunk lids, as described in [12]. In addition, the
dielectric trunk lid can also host antennas for other services, like AM, mobile phone,
GPS and satellite radio.

By contrast, the low-end solution in Fig. 2.3(a) consists of only one AM/FM
monopole antenna mounted on the roof. Usual modern whip lengths vary from
40 c¢cm to 20 cm and from the mechanical point of view they are designed to be
flexible enough in order to meet certain safety requirements.

Diversity systems employing rod antennas can be imagined in the future, because
ultra-short monopole-related structures, like the ones presented in this work, may
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be mounted inside a small radome on the roof.

DAB-Band-III reception is possible with the usual 40 cm long rod antennas,
as at these frequencies this length corresponds to about A/4. For the L-Band a
shorter rod is required, only about 5 cm long. Due to the fact that L-Band is far
enough from Band-III, the same long AM/FM/Band-III rod can be used for this
task, by introducing an inductive structure at the right height, which blocks the
higher frequencies and is invisible for the lower ones.

2.2.1 AM Reception in Cars

When an antenna is installed on a car, there will be a certain height between the
mounting point and the ground (i.e. earth). While the ground is more or less
conductive, the metallic car body is an excellent electrical conductor. As for AM-
frequencies the mounting height is much smaller compared to the wavelength, the
directivity of the antenna will not be influenced [4]. It can be also shown that heg
is not dependent on the conductivity of the ground (i.e. earth) and is constant
for frequencies under 10 MHz. Nevertheless, the effective height will diverge from

eq. (3.5).

1,
—on the roof edge
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(a) Simulated electric field distribution around (b) Calculated effective height of a 20 cm
the car body. long monopole perpendicularly mounted on

the roof and on the fender of the car.

Fig. 2.4: Simulated car placed in the far-field of a 1 MHz transmitter and the calculated ef-
fective height of a 20 cm long monopole mounted on it. Courtesy of Dr. J. Brose.

Fig. 2.4(a) depicts the simulated far field of a 1 MHz transmitter around a car
body. It can be seen that the electric field concentrates around the metallic edges
of the car roof, indicating these spots as the best placement for an antenna. This
means also that the effective height heg of the monopole will be larger than expected
from eq. (3.5), as the curves in Fig. 2.4(b) illustrate.
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2.2.2 FM and Higher Frequencies Reception in Cars

As pointed out in Section 2.1.2 — and valid also for higher frequencies, the FM
wavelength, being comparable to the dimensions of the car body and the surrounding
objects, leads to a complex reception scenario. When an antenna is installed on a
car, there will be a certain height between the mounting point and the ground
(i.e. earth). While the ground is more or less conductive, the metallic car body is
an excellent electrical conductor. Because the size of the car body is comparable to
the FM wavelength, the behaviour of the electromagnetic field in its proximity is
dependent on position, car orientation and frequency. This means that the mounting
position of the antenna has a major impact upon the delivered signal.

In Germany, most FM signals are radiated with horizontal polarization, because
in this way a better reception for home receiving systems employing roof aerials is
achieved®. On the other hand, monopole antennas mounted on cars favour vertical
polarization, due to their orientation. However, the car’s metallic body distorts
the electromagnetic field, especially in the vicinity of metal edges, so that vertical
electrical components arise. This enables radio reception of horizontally polarized
signals with a vertical monopole [4]. That is why the roof edge and the fenders
prove to be adequate for mounting vertical rod antennas. By bending the antenna
at a certain angle its capability to receive horizontal polarization is additionally
improved.

It is interesting to note that the usage of vertical instead of horizontal polarization
in a mobile multipath scenario does not bring any advantages to the average FM
reception. It can nevertheless slightly improve the reception in some particular
cases, like for example in open-field line of sight scenarios. On the other hand, there
are other scenarios, like the metropolitan areas, in which the reception is growing
worse. Circular polarization seems to bring a slight overall improvement for mobile
FM reception [4].

In the past, rod antennas with a length of about 1 m mounted on the front or
rear fender of the car were used in combination with tuned radio receivers, owned to
the fact they exhibit a resonance in the FM band. Because of the complex car body
shape and the parasitic capacitance between antenna element and ground as well,
the impedance of the monopole mounted on the car deviates from the theoretical
case given by eq. (3.1), so that the antenna length and thickness can be such tailored
to achieve a good match to 50 €2 for the whole FM operating band. Also, their length
enables a good AM reception, due to the increased effective height and lower antenna
impedance.

Shorter rod antennas, like the 40 cm ones, can be mounted on the roof top, either
above the windshield or above the rear shield, thus benefiting from the improved
field concentration (Fig. 2.4). Nowadays, the usual mounting position for short rod
antennas is on the top of the car, above the rear windshield.

8Worldwide, however, also vertical and circular polarizations are being used.
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Fig. 2.5: Measured directivity patterns for horizontal and vertical polarization of a 20 cm
active monopole antenna mounted on the roof top of a car above the rear wind-
shield. Values are referred to the maximum of each three curves set. The car’s
front corresponds to 0°.

Monopoles mounted on an ideal infinite ground plane have for vertical polar-
ization a circular directivity pattern in the azimuth plane. However, the car body
is no ideal ground plane, first of all because of its geometry. As a result, the di-
rectivity pattern of a rod antenna installed on a car has a complex form which
deviates significantly from the circular pattern, as shown in Fig. 2.5 for a 20 cm
active monopole mounted on the car roof top above the rear windshield and mea-
sured at three different frequencies. Because the car geometry has different impact
upon different wave-lengths, the pattern is frequency dependent. The pronounced
minima in the horizontal polarization diagram occur at angles at which no properly
polarized electric field is available in order to excite the antenna element.

The irregular directivity pattern complicates additionally the mobile radio recep-
tion in multi-path propagation scenarios and is important to be known for diversity
systems.

2.3 Car Antenna Amplifiers

An active antenna is obtained by connecting a special amplifier directly to the
antenna element. This configuration allows the use of significantly shorter antennas
without compromising the output SNR, provided that the nonlinear issues inherent
to any active device have been alleviated [13] [14].

The amplifiers powering the active antennas have known important developments
over the years, as their architecture depends on both the used antenna element and
the technical possibilities. Their use allowed for a general size shrinking of the
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receiving antennas, the elaboration of more compact antenna arrays” and improved
the bandwidth [15]. In this context, the car industry fully benefitted from the
size reduction (in the case of monopoles) and the possibility to use novel antenna
structures (like the window-printed ones) and diversity. The active antennas are also
found in applications requiring the embedment of electrically very short antennas
into other devices, like for example the FM antenna in a mobile handset [16] [17].
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Fig. 2.6: Active rod antenna architectures.

Fig. 2.6 shows some widely used AM/FM active rod antenna architectures. In
all cases the AM and the FM signals are amplified separately, in order to avoid
FM/AM conversion issues. The first stage of the AM amplifier is built around a
Si field effect transistor (FET) connected either as common drain or as common
source with some amount of degeneration. The first stage of the FM amplifier
consists of either a Si bipolar transistor, a Si double gate metal oxide field effect
transistor (MOSFET) or a GaAs FET. There are also commercial versions, like the
one in Fig. 2.6(d), which are passive in FM. The two signal paths are usually split
and recombined by filters. The configuration in Fig. 2.6(a) has the particularity
of employing a resonant transformer at the input. The structure is tuned in FM,
whereby the antenna capacitance and the input capacitance of the amplifier are part
of the resonant circuit. The AM signal, due to its low frequency, passes the primary
winding and is picked-up by the AM amplifier, while the FM signal is transferred
from the primary to the secondary resonant circuit.

9The high-impedance amplifiers loading the antennas draw virtually no current from the antenna
elements, thus lowering their mutual coupling.
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Fig. 2.7: Automatic gain control circuitry.

Over the decades, the noise improvement relied mainly on the advances of the
active semiconductor devices. Initial circuits used only Si based transistors, while
nowadays lower-noise GaAs devices are also common [18]. However, from the circuit
technique point of view, the noise optimization consists basically of minimizing
the noise contributed by different components in the amplifier. Noise cancellation
techniques [19] are not appropriate for active car antennas, because not only the
noise factor has to be optimized, but the output noise level has to be minimized as
welll,

The linearity achievable with antenna amplifiers witnessed during the 70s and
the ’80s a steady increase [9] [11]. However, modern circuits employing low-noise
GaAs active parts tend to have lower non-linear performance.

Some commercial active antennas employ AGC circuitry in order to improve the
linearity in the FM range, like the circuit shown in Fig. 2.7. The conduction of the
PIN diodes D; and D, is controlled by a circuit which continuously compares the
output signal to a certain reference. When the signal is too strong, D; lowers its
conduction, while Dy begins to short-circuit the signal towards ground. In addi-
tion, the amplifiers employing dual-gate MOSFETSs use the second gate to vary the
transconductance of the device, thus controlling the voltage gain of the stage.

This linearity improvement method has the disadvantage of attenuating the en-
tire operating band, not only the strong stations. If, for example, the listener is
tuned on a weak station S; and, because of the car’s movement, station Sy becomes
strong enough in order to activate the AGC, then the entire band will be attenu-
ated, which means that S; will become even weaker. In worst case, the weak station
becomes impossible to receive any longer.

10Tn addition, the noise cancellation techniques are appropriate for integrated circuits only and for
applications where the input impedance is relative low and has to be controlled. The active antenna
amplifiers usually require high input impedances, so that the additional capacitance introduced by
any further transistor used for noise cancellation is undesired.
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AM antenna amplifiers in an integrated version have already been reported in
bipolar technology in the ’80s [20] and in complementary metal-oxide-semiconductor
(CMOS) technology at the beginning of the '90s [21]. These amplifiers use a capac-
itive negative feed-back loop in order to improve linearity and to obtain a wideband
response. Nevertheless, in comparison to their discrete counterparts, these imple-
mentations exhibit a higher noise level. An analysis of antenna amplifier configura-
tions using virtually grounded inputs is given in [22].

More recently, integrated circuits are available for the FM band, like the ATR4253
chip from Atmel [23], or the MAX2180 from Maxim [24]. Both chips incorporate the
AGC circuitry. However, although these integrated circuits succeed in minimizing
the required number of discrete components, they are not suited for the ultra-short
antenna elements, or the special helical structures discussed later throughout this
work.

AM/FM
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1 AM/FM/
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Fig. 2.8: Antenna amplifier architecture including DAB and GSM circuitry.

Sometimes it is required that the antenna element be used also for the Global
System for Mobile Communications (GSM) signal. Because in this case both recep-
tion and transmission are required and the signal multiplexing is implemented inside
the mobile phone, the antenna is used as a passive element, as shown in Fig. 2.8.
Therefore, the antenna amplifier(s) for the radio broadcasting services has to be
protected against the transmitted GSM signal, which may be very strong. Because
GSM is operating in the higher frequency range, there is basically no difficulty to
separate it from the AM, FM and Band-III ranges by means of filters. However, the
filters employed here have to load as little as possible the other broadcast bands,
which is not necessary a trivial task.

The antenna element can be also used for receiving DAB signals, either only one
of the band, or both Band-III and L-Band. If the antenna element is a monopole
long enough to operate as a A/4 one, then a 502 amplifier can be used for DAB.
As shown in Fig. 2.8, filtering measures have to be also taken. Because FM and
Band-III are close in frequency, separating them without compromising the AM and
FM performance is not an easy task.
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2.4 Car Radio Receivers

The dramatic metamorphosis which transformed the original AM car radio into a
complex multi-service system brought changes also to the RF front-end, which is in
fact the radio part of interest in the present work, because it finds itself in direct
connection with the antenna. Car radios have different RF front-ends and tuners
for each radio service they have to receive. In order to select a certain band to be
listened to, the radio switches the antenna signal to the corresponding RF path.

Old car radios used a selective input for the AM band [4]. The antenna and
cable capacitances were tuned-out inductively, whereby the variable elements were
adjusted by mechanical means, thus making the assembly large and sophisticated.
In order to accommodate long antenna cables, a “shortening” capacitor was intro-
duced in series with the receiver input, so that the total capacitance provided to the
selective input circuit in the receiver could be held within certain values specified
by the manufacturer; however, such a technique came with sensitivity penalties. As
the broadband active antennas for AM developed, the receiver input had no longer
to be selective and high impedance inputs became standard. Present-day car radios
have a predominant capacitive input impedance in AM with typical values between
10...40 pF.

Also in the FM range, old car radios used selective inputs with variable passive
elements that had to be adjusted mechanically. Later developments made it possible
to electronically tune the input circuit by using varicap diodes. This made the circuit
smaller, more robust and cheaper, but brought additional nonlinear issues, because
the diode does no longer behave linear as soon as the signal becomes large enough.
The schematic of such an input circuit found in modern car radio receivers is shown
in Fig. 2.9(a), where capacitor C; and the capacitances of the varicap diodes Do
and D3 form the input parallel resonant circuit together with the inductance of the
secondary winding of the transformer 7. The tuning DC voltage Ve is supplied to
the varicap diodes through Rp. The diodes Dy, and D3 are connected in anti-phase
in order to reduce even order distortions.

In order to overcome the nonlinear issues, the radio receivers are provided with
AGC circuits, which attenuate the input signal if it becomes too large and overdrives
the active devices. In Fig. 2.9(a) for example, the Iagc current controls the conduc-
tion of the PIN diode Dy; for too large input signal levels the diode’s resistance is
progressively reduced, so that the RF signal is eventually short-circuited. The AGC
circuit also controls the voltage Vaygc applied to the second gate of transistor M.
This has the effect of controlling the voltage gain brought by the input stage and so
prevents overdriving further active stages.

This linearity improvement method has the disadvantage of attenuating the en-
tire operating band, not only the strong stations.

The measured input impedance of such a FM car radio receiver is depicted in
Fig. 2.9(b). For this measurement the device was tuned on 100 MHz; as the imped-
ance loop shows, it approaches 502 at the operating frequency, while presenting a
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(a) Simplified schematic of the FM input circuit. (b) Input impedance when the ra-
dio is tuned at 100 MHz.

Fig. 2.9: Modern car radio with selective input and automatic gain control: simplified
schematic and input impedance of the FM stage.

low impedance otherwise.

There are, however, also radio-sets with broadband 502 FM input impedance.
Older FM-radios were designed for 150 2 input impedance, in order to accommodate
the 1502 coaxial cable used for connecting the antenna. Such a cable has the
advantage of a reduced capacitance per unit length (about 33 pF/m), which is
crucial when using passive AM antennas. However, as nowadays active solutions
are used for AM, the cheaper and mechanically more convenient 50 €2 cable (having
about 100 pF/m capacitance per unit length) has become standard.

From the active antenna designer’s point of view, for whom the radio receiver
represents the load of the antenna amplifier, it is important to keep in mind that in
AM a capacitive load has to be expected, while in FM the load impedance is 50 €2.
Moreover, the characteristics of a resonant impedance, as shown in Fig. 2.9(b), have
to be accounted for, in order to prevent unexpected behaviour when a low load is
presented to the antenna amplifier.

Car radios have noise figures between 6 dB and 10 dB [4], which lead to receiver
noise temperatures between 865 K and 2610 K. Modern car radios implement meth-
ods that improve the quality of the audio signal when the reception level is critical.
For example, the total amount of noise can be controlled by digitally varying the
bandwidth of the intermediate frequency filter. Also, when the signal level is poor,
the radio can switch from stereo to mono and can also suppress the higher portion
of the audio spectrum, where noise is more likely to be perceived [25]. However,
these methods affect also the useful signal, so that a good quality high sensitivity
active antenna remains a crucial aspect that cannot be entirely eluded by means of
digital signal processing.



Chapter 3

Theory of Active Antennas

Throughout this chapter some concepts about electrically short monopole antennas
are reminded, as being a basic configuration for radio reception. In addition, all
the antenna elements used throughout this work behave in the AM range similar to
simple monopoles.

The most important issues and definitions concerning noise in electronic systems
are highlighted as being a major limitation factor to the design and use of active
receiving antennas. The noise sources are not only internal to the amplifier, like
the thermal noise, shot noise and flicker noise, but also a characteristic of the radio
channel, where the disturbances have atmospheric, cosmic and artificial origins.

In the end the active antenna theory is reviewed and discussed and the perfor-
mance improvement when compared to the passive counterparts is highlighted.

3.1 Short Monopole Antennas

A simple monopole antenna consists of just a wire of length h and thickness d placed
perpendicular above an infinite ideal ground plane, as shown in Fig. 3.1.
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Fig. 3.1: Monopole antenna of height h and thickness d above an infinite ground plane
(left) and the corresponding equivalent circuit (right).
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The equivalent circuit of such an antenna is also shown in Fig. 3.1. The generator
corresponds to the open-circuit voltage induced in the antenna by the electrical field
strength E, while Z, is the impedance seen at the feed point of the antenna [26].

The monopole antenna impedance Z, is in the general case a complex value
which depends on the ratio between length and wavelength h/A and conductor
thickness d. The real part of Z, consists of the radiation resistance R.,q and the
losses resistance R)oss. Rioss incorporates all the losses of the antenna and the power
dissipated in it is transformed into heat. The energy dissipated in R,.q is in fact the
energy radiated into space. In order to radiate as much as possible from the power
delivered by the generator, R,.q should represent the largest part of Rp. The losses
in the monopole antenna are frequency, geometry and material dependent and can
be usually neglected, as Rjoss < Ryaq [26].

—h=20cm'§
- = =h=40cm|
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Fig. 3.2: Real and imaginary parts of the antenna impedance Z, in the case of monopole
antennas.

If the length of the monopole is significantly smaller than the wavelength at the
operating frequency, then we are discussing about an electrically short monopole



3.1. Short Monopole Antennas 27

antenna. Neglecting R),, it can be shown that for such antennas the antenna
impedance can be expressed as follows [26]:

% h
22 = i (112 (5) ) (o3 -

o 60[9] (ln (4§) — 1) _ R (ﬁ)a (3 1)
J tan (272) B '
where Ry = 782 and o = 1.22 for % < 0.14, while Ry = 276€2 and o = 1.85 for
0.14 < % < 0.25, and still usable up to a ratio of 0.35. For ratios larger than 0.35 the
sinusoidal current distribution in the antenna does not hold any more, even for thin
radiant elements [27]. For h < A/10 one refers to electrically very short monopole
antennas.

Fig. 3.2 plots the real and the imaginary parts of eq. (3.1) as a function of
frequency, for three different antenna heights A: 20 cm, 40 cm and 90 cm. All three
monopoles have the thickness d = 3mm. As it can be seen, the reactive part X,
of the antenna impedance is capacitive as long as the antenna is electrically small,
while the real part Ry is negligible. As h/\ approaches 0.25, the monopole reaches
its first series resonance and behaves inductively after that. The equivalent circuit
of the electrically very short monopole antenna is depicted in Fig. 3.3, while its
antenna capacitance Cy is plotted in Fig. 3.4(a).

R, C,

Vi

Fig. 3.3: Equivalent circuit of electrically very short monopole antennas.

In the case of AM applications, due to the small antenna capacitance, one can
always neglect the real part of the antenna impedance when performing a signal
analysis. In FM, the 20 cm and the 40 cm monopoles behave almost entirely capac-
itive, while the 90 cm monopole resonates in the lower FM range at about 80 MHz.

Fig. 3.4(a) suggests that as long as the condition for electrically very short an-
tennas is satisfied, the antenna capacitance C'y is almost frequency independent for
a given antenna height h. In this case, using eq. (3.1), the antenna capacitance
simplifies to:

N h

n 600 (ln (4%) — 1) c
where ¢ ~ 3-10%m/s is the speed of light. Equation (3.2) is indeed frequency
independent and is plotted in Fig. 3.4(b). The curve can be approximated for hand

Ca.am (3.2)
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Fig. 3.4: Input capacitance of monopole antennas.

calculations with a straight line C'y am =~ a - h, where @ = 9pF/m is a constant and
h is expressed in meter.
The open-circuit voltage induced in the antenna by the electrical field strength
E is found to be:
Va=FE"heg (3.3)

where heg is the effective height of the antenna. The effective height is the height
(length) of a monopole with a uniform current distribution I.¢ along its length, but
displaying the same electric field distribution in space as the actual monopole of
height h does. If the current distribution along the actual monopole is I(x), then
the effective height can be determined from [26]:

. h

hef = — [ 4

Tid ]eﬁ/ (3 )
=0

T

When the monopole is electrically very short, a triangular current distribution
along its length can be assumed and solving eq. (3.4) one obtains an effective height
half the mechanical height:

het = 5 (3.5)

When the antenna is installed on a car, the effective height will diverge from eq. (3.5),
as shown in Fig. 2.4. This is caused by the electric field distribution around the
metallic car body.

Observing Fig. 3.5, where the power matching between the antenna and the
receiver Rj,.q i attempted with the help of a lossy reactance X, the antenna
efficiency 7 is defined as the ratio between the useful energy — which is dissipated
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in R.,q — and the total energy — which includes the losses in Ry, thus leading to:

o Prad o Prad o Rrad
Ptot P, rad + Hoss Rrad + RL

1 (3.6)

Rrad XA RL XL
 to{

KA Rload

Fig. 3.5: Monopole antenna power matched to a load Rjgaq.

The reactance X7, is inductive (as the short monopole antenna is capacitive) and
has a certain quality factor. As a result, Ry, can be expressed in terms of loss tangent
tan or,:

RL = WOL tan 5L (37)

Recalling now the real part of Z, from eq. (3.1), we observe that for short
monopoles with A/ < 0.14 the term (1 —1.32 (%)2> ~ 1, so that:

h 2
Rrad ~ 40[Q]7T2 <X> (38)

Replacing now (3.7) and (3.8) in (3.6) and using the approximation Cy ~ a - h,
we obtain:

h 2
) — 40iy7 () B 1 (3.9)
o h\2 tand o tan § :
O ()" + meram L Gome @y

This equation shows that the n decreases with A3 for a given frequency, which means
that the reduction of the monopole’s length has dramatic effects on the efficiency.
The curve is plotted in Fig. 3.6(a) for f = 1 MHz and different tan dr..

The bandwidth attainable with the circuit depicted in Fig. 3.5 can be derived in

the same fashion:
h 3
(80[Q]7r3ac (X) + tan 5L) (3.10)

The equation is plotted in Fig. 3.6(b) and shows that the obtainable bandwidth for
a given frequency decreases also with A3, until it is limited by the inductor losses.
The only way to increase the bandwidth of the very short monopole is to introduce

=1 _

Q

>0
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Fig. 3.6: Efficiency and bandwidth of a matched monopole for f = 1 MHz and different
tan dr.,.

more losses in the circuit! at the expense of the efficiency, and this cannot be an
acceptable solution.

10

10 7

L [H]

~4

10 ¢

-6
10 ‘

102 10° 10°
h [m]

Fig. 3.7: Required inductive for matching a monopole with variable height h at 1 MHz.

The required inductance needed for the power matching of the monopole are
plotted at 1 MHz in Fig. 3.7 as a function of height. For example, a 20 cm monopole
requires an inductor of about 14 mH.

3.2 Noise in Electronic Systems

Noise in electronic systems is an unwanted and unavoidable phenomenon, which
determines the weakest useful signal that can still be processed. Noise cannot be

!This shows that even superconductive inductors are not the right approach for this kind of
application.
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eliminated, but one can design a component or a system in order to minimize its
effects.

Since noise is a random process, its instantaneous values are impossible to pre-
dict, and the only way to treat it is by use of statistics. The noise has thus a
probability distribution associated, which shows with which probability a certain
value is to be found at some specific moment. The quadratic mean — or root mean
square (RMS) value — of the noise signal plays a very important role for practical
use, since it defines an equivalent sinusoidal signal having the same effective value.
For an instantaneous noise voltage v(t) the corresponding effective value can be

calculated as:
eff = \/ = lim U (311)
T—o0

The noise bandwidth B plays a very important role and is defined differently
than signal bandwidth. The noise bandwidth is the area under the power gain curve
G(f), divided by the peak gain Gy [28]:

1 o
B=— G(f)df (3.12)
Go
Thus, the noise bandwidth is larger than the signal 3 dB bandwidth.

Equivalent noise circuits based on the RMS value of the noise are used in order
to perform noise analysis in electronic systems. Since noise voltages (or currents)
are random processes which do not have predictable amplitudes and phases, they
cannot be added using the vector algebra, as one does in the case of sinusoidal
signals. Instead, the power has to be summed up.

For example, two uncorrelated noise voltage generators connected in series, hav-
ing the RMS voltages Vi and Vyg, can be replaced by another generator with the

voltage:

In this case, the new generator’s available power is equal to the summed-up available
powers of the two original generators.

In the case of a general network, where more uncorrelated voltage and current
noise sources act together, the superposition can be used in order to determine
the combined effect. To do this, each noise source is supposed of acting alone (all
other voltage noise sources are considered short-circuited, while all other current
noise sources are considered open-circuited), and the response of the network is
determined for this source alone. In the end, the squared individual responses are
summed up (superimposed), in order to obtain the total squared response of the
network [29]. For example, in the case of a network containing n noise voltage
sources, the total noise can be computed as:

VE = [Hi(H)P V3 + o+ [Ha(IP VR, (3.14)
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where H;(f) is the voltage transfer function of the i-th noise voltage source. The
same applies for noise current sources, taking care to use the corresponding current
transfer functions.

3.2.1 Types of Noise

The main types of noise found in electronic components are the thermal noise, the
shot noise and the flicker (1/f) noise. Each is next described briefly.

Thermal Noise

The thermal noise is present in any conductor and it is caused by the thermal
vibration of the charge carriers. Sometimes it is also referred to as Johnson or
Nyquist noise, since J. Johnson first observed it and H. Nyquist explained its origins
[28].

The thermal noise has the characteristics of white noise (and therefore sometimes
is also called white noise) up to very high frequencies. This holds as long as [29]:

nfo1
ET otk —1

where k& = 1.38 - 10723 J /K is the Boltzmann constant, T is the absolute temperature,
f is the frequency and h = 6.626-1073*J -s is the Planck constant. Errors larger
than 1% are first encountered for frequencies above 125 GHz.

The white noise’s spectrum shows a constant spectral power distribution over the
frequency, which means that, if we consider two bands of equal widths, but situated
at two different frequencies, the noise power contained in this bands is also equal.
Due to this, the amplitude of the thermal noise can be described with a zero mean
Gaussian probability distribution.

Because it is present in any conductive material above 0 K, the thermal noise
is the sensitivity limit of any receiving or measuring system. The available thermal
noise power is independent of the resistivity of the conductor in which it arises:

Ny, = kTB (3.15)

where B is the bandwidth.
Knowing the available power, one can now calculate the RMS voltage of the
equivalent noise generator associated with a resistor of resistance R:

Van = V/Nu-4R = V4KTBR (3.16)

The equivalent circuits for a noisy resistor can be seen in Fig. 3.8. For the
Thevenin representation, the equivalent noise generator has the voltage given by
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eq. (3.16), while the resistor is noise-free. Using the Norton theorem, one can trans-
form the voltage source into a current source placed in parallel with the noiseless
resistor, and having the RMS current given by:

4kTB
Inx =1/ — (3.17)

R —
2
R IR N
2
VRN

Fig. 3.8: Equivalent circuit of a noisy resistor: Thevenin and Norton configurations.

Besides the thermal noise, resistors also exhibit some amount of excess noise,
which is uncorrelated to the thermal noise, has a 1/f spectrum? and is caused by
discontinuities in the resistor’s structure [30]. Due to their homogeneous structure,
metal thin-film resistors have less excess noise in comparison to carbon ones. How-
ever, the resistor excess noise tends to be an issue especially at frequencies below
100 kHz, so that this kind of noise is not considered further in this work.

Shot Noise

Shot noise is a phenomenon common to active devices. It originates in the pulsed-
character of the current (determined by the discrete nature of the charge carriers,
electrons and holes) flowing through a potential barrier, as the one of the pn-junction
or the charge-free space in a vacuum tube [28].

The shot noise is also a white noise, like the thermal one, and has a Gaussian
distributed amplitude. In the noise analysis it is represented by a current source
connected in parallel with the junction producing the shot noise, and having the

following RMS value:
]sh = v/ 2q[DCB (318)

where ¢ = 1.6 - 107 C is the elementary charge, Inc is the DC current through the
potential barrier, and B is the bandwidth.

2The RMS voltage of the equivalent excess noise generator associated with a resistor of resistance
R can be expressed in a band stretching from f; to f2 as [30]:

WR,Nex = IDc 2+ | K In i
\/ 1

where K is a device dependent constant and Ipc is the DC current flowing through the resistor.
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Flicker Noise

The flicker or 1/f noise, also known as excess noise, low-frequency noise and pink
noise, is found both in vacuum tubes and semiconductor devices. In the latter
category it is produced by generation and recombination phenomena, caused by
impurities and defects. Flicker noise is also found in carbon resistors, due to the
granulated-nature of the current path, whereas in metal film resistors it is normally
negligible [30].

The spectral power distribution of flicker-noise has in general a 1/f* frequency
dependence. This means that theoretically the noise would be infinite at DC. Nev-
ertheless, the on-time of the device limits the frequency response.

Since the 1/f noise is related to current flow through the device, a general
expression for the spectral density of the current generator modeling the flicker can
be written as:

I
Sifk = o (3.19)
where K, a and [ are device related constants, while Ip¢ is the DC current through
the device.

Normally a corner frequency f. is defined, setting the frequency above which the

thermal noise is predominant, in comparison to flicker noise.

3.2.2 Noise Figure

A signal Sj, applied at the input of an electric circuit always contains a certain
amount of noise N;,. The input signal S;, as well as the input noise N;, are both
affected in the same way by the passing through the circuit. If the circuit were noise
free, at its output the signal-to-noise ratio SNR,,; would be the same as the input
one SNR;,. Nevertheless, all electric circuits are noisy, so that a certain amount of
noise is always added to the signal as it passes through the circuit. This means that
the output SNR is lower than the input one, as additional noise was contributed
by the circuit itself. Based on this, a noise factor F is defined to describe the SNR
degradation of a signal as it passes through an electric circuit (Friis” definition) [29]:

SNR;,
F = 3.20
SNR ( )
When expressed in dB, the noise factor F' is called noise figure NF"
NF =101g F (3.21)

For non-ideal circuits the noise factor F' is always larger than 1 (noise figure NF’
always larger than 0 dB).

The noise factor is a function of the generator impedance Z presented to the
input port of the circuit. It can be shown that there is a generator impedance

Zg = L, for which F' reaches its minimum value (see Appendix A).
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For an arbitrary generator impedance Zq other than Z the noise factor will
always be larger than F;,, as shown by the following equation [31]:

F = Fon+ 22Y - Yop (3.22)
where F,;, is the minimum noise factor of the two-port, Y o 18 the generator ad-
mittance at which minimum noise factor occurs, Y is the generator admittance
presented to the input of the two-port, R, is the noise resistance which gives an
indication of the sensitivity of noise termination and Gg is the real part of the
generator’s admittance.

An important issue is the noise factor of cascaded two-ports. Knowing the avail-
able power gain G,; of the i-th stage, as well as its noise factor F;, the total noise
factor can be computed as [29]:

-1 F;3—1 F,—1
F=F+ o +Ga1Ga2+.”+Gal---Gan (3.23)
Here F; is the noise factor displayed by the i-th stage in the presence of the output
impedance of the (i — 1)-th stage.

Eq. (3.23) shows that the total noise factor F' is almost entirely dictated by
the noise factor F; of the first two-port, when its available power gain G,; is high
enough in order to be able to neglect the rest of the terms. Indeed, although the
first stage degrades the SNR ratio by F; by contributing its own noise, the signal
is already amplified at its output. Therefore, the noise contribution of the second
stage appears small in comparison to the now amplified signal. In other words the
first stage dominates the total noise factor and therefore it is necessary for low-noise
applications to minimize F} and to maximize G,;.

Passive two-ports display a noise factor equal to their losses [32]. That is why
any passive network (such as matching circuits, transmission lines, filters, etc) placed
before the first (low-noise) stage of a receiver chain will directly degrade the overall
noise factor by the amount of losses present in the passive network.

3.2.3 Noise Temperature

The concept of noise temperature can be sometimes used to simplify noise calcula-
tions or to describe the circuit noise performance. This is not a physical temperature,
but it is defined as the virtual temperature a passive network must have in order
to display an available noise power equal to the one of the port to be described,
at a certain frequency [29]. For example, one may say that an antenna has a noise
temperature of 500 K at a specified frequency. This means that the available noise
power at the antenna port is the same as the one of a Ry resistance (the real part
of the antenna impedance) heated at 500 K.

A noisy two-port can be also described in terms of effective noise temperature
T,. This is defined as the temperature the source resistance would have, so that the



36 Chapter 3. Theory of Active Antennas

ZG) TG ZG9 Te

Noisy Noiseless
Two-Port | 7, —» Two-Port | Ty
ZG T=T TP ZG =0
—o —o

Fig. 3.9: Describing a noisy two-port in terms of effective noise temperature.

noiseless two-port displays the same amount of output noise as the actual two-port
[33]. In other words, the noise contributed by the two-port is now no longer seen as
the result of an internal cause, but it is externalized and attributed to the source
resistance.

Some mathematical manipulation can relate the noise factor F' to the effective
noise temperature T of the two-port [29]:

T.
F=1+22 .24
+ 7 (3.24)
or
T.=(F - 1)T, (3.25)

where Ty = 290 K is the ambient temperature.

3.3 Radio Channel Disturbances

Not only the noise generated in the receiver itself limits the performance of radio
reception, but also the noise picked-up by the antenna, which has atmospheric,
cosmic and artificial (man-made) origins. The amount of external noise can be
expressed in terms of antenna noise temperature, as detailed in Fig. 3.10.

The noise in the lower frequency range originates mostly from the atmospheric
electric discharges, whose electromagnetic waves propagate over large distances and
can disturb the radio channel up to frequencies as high as 20 MHz [2]. In Fig. 3.10
the atmospheric noise temperature finds itself in 99% of the cases in the region
enclosed by the two curves “atmospheric noise max” and “atmospheric noise min”.
The curve “atmospheric noise avg” gives an average value in the LW range which
is exceeded in 50% of the cases. This significant dispersion is caused by the large
variation of the propagation conditions. This type of noise decreases with frequency
and is lower during the day [34].

The man-made noise has an important contribution at higher frequencies and
has its origins in industrial equipment, vehicles, etc. In Fig. 3.10 three curves corre-
sponding to three different locations are shown for the man-made noise temperature,
that is country side, city side and a serene location. As expected, the metropolitan
environment is the noisiest. This noise type is also decreasing with frequency [2].
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Fig. 3.10: External noise temperature.

When it comes to car radio reception, the car itself is an important source of
man-made noise, because the antenna finds itself in the immediate vicinity of noise
generators. The disturbances have their origins in the engine ignition pulses, in the
power train electronics as well as in all the digital electronic equipment built inside
the car. Especially troublesome are components like microprocessors, because they
make use of digital signals with abrupt slopes, which exhibit broad spectra and are
subject to electromagnetic compatibility (EMC) issues.

The average and the minimum curves are shown in Fig. 3.10 for the cosmic noise,
and it can be seen that it becomes important for frequencies higher than 20 MHz.
However, at least up to 1000 MHz the country-side man-made noise dominates.

Fig. 3.10 gives the antenna external noise temperature 7, which is a measure
of the available external noise power at the antenna feed-point:

Px. = kTAB (3.26)

where & = 1.38-1072* J/K is the Boltzmann constant and B is the bandwidth.
Knowing the available power and the real part of the antenna impedance R, given
by eq. (3.8), we can now determine the external noise voltage induced in the short
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vertical monopole antenna mounted above the ground:

h 2
VAN = AR\ PA, = \/ 16072kTy B (X) (3.27)

Using this equation and the values given in Fig. 3.10 we can estimate some
external noise voltages induced in a 20 cm long monopole antenna element. For all
frequencies the country-side man-made noise has been considered for the average
value Vi Navg, While for the minimum value Vi nmin the serene region man-made
noise has been used at 200 kHz and 1 MHz and the average cosmic noise at 100 MHz.
The bandwidth is set to 9 kHz in the LW and MW ranges and to 120 kHz in the
FM range. The results are summarized in Table 3.1 and give an overview of the
required signal voltage that has to be induced in the antenna element in order to
achieve a unity SNR, when an ideal noiseless receiver is used.

f [MHz] VA Nmin [ABUV] Vi Nave [dBUV]

0.2 -18.6 -2.9
1 -22.9 -8.7
100 -17.4 -9.6

Table 3.1: Minimum and average external noise voltage induced in a 20 cm long monopole
antenna. The bandwidth is set to 9 kHz in the LW and MW ranges and to
120 kHz in the FM range.

3.4 Active Antenna Theory of Operation

In a usual reception chain, the antenna element and the receiver are connected to-
gether by cables, as shown in Fig. 3.11. In this case we talk about a passive antenna,
since between the antenna element and the receiver input there are no active cir-
cuits which perform amplification. In order to achieve maximum power transfer
between the antenna and the receiver regardless the cable length, the receiver input
impedance has to equal the cable characteristic impedance Z,, while the antenna
impedance Z ,, if it deviates from Z,,, has to be matched to this value. The presence
of the matching network and the cable between the antenna and the receiver leads to
a degradation of the signal-to-noise ratio, because these passive elements are lossy.
Assuming for them an insertion loss ay, (ar, < 1) and using eq. (3.23) and (3.25) we
get the noise temperature of the passive receiving system 75y passive:

ﬂec 1
Tsys,passive - + TO <_ - 1) (328)

ar, ary,

where T, is the receiver noise temperature. The total noise temperature has to
include the antenna noise temperature Ty as well:

ﬂoh,passive = TA + Tsys,passive (329)
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Even if the receiving system were noise-free, the external noise represents the lower
limit of the achievable sensitivity. On the other hand, the receiver noise temperature
Trec 18 further “inflated” by the losses in the passive elements.

The matching circuit can be used as long as the antenna impedance Z, can be
matched in the whole operating band without much difficulty and too many losses to
the cable impedance Z,, (usually 50 Q2), as the case is for A/4 antennas. Nevertheless,
as we have seen in section 3.1, the short and very short monopole antennas used for
radio reception in cars display capacitive impedances for which the matching is very
difficult, if not impossible, because of very small radiator bandwidth. Furthermore,
very complex circuits would be required for matching impedances for applications
with large percentage bandwidth (like AM for instance) [13]. Insufficient matching
between antenna and cable leads to a transformation of Z,, which is dependent
on the cable’s length [. As a consequence in practice, in applications with large
percentage bandwidth the right impedance cannot be presented this way to the
receiver. A way to avoid this issue is to use matching circuits which can be tuned
for each frequency to be received, but this means a significant increase in complexity.

The receiver noise factor and, as a consequence, its noise temperature T,e. is
a function of the source impedance, as explained in Section 3.2.2. In order to
optimize its noise performance, noise matching instead of power matching should be
performed and the cable’s output should provide an impedance as close as possible
to the receiver’'s Z, . However, Z . is usually a complex value, while Z, is real,
so either an additional matching network must be used between cable and receiver,
or the cable itself is used as a matching element. Both solutions are not practical
for applications with large percentage bandwidth, because they require matching
networks having an arbitrary complexity. Additionally, controlling the cable length
can be impossible, especially for automotive applications. Therefore, when a cable
is required, power matching is not avoidable.

Z; Receiver
j—— _AEtEn_ni __ Coax. Cable - ) .
! ZA : h ZO: la chl : :
! Matching | { |
: : circuit ) T :
' %
| VA,N : = out :
I | 1 Receiver first | I
|
| VA : _________________ _!
' |
' = |
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Fig. 3.11: Passive antenna receiver chain.

Let us now assume the case depicted in Fig. 3.12, which describes a reception
chain using an active antenna: the antenna element is directly connected to an am-
plifier, which further drives the cable and the receiver input. The antenna amplifier
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(here also denoted as buffer) has the voltage gain Ay s, input impedance Zj, y.,

output impedance Z, ¢ and the input referred noise voltage Vit x-

| .
Zinpuf ZLoutpuf | | Z Receiver
Antenna element > L J | Coax. Cable I__—_m _____________
|
|

ZO) la chl | 5 La

Fig. 3.12: Active antenna receiver chain.

Since now there are no other passive elements between the antenna element and
the antenna amplifier (buffer), the noise temperature of the active antenna can be
written as:

Taa - TA + Tbuf (330)

where Ty, is the noise temperature of the buffer. If the buffer’s gain is high
enough, then the noise contribution of the cable and of the receiver can be ne-
glected (eq. (3.23)) and T,, approximates the total noise temperature of the active
receiver chain:

ﬂot,active = Taa (331)

Since the output SNR is of importance for receiving systems, it is important to
determine the frequency range for which a certain SNR can be maintained within
certain limits. This frequency range is denoted as the noise bandwidth and can be
defined as the domain in which the noise temperature of the active receiving chain
reaches the double of its minimum value [13]:

ﬂot,active S 2- Tlcot,active,min (332>

Both T’y and T, are frequency dependent: the antenna noise temperature varies
as shown in Fig. 3.10, while the buffer’s noise factor (and noise temperature, as a
consequence) as given by eq. (3.22). If for a limited operating range the frequency
dependence of T is small in comparison to the dependence of Ty, then Tio active

becomes:

TR,
71‘501;,active =Tx+ Tbuf,min + 2—}KA - Xopt ? (333)
A

where Ty min i the minimum noise temperature of the buffer achievable at Xopt.
As a result, the minimum noise temperature of the active receiver chain is:

iTinot,active,min = TA + Tbuf,min (334)
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It follows that for the 3 dB noise bandwidth we have:

ToR

n 2
GA |XA - Xopt’ <Ta+ Tbuf,min (335)

By adequately modifying for noise temperature eq. (A.10) and (A.11), this condi-
tion can be “graphically expressed” in the Smith chart as a circle, representing the
impedance boundary of the noise bandwidth. This circle encloses the area which
contains the antenna impedances Z, for which the noise bandwidth condition is
satisfied. Knowing the frequency dependence of Z,, the noise bandwidth can now
be determined.

It is important to note that condition (3.35) becomes more and more permissive
as T increases. The physical explanation relies on the fact that the additional noise
contributed by the buffer has to increase continuously in order to double the min-
imum noise temperature 7o active,min- 1 his implies that the antenna impedance is
allowed to travel further and further away from Z without significantly increasing
the additional noise. As a result, the noise bandwidth becomes always larger as T
increases?.
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(a) Constant noise temperature circles (b) Active antenna noise temperature. The lower
for the 3 dB noise bandwidth and an- and upper temperatures of the noise bandwidth are
tenna impedance Z,. marked for each Th.

Fig. 3.13: Simulated total noise temperature circles and the total noise temperature of
an active antenna for two different external noise temperatures T in the FM
range.

In Fig. 3.13 is given an example in the FM range, when a resonant antenna
structure similar to the one presented in Chapter 6.1 is used in combination with

3Mathematically this can also be observed in eq. (A.11), where the noise circle radius increases
towards unity (which implies an almost complete covering of the Smith chart) as Fi,i, gets larger.
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an ATF33143 transistor. Two antenna temperatures Ty have been considered and
the corresponding 3 dB noise bandwidth circles are plotted in the Smith chart in
Fig. 3.13(a). The lower temperature value (500 K) corresponds to the minimal cos-
mic radiation, while the larger one (1500 K) to the average cosmic radiation®. As
expected, the 1500 K circle is larger than the 500 K one. The optimum noise imped-
ance Z,., and the antenna impedance Z, are plotted on the same chart. Because
the buffer’s minimum noise temperature Thuf min =~ 20 K is low in comparison with
T, the noise circles are considerably wide and cover almost entirely the Smith chart.
Impedance Z, lies almost entirely inside the T\ = 500 K circle and completely inside
the Th = 1500 K circle, as the plot in Fig. 3.13(b) shows.

Using a passive antenna and a lossless cable and matching network (ap, = 1),
the total system noise temperature (eq. (3.29)) in the scenario with T, = 500K is
1365 K, when using a good receiver with 865 K noise temperature. In contrast, the
active system reaches the minimum value (eq. (3.34)) of 520 K, which means about
4.2 dB improvement when it comes to SNR.
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(a) Constant noise temperature circles for the (b) Active antenna noise temperature. The
3 dB noise bandwidth and antenna impedance lower temperature of the noise bandwidth is
Zy. marked for each Th.

Fig. 3.14: Simulated total noise temperature circles and the total noise temperature of a
20 cm long active antenna for two different external noise temperatures T in
the AM range.

In Fig. 3.14 is given an example in the AM range, when a 20 c¢cm long simple
monopole antenna is used together with a SST310 transistor. This time, because of
the extremely high external noise temperature in the AM range, the representation
of the noise bandwidth circles in the Smith chart proves to be irrelevant: the circles
are so wide, that graphically there is no distinction any more between the circles
and the border of the chart itself. That is why a Cartesian representation in the

4The considered antenna noise temperatures represent rather a worst case, since the man-made
noise has usually higher values.
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impedance plane is preferred. After some algebraic manipulations we get the circles’
equation:

Zo 2 T_To active,min 2
<RA_ <Ropt+ | pt| ( tot.active, ))> ‘i‘<)(A_)(opt)2 =

2R,

_ |Zopt|2(T - ﬂot,active,min) R + |Zopt|2(T - T;;ot,active,min)
R, oPt AR,

where Z, = Ra + 7 Xa and Z,, = Ropt + J Xopt-

Two antenna temperatures Ty have been considered and the corresponding 3 dB
noise bandwidth circles were plotted in the impedance plane in Fig. 3.14(a). The
lower temperature value (57.8-10°K) corresponds to the man-made noise in the
serene regions at 1 MHz, while the larger one (1.57-10°K) to the country-side
man-made noise at 1 MHz. The 1.57-10° K circle is so large in comparison to the
57.8-10°K one, that it is only partially plotted. Even so, the 57.8-10° K circle is
also extremely large, and the impedance goes well into the T2 range. As a result,
Z oy and Z, cannot be properly plotted. More information is given by Fig. 3.14(b),
where the noise temperature is plotted as a function of frequency. For both Ta
the total noise temperature Tio active lies within the 3 dB noise bandwidth. It is
also interesting to notice that these external temperatures are for 1 MHz; for lower
frequencies Ty and the noise bandwidth get even larger.

As long as the external noise T) dominates the buffer’s noise Tiufmin the noise
bandwidth is significantly larger than the power bandwidth for electrically short
antenna elements (which have very small real part antenna impedances Ra) [13].
This is the normal case at low frequencies, thus allowing the use of electrically very
short antennas for reception without performing power matching.

A useful active antenna design relation can be devised by calculating the SNR
in Fig. 3.12. The calculation is performed for the AM range, but it offers useful
indications in FM as well.

The very short monopole active antenna is connected by a cable to a receiver with
input impedance Z;,. For the AM frequency range for which the cable length [ is
much smaller than A/4 the cable behaves capacitively and is represented in Fig. 3.12
by the Cq, capacitance. The Vj ny noise source sums up both the own noise of the
antenna and the noise picked-up from the atmosphere. Since the thermal noise
contributed by Rj is negligible, only the external noise given by eq. (3.27) counts.
VieeN 18 the input referred noise of the first receiver stage, evaluated for the source
impedance connected to it, while Ay .. is its voltage gain.

The SNR at the output of the first receiver stage can be computed after some
algebraic manipulations, in which it is assumed that Z,, — oo, as most car radios
have a high input impedance in AM much higher than the cable reactance:

(3.36)

. 2
2 2 Zin buf JX.
2 A V 5 cbl‘
V;)ut,S . | V7bUf| A ZA‘FZin,buf Zout,buf‘kjicbl (3 37>
V2 a 2 2 2 Zin, buf 2 JX 2 2 .
out,N . A (V Vv ) Zin,bu Achl +V
active | V7bUf | A’N buf’N ZA +Zin,buf Zout,buf—"_]&cbl rec,N
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where X ; = 1/(wCe) is the reactance of the cable capacitance.

As expected, equation (3.37) shows that if the receiver were noise-free, the output
SNR would be lower than in the passive case, since now we have an additional noise
source — that is, the antenna amplifier. It also shows that, in the realistic case of a
noisy receiver, the SNR degradation due to Ve n is much more pronounced if there
is a strong voltage division between Z, and Z;,,,,,; and between Z; 1,,; and Xy,

The first voltage division shows that the buffer has to have high input impedance
Zinput 0 order to pick-up as much signal as possible from the antenna element.
When compared to the passive case (where ca buffer is missing), this is an important
improvement: X, is a function of the cable length — which is further dependent on
the car configuration. This length can vary between 1.5 m and 6 m, which means
a cable capacitance® between 50 pF and 600 pF. When compared to the antenna
capacitance values Cy depicted in Fig. 3.4(a), it is easy to see that the signal is
strongly attenuated by this voltage division.

The second voltage division shows that the buffer has to be able to drive the
capacitive loading represented by the cable®. This means that the buffer has to have
a low output impedance Z,, pu¢-

Being able to improve the delivered SNR by means of active antennas implies
also that it is possible to decrease the antenna size, while preserving the SNR. The
extent to which this reduction is possible is a strong function of the amplifier’s
technology.

3.5 Summary

Electrically very short monopoles are antennas whose physical length is lower than
a tenth of the operating wavelength. In this case, the current distribution along the
monopole is triangular and the antenna impedance is mainly capacitive. It has been
shown that power matching is not possible for electrically very short monopole an-
tennas because of the drastic decrease of both efficiency and attainable bandwidth.
These aspects, together with the low effective height, do not allow the combina-
tion of these antennas with conventional reception techniques for broadband radio
reception.

Noise in electronic systems is an unavoidable phenomenon, which impairs the
reception of weak radio signals. Besides the external noise picked-up by the antenna,
the main noise types found in the active antenna circuit are the thermal noise, the
shot noise and the flicker noise. However, the active antenna concept, which in the
presence of external noise gives up power matching between antenna and amplifier,
allows for the design of broadband reception elements optimized for output signal-

5For cables with 50 ) characteristic impedance the capacitance per unit length can be assumed
to be about 100 pF /m, while for 150 €2 cables this capacitance can be assumed to be about 33 pF/m.

5There are some radio receivers which have 50 € input impedance also in AM. In this case the
buffer output has to be matched to 50 2.
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to-noise ratio. This principle makes possible for the electrically very short monopole
antennas to be effectively used for broadband radio reception.



Chapter 4

Critical Design Issues of
Automotive Active Antennas

The previous chapter focused on the sensitivity topic in the context of noisy radio
reception and the improvement achievable with the help of active antennas. The
discussion moves now to the antenna amplifier itself and its design issues, like the
selection of proper active devices, noise minimization and linearity.

As we shall shortly see, the biasing technique of active devices used for active
antenna amplifiers plays an important role for the noise performance. Only field
effect transistors are suited for high-impedance antenna amplifiers and a comparison
between different commercial available types is made in order to pick-up the best
suited device. As the noise performance is the main classification criterion, the noise
characteristics of the transistors are obtained experimentally, so that the resulting
noise models are best suited for the frequency range and the application intended
in this work.

Finally, as every practical circuit has to be characterized experimentally, the
measurement techniques of different important parameters are discussed, like the
noise performance, the linearity or the field measurements.

4.1 Gate Biasing Resistor Noise

The gate or base of any transistor has to be biased. This is achieved by connecting a
DC current conducting element to the transistor’s gate or base, such as a resistor or
an inductor. In the AM range the inductors prove to be impractical, since very large
values are required in order not to short-circuit the signal path; instead, resistors
are used for biasing. Because of the large value required, only FET devices can
be used, due to their very small gate leakage current. Besides their relative low
input impedance, bipolar transistors also have significant base currents, so important

46
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voltages may fall upon the biasing resistor, making their use impractical®.

RG Cin
Vin

2 |
IRGN :|:

Fig. 4.1: Noise at the amplifier’s input.

The noise contributed by such a gate biasing resistor (further denoted as Rg)
requires a special analysis. Fig. 4.1 depicts schematically the input circuit of the
amplifier, with Cj, the input capacitance of the amplifier, C'y the antenna capaci-
tance and the thermal noise of the resistor Rg described by the parallel noise current
source igg

: AETyB
RGN T TR (4.1)

The thermal noise voltage produced by the resistor reaches the transistor’s gate
through the voltage divider (which also behaves like a low-pass filter) formed by
R¢ itself and Ca + CYy,. This means that the noise contribution of Rq is frequency
dependent. In this case, the noise voltage vf, zq y contributed by Rg alone at the
amplifier’s input can be written as:

4kTyBRg
1+ R -w?(Cy + Ci)’

(4.2)

2 _
Uin,RG,N —

which is frequency dependent, as already hinted. Analyzing (4.2) we find that the
input noise voltage exhibits a maximum in respect to Rq:
2

/Uin RG,N ]‘
—_ T — e Eu———— 4
ORG 0= Fao w (Cx + Ciy) (43)

This means that there is a worst-case choice for R, in which the input noise voltage
will have a peak, and which must be avoided. As shown, this critical value Rgg is
frequency dependent and gets larger, as the frequency decreases.

IFor example, for 30 mA collector current and B = 100, the base current is 300 pA. If the
application requires 100 k(2 for the biasing resistor, the DC-voltage upon this resistor would be as
high as 30 V.
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Fig. 4.2: Noise performance vs. Rg at three different AM operating frequencies: —
150 kHz,— - 500 kHz, - - 1 MHz, and one FM operating frequency: - - 100 MHz.
The considered bandwidth is 9 kHz in AM and 120 kHz in FM.

Figure 4.2(a) depicts the input noise voltage curves calculated with eq. (4.2) for
three different AM frequencies (9 kHz bandwidth) and one FM frequency (120 kHz
bandwidth). Cx = 3.3pF and Cj, = 3pF for all considered cases. The peak
predicted by (4.3) can be seen for each considered frequency. As expected, the value
of Rgo decreases, as f increases. For f = 150kHz the worst-case value for Rg is
Rgo = 168.4kS2, while for f = 1 MHz one obtains Rgo = 25.3k{). At 100 MHz
Rco = 252.6 2 is obtained.

We shall now investigate the influence of R upon the input SNR. In Fig. 4.1
the useful signal voltage Vi, at the amplifier’s input can be written as:

Vie = Vi wheCa (4.4)

\/1 + w?R% (Cp + Ci)®

The noise voltage v  at the amplifier’s input is contributed by the antenna and
the Rq resistor and it can be expressed as:

> v?\’N -wQRéCi + 4kToyBR¢
Vin N = P (4.5)
’ 1+ wQRé (Ca + Chn)

where v3 y is the noise contributed by the antenna. As the SNR at the antenna port

can be expressed as:
V2
SNRy = === (4.6)

VAN
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the SNR at the amplifier’s input can now be written using (4.4) and (4.5):

Vi 1
SNRiy = == = SNRA———777 (4.7)
Uin,N ”/2\,N ‘w?RaC%

Unlike the input noise voltage %, eq. 4.7 does not display any peaks, but
asymptotically tends towards SNRy when Rg — oo, as shown in Fig. 4.2(b) for
three different AM frequencies and one FM frequency, SNRy = 1 and an arbitrary
value for vf .

This discussion highlights the importance of the Rg value, which should be
chosen as large as possible. The lowest frequency for which the amplifier has to work
represents the worst case, so the dimensioning of Rg should be made for this case.
Nevertheless, as (4.7) shows, beyond a certain Rg value there is little improvement
in the input SNR. The tendency indicated by (4.2) has also to be taken into account
in order to reach the output noise level target.

4.2 Noise of Different Commercial Transistors

As the active device plays the major role in the output SNR of an active antenna,
this sections evaluates the noise of some commercial FET transistors and compares
their performance and suitability for the automotive active antenna use.

Bipolar transistors are not suited to be used in amplifiers for high-impedance an-
tennas, because they exhibit a significant base-emitter shot noise current source. The
effect of this noise source gets very pregnant at low frequencies, where the antenna
impedance Z, is also very high. Even the silicon-germanium (SiGe) transistors,
although they feature very low flicker noise, prove to be unsuitable for the active
antenna use when the antenna element has high impedance. Additionally, bipolar
transistors have significant base currents and relative low input impedance at low
frequencies, which cannot be fully compensated by means of circuit techniques.

FET transistors are suited for active antenna application, due to their intrinsic
high input impedance character and their very low gate-source noise current source.

The noise characteristics of the investigated transistors has been obtained ex-
perimentally, because the simulation models and the information provided in the
datasheets for the high frequency GaAs devices proved to be poor in the lower fre-
quency range. The measurements were performed in the range between 100 kHz and
300 MHz by measuring the output noise voltage in two situations: the first when
the transistor’s AC input is short-circuited, so that only the drain noise current
source Ip, contributes noise to the output, and the second when a 50 €2 impedance
is presented to the transistor’s AC input. In both cases the noise contributed by the
other passive elements in the circuit was deembedded.

Four transistors have been experimentally investigated:

e SST310 - Si junction field effect transistor (JFET) manufactured by Linear;



50 Chapter 4. Critical Design Issues
10° , : — —
—— ATF33143]
= = =NE3508
N
T
=
<
<
_D
f [Hz]
Fig. 4.3: Drain noise current vs. frequency for different commercial transistors.
30 w 80 ‘
—ATF33143 —ATF33143
255 e ‘ g ---NE3508 h ---NE3508
* ==CLY2 60r == CLY2
__20. —=—SST310 | — —=—SST310
m m —~—BFP740
e el
o 15 40
z z
10r
26
"':\-»L:_%l‘ ‘‘‘‘‘
0 ‘ ‘ 0 ‘ ‘
10° 10° 10’ 10° 10° 10° 10’ 10°
f [Hz] f[Hz]
(a) Noise figure in a 50 Q2 system. (b) Noise figure with 50 24 3.3 pF source im-
pedance.

Fig. 4.4: Noise figure vs. frequency for different commercial transistors.
e CLY2 - GaAs metal semiconductor field effect transistor (MESFET) manu-
factured by TriQuint;

e ATF33143 — GaAs high electron mobility transistor (HEMT) manufactured
by Agilent;

e NE3508 - GaAs HEMT manufactured by NEC.

Eq. (B.6) and eq. (B.12) have been fitted on the measured data and the param-

eters P, K and « shown in Table 4.1 have been found to provide acceptable results.
Regarding the shot noise component of the gate noise current, Table 4.1 lists also
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the measured values of the gate leakage current /. As expected, the GaAs tran-
sistors have higher values than the Si device. Also, because the NE3508 transistor
can handle lower drain currents than the ATF33143 and the CLY?2 transistors, its
area is also smaller and thus I is lower. Alone the ATF33143 has a very high Ig,
which also strongly varies from sample to sample, thus complicating the design in
some situations.

Fig. 4.3 shows the drain noise current source Ipy determined experimentally.
The GaAs devices exhibit the highest noise values and an ascending trend towards
lower frequencies. Also, the HEMT devices have higher noise currents when com-
pared to the MESFET. In contrast, the Si device features lower noise at low fre-
quencies. This comparison is nevertheless insufficient, because it does not account
for the transconductance gy, of each active device, and so the achievable gain. This
is shown in Fig. 4.4(a), where the noise figure NF' in a 502 system is depicted.
This time the Si device exhibits a better performance only at low frequencies, while
for the higher ones the GaAs transistors are superior. As expected from the device
theory, the HEMTs feature the lowest noise figure at high frequencies.

In Table 4.1 it can be seen that the g, of the SST310 transistor, typical for Si
JFET devices, is very low, which means that the achievable gain is also low. As
long as the noise current of the Si JFET at low frequencies is significantly lower
than the one of the GaAs devices, the noise figure is also lower. However, at higher
frequencies, where the noise current of the GaAs transistors becomes smaller, their
gain advantage is observable also in the noise figure, which drops below 1 dB.

Transistor Ip[mA] ¢y, [mS] 7,[Q] P K a  Ig[nA]
SST310 30 16 1270 0.55 1.70-107% 1.30 <1
CLY?2 40 121 74 1.06 1.14-107'2 0.76 50
NE3508 30 215 71 0.40 3.60-107' 1.00 6
ATF33143 40 322 67 0.10 5.36-107'% 0.39 1000

Table 4.1: Comparison of different transistors.

Fig. 4.4(b) depicts the noise figure of the transistors when the source is a 3.3 pF
capacitance, a usual value for short monopole antennas. In the FM range and above,
of all the GaAs transistors the HEMTs feature the lowest noise figure. The noise
figure attainable with a BFP740 SiGe bipolar transistor from Infineon is also shown
for comparison. As expected, it brings by far the largest amount of noise, because of
the unfortunate combination between the source impedance and its intrinsic input
noise current source.

As a conclusion, the Si JFET is the best solution for AM applications, while the
GaAs devices are the right choice for the FM, Band-III and further for the L-Band
operation.
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4.3 Important Parameters and Requirements

4.3.1 Embedding the Antenna Impedance into the Simula-
tion

The correct design of an active antenna implies a close correlation between antenna
and amplifier and in the simulations the amplifier has to be provided with the correct
antenna impedance Z,. Antenna impedances can be embedded into simulations
either by using an adequate antenna dummy circuit, or by using measured data.
The simulation port impedance, usually 50 €2, has to be transformed without losses
into the measured Z,, so that the port’s power is preserved. This can be done using
an adequate non-dissipative two-port, which can be calculated from the measured
data.

The S-parameter matrix S of a passive, reciprocal and non-dissipative two-port
has to satisfy the condition [35]:

S*.S=U (4.8)

where U is the unity matrix. From this condition the relations between the magni-
tudes of each component are:

1S+ 18> = 1 (4.9)
’§12’2+‘§22|2 =1 (4'10)

while the phase relation is obtained from:
51155 + 81985, =0 (4-11)

Additionally, because the two-port is symmetrical, we know that S;; = Sy, and
S5 = S;5. This leads to the following S-parameter matrix for the antenna two-

port:
Sy - €7 1 —|S,|? - ellen®n/2)

S = (4.12)

V31— 1S5 [% elen£n/2) IE elon

As a result, measuring the antenna reflection coefficient S, is enough for calcu-
lating the corresponding non-dissipative symmetric two-port. The phase ambiguity
of §,, and S;, is not important for this application.

4.3.2 Field Measurements

The signal performance of a car antenna in the VHF band can be evaluated only
when the antenna is mounted on the car. Because of the metallic car body and the
signal wavelength, the electromagnetic field is no longer uniform in the car’s prox-
imity, and the antenna directivity pattern becomes a frequency dependent function
of the car body geometry and mounting position.
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Fig. 4.5: Simplified set-up for the field measurement (drawing not to scale).

In order to evaluate all these parameters and the signal performance, field mea-
surements are done with the active antenna mounted on a car. The usual mounting
position of short rod antennas is on top of the car, above the rear windshield. The
car is placed on a turntable which is installed in a radome in order to protect the
measuring equipment from the weather. A logarithmic periodic antenna, about 3 m
high, is mounted about 30 m away from the radome and radiates the RF signal
towards the car, as shown in Fig. 4.5. The radiated waves can be either horizontally
or vertically polarized. In order to avoid ground reflections and maintain constant
(+1dB) the field intensity in the car’s vicinity, a metal fence net is mounted between
the emitting antenna and the turntable. The emitting antenna and the receiving
one (i.e. the car antenna) are connected to a vector network analyzer (VNA), so
that the transmission S,; between the two antennas is measured. A broadband
RF power amplifier (PA) is inserted between the VNA and the logarithmic periodic
antenna, in order to compensate for the cable and free space propagation losses.

Because the free space propagation loss is unknown and dependent on poor con-
trollable parameters like the car position on the turntable, the measurement has to
be referred to a certain reference, which in this case is a 90 cm long passive monopole
antenna mounted on a front fender of the car. The VNA and the turntable are both
controlled by a computer, and a full frequency sweep is performed every 5° during
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the rotation. Because of the car body’s influence, the directivity is also frequency
dependent and this can be observed for both polarizations in the frequency varia-
tion of the signal level (Fig. 2.5). The software computes the frequency dependent
antenna directivity, as well as the (rotation) averaged frequency characteristic. In
the latter case the antenna directivity is accounted for by averaging the values for
each frequency point for a complete car rotation, thus obtaining an estimate of the
overall antenna performance.

4.3.3 Noise of Active Antennas

Section 3.4 already gave an insight of the importance of the noise issue in active an-
tennas, while Section 3.2 treated the main noise sources occurring in an antenna
amplifier. Now we have to set the design goals and describe the measurement
methodology.

Required Noise Performance

The noise performance of a two-port is mainly evaluated in terms of noise factor.
However, this is usually done in a 50 €2 system, for which the measurement equipment
is also foreseen. An active antenna, on the other hand, is not a two-port which can be
connected to a standard measurement equipment, since its input port is the antenna
element itself. It is of course possible to measure only the antenna amplifier, but this
brings little knowledge when the noise source of standard measurement equipment
is 50 2 matched. Indeed, the actual antenna impedance may wander far from 50 (2
(as for example Z, of a short monopole does), while the amplifier’s noise figure is a
strong function of the source impedance (Eq. (3.22)). Such non-50 {2 measurements
can be performed with special equipment containing expensive impedance tuners,
which is unfortunately unavailable in common laboratories.

Another way of measuring the noise figure in a non-50) environment is by
inserting an additional two-port between the noise source and the device under
test (DUT), so that the DUT is provided with the actual antenna impedance Z,
(antenna dummy). However, this method is not accurate, since Z, can be seldom
precisely modeled, while the losses in this antenna dummy have to be determined
as well. Nevertheless, such an approach is used in this work for rough estimates
of the design performance during the development phase, as no other technique is
available.

The noise factor describes the SNR degradation of a signal as it passes through an
electric circuit (eq. (3.20)), but it offers no direct information about the noise level
at the circuit’s output. It is of course possible to calculate the output noise voltage
from the noise factor, but this computation requires an accurate measurement of
the noise factor and precise information about the available gain of the DUT, the
source impedance and the actual T. Therefore a much more convenient way is to
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directly measure the output noise voltage with the help of a test receiver, as detailed
in the next section.

The output noise voltage is a very important parameter for active antennas,
because the noise level further delivered toward the radio receiver has to be kept
below certain values. The Verband der Automobilindustrie (VDA) organization
[36] issued recommendations concerning these noise levels and the bandwidth to be
measured in, which are highlighted in Table 4.2 for the AM and FM bands.

Range LW MW SW FM-J FM-ECE
Vownx [dBpV] -1 6 -6 -5 5
B [kHz] 9 9 9 120 120

Table 4.2: Maximum allowable output noise voltage and the corresponding bandwidth.

As we shall see, the output noise level will be a main issue along this work. Com-
mon modern low noise amplifiers (LNA) usually exhibit outstanding noise factors,
but with very high output noise voltages due to their high gain values. Therefore,
in this work we are concerned to fulfill the requirements listed in Table 4.2, rather
than optimizing the noise factor alone.

Noise Measurement

In order to avoid the pick-up of unwanted signals, like radio channels or indus-
trial interferences, the noise measurements have to be performed under controlled
conditions, in shielded chambers or even anechoic chambers, if available.

A rapid way to determine the noise performance of an active antenna — useful
especially in the development phase, when measurements are often required after
try-and-error design changes — is to use an antenna dummy instead of the actual
antenna element, so that the antenna amplifier (DUT) “sees” the correct impedance
at its input port. The DUT and the antenna dummy circuit are placed in a shielded
box, as Fig. 4.6(a) illustrates. The output noise voltage Vou N is measured with the
help of a test receiver, which finds itself outside the shielded enclosure.

The actual car radios have high input impedance in the AM range. As this is not
achievable with a standard 50 €2 test receiver, an additional buffer having about 7 pF
input capacitance is used for the AM noise measurements, as shown in Fig. 4.6(a).
A long coaxial cable connects the DUT to the buffer, as also is the case in the car.
For the lab measurements a 2.5 m long 502 cable was used, which means about
250 pF capacitive loading for the antenna amplifier.

An anechoic chamber provides both shielding and absorption of the electromag-
netic waves. Therefore in this case the antenna amplifier can be evaluated together
with the antenna element, as Fig. 4.6(b) shows. The active antenna is mounted on
a metal grounded plate, which has to be large enough in order to behave like a valid
ground plane for the considered frequency range. Because of its wavelength, the AM
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(b) Noise measurement in the anechoic chamber.

Fig. 4.6: Noise measurement in the lab.

range is not evaluated in this way, the shielded box approach being preferred. The
output noise voltage Vo n is measured by a test receiver, which is placed outside
the anechoic chamber.

4.3.4 Sensitivity

The sensitivity of an electronic system shows the minimal still detectable signal in
the presence of noise. For radio receivers, the sensitivity is related to the minimum
SNR which can still be correctly demodulated. In the case of the active antennas
presented in this work, the sensitivity will be defined for a unity SNR at the active
antenna’s output.

The FM sensitivity of an active antenna is measured in the anechoic chamber
and is referred to the sensitivity achievable under the same conditions with a pas-
sive 90 cm long rod antenna (reference antenna). To do this, an FM modulated
signal is radiated by an emitting antenna placed in the anechoic chamber, as shown
in Fig. 4.7. The emitting power is chosen in such a way, that the measured an-
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Fig. 4.7: Set-up for measuring the FM sensitivity in the anechoic chamber.

tenna (active or passive) output signal power equals its output noise power. Since
the results for the active antenna are referred to the ones obtained with the refer-
ence rod, the particularities of the measuring arrangement (like cable attenuations,
propagation attenuation, etc.) are accounted for.

4.3.5 Non-linear Effects

A circuit is said to behave linear when its output is a linear function of its input.
This is normally the case when the small-signal conditions are fulfilled. However,
how small small may be is a matter of the circuit’s particular structure.

Active devices naturally have nonlinear characteristics, as for instance eq. (B.1)
shows. Therefore, large input signals lead to distorted outputs. Such nonlinear
transfer functions can be handled mathematically by employing power series (which
is a more simplistic method, as the output does not take into account the time history
of the input) or Volterra series [37], the latter being the general approach which also
takes “memory ” effects into account. Using the power series, the amplifier’s output
can be expressed as an infinite series:

2 3 n
Vout = A1Vin + AV, + azvi, + ... + a,viy (4.13)

where vj, is the input voltage, while a; are coefficients characterizing the amplifier
and are frequency and bias dependent. Only the first term represents the linear
gain, while all the other ones generate higher order distortions.

As a consequence of the non-linear characteristic of the amplifier, an one-tone
input signal v, = Vi, cos(wt) will result in an output signal containing harmonics,
i.e. signals situated on the multiples of the fundamental frequency w. Truncating
the series to the third order, we get:

1 3 1 1
Vout = §a2viﬁ+ (a1 Vin + Z%V}i) cos(cut)—i-éag‘ﬁ1 (:os(2cu7f)—i—Zagvif’1 cos(3wt) (4.14)
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Fig. 4.8: Amplifier large-signal input-output characteristic.

As this equation shows, also the third order non-linearity contributes to the output
fundamental tone and above a certain input level Vi, the output fundamental tone
will no longer follow linearly the input signal, but will saturate. The power (or
voltage) level at which the actual fundamental output signal is 1 dB lower than the
ideal linear output level is designated as the 1 dB compression point, as shown in
Fig. 4.8. As long as the amplifier is operated well below the compression point, the
power series can be truncated to the third order distortion.

The situation gets more complicated when the input signal consists of two tones,
Ui = Vin1cos(wit) + Vipo cos(wot). In this case, applying eq. (4.13) we obtain a
complex output spectrum, in which new tones are generated on frequencies of the
general form +mw; £nwq, with m and n being integer values. These tones are called
intermodulation products and can be very troublesome, especially when they occur
inside useful signal bands. The order of the intermodulation products is given by
m—+n.

When plotting the second and third order intermodulation products as a function
of the input in a double logarithmic scale, as shown in Fig. 4.8, well below the
compression point the 2°¢ order IM product has the slope 2:1 (40 dB/dec), while
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the 34 order one has the slope 3:1 (60 dB/dec). The fundamental gain has in this
region the slope 1:1, which means that the IM products grow faster as the input
level increases. Also, the 1 dB compression point gets lower as more than one tone
is being applied at the amplifier’s input [32].

By extrapolating the linear curves above the compression point (dotted lines
in Fig. 4.8), the IM curves intersect the fundamental gain at the intercept points
IP2 and IP3, respectively. These points are theoretical, which means they cannot
be measured directly, as they occur in a region where the amplifier is already in
saturation. The input intercept point (IIP) shows the input power at which the
intermodulation tones would equal the fundamental ones; the reached output level
is denoted as the output intercept point (OIP).

In practice the input signal has usually a complex spectrum, since it carries infor-
mation. As a result of the amplifier’s nonlinearities, the output spectrum contains
regrowth sidebands?, which consist of the generated intermodulation products. The
n'™ order sideband is n-times wider than the useful signal bandwidth [37], which
means that it “invades” the adjacent channels.
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Fig. 4.9: Output spectrum.

Coming back to the two-tone case, it provides us with a practical way of mea-
suring the linearity performance of an amplifier. Fig. 4.9 shows an output voltage
spectrum containing the fundamental tones and the 2°¢ and 3*¢ order intermodula-
tion products. We define the intermodulation distance ay as the ratio expressed in
dB of the fundamental tone to the intermodulation tone:

ax = 20log (%) (4.15)

out,k

If the amplifier were ideally linear, the intermodulation distance ay would be infinite.

2Also denoted as adjacent channel power (ACP).
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Required Linearity Performance

The linearity requirements posed on the active antenna are determined by the fact
that the car may travel through areas with very strong electromagnetic field, as is
the case in the vicinity of powerful radio broadcast transmitters. Active antennas
have the particularity of being wideband, which means that large undesired signals
may enter the amplifier, as no channel selection occurs before the amplifier [14]. If
the amplifier is not linear enough, the strong signals produce intermodulation, which
may interfere with the desired channels.

In the AM range both 2°¢ and 3™ order intermodulation products are impor-
tant, since all of them fall inside the AM band. In the FM range only the 3" order
intermodulation products fall inside the FM band. However, the 2" order intermod-
ulation products generated by FM signals will affect both AM and DAB-Band-III
ranges. Therefore they have to be also taken into account if the active antenna is
to cover these services too.

The VDA issued recommendations concerning the minimal linearity the active
antenna should exhibit in AM and FM in the case of a two-tone input signal [36].
For amplifiers without automatic gain control these requirements are defined for
the case when the output signal level at each fundamental tone reaches 110dBuV.
For DAB there is so far no VDA recommendation; however, the industrial practice
requires at least 50 dB intermodulation distance when the output signal level at
each fundamental tone reaches 100 dBuV. These values are gathered in Table 4.3.

AM FM DAB
ae [dAB] 50 80 50
axs [dB] 50 60 50

Table 4.3: Minimal linearity for active antennas without automatic gain control (Vou =
110dBuV for AM/FM and Vg = 100dBupV for DAB). DAB value is not
specified by the VDA; value complies with industrial practice.
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Fig. 4.10: Experimental setup for linearity measurements.
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Linearity Measurement

The experimental setup for linearity measurements is depicted in Fig. 4.10. The two
input tones f; and f, supplied by signal generators are band-pass filtered in order
to avoid an undesired mutual coupling between the two generators. A power com-
biner adds the two signals and then an attenuator follows, which both improves the
impedance matching toward the DUT and can also be used to vary the input level.
The DUT’s output signal is fed to a spectrum analyser, where the intermodulation
levels can be read. Care has to be taken in order not to overdrive the spectrum
analyser’s input stage, as it contributes distortions on its own. Therefore, for high
level output DUT signals the spectrum analyser’s internal attenuator has to be set
to higher values, in order to protect the input stage. On the other hand, when
measuring low amplitude tones, this attenuation has to be lowered, in order not to
drown the signal into the noise floor. Also, the bandwidth of the internal interme-
diate frequency filter can be reduced in order to decrease the measuring equipment
noise and therefore improve its sensitivity. Thus the linearity measurement requires
an elaborate compromise between attenuation and sensitivity.

4.4 Summary

The gate biasing resistor plays a very important role for the noise performance of
the amplifier used for electrically very short antennas. The amount of noise picked-
up by the transistor is a function of both the resistor value and the capacitances
surrounding it, so that the resistor has to be dimensioned for the lowest operating
frequency. As a general design rule, its value should be chosen as large as practically
possible.

Special requirements have also to be met concerning the noise performance of the
transistor used in the first stage of the antenna amplifier. The noise parameters of
the transistors compared in this work have been experimentally measured and it has
been concluded that Si JFETS, due to their low flicker noise, are more appropriate for
AM applications, while for FM, DAB-Band-IIT and DAB-L-Band the GaAs devices
are preferred. When compared to standard simulation models, the resulting noise
models are more accurate in describing low frequency noise effects.

Active antennas have to achieve certain requirements concerning noise, signal
level and linearity. In order to determine these, a combination of laboratory and
field measurements is used. A 90 cm long passive monopole antenna usually serves
as a reference.



Chapter 5

High-Impedance Amplifiers for
Monopole Antennas

Nowadays, for AM/FM radio reception, the rod type antenna is common for low-
end cars. Initially a 90 cm long passive monopole was used, but although displaying
good performance it had an inconvenient length. As we have seen in Section 3.1,
a height reduction of the monopole antenna decreases proportionally its effective
height, increases its impedance and worsens the obtainable bandwidth and efficiency.
These effects in combination with conventional amplifier technology lead to a severe
SNR reduction both in AM and FM. The undesired side effects can be overcome by
the use of the active antenna principle, as shown in Section 3.4. Therefore, in the
past decades 40 cm long active rod antennas mounted on the car roof (above the
windshield or the rear window) or on a fender have become the usual choice. They
provide good performance in both frequency bands comparable to a 90 cm whip
antenna and have a low cost. The amplifier usually consists of two distinct paths,
one for AM and one for FM. Nevertheless, there is a strong demand for further
reducing the size of car rod antennas as much as possible in order to meet nowadays
styling requirements, to minimize wind noise and exposure to vandalism, as well as
to increase their robustness and inconspicuousness.

Recently antennas have been introduced, which can alleviate these shortcomings
in FM, due to special helical structures. Nevertheless, their manufacturing is more
complicated than the one of simple thin monopole antennas. Moreover, such anten-
nas behave in the AM range just like simple thin monopole structures do. Therefore
our investigation starts with a thin 20 cm monopole active antennal, in order to
determine the achievable performance in combination with modern amplifier tech-
niques. As we shall see, such simple antenna elements impose high demands on the
high-impedance amplifier in order to deliver a comparable performance.

The performance of two high-impedance amplifier architectures is investigated
and presented. The first design consists of a single transistor AM/FM amplifier,

!This length is chosen as a result of previous research.
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while the second contains two different paths for the AM and FM bands. The
parameters and the conditions which determine the performance of the designs are
investigated and explained and measurement results are presented and discussed.

5.1 The 20 cm Long Rod Antenna

A monopole antenna element made of brass with 20 cm length and 3 mm diameter
will be further used. In the AM range, according to the calculations detailed in Sec-
tion 3.1, the antenna has a predominant capacitive Z,, consisting of a capacitance
Ca ~ 2.4 pF and a negligible real part RA. If the monopole is mounted on an infinite
conductive plane, the theoretical effective height heg is 10 cm, as eq. (3.5) indicates.
However, in reality, when the antenna is mounted on a car, heg is a function of the
car geometry and the mounting position, as Fig. 2.4(b) depicts for the case of a VW
Golf car. In this particular case, the calculated hog is larger than 40 cm in the AM
range when the antenna is placed on the roof edge, which is a considerable devia-
tion from eq. (3.5). Nevertheless, this discrepancy occurs in a positive way, since it
shows, in fact, that the AM radio reception will be improved when the antenna is
mounted on a car.

The analysis in Section 3.1 points out how difficult it is to reach the required
bandwidth using a short monopole antenna and inductive matching (provided that
the inductors are feasible). Fortunately, impedance matching is not needed either in
AM or FM, as the situation can be overcome by using the active antenna principle
[38] [11], already described in Section 3.4. According to it, the antenna design
combines the antenna feed-point directly with an amplifier. Instead of drawing
power from the antenna, the amplifier is optimized for a high input impedance in
order to pick up as much as possible from the antenna voltage and then drive the
radio receiver.

5.2 The Active Antenna Amplifier

Recalling eq. (3.37), the input capacitance Cjy, of the amplifier is to be designed as
low as possible in order to achieve a good sensitivity, while the amplifier should be
able to drive the cable and the radio receiver. Other requirements which have to
be taken into account are the output noise voltage and the linearity, as discussed in
Sections 4.3.3 and 4.3.5. For determining the sensitivity, the 90 cm passive monopole
antenna will be used as reference.

Unfortunately the stated requirements are contradictory, as we shall next see,
and the amplifier topology has to be chosen to allow for the alleviation of these
compromises. The amplifier should display high gain, because the voltage induced
in the antenna element is very small. On the other hand, a high gain also produces a
high output noise level. The high impedance signal source seen by the amplifier (i.e.
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the antenna impedance Z, ) requires that the amplifier exhibits a low parallel input
noise current source. In this case field-effect transistors have to be used instead of
bipolar ones. The use of FETSs also helps achieving high input impedance. The
high linearity requirements indicate that the use of a transistor in common source
topology is inappropriate and some kind of feedback should be used to increase its
linearity.

In order to achieve a high input impedance, only two feedback configurations are
possible: the series-series and the series-parallel. The first one can be implemented
as a degenerated common source stage, while the latter one as a common drain
stage, as depicted in Fig. 5.1. While the common drain circuit features excellent
linearity properties and high input impedance, it achieves no voltage gain [39]. The
voltage gain of the degenerated common source stage can be adjusted by modifying
the amount of feedback; nevertheless, such a stage has a larger input capacitance,
caused by the Miller effect.
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(a) Series-series feedback. (b) Series-parallel feedback.

Fig. 5.1: AC schematics of series-series feedback stage and series-parallel feedback stage.

The need of voltage gain indicates that the common drain stage alone is not
sufficient. In this case the voltage gain has to be reached either with the help
of a transformer, or with a second gain stage. Nevertheless, as the introduction
of a transformer or a second gain stage will complicate the design, a one-stage
implementation is preferred.

Another important aspect is the question of whether a single stage can be used for
both AM and FM bands. The trouble is, the amplifier has to be extremely linear in
order to avoid FM to AM conversions — that is, strong FM stations produce 2" order
intermodulation products which may fall in the AM range. In order to avoid this,
the car manufacturers require that the active antennas have to achieve in the FM
range at least 80 dB 2" order intermodulation distance ay,. If a single transistor
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AM/FM amplifier does not prove to be feasible, then a two-path version has to
be investigated, in which the AM and FM signals are processed by two different
amplifiers interconnected by means of filters.

5.3 Single Transistor AM/FM Antenna Amplifier

As already mentioned, a degenerated common source amplifier stage will be used,
because it offers the possibility to control the voltage gain. In the case of active
antenna amplifiers the natural transistor choice is a FET, since it features high-
input impedance and very small input parallel noise current source. A high and
over frequency sustainable transconductance value gy, is desired in order to be able
to achieve the required gain and linearity. The simplified small signal equivalent
circuit of such a topology is shown in Fig. 5.3.
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Fig. 5.2: Required degeneration resistance Rg as a function of the transconductance g,
when |Ay| =2 and Z;, =504

Neglecting the capacitances and inductances associated with a FET transistor
(as their influence is small in the FM range when Z; = 50(2), the voltage gain Ay,
of a common source stage with resistive degeneration (Fig. 5.1(a)) can be written

as:

V rog
Ay =722 = — . Z 5.1
=V Kin To (1 + ngS) + ZL + RS_L ( )

where Z; is the load impedance, Rg the degeneration resistance, r, the output re-
sistance of the transistor and gy, its transconductance. The degeneration increases
both the linearity and the input impedance of the stage; however, a resistive de-
generation has the disadvantage of contributing noise to the circuit, but it offers a
wider frequency response.

Usually Z; and r, are known, so the need arises to determine Rg and g, for a
certain |Ay|. Fig. 5.2 depicts the degeneration resistance Rg as a function of the
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transconductance gy, for two different r, values, when |Ay| = 2 and Z; = 50€.
This voltage gain value has been chosen because it offers a satisfactory compromise
between gain and output noise voltage, as we shall later see. The g, value for which
Rs = 0 corresponds to the normal common source stage. For transconductances
lower than this, physically incorrect negative Rg values are required. Indeed, no
higher voltage gains can be obtained than those achieved by the common source con-
figuration. For transconductances above the value required by the common source
the Rg value rises asymptotically to about 25 €2, which means that for high enough
gm values the gain is dictated by the feedback only, and not by the basic amplifier.
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Fig. 5.3: Simplified AC small-signal equivalent circuit of the common source stage with
resistive degeneration.

The curves depicted in Fig. 5.2 show that for a transistor with at least 12702
output resistance (such as the SST310 JFET or the BF998 MOSFET) the minimum
required gy, is about 43 mS, in order to achieve a voltage gain of 2 with a 50 {2 load.
In the case of a transistor with only 61 Q output resistance (such as the ATF33143
HEMT) the minimum required gy, is about 78 mS.

Transistor Ip [mA] g [mS] 7,[Q] Cas[pF] Cap [pF] Cps [PF]
SST310 (Si JFET) 30 16 1270 4183 1.55 1
BF998 (Si MOSFET) 20 28 100k 2.1 0.025 1.1
NE3508 (GaAs) 30 215 71 0.46 0.32 0.05
ATF33143 (GaAs) 50 267 61 2.1 0.45 0.08

Table 5.1: Comparison of different transistors.

A comparison between the transconductance of different transistor types is shown
in Table 5.1. The SST310 JFET and the BF998 MOSFET are Si based transistors
used for RF applications. The NE3508 and the ATF33143 are GaAs FETs normally
intended for microwave applications. It can be easily seen that the g, of GaAs
devices is by far superior. Coming back to the discussion regarding Fig. 5.2, it is
now clear that neither the SST310 JFET nor the BF998 MOSFET have enough
transconductance to achieve the required gain even in a common source configura-
tion, not to mention the possibility to be able to use a degeneration. A solution
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is the parallel connection of more transistors, but this dramatically increases the
input capacitance of the stage. On the other hand, the high g, value of the GaAs
transistors allows for about 16 {2 degeneration.

The flicker noise exhibited by transistors can affect the AM range, especially at
the lower frequencies. As discussed in Section 4.2, the Si JFETs normally have low
flicker noise, while the GaAs devices a rather high value, which stretches up even
almost to the FM range, thus complicating the design of the amplifier in the AM
band. Nevertheless, since the Si JFETSs have unfortunately an insufficient transcon-
ductance, they are not suited for the AM/FM application. We shall see next how
the low-frequency noise issue of the GaAs device can be alleviated.

RD LZ

[YYY] C
_Vé) ”5 _Vout
C V; \\\ R,
—| f} - y ) z
1
RG i - =
o M ﬁ}RSI

Antenna

Fig. 5.4: Schematic of the single transistor AM/FM antenna amplifier.

Fig. 5.4 depicts the schematic of the AM/FM antenna amplifier. The antenna is
replaced by its equivalent circuit consisting of the voltage source V , and the antenna
capacitance C'y. Capacitors ', Cy and C5 are DC blocks and can be considered
short-circuits for the entire AM/FM operating range.

Resistor R biases the transistor gate, while potentiometer R, helps setting the
gate voltage. However, due to the low drain-source breakdown voltage of modern
HEMT'S, there are some precautions to be taken when powering the circuit, because
the transient regime occurring until the correct bias point settles may result in large
Vps. The required supply voltage Vpp is higher than Vpgmax, so that if the gate
voltage rises too slowly in comparison to the supply voltage, an overvoltage may
drop on the transistor and damage it. According to the absolute maximum ratings
in the datasheets [40] [41], the ATF33143 transistor has Vpgmax = 5.5V, while the
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NE3508 has Vpgmax = 4.0V. As a consequence, the time constant of the R4Cs
group has to be such chosen, that the gate voltage rises fast enough. In the case of
the NE3508 transistor an additional delay is introduced by the Rge—Cae group, so
that the drain voltage rises slower.

0 100 200 300 400  50C 0 100 200 300 400  50C
t [ps] t [ps]

(a) ATF33143 circuit. (b) NE3508 circuit.

Fig. 5.5: Simulated drain-source and drain-gate voltages during the start-up transient
regime.

The simulated start-up transients are shown for both transistors in Fig. 5.5 for
the complete circuit. The Ry resistor is present only for the NE3508 circuit. As it
can be seen, both circuits ensure a safe start-up.

The Li—R; and Lo—R, groups ensure the stability of the stage and are such
dimensioned to have a minimal impact upon the working range. The resistors Rg;
and Rgo and the capacitors C'5 and Cg form together a frequency dependent source
degeneration. Resistors Rp and Rj3 together with inductor Ly shape the frequency
dependence of the total load Z; provided to the transistor.

In an actual car environment a long coaxial cable connects the antenna amplifier
with the radio receiver. The usual radio receivers have 50 €2 input impedance in the
FM range and a capacitive high input impedance in the AM range. In Fig. 5.7 the
high-ohmic character of the receiver in AM is symbolized by the path containing the
unity gain buffer; the other path represents the FM one. The coaxial cable used to
connect the active antenna to the receiver has the characteristic impedance Z~ and
the length .

5.3.1 Design in the FM Range

In choosing the voltage gain of the stage, a trade-off has to be made between sen-
sitivity, output noise level and linearity. In order to compensate for the reduced
voltage V , excited by the electrical field in the small antenna and the voltage di-
vision indicated by eq. (3.37), the first choice would be to increase the amplifier
gain. Nevertheless, the output noise voltage of the amplifier is increasing as its gain
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Antenna A

Fig. 5.6: AC small signal equivalent circuit of the single transistor AM/FM antenna am-
plifier.
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Fig. 5.7: Load Z;, seen in the AM and FM ranges by the antenna amplifier.

increases. Linearity is a function of the amount of negative feed-back, which again
impacts on the gain.

The AC small signal equivalent circuit of the amplifier in Fig. 5.4 is shown in
Fig. 5.6. Recalling eq. (5.1) in the case of the degenerated common source stage in
Fig. 5.4 and neglecting the high-frequency effects, the voltage gain V _/V, can be
written as: P

AV,csd - % == ImloLL (52)
Vi ro (1+ gmZs) + Z + Zg
where g, is the transistor’s transconductance, r, its output resistance, Zg the de-
generation impedance and Z; the load impedance. The output resistance r, cannot
be neglected in eq. (5.2) because of its relative small value in the case of HEMT
transistors.

For this application, a broadband solution is required, so a resistive degeneration
Zy = Rg rather than an inductive one has to be employed, although a resistor con-
tributes noise to the circuit. Nevertheless, the amount of output noise is decreasing
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together with the voltage gain when Rg is increasing?. This behaviour is depicted
in Fig. 5.9(a), where the simulated output noise voltage is plotted versus Rg at
100 MHz and 120 kHz bandwidth. As it can be seen, degenerations larger than 5 (2
result in output noise voltages lower than —5dBuV.

With the current values of L, and Ry and for Z; = 504, the load Z} seen by
the transistor is about (67 + j21) 2. The influence of the degeneration resistor upon
the voltage gain Ay = |V,/V;| and the antenna voltage gain Ayt = |V /V,] is
depicted for the ATF33143 circuit in Fig. 5.8 at 100 MHz. Both gains decrease with
the increase of Rg.

A voltage gain |Ay/| = 3 of the amplifier core is considered sufficient in practice
and applying eq. (5.2) we get Rg ~ 16€). Using this value for Rs in the design,
the simulations indicate an output noise voltage Vo n = —6.6dBuV, thus leaving
enough room for the practical realization to achieve the targets.

Ry (]

Fig. 5.8: Simulated FM voltage gain at 100 MHz.

The input impedance of the degenerated common source stage is also affected
by the degeneration:

1
JjwCap (1 - AV,csd)

where Zq is the gate-source impedance derived in the small signal model. The last

Zinesa = Zs + Zas (1 + Zggm) +

(5.3)

term in the equation stands for the Miller effect. Considering Z.q = W%GS and a
resistive degeneration Zg = Rg, the input impedance can be rewritten as:
1 1
Zin,csd = RS + = (1 + ngS) + (54)

jwCas JjwCap (1 - Av,csd)

Due to the negative feedback the input impedance is enlarged, which means the
equivalent gate-source capacitance is lower by a factor of 1 + g, Rs, as eq. (5.4)
shows. This is a desired effect, since the smallest possible input capacitance is
desired.

2Rs will further describe the total resistive degeneration. The actual configuration including
Rs1, Rse and Cg will be later detailed.
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(a) Simulated FM output noise voltage for (b) FM sensitivity.

120 kHz bandwidth.

Fig. 5.9: Simulated FM output noise voltage and sensitivity at 100 MHz with Z, con-
nected at the amplifier’s input.

The dotted curve in Fig. 5.8 shows the antenna voltage gain Ayt = |V /V 4|,
which is lower than Ay due to the capacitive voltage division at the amplifier’s input.
Although Ay increases when Rg decreases, Ay r has a milder increase, because the
input capacitance gets also larger as the feedback diminishes and the Miller effect
increases. This increase of the input capacitance exacerbates the input capacitive
voltage division and thus softens the ascent of Ay .

The increase in the degeneration resistance results in a decrease of the sensitivity.
In Fig. 5.9(b) is plotted the required input signal for achieving a unity SNR at node
V., at 100 MHz. This is a measure of the sensitivity and it can be seen that it
degrades rapidly as the degeneration Rg increases: for 0 (2 there are only —10.6 dBuV
necessary at the input for an output signal voltage equal to the output noise voltage,
but for 16 €2 there are already —7.4 dBuV input voltage required, which means about
3 dB sensitivity degradation.

In the case of the ATF33143 transistor and for the current design, the input
reflected Cgg is lowered from 2.1 pF to about 0.3 pF. The Miller effect contributes
about 1.6 pF to the input capacitance, so the total input capacitance C! of the
amplifier core sums up 1.9 pF. It is expected that the practical realization will
add at least 0.5 pF parasitic capacitance at the input node, caused by the layout
parasitics®. For Cy = 3.3pF, the input voltage attenuation is therefore about 4.7 dB.

The series-series negative feedback enlarges also the output impedance of the
stage:

Zout,csd ~ T+ ZS (1 + gmro) (55)

In this particular design the output drain resistance is increased to 434 2. This effect
is not desired here, so an impedance matching circuit is required at the amplifier’s

3The amount of additional capacitance may be even larger if electrostatic discharge (ESD)
protection is added.
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output.

Another important issue is the linearity of the stage. The degeneration value
being set by the gain and noise constrains, Fig. 5.10 shows for both ATF33143 and
NE3508 transistors the 2°¢ and 3 order intermodulation distances as a function
of Ip, when the input tones are located on 100 and 101 MHz. These quantities are
determined for 110 dBuV output level of each fundamental tone.

RS=16Q RS=16Q
80 B
’ .
20f T | ———NE3508

| = = = ATF33143

0 : : 0 : : : : :
10 20 30 40 50 60 10 20 30 40 50 60
I [mA] I [mA]
D D
Fig. 5.10: Simulated FM intermodulation distance of the single transistor AM/FM an-

tenna amplifier vs. drain current evaluated for 110 dBuV output voltage level
of each fundamental tone; f; = 100 MHz, fo = 101 MHz.

The left plot in Fig. 5.10 shows the impact of the drain current upon the 3%
order linearity of the stage when Rg = 16€). As it can be seen, a drain current of
about 40 mA ensures a 3¢ order intermodulation distance of about 60 dB in the
case of the NE3508 transistor, while for the ATF33143 one the linearity tends to
improve for higher currents. The right plot in Fig. 5.10 depicts the impact of the
drain current upon the 2°¢ order linearity of the stage. In this case the linearity
tends to improve for both transistors by increasing the drain current.

The most important hint provided by the results shown in Fig. 5.10 is concerning
are. As already explained, the 2°¢ order intermodulation products generated in the
FM band may fall into the AM range. For the considered example with f; =
100 MHz and f, = 101 MHz, one of the 2°¢ order intermodulation product is on
1 MHz, so inside the AM band. In fact, in the case of real FM signals, because the
FM channels are wider than the AM ones, a number of consecutive AM channels
are disturbed.

In the case of the NE3508 transistor, even for 60 mA the reached ayy value is
only 70 dB, which is unfortunately insufficient compared to the usual industrial
practice which requires at least 80 dB. For Ip = 50mA only 58 dB are expected.
For the ATF33143 transistor ays is only about 50 dB for 60 mA drain current and
about 45 dB for 50 mA drain current. This result shows that the single transistor
AM/FM antenna amplifier is not suited for the automotive application — unless
additional measures for increasing its linearity are considered, such as the automatic
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gain control.
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(a) Simulated FM voltage gain.
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(b) Simulated FM output noise voltage for 120 kHz bandwidth, with Z, connected at the ampli-
fier’s input.

Fig. 5.11: Simulated FM gain and output noise voltage for Rg = 16 ).

As the current has to be maintained at a reasonable level, the NE3508 transistor
will be further operated at 40 mA drain current, while the ATF33143 one at 50 mA.
Both transistors are biased at Vpg = 2.5V. The simulated frequency characteristic
of the antenna amplifier is shown in Fig. 5.11(a) for Rg = 162. The voltage gain
Ay = |V, /V,| is the gain of the amplifier core, while Ay ¢ = |V /V 4| is the antenna
voltage gain and Ay o1 = |V, /V 4| is the total voltage gain (including the stability
networks). Fig. 5.11(b) displays the simulated output noise voltage in the FM range.

5.3.2 Design in the AM Range

The first design issue in the AM range is the significant flicker noise of the HEMT
transistor. The only way to decrease the output noise level is to sufficiently suppress
the voltage gain of the stage.

As already shown in Section 4.1, the value of the gate biasing resistor Rg plays
an important role in the noise behaviour of the circuit. The critical value depends
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on the operating frequency, antenna capacitance C'y and input capacitance C},. For
the analysis the lowest operating frequency (150 kHz) represents the worst case.
Nevertheless, Cy, is not known yet, since its value depends on the final amplifier
configuration. For an initial solution we shall assume Cj, = 1pF and applying
eq. (4.3) we get the value of the gate biasing resistor which contributes the maximum
amount of input noise Rgy = 246 k(2. As a consequence, Rg has to be significantly
higher than Rgg. Nevertheless, a comment has to be made here: since the transistor
noise is anyway very high in the LW range, the noise contribution of R becomes less
obvious. This means that one gets little advantage by choosing extremely high Rg
values. Due to practical reasons, we shall further consider Rg = 10 M(); increasing
Rg to 20 M2 brings little advantage concerning noise, while even higher values
become difficult to employ.

In the AM range the radio receiver has high input impedance, so that the load the
antenna amplifier sees is dominated by the cable capacitance (Fig. 5.7). The voltage
gain of the stage can be reduced by both increasing the degeneration resistance and
by decreasing the load impedance, as eq. (5.2) indicates. Reducing the voltage gain
by means of degeneration only is not a practical solution for the AM range where
the load impedance is high, since large degeneration values are required in order to
be comparable with Z;,. That is why the degeneration has to be combined with a
reduction of the load impedance. This is illustrated in Fig. 5.12 for the ATF33143
circuit, where the sweep of Rg alone in the considered range produces almost no
changes upon the voltage gain and the output noise voltage.
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(a) Voltage gain. (b) Output noise voltage for 9 kHz band-
width.

Fig. 5.12: Simulated AM voltage gain and output noise voltage vs. Rg at 150 kHz for the
ATF33143 circuit, with Z, connected at the amplifier’s input.

Given this, a sweep of the load impedance provided to the transistor is performed
instead. This is depicted for both ATF33143 and NE3508 transistors in Fig. 5.13
at 150 kHz for Rg = 57€). The two transistors offer almost identical voltage gains,
since both have high enough transconductance values ¢g,,. Nevertheless, as expected,
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the NE3508 transistor features significantly lower noise in the LW range.
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(b) Output noise voltage for 9 kHz bandwidth.

Fig. 5.13: Simulated AM antenna voltage gain and output noise voltage vs. Rp at 150 kHz,
with Z, connected at the amplifier’s input and Rg = 57 ().

In Fig. 5.4 capacitor Cg can be such dimensioned that resistor Rg; acts only in
the FM range, while for the AM range Rgo adds its contribution. Similarly, inductor
Lp has to short-circuit R3 in the AM range (thus decreasing the drain impedance),
while allowing Rj3 to fully act in the FM range. In this way, frequency dependent
degeneration and load impedances are achieved.

The simulated noise curve at 150 kHz for the ATF33143 transistor (Fig. 5.13(b))
suggests that the load should be only about 4 €2 in order to achieve the required noise
level. Such a low value practically means short-circuiting the receiver’s input and
gain and sensitivity can no longer be expected from the active antenna. The NE3508
transistor reaches the required noise level at a load of about 352 (Fig. 5.13(b)).

As the long-wave range is not a critical one — at least not for the most listeners —
a higher output noise level will be accepted, so that the voltage gain is less affected.



76 Chapter 5. High-Impedance Amplifiers for Monopole Antennas

For 30 load impedance the output noise level of the NE3508 circuit will be about
—2.1dBuV, while the antenna voltage gain will be about —9.3dB. For the same
configuration, the output noise level of the ATF33143 circuit is expected to be about
14.5dBuV.

The severe voltage gain decrease is required only for the LW range, where the
noise level is high. For the MW and SW bands the voltage gain can be increased
without compromising the output noise level. Referring back to Fig. 5.4 and recalling
the results from Section 5.3.1, following values are now employed for the AM/FM
amplifier: Rg; = 168, Rso = 41€), Rp = 30, Cs = 1nF, R3 = 9100 and
Lp = 820nH. Capacitor C3 = 8pF is introduced for stability considerations, in
order to provide the transistor’s source with a high-frequency short-circuit.
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60 . T T
— 40f 4
<)
Ew
20f h
0_1 R ...;;;io M. ;;;;;;il L
10 10 10 10°

f [MHZz]
(c) Degeneration applied to the stage.

Fig. 5.14: Simulated values of the load and degeneration applied to the stage in the AM
and FM range.

The magnitude of the degeneration impedance is plotted in Fig. 5.14(c) for the
whole AM and FM ranges. The magnitude of the load impedance |Z]| seen by
the transistor, when the cable and radio receiver are connected, is depicted in
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Fig. 5.14(a) and (b). In the AM range a radio receiver with high input imped-
ance has been considered, connected with a 2.5 m long 50 cable? to the active
antenna, in which case the cable capacitance dominates. At higher frequencies the
cable transforms the receiver’s input impedance due to the impedance mismatch
between the receiver and the cable; as a result, for a certain frequency range (which
depends on the cable’s length) a low impedance value will be presented to the active
antenna. In Fig. 5.14(a) this is the case for frequencies around 18 MHz. This ex-
plains why for frequencies higher than 10 MHz a 50 € receiver is more appropriate.
In the FM range a 502 radio receiver has been considered. The small impedance
increase which can be seen in Fig. 5.14 (b) is caused by the output stability network.

f [MHZz]
(a) Voltage gain for the NE3508 circuit.
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(b) Output noise voltage for 9 kHz bandwidth.

Fig. 5.15: Simulated AM voltage gain and output noise voltage for Rg; = 162, Rgo =
41Q, Rp =309, Lp = 820nH, with Z, connected at the amplifier’s input.

The simulated frequency characteristic of the antenna amplifier (NE3508 circuit)

4This cable length has been chosen in order to introduce an average capacitive loading for the
active antenna in the AM range.
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is shown in Fig. 5.15(a) for the proposed solution. The voltage gain Ay = |V, /V]|
is the gain of the amplifier core, while Ay 1 = |V,/V 4| is the antenna voltage gain
and Av ot = |Vou/Val is the total voltage gain (including the 2.5 m cable and the
7 pF buffer). The frequency characteristic of the ATF33143 circuit is not shown,
being very similar to the presented one. Fig. 5.15(b) displays the simulated output
noise voltage in the AM range for both circuits. As expected, the NE3508 circuit
has superior noise performance in the whole AM band.

In the case of the NE3508 transistor and for the current design at 150 kHz,
Cas is lowered from 0.46 pF to about 0.04 pF. The Miller effect contributes about
0.46 pF to the input capacitance, so the total input capacitance C!, of the amplifier
core sums up 0.5 pF. It is expected that the practical realization will bring at least
0.5 pF parasitic capacitance at the input node, caused by the layout parasitics. For
Ca = 3.3 pF, the input voltage attenuation is therefore about 2.3 dB. For frequencies
lower than 6 MHz, this result is confirmed by the Ay and Ay r curves in Fig. 5.15(a).
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Fig. 5.16: Simulated intermodulation performance for f; = 1 MHz and f, = 1.2 MHz.

The simulated 3'¢ and 2" order intermodulation performance is shown in Fig. 5.16
for both transistor circuits when f; = 1 MHz and f; = 1.2MHz. The ATF33143
circuit achieves for 50 mA drain current ai3 = 47 dB and ay, = 39dB for 110dBuV
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output level, while the NE3508 circuit reaches for 40 mA drain current a,3 = 46 dB
and ayo = 52 dB for the same output level.

5.3.3 Stability Considerations

As already mentioned in the previous paragraphs, L;—R; and Ls—Rs serve the sta-
bility purpose. Next this subject is brought into discussion, as the same approach
is used also for the other circuits proposed throughout this work.
The stability of a circuit can be evaluated by inspecting the stability factors k
and B [31]:
I 1S1l* = |Sal* + 1A
2 ’§12§21‘

B=1+ |§11|2 - |§22|2 - |é|2 (5-7)

where A = 51,85, —51295;- Unconditional stability requires £ > 1 and B > 0. This
condition has to be fulfilled for the largest possible frequency range, as the circuit
might oscillate also outside the operating band. A way to achieve unconditional
stability is to load resistively the circuit at the input and/or output, although this
procedure has to be carefully considered in order to minimally interfere with the
signal behaviour in the operating band.

Lk (5.6)

—stab. nets —stab. nets
---no stab. nets i ---no stab. nets
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(a) Simulated stability factor k. (b) Simulated stability factor B.

Fig. 5.17: ATF33143 circuit. Simulated stability factor curves, with and without stability
networks.

As it can be seen in Fig. 5.17 for the ATF33143 circuit, without stability net-
works only the B factor fulfills the required condition, while k indicates a region of
potential instability. Unfortunately this region includes also the operating bands,
which makes the use of resistive loading difficult to apply. In the general case of a
high impedance amplifier, connecting a resistor in parallel to the input will degrade
both signal and noise performance, as it decreases the input impedance value and it
contributes additional noise (Section 4.1). Connecting a resistor in series with the
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input interferes less with the signal (at least as long as it has a moderate value), but
contributes a certain amount of noise. At the output both possibilities (resistor in
parallel or in series) degrade the signal performance.

Achieving unconditional stability inside the operating bands is therefore very
difficult, if not impossible without seriously compromising the performance. On
the other hand, a potentially instable circuit might very well function as long as
the instability region is limited and no “dangerous” impedances are presented as
terminations to the circuit. This approach, combined with experimental results,
will be used throughout this work for stabilizing the antenna amplifiers.

Unconditional stability will be aimed only outside the operating band, at high
frequencies. It should be noted that the GaAs transistors used throughout this
work have high cut-off frequencies, which expose the circuits also to potential high
frequency instabilities. Experience has shown that good stability is achieved for
this kind of application by connecting resistors in series with the input and the
output of the antenna amplifier. An inductor is placed in parallel to the resistor
used for loading, so that the resistor is short-circuited for low frequencies (including
the operating band) and starts to act only at higher frequencies (L1—R; and Lo—Rs
in Fig. 5.4).

The stability factors in the presence of the stability networks can be seen in
Fig. 5.17 for L; = 1.5nH, R; = 1002, Ly = 56nH and Ry = 43{2. The networks
have no to little effect in the lower frequency range, but improve the stability for the
higher frequencies. This solution proves valuable in practice, as it does not affect
the in-band performance.

5.3.4 Experimental Results

The two circuits (ATF33143 and NE3508) have been realized on standard FR4
boards, as Fig. 5.18 shows. The design of the layout concentrated on minimizing
the parasitic effects which could lead to high-frequency instabilities. The ground
plane has been removed from beneath the input node, in order to minimize the
input capacitance of the circuit.

Frequency Characteristic

The frequency characteristic is measured in the lab by inserting the 3.3 pF capacitor
representing the antenna impedance between the signal generator and the amplifier’s
input. In Fig. 5.19 the simulated and measured total voltage gain curves Ay tor =
|V out/V a| are shown for both circuits in the AM range, when a 2.5 m 50 2 coaxial
cable is connected between the amplifier’s output and the high-ohmic buffer (having
about 7 pF input capacitance), as described in Fig. 5.7. A good agreement between
measurement and simulation can be observed in the entire AM range. As expected,
the two circuits have almost similar gain performance.
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Fig. 5.18: Realized NE3508 circuit.
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Fig. 5.19: Simulated and measured frequency characteristic in the AM range in the pres-
ence of Z,.
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The lab measurement in the FM range is performed with the 50 €2 load directly
connected to the amplifier’s output, while at its input the 3.3 pF capacitor is present
as before. In Fig. 5.20 the simulated and measured total voltage gain curves Ay o, =
|V out/V A | are shown for both circuits in the FM range. The simulation proves to be
somewhat more pessimistic when compared to the measurement, probably in terms
of input capacitance; nevertheless the agreement is good for both circuits.
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Fig. 5.20: Simulated and measured frequency characteristic in the FM range in the pres-
ence of Z,.

Noise Performance

The noise is measured in the lab as described in Section 4.3.3, with the 3.3 pF
capacitor representing the antenna impedance connected at the amplifier’s input.
The output noise voltage curves, simulated and measured for 9 kHz bandwidth, are
shown in Fig. 5.21 for both circuits in the AM range. The antenna amplifier’s output
is loaded with the long coaxial cable and the high-ohmic buffer.

The high gate leakage current of the ATF33143 transistor makes the use of large
gate biasing resistors Rq difficult. Experimental results show that the intermodula-
tion performance is severely degraded when Rg = 10 M(2, probably because of the
gate leakage current modulation which in turn produces important voltage drops
across Rg. Because of this the resistor value is decreased to only 2 M(). The simula-
tions do not show a significant noise worsening in the AM range because the output
noise level is already high anyway.

Fig. 5.21 reveals important differences between measurement and simulation in
the case of the ATF33143 circuit. The simulation seems to have overestimated
the output noise level because of the assumption of a too high gate leakage current.
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Fig. 5.21: Simulated and measured output noise voltage Vou¢ N in the AM range for 9 kHz
bandwidth with Z, connected.

Nevertheless, the gate leakage current appears to strongly vary from device to device,
so a correct prediction concerning the associated shot noise is difficult to make.

The measurement indicates about 7dBuV output noise at 150 kHz, while levels
lower than —6dBuV are first reached at about 1 MHz. This indicates that the
ATF33143 circuit is not appropriate for AM operation, or at least not without
seriously compromising the sensitivity.
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Fig. 5.22: Measured antenna voltage V for unity output SNR in the AM range.

In the case of the NE3508 circuit the noise model proves to be a little too
optimistic. The measured values are well below those recorded with the ATF33143
circuit in the LW range. At 150 kHz the output noise voltage is about 0.2dBuV,
while for frequencies above 750 kHz the noise level drops below —6dBuV. Even if
the circuit did not achieve the recommended output noise level in the whole AM
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range, it still features an acceptable performance.

Based on the measured data, the calculated sensitivity (defined for a unity output
SNR) is depicted in Fig. 5.22. As expected, the NE3508 circuit features better
sensitivity in the LW and MW bands.

The lab measurement in the FM range is performed with the 502 load directly
connected to the amplifier’s output, while at its input the 3.3 pF capacitor is present
as before. In Fig. 5.23 the simulated and measured output noise voltage curves are
shown for both circuits in the FM range.
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Fig. 5.23: Simulated and measured output noise voltage Vi x in the FM range with Z
connected, B = 120 kHz.

Again, for the ATF33143 circuit the noise level has been somewhat pessimisti-
cally anticipated. The measured value is about 1 dB below the simulated one. For
both Japanese and European band the output noise level is below —7.2dBuV. For
the NE3508 circuit a good agreement between measurement and simulation can be
observed. For the European band the output noise level is lower than —5.6 dBuV,
while for the most part of the Japanese one it is below —5.4dBuV.

The calculated sensitivity (defined for a unity output SNR and based on the
measured data) is displayed in Fig. 5.24 and it can be seen that the ATF33143
circuit performs about 1 dB better than the NE3508 one.

Linearity

The measured 3" and 2°¢ order AM and FM intermodulation performance is shown
in Fig. 5.25 for the NE3508 transistor circuit alone. A comparison between the
intermodulation distances achieved by both circuits is given in Tab. 5.2 for 110dBuV
output level. In the FM range, the input tones are located at f; = 99 MHz and f, =
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Fig. 5.24: Measured antenna voltage Vj for unity output SNR in the FM range.

101 MHz. Both circuits fail to accomplish at least 80 dB 2" order intermodulation
distance, thus exposing themselves to FM-AM conversion issues.

Circuit ays [dB]  ayo [dB]
NE3508 49 62
ATF33143 48 44

Table 5.2: FM intermodulation performance (110dBuV output level).

In AM, as depicted in Fig. 5.25(b), the NE3508 circuit achieves ai3 = 49 dB and
axs = 43dB, which can be considered satisfactory.

5.3.5 Discussion

The discussed single path AM/FM antenna amplifier has the advantage of a simple
structure that makes use of only one transistor, thus reducing costs. It achieves a
good gain in combination with the 20 cm long monopole antenna, but it has only
modest sensitivity and linearity performance. The linearity issue can be improved
by means of automatic gain control, which implies a more expensive solution. The
sensitivity issue has to be accepted as part of the low-cost antenna amplifier. Due to
this impairments the design is no longer optimized (for example, by adding an output
matching network), but serves as a starting point for further improved antenna
amplifier architectures.

5.4 Two Path AM/FM Antenna Amplifier

As we have seen, a one-transistor low-noise stage cannot be designed linear enough
in order to prevent FM-AM conversions. Without employing automatic gain control
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Fig. 5.25: NE3508 circuit. Measured 3¢ and 2"¢ order linearity.

circuitry, sufficient 2°¢ order intermodulation distances cannot be achieved with a
single amplifier stage, at least not without sacrificing other important parameters
such as the noise behaviour. Therefore the need for a two-path amplifier arises,
in which the AM and FM bands are processed individually [42]. Another reason
explaining why to have a two-path amplifier is the flicker-noise, which requires the
use of low 1/ f-noise transistors for the AM range. Unfortunately, these devices have
insufficient transconductance to be successfully used for the FM amplifier also, as
already illustrated in Section 5.3.

In Fig. 5.26 the schematic of the two-path AM/FM active antenna is presented.
The AM and FM signals are processed separately by two specialized low-noise am-
plifiers with high input impedance and high linearity. Cp, sums up the parasitic
capacitances that arise on the input path of the amplifier.
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Antenna

Fig. 5.26: Schematic of the two-path AM/FM active antenna.

5.4.1 FM Amplifier

The FM amplifier consists of one amplifying stage equipped with an ATF33143
GaAs HEMT transistor M; and has a similar structure as the one described in
Section 5.3. As already discussed, this transistor type has excellent noise-figure and
transconductance and achieves good linearity, but because of its high flicker noise,
it is not suited for low frequency AM range. For this reason, the AM amplifier is
built around a Si JFET cascode stage realized with J; and .J5, as explained later.

Because in this implementation the AM signal is processed by a different ampli-
fier, the degeneration and load of the FM stage have no longer to be a function of
frequency.

In Fig. 5.26 Rg4q is used for lowering the voltage supply of the FM amplifier.
Together with Cy. it also creates a delay in the start-up transient. Lgq saves DC
voltage headroom and acts like a choke inductor in FM range, while Rp; has a
sufficient high value, so that it can be neglected in respect to a 502 load. The gate
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biasing voltage is set by the R; potentiometer, while the DC negative feedback is
given by the Rg; and Rgs resistors. C and R; also have to address the start-up
transient issue in a similar manner to the one already discussed for the single-
transistor AM/FM amplifier. Lg; and Rg; have no impact on the biasing, since
the gate leakage current is small enough. As already discussed in Section 5.3, the
transistor is biased at a relative large drain current Ip = 50 mA in order to improve
its linearity:.

The decoupling capacitors C; and C5 can be considered short-circuits for the
entire FM operating range. The Lo—Rs and L3—R3 groups ensure the stability of the
stage and are such dimensioned to have a minimal impact upon the working range.

The FM circuit in Fig. 5.26 displays some important differences when compared
to the circuit in Fig. 5.4:

e the large gate biasing resistor has been replaced by the Lg; — Rg1 combi-
nation, since the stage is no longer required to work in the AM range. For
FM the impedance of Lg; is high enough in order to neglect its effect, while
R attenuates the resonance caused by Lg; together with the surrounding
capacitances;

e in the AM range, Loy = 4.7uH and Cg; = 10pF form a high-pass “noise
filter”, which prevents the induced gate noise current source of M; from de-
grading the noise of the AM path [43]. Cq; is carefully chosen in order not
to introduce too much capacitance in the AM path. On the other hand, the
capacitance value must be high enough to avoid a too strong signal loss in FM;

e the high-pass T-filter C4—L;—C; placed at the amplifier’s output matches the
output impedance of the FM stage to 50 2 and also blocks the AM signal from
entering the FM path.

As already described in Section 5.3, the trade-off between sensitivity, output
noise level and linearity has to be made when choosing the voltage gain of the stage.
The voltage gain value and the linearity are attained with the help of the resistor
Rg1. Using eq. (5.2) and the results from Section 5.3.1, Rg; is chosen to be 162,
thus achieving a voltage gain of the FM core Ay pm = |Vorm/Virm| =~ 3 (for 50 Q
load) and a simulated output noise voltage Vi n >~ —6.6dBuV at 100 MHz, with
Z  connected and in the absence of the output matching network.

Without the matching network, the output return loss in the FM range is lower
than -8 dB, as shown in Fig. 5.27. The high-pass T-matching network has to cover
both Japanese and European FM bands. By realizing a good impedance match at
one frequency, as the dash-dotted curve in Fig. 5.27 shows, the network becomes
narrowband and fails to cover the whole FM range. Capacitors Cs and C7 have to
be large enough for the lower Japanese band to be able to pass through, while they
have to be small enough in order to block the AM signals. By lowering the total
quality factor of the network a broadband solution is reached, in which the return
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Fig. 5.27: Simulated output return loss of the FM stage with different output matching
networks.

loss is lower than —15.7 dB in the entire Japanese and European bands (solid curve
in Fig. 5.27).

At 100 MHz, due to the impedance transformation performed by the matching
network, the transistor sees a load |Z]| ~ 110Q and applying eq. (5.2), we get a
core voltage gain of about |Ay| ~ 4.5 = 13dB. This impacts on the Miller effect
affecting Cqp and thus on the input capacitance of the stage. The Miller effect
contributes now about 2.2 pF to the input capacitance, while the degeneration
lowers Cgg from 2.1 pF to about 0.3 pF. In this case, the input capacitance of the
FM core CY, gy is estimated to be about 2.5 pF. For the two-path amplifier, due to
the more complicated layout and the loading imposed by the AM stage, it is assumed
that the practical realization contributes at least 1 pF parasitic capacitance, so that
Cin ~ 3.5 pF and the input voltage attenuation is about 6.3 dB.

In order to overcome the gain loss caused by Cg; and the loading brought by the
AM amplifier, the inductor L, is introduced to partially tune out the antenna ca-
pacitance. Its value could be chosen to produce a resonance at the amplifier’s input,
but in this situation the bandwidth would be severely limited. Furthermore, the
output noise voltage would increase very much at the resonance frequency, making
the amplifier inappropriate for active antenna use. By choosing L, = 470nH the
resonance occurs out of FM band, at about 172 MHz. In spite of this, Ay yo; Will be
improved, as Fig. 5.28 shows.

5.4.2 AM Amplifier

For the AM amplifier, the JFET transistor SST310 is preferred due to its low flicker-
noise and low price. This transistor has quite large gate-source and gate-drain
capacitances (Cgs ~ 4.8 pF and Cgp ~ 1.6 pF), so that a significant input signal
attenuation is expected when compared to the single-transistor AM/FM amplifier,
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Fig. 5.28: Simulated FM voltage gain and output noise voltage with and without L.

where the HEMT transistors exhibited very low input capacitances. In order to
alleviate this issue, a degenerated cascode stage is used for the AM path. The
degeneration reduces the equivalent gate-source capacitance and improves linearity,
while the cascode topology minimizes the Miller effect.

The AM amplifier in Fig. 5.26 consists of the J; and J; cascode stage. Resis-
tance Rg3 improves linearity and input impedance of the stage. The inductance Lgo
improves linearity and input impedance in the FM range, so that the stage will not
contribute to undesired distortions of the output signal. L is a choke inductor for
AM range and saves DC voltage headroom, while Rps sets the voltage gain of the
stage, because the AM amplifier has a high-impedance load (formed by the cable
and the high-ohmic radio receiver). The gates of J; and J, are biased with the
help of the voltage divider Ry — R5 — Rg. The gate resistor Rgy ensures the high
resistance required for low noise in the AM range. As already explained, its value
should be as high as possible, but for practical reasons is limited to 20 M.
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Fig. 5.29: AC small-signal equivalent circuit of the AM stage.

The JFET transistors are biased with 30 mA, which leads to a transconductance
gmy of about 16 mS. The AC small-signal equivalent circuit of the AM cascode is
shown in Fig. 5.29. For the degeneration resistance Rg3 = 56 () a small amount of
DC voltage is consumed and the Cgg of J; is reduced from about 4.8 pF to about
2.5 pF. We shall now estimate the voltage gain Ay j; of J; taking into consideration
the cascode topology. The load “seen” by J; towards .J, is about 1/gmy ~ 62.5Q
due to the common base connection of J;. Applying eq. (5.2) for the degenerated
Jy stage when r, >~ 12700, we get Ay j3 ~ —0.5. As a result, the Miller effect
adds about 2.4 pF to the input capacitance C}, 5y of the stage, thus summing up
to about 4.9 pF.

As we have seen in Section 5.4.1, the presence of Cq; adds to the total input
capacitance, so that:

Cin,AM = Ci/n,AM + CGI + C’par (58)

For Cpa = 1DpF we get Ciy am >~ 16 pF, so that the input voltage attenuation is
about 15.3 dB.

Combining now the voltage gain of the degenerated common source (eq. (5.2))
with the voltage gain of the common base circuit:

(Gt +1) _/L,AM

AV cb = 5.9
’ _i,AM + 7o (59)
we get the voltage gain of the cascode stage:
Z, am9mTo(gmro + 1
AV,Cas = £L.AMY <g ) (510)

_ZLAM + 210 + Rs(gmro + 1)? + gmr2

We shall now estimate the required antenna amplifier gain which achieves the
same output signal level as the 90 cm long monopole antenna connected to the same
antenna amplifier:

~hay Cago Cano+ Cinam
hag Capo Cago + Cinam

Ay ~10.1 =20.1dB (5.11)
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where Cy g0 >~ 10 pF is the antenna capacitance of the 90 cm monopole.
Introducing now the voltage gain value in eq. (5.10) and considering Zy, 5y real,
the required load is found to be Zf 4y ~ 1280 2. In the actual circuit the load Zy
the transistor Jo sees can be set by adjusting the drain resistor Rps. As the gain
vs. Rpy curves plotted in Fig. 5.30(a) show, there is a good agreement between the
hand-calculated value and the simulation for the considered frequency (150 kHz).

Roa (9]

(a) Voltage gain.

[dBuV]

out,N

\Y,

R_ Q]

D2[

(b) Output noise voltage for 9 kHz bandwidth.

Fig. 5.30: Simulated AM voltage gain and output noise voltage at 150 kHz, with Z,
connected at the amplifier’s input.

The simulated output noise voltage for the proposed core gain (20.1 dB) is nev-
ertheless too high, about 6.6dBuV for 9 kHz bandwidth. Simulations show that
Rps = 470Q) brings the output noise level below —1dBuV. In order to provide
some room for the practical realization, the output noise voltage will be further
reduced to about —4 dBuV, which corresponds to Rps = 3302 and the core voltage
gain Ay ~ 8.4dB.

Analyzing now the noise contributed by Rgs in Fig. 5.31, doubling the value of
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Fig. 5.31: Simulated AM output noise voltage at 150 kHz vs. gate biasing resistor Rgo,
with Z, connected at the amplifier’s input.

Rgo from 20 M€ to 40 M2 brings only a minor improvement in the output noise
voltage of about 0.7 dB. As a result, 20 M(2 are considered sufficient.

For the practical implementation we choose the choke Lo = 1mH, providing
sufficient high impedance even in the LW range; larger inductance values are im-
practical because of size and cost considerations.

The output impedance Z,,; oy of the AM stage is dominated by the Lao — Rpo
group, which means that its value is rather large. Stages exhibiting large output
impedances are not well suited for driving large capacitive loads. Indeed, the low-
pass filter formed by Z,, sm and the capacitance Cp, of the cable connecting the
antenna amplifier to the high-impedance receiver introduces a pole which may fall
into the operating range. In our case, for which Z,; xy = Rp2 = 330Q and
Cep1 =~ 250 pF, the pole occurs at:

1

Jo= 2 Rp2Cep

~ 1.9MHz (5.12)

This means that the present AM design can be used for covering the usual
AM broadcasting bands, from 150 kHz to about 6 MHz. For better performance
an appropriate buffer stage with low output impedance can be added, capable of
driving the capacitive load. The same solution can be employed for further covering
the AM band up to 30 MHz. This improvement increases nevertheless the circuit
complexity.

The simulated total voltage gain Ay ot = |V i/V 4| and the output noise volt-
age Vour,n are plotted in Fig. 5.32. The gain curve exhibits the pole predicted by
eq. (5.12) at lower frequencies, where the coaxial cable can be considered as a ca-
pacitive load. At higher frequencies, as already explained in Section 5.3.2, the cable
transforms the receiver’s input impedance, so that the gain has a minimum. The
simulated output noise voltage (when the amplifier source impedance equals the
antenna impedance Z,) is lower than —4 dBuV in LW band and below —5.5dBuV
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Fig. 5.32: Simulated AM total voltage gain and output noise voltage, with Z, connected
at the amplifier’s input.

in the MW range.

5.4.3 Combining the AM and FM Amplifiers

The two amplification paths have now to be such combined, that the interference
between them is minimized. The amplifiers’ separation is achieved by means of
filters, as further described.

FM Input

The high-pass filter Cq; — L blocks the AM signal from entering the FM amplifier,
while preventing the large low-frequency noise of the FM amplifier from intruding
the AM path. The FM input is thus protected against the intrusion of strong
AM signals which can produce unwanted nonlinear effects. The filter has to add
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a minimal capacitive loading to the input node, in order not to degrade the AM
performance, while in the FM range it has to avoid impairment of the FM signal.
In the AM range (up to 6 MHz) inductor Lg, = 4.7 uH together with resistor
Rap = 330 exhibit a much lower impedance than capacitor Cq; = 10 pF does, so
that the capacitive loading contributed by the filter can be approximated with Cg;.

30 ‘ 0
—AM to EM

20 - _EMto AM

10 ,

=150

—AMto FM
---FMto AM
_20 L I
0
10 10°
f [MHz] f [MHz]
(a) Input. (b) Output.

Fig. 5.33: Input and output simulated AM-to-FM and FM-to-AM transfer.

The transfer function between the antenna and the input of the FM amplifier
|Virm/Va| (Fig. 5.34) is plotted solid in Fig. 5.33(a), where one can see that for
frequencies below 30 MHz the attenuation is at least 12 dB, while for frequencies
below 6 MHz the attenuation is at least 31 dB.
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|—O—<
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Y YN o AM _? Y'Y
0

Fig. 5.34: Simulation setup for determining the transfer functions between the two ampli-
fiers.
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AM Input

Also the AM input has to be protected against the intrusion of strong FM signals
which can produce unwanted nonlinear effects. In this case, inductor Lgs = 4.7 uH,
together with the input capacitance of the AM stage forms a low-pass filter, which
reduces the FM signal well before it reaches the input of the AM amplifier. The
transfer function between the antenna and the input of the AM amplifier ‘Ki, /Y A|
(Fig. 5.34) is dashed plotted in Fig. 5.33(a), where one can see that for frequencies
above 76 MHz the attenuation is at least 17 dB. Inductor Lgs represents also a
choke for the FM signal, so that the input capacitance of the AM stage does not
load the input node.

AM and FM Output

The output signals of the two amplifiers are combined by means of filters. The high-
pass T-filter at the output of the FM path blocks the AM signal and also matches
the output impedance of the FM stage to 50 2. The inductor L, = 4.7 uH prevents
the FM signal from entering the AM path.

In order to determine the transfer function between the output of the AM ampli-
fier and the output of the FM one |K0FM /V o ant|» the output of the AM amplifier is
disconnected and replaced by a test voltage source V _,, as shown in Fig. 5.34. The
load Z; is frequency dependent, being high-ohmic up to 40 MHz and 50 §2 onwards.
The resulting transfer function is plotted solid in Fig. 5.33(b), where it can be seen
that for frequencies below 6 MHz the attenuation is at least 54 dB.

For determining the transfer function between the output of the FM amplifier
and the output of the AM one |KO AM /KQFM‘, a similar procedure is employed with
the help of V,, as shown in Fig. 5.34. The resulting transfer function is dashed
plotted in Fig. 5.33(b), and it can be seen that for frequencies above 76 MHz the
attenuation is at least 24 dB.

Linearity

The inductance Lgs = 680 nH provides an additional degeneration in the FM range,
so that the linearity and input impedance of the AM amplifier increase and the stage
does not contribute to undesired distortions.

The simulated 2" and 3" order linearity of the amplifier in AM and FM ranges
is illustrated in Fig. 5.35. Table 5.3 highlights the intermodulation distances reached
for 110 dBuV fundamental output signal level. Simulations indicate that this circuit
architecture is not subject to undesired FM-AM conversion issues.

5.4.4 Experimental Results

Fig. 5.36 depicts the practical realization of the new active antenna. The printed
circuit board (PCB) form has been adapted with respect to a commercial active
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Fig. 5.35: Simulated 2" and 3" order linearity.

Range a3 [dB] axe [dB]
AM 86 o7
FM 52 89

Table 5.3: Intermodulation performance (110 dBuV output level).

antenna. The layout design aimed at optimizing the high-frequency behaviour of the
circuit, which could lead to instabilities. Also, care is taken in order to minimize the
parasitic capacitances of input traces, also by removing the ground plane underneath
the input node. The antenna is mounted directly on the amplifier PCB, thus avoiding
other undesired capacitive loading which may occur at the input node. The antenna
has a usual bend angle a = 60°.

Frequency Characteristic

The realized antenna amplifier has L, connected at the input, as already explained.
The measurements show that the amplifier has about 18.5 pF input capacitance in
AM range and 4.4 pF in FM range. These values are larger than expected, but
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Fig. 5.36: Realized 20 cm long monopole active antenna.

nevertheless close to them, especially in AM. In Fig. 5.37 is depicted the measured
total voltage gain in FM, Ay tor = |V ou/Val- Its value is lower than expected due
to the higher input capacitance.
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Fig. 5.37: Simulated and measured total FM voltage gain Av 1ot = [Vue/Val-

When measuring the AM-performance of the active antenna in the lab, the
amplifier is placed in a shielded box, using the antenna equivalent circuit as the
source impedance for the amplifier. A coaxial cable and a high-impedance buffer
connect the active antenna to the 50€) receiving equipment, thus emulating the
AM radio receiver input impedance. In Fig. 5.38 the measured total voltage gain
Ay tot = |Vou/V al is depicted for AM range. When compared to the simulations,
the total gain value is lower due to the higher input capacitance.

Field measurements are also performed with the new active antenna mounted on
top of a car, above the rear windshield, as it is normally placed. The car is placed on
a turntable, as detailed by the measurement procedure described in Section 4.3.2.

Fig. 5.39 depicts the ratio between the signal delivered by the new 20 cm active
monopole antenna and the signal delivered by the 90 cm passive reference antenna,
in the whole FM range, for both horizontal and vertical polarizations.
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Fig. 5.38: Simulated and measured total AM voltage gain and output noise voltage.
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Fig. 5.39: Field measurement in the FM range showing the ratio between the signal deliv-
ered by the new 20 cm active antenna and the signal delivered by the reference
antenna, when both are mounted on a car.
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The field measurements in the AM range are performed in the valleys of the
Bavarian mountainous regions, where the man-made noise is low. The 20 cm active
antenna and the 90 cm passive rod reference antenna are mounted in the same way
as described for the FM measurements. For both antennas, the output signal is
measured on a broadcast station at 801 kHz frequency and the noise at 850 kHz
in an unallocated AM frequency. Thus the ratio of the output SNR of the 20 c¢m
monopole active antenna to the output SNR of the reference antenna is found to
be —4.1 dB. This result shows that despite the drastic shortening of the new active
antenna, its output SNR is only about 4 dB beneath the SNR provided by the
passive reference. With analog AM-broadcast, a difference of 4 dB in SNR is only
audible in a direct A/B comparison.

Noise Performance

The measured FM output noise voltage Vou n is depicted in Fig. 5.40 and is deter-
mined in an anechoic chamber, with the 20 ¢cm long rod antenna connected to the
amplifier. For the Japanese FM range, the output noise level is lower than —5 dBuV,
while for the European range it is below —6 dBuV. The discrepancy between sim-
ulation and measurement is attributed mainly to the poor noise modelling of the
HEMT transistor in FM range. Nevertheless, the experimental values are found to
be satisfactory.
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Fig. 5.40: Simulated and measured FM output noise voltage for 120 kHz bandwidth and
Z 5 connected.

The sensitivity of the new active antenna is also measured in the anechoic cham-
ber with the experimental setup explained in Section 4.3.4 and is referred to the
sensitivity achievable under the same conditions with a passive 90 cm long rod an-
tenna (reference antenna). As expected, the results depicted in Fig. 5.41 show that
the sensitivity of the new 20 cm active antenna is beneath the one of the reference
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rod, in average 12 dB for the Japanese FM range and 14 dB for the European FM
range.

5_
o Of
Z,
Z 51
> 10 ‘ ‘ ‘
ST =ABE T — .
_20 1 1 1 1 1 1 J
80 85 90 95 100 105 110

f [MHz]

Fig. 5.41: Measured sensitivity of the 20 cm long active antenna. Result is referred to
the 90 cm long passive reference rod antenna. All antennas are mounted on a
ground plane.

The measured AM output noise voltage Vo n is depicted also in Fig. 5.38 and
shows a good agreement with the simulations in the long and medium wave ranges,
accomplishing the VDA recommendations. In the short wave range, the output noise
voltage of the active antenna becomes comparable with the noise of the receiving
system, thus making the results inaccurate.

Linearity

The linearity of the amplifier is measured in the lab, by supplying two tones at the
input and measuring the output signal levels for the fundamental input frequencies
and the 2" and 3™ order intermodulation products.

Fig. 5.42(a) depicts the 3™ order intermodulation products for FM. The two
input tone frequencies are 99 and 103 MHz and ay3 is found to be 52 dB. Due to
the less excitation (as a result of the short monopole), the measured ay3 value is
satisfactory. For the measurement of the FM-to-AM conversion the two input tone
frequencies are 99 and 101 MHz, so that the lower 2°¢ order intermodulation product
falls near the MW band, and a,s, = 83 dB is found.

The linearity of the AM amplifier is also measured in the lab under the same
conditions as the FM amplifier and Fig. 5.42(b) and 5.42(c) depict the 3™ and 2™
order intermodulation products. For AM, the two input tone frequencies are located
on 1.1 and 1.3 MHz and a3 is found to be 62 dB, while ay, is 64 dB. In the case of
the AM measurements, it should be noted that the buffer is connected at the output
of the antenna amplifier, in order to load it with a high-impedance. This buffer will
also contribute to the non-linear behaviour and the intermodulation distances shown
above are degraded by its presence. When measured alone for the same fundamental
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Fig. 5.42: Measured 2"! and 3'¢ order intermodulation products in AM and FM range.

tones, the buffer has a3 = 66 dB and ayx, = 70dB, so values larger but comparable
with the ones exhibited by the combination of DUT with the buffer. Therefore, the
buffer’s linearity influence upon the final result cannot be considered negligible.

5.5 One-Path Amplifier vs. Two-Path Amplifier

The gain, noise, sensitivity and linearity performance of the two amplifier architec-
tures (one-path and two-path respectively) can now be compared. In the case of
the one-path amplifier only the NE3508 circuit has been considered, since it offers
better results in the AM range.

In Fig. 5.43 the measured total gain of both designs is shown. The one-path
amplifier has a larger gain in the AM range, especially in the SW band, and can
easily drive its load. In the FM range, due to its lower input capacitance, the
one-path amplifier exhibits about 1 dB more gain than its two-path counterpart.

Fig. 5.44 compares the measured output noise voltage of the two architectures.
In the AM range, the two-path amplifier features almost overall a lower output noise
level than the one-path design does. In the FM range the two circuits are similar.

Based on the measured data presented so far, the calculated sensitivity (defined
for a unity output SNR) is depicted in Fig. 5.45. In the LW band the two-path
amplifier reaches a better sensitivity. In the MW and SW bands the one-path
amplifier is superior, due to its significant larger gain. In the FM range the one-
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Fig. 5.43: Comparison between the measured total voltage gain achieved by the one-path
amplifier and the two-path amplifier in both AM and FM range.
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Fig. 5.44: Comparison between the measured output noise voltage achieved by the one-
path amplifier and the two-path amplifier in both AM and FM range.

path amplifier is a little bit better compared to the two-path design, due to its larger
gain at approximately the same output noise level.

In the case of the linearity, there are differences between the two circuit architec-
tures, as detailed in Tab. 5.4. The two-path architecture has overall a better linear
behaviour, especially in AM. Also, the FM-AM conversion issue has been alleviated.

5.6 Effects in the AM Range when Further Re-
ducing the Monopole Height

Decreasing the monopole height h impacts upon the input signal of the active an-
tenna by the simultaneous reduction of the voltage Vi induced in the antenna el-
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Fig. 5.45: Comparison between the sensitivities achieved by the one-path amplifier and
the two-path amplifier in both AM and FM range. Curves based on measured
data.

Circuit AM AM FM FM
axs [dB] ax2 [dB] ks [dB] ax2 [dB]

one-path 43 49 49 62

two-path 62 64 52 83

Table 5.4: Comparison between the measured intermodulation performance achieved by
the one-path amplifier and the two-path amplifier in both AM and FM range
(110dBuV output level).

ement (as a result of the decreasing effective height heg) and the antenna capaci-
tance Chy:
Ca 1

Vinsctive = Va* e = B heg -
,active A CA"‘Ci eff 1+%

(5.13)

where a is a constant expressed in pF/m, E is the electric field strength and heg is
the effective height of the antenna. In practice the measurement results are referred
to a passive 90 cm reference monopole antenna, in order to eliminate the necessity
of determining £ and the exact value of hg.

Fig. 5.46 shows the results obtained in a field measurement performed at 801 kHz
by sweeping the height of the active antenna. The measured data is referred to the
ones obtained with a 90 cm passive reference monopole antenna. A 3 m long 50 {2
cable connects the active antenna to the test receiver, while for the passive reference
a 4.5 m long 150 €2 cable is used. As it can be seen, using the AM amplifier discussed
in Section 5.4.2 allows the reduction of h to about 6.5 cm, while still delivering the
same signal as the 90 cm passive reference.



5.7. Summary 105

[dB]

out,90cm

Y

0 5 10 15 20
h [cm]

Fig. 5.46: Field measurement at 801 kHz showing the ratio of the receiver voltage when
using an active monopole antenna of height h to the receiver voltage when using
the 90 cm passive reference monopole.

5.7 Summary

This chapter explored the possibility to shrink the size of a simple monopole active
antenna to only 20 c¢m, while maintaining its performance to satisfactory levels.
Because the length shrinking of the monopole antenna decreases its antenna capac-
itance and effective height, special measures have to be taken when designing the
antenna amplifier, in order to preserve the reception quality.

Two high-impedance amplifier designs have been investigated for this purpose.
The first design is an attempt to implement a low-cost solution with only one tran-
sistor operating both in AM and FM broadcast bands. When compared to the
two-path version, this solution features superior gain and partly superior sensitivity
in both AM and FM, but it is noisier in the AM band and it fails to be linear
enough. Its most severe limitation is the FM-AM conversion, which cannot be held
at a sufficiently low value, since both bands are processed by the same transistor.

The two-path amplifier performs well in both broadcast bands and it also features
sufficient linearity. The price paid is its higher complexity, because each band is
processed separately by two specialized amplifier paths, which are optimized for
low-noise, high input impedance and low distortion.

The two-path active antenna has been investigated in the laboratory as well as
in field tests, after being mounted onto a car. As expected, the measurement results
of the very short active antenna with the length of 20 cm are for both AM and FM
range below the performance achievable with a common 90 cm long passive whip
antenna. Nevertheless, in the AM range the measured performance (i.e. output
signal-to-noise ratio in this case) achieved by this active antenna is only about 4 dB
below the one provided by the 90 cm long passive monopole. This outstanding
result is important, because also the antenna elements investigated further on in
this work perform similarly (from an electrical point of view) in the AM range. As
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a consequence, the combination with the AM amplifier proposed here allows them
to be used also for AM reception.



Chapter 6

High-Impedance Amplifiers for
Short Helix Active Antennas

In the last years 30 cm and 20 cm long antennas have been more and more common
in order to meet the nowadays styling requirements. As shown in Chapter 5, de-
creasing the length of a simple monopole to only 20 cm requires a high-performance
high-impedance low-noise amplifier and the overall achieved performance is merely
satisfactory in comparison to a 90 cm long passive rod antenna. This is because the
antenna effective height is drastically reduced and the diminished voltage excited
in the antenna element cannot be sufficiently amplified in order to compensate for
this, because of output noise and linearity constraints.

In order to alleviate these issues, helical antenna structures operating in normal
mode are used, being known to be well suited for miniaturization, while maintaining
a good performance level [44]. Their resonant character can result in more convenient
impedance and improves the effective height, but the very sharp resonance makes
their employment in broadband applications, such as radio reception, difficult.

In [45] an amplifier structure is introduced which is optimized to be used with
a novel, only 14 c¢m long, thin helical antenna featuring a capacitive coupling. The
proposed high-impedance amplifier (HIA) concept flattens the frequency response
of the very short resonant antenna, while maintaining a low noise level and a good
linearity. The design has been realized and the measurements show that the new
14 c¢m active antenna has comparable sensitivity with state of the art 40 cm long
active monopole antennas. Field measurements indicate good performance in com-
parison to the common passive rod antennas of 90 cm length, both in AM and FM
range.

6.1 Short Capacitive Coupled Helix Antenna

As already shown in Chapter 5, simply shrinking the length of a monopole will only
decrease its effective height heg and its antenna capacitance Cy. As a result, not

107
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much performance can be expected from this approach.

|
”l

14 cm

v

ZAI_> 5
——

(a) Simulation model. (b) Realized element.

Fig. 6.1: Capacitive coupled helix antenna (CCHA).

A better solution to reduce the rod size is to use a helical structure. In this case,
the current distribution along the antenna element is improved, being no longer
triangular, but resembling more the current distribution of a A/4 monopole. This
results in higher radiation resistance and improved effective height. These antenna
elements exhibit a resonant antenna impedance Z,, which can be such tailored to
wander through more convenient regions of the Smith chart.

The active antenna design presented in this chapter is based on a novel capacitive
coupled helical antenna (CCHA) only 14 cm long developed at the Institute of High
Frequency Technology and Mobile Communication, University of the Bundeswehr
Munich [45]. This antenna element consists of a copper helix with constant pitch,
wound on a flexible dielectric tube. The lower end of the helix, insulated by a
thin dielectric layer, is inserted in a cylindrical metal socket without having any
galvanic contact with it. The helix structure and the socket are thus capacitively
coupled. The antenna model used for the electromagnetic simulation and a realized
lab sample are depicted in Fig. 6.1. A parallelepiped form instead of a cylindrical
one is used for the FEKO! simulation in order to avoid numerical difficulties [46].

Because of the resonant character of the antenna structure, its antenna imped-
ance is also resonant. The antenna element itself exhibits a series self-resonance fs

lCommercial full-wave electromagnetic field simulator.
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Fig. 6.2: Measured () and FEKO simulated (o) CCHA (14 cm long) impedance Z, in
the FM range. Antenna impedance of a 20 cm simple monopole is plotted in red.

and a parallel one fp o. The series one is mainly determined by the combination of
the helix inductance L and the capacitive coupling C's, while the parallel one is
mainly caused by L, and the interwinding capacitance Cp.

The full-wave electromagnetic FEKO simulation offers good agreement with the
measured antenna impedance (Fig. 6.2), although the simulated real part proves to
be smaller than in reality [46]. For comparison, the antenna impedance of a 20 cm
simple monopole is also shown in Fig. 6.2.

The series resonance frequency fs was tailored for this application to be about
93.4 MHz, so inside the European FM band, while Z, at resonance is about 19 (2.
The measured high quality factor of the antenna () ~ 66 proves to be troublesome,
allowing for only about 1.4 MHz bandwidth around fs, which is too narrow to cover
the whole FM range in combination with state of the art antenna amplifiers.

The effective height heg of the CCHA is also frequency dependent, as the simula-
tion in Fig. 6.3 shows. In comparison to a simple monopole antenna with the same
length, the CCHA exhibits a larger heg for frequencies higher than about 78 MHz.
The heg resonance occurs at the parallel self-resonant frequency of the antenna.

At low frequencies the CCHA element behaves like a simple monopole antenna,
having a measured antenna capacitance C'y of about 2.7 pF.

Given the antenna impedance, it is in practice not possible to match it to the
receiver for the entire operating range without significant losses. This issue can be
overcome by employing the active antenna principle, as further discussed. In the
following we investigate the requirements for the antenna amplifier.

6.1.1 Connecting the Helical Antenna to a 502 Amplifier

Fig. 6.4 depicts a passive matching network connecting the CCHA to a 502 am-
plifier. The network is designed to provide an output return loss |I'matchout| lower
than —10 dB with a ripple of only 2 dB in the whole Japanese and European bands,
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Fig. 6.3: Simulated effective height of the 14 cm long CCHA in comparison to the simple
monopole antenna. Ideal ground plane considered.

as can be seen simulated in Fig. 6.5(a). The values shown in Fig. 6.4 resulted from
numeric computations and are intended only for the theoretical analysis. The reso-
nant circuits L;—C7 and Lo—C5 have each the quality factor 1 = @2 = 1.4, while
L3—C5 has (Q3 = 39. The transformer and the amplifier are considered ideal.

C] L1 Cz L2
AN 82pF 49 nH 82pF 49nH | »

_Aﬁ 362nH§ %5631 DF - ; 21: )Zin = _é)_Zout

Fig. 6.4: CCHA antenna element matched to a 502 amplifier. Resonant circuits quality
factors: Q1 = Q2 = 1.4, Q3 = 39.

50 Q Amp

Although a remarkably good matching can be achieved in theory, the noise figure
of the passive matching network shown in Fig. 6.5(b) shows the price it has to be
paid for it: NF > 16.8dB for the entire operating band. This confirms the fact that
the matching of the CCHA is associated with large losses, especially at the band
edges where Z, is highly reactive.

Also the ratio between the voltage V. which arises at the input of the amplifier
and the voltage V, induced in the antenna and solid plotted in Fig. 6.7 reveals
the drawback of the approach: there is a significant voltage attenuation that occurs
especially in the regions where the antenna behaves mainly capacitive or inductive,
so that a severe degradation of the SNR is expected.
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Fig. 6.5: Output reflection coefficient and noise figure of the passive matching network.

6.1.2 Connecting the Helical Antenna to a High-Impedance
Amplifier

As the use of the new CCHA with a 50¢) amplifier proves to be impractical, we
investigate the possibility to use instead a high-impedance amplifier with mainly ca-
pacitive input impedance (Fig. 6.6) for covering the entire FM band from 76 MHz to
108 MHz. High-impedance amplifiers are well known for their usage in combination
with small antenna elements where impedance matching is not recommended [38],
and their advantages have already been discussed in Section 3.4.

Zn
——

r——
|
| Y
|

Fig. 6.6: HIA connected to the CCHA antenna element.

For frequencies much below fs the antenna impedance is capacitive, so that
in combination with the amplifier’s input capacitance Cj, a frequency-independent
capacitive voltage divider arises. Above fs the antenna impedance is inductive and
a parallel resonance occurs in combination with Cj,, which transforms the antenna
open-loop voltage V , and thus increases the amplifier’s input voltage V., , resulting

in a sharp voltage peak. This parallel resonance frequency will be denoted with fp
and occurs with the realized antenna element at about 106 MHz, which is inside the
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European FM frequency band, if the HIA has Cj, ~ 2pF. The bandwidth around
fp is about 1.9 MHz. The transfer function between V', and V, , dashed plotted in
Fig. 6.7, has its peak value of about 18.7 dB, while the value at the lower edge of
the FM band (76 MHz) is only about —11 dB, thus resulting in an overall ripple of

about 30 dB.
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Fig. 6.7: Ratio between the amplifier input voltage V;, and CCHA antenna voltage V 5
as a function of frequency, for a 50 2 amplifier and a HIA.

Important comments have to be made about the noise behaviour. At fp the
real part of the impedance of the resonant circuit is very large and, consequently,
the antenna noise voltage and the input signal V, —are also large. As a result, the
input SNR of the HIA is almost frequency independent, but the amplifier’s noise
contribution degrades the output SNR in a frequency dependent fashion, since the
noise figure of the HIA is a function of Z,.

These considerations lead to the necessity to investigate the possibilities to flatten
the frequency response and the noise characteristic of an active CCHA, in order to

fulfill the requirements imposed on automotive applications.

6.2 Amplifier for a Short Capacitive Coupled He-
lix Antenna

Besides the requirements detailed in Chapter 5 concerning the amplifier’s input im-
pedance, noise and linearity, the use of a CCHA assumes that the amplifier flattens
the overall frequency response. The lower FM band has to be amplified, while the
parallel resonance caused by the antenna has to be suppressed. For this, an amplifier
configuration has to be chosen, which allows for selective voltage amplification. Nev-
ertheless, this alone can be difficult to achieve, since components with high-quality
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factors are required and the noise and linearity performance have to be maintained
at a good level. Next a few amplifier topologies will be investigated and discussed.

6.2.1 Amplifier Employing a Transformer

The required gain can be obtained using common drain stages for good linearity and
a transformer to boost-up the voltage level. Such a topology is shown in Fig. 6.8,
where the two transistors are field-effect type, while the transformer is ideal and
has a transforming ratio n. Impedances Zp and Zg are used to tailor the frequency
selective characteristic of the amplifier.

1

L

[
I
|
I
|
I
I
I
I

1
|
I
|
Ls s |
|
|
I
|
I

1

L —

Fig. 6.8: AC schematic of an amplifier topology employing transformer.

Following the signal flow, the voltage gain Ay, =V ./V,, can be computed as:

(6.1)
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Z 440 1s the gate-drain impedance of My, Z,; and Z,, are the gate-source impedances
of My and M respectively, while rq1, 702 and g1, gme are their output resistance
and transconductance, respectively, as the small-signal equivalent circuit in Fig. 6.9
shows. The transformer is considered ideal.

Zin CGS] ZP ZTI 1 ZinZ CGSZ Zout

o, 1] /I\ * I
~———__—V =
( Vo 20 gmiVest| |7 Zs E‘

Ve %gmzzgsz roz( ZL

Fig. 6.9: AC small-signal equivalent circuit of the amplifier topology employing a trans-
former.

Now we have to define the goals for the total voltage gain Ay ;. = V. ./V5 by
observing the dashed curve in Fig. 6.7. We shall consider it satisfactory if Ay ;o >~
0dB at 76 MHz and Ay 1o, ~ 10dB at fp, which means a ripple of 10 dB. In terms
of Ay, this means 10 dB gain at 76 MHz and —10 dB gain at fp.

50 S A
n=3| SR
dof = =nz2f

L, [nH]

Fig. 6.10: Amplifier voltage gain vs. Lp at 76 MHz.

We start by removing Zg from the circuit, which leads to the necessity of Zp
being a parallel resonant circuit consisting of Lp, Cp and Rp. At resonance Zp
exhibits its maximum value, so Ay reaches its minimum. At the band edge Zp has
to allow for voltage amplification.

At the lower band edge the parallel resonant circuit finds itself in the inductive
region. Considering the resonance frequency fixed fo = fp (by adjusting Cp per-
manently in order to keep the resonance frequency at fp) and neglecting Rp, the
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impedance Zp can be expressed as:

(6.2)

Using now eq. (6.1) we can plot the amplifier’s voltage gain at 76 MHz, as shown
in Fig. 6.10 for n = 2 and n = 3. Inductor Lp has been swept up to only about
2 uH, which is the value for which the resonance at fy requires Cp ~ 1 pF. Smaller
capacitance values are considered too impractical to be used in the design. As
Fig. 6.10 shows, when using a transformer with n = 3 there are 144 nH required for
achieving Ay = 10dB, and 680 nH when employing the n = 2 transformer.
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Fig. 6.11: Amplifier voltage gain at fp vs. Rp.

Having now determined Lp and implicitly Cp, we can compute the required Rp
in order to sufficiently attenuate fp. Using eq. (6.1) we can now plot the amplifier’s
voltage gain at fp for the case Zp = Rp, as shown in Fig. 6.11 for n = 2 and n = 3.
We find that the circuit employing the n = 3 transformer requires Rp ~ 4.75k() in
order to reach Ay = —10dB, while the one using the n = 2 transformer requires
Rp ~ 6.8k).

These Rp values are large and show that the quality factor of the Lp inductor
has to be high. For example, Lp = 144nH and Rp = 4.75k2 imply @p ~ 50. On
the other hand, when employing the n = 2 transformer, for which Lp = 680 nH and
Rp = 6.8k, only Qp ~ 15 is required. Capacitor Cp has been considered ideal
along this analysis.

The trouble is, in this approach a new resonance occurs at the input node of
the transformer, between the capacitive part of the transformer input impedance
Z 1, and the inductive region of Zp. This resonance falls inside the useful band, as
the simulation in Fig. 6.12 illustrates. It can also be shown that the noise level is
dramatically increased at this resonance. A way to avoid this is reducing the amount
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Fig. 6.12: Total voltage gain Ay tor = |V u/V Al of the amplifier employing transformer.

of Lp, so that the resonance moves outside the FM band, although this reduces the
amount of gain attainable at lower frequencies, as Fig. 6.10 shows. Assuming this
trade-off can be accepted, the impact upon the quality factor Qp is next investigated.

The parallel resistance Rp of the Zp resonant circuit is determined by the amount

of attenuation the amplifier has to introduce at fp, so it is independent of the values

of Lp and Cp. As:
R
Qp = — (6.3)

Wo Lp

it becomes obvious that the smaller Lp gets, the larger Qp has to become. This can
be very difficult to achieve in practice. For example, we have previously calculated
that we need a 144 nH inductor with a quality factor of 50. Commercial surface
mounted device (SMD) 150 nH inductors (the closest standard value) have quality
factors of about 40 or even 30 at 100 MHz [47], [48]. Achieving higher quality factors
implies the use of air-coils, but these have the disadvantage of a smaller inductance.
The inductance decrease is increasing the necessary quality factor, so overall there
is no way out of this vicious circle. For example, a self-wound air-coil with 12 nH
inductance has a quality factor of about 60. Nevertheless, in order to accomplish
the requirements imposed by this application (Rp = 4.75k(), a quality factor of
about 594 is required. On the other hand, relaxing the quality factor results in
an insufficient attenuation of the antenna resonance, which means a larger overall
ripple.

There is also another reason why not to increase too much the quality factor of
Zp. If the resonance becomes too sharp, then it will no longer be able to compensate
the broader antenna resonance.

This brief analysis points out the necessity to increase the complexity of the
frequency-shaping network, in order to decrease the requirements imposed to the
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individual components. The influence of Zg implemented as a series resonant circuit
is next taken into account.
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Fig. 6.13: Amplifier voltage gain vs. Rg at fp for n = 3.

The first step is to reduce the quality factor of Z, to a practical value of only 30,
which results in Rp ~ 2.88k(). From Fig. 6.11 we find that only 6 dB attenuation

are now possible.
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Fig. 6.14: Amplifier voltage gain vs. Lg at 76 MHz for n = 3.

Using now eq. (6.1) we can plot the amplifier’s voltage gain at fp, as shown in
Fig. 6.13 for n = 3. As expected, large Rg values have no influence on the circuit,
while small ones allow for a significant attenuation. For 10 dB additional attenuation
Rg = 4982 is required. Because Ry is so large, the quality factor of Zg is now very
small?> and the values of Ly and Cg have only a negligible influence upon Ay, as

2Inductor Lg has been swept up to only about 2 pH, which is the value for which the resonance
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the sweep of Lg performed at 76 MHz in Fig. 6.14 shows. As a consequence, in this
approach we find Zy = Rg.
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Fig. 6.15: Total voltage gain of the amplifier employing the n = 3 transformer, with and
without Zg.

Additionally, the parallel connected resistor Rg significantly attenuates now the
resonance occurring between Zp and Z4, as it can be seen in Fig. 6.15. The output
noise level shown in Fig. 6.16 is also flattened, but its level is in average unacceptable
high, being overall larger than 1dBuV.
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Fig. 6.16: Output noise voltage in 120 kHz bandwidth of the amplifier employing the n = 3
transformer, with and without Zg.

Although the total transfer function |V ,/V | can be well equalized by this

at fy requires Cs ~ 1 pF. Smaller capacitance values are considered too impractical to be used in
the design.
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circuit topology and a ripple of only about 5 dB is achieved, the very high output
noise level makes this approach unusable for a FM active antenna application. The
version employing the n = 2 transformer suffers from the same high output noise
level.
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a) Equivalent circuit for the noise analysis (b) Noise voltage at the transformer’s out-
of the equalizing network at resonance. put.

Fig. 6.17: Noise analysis of the equalizing network at resonance.

In fact, the output noise voltage issue is the main drawback of this architecture.
A brief analysis shows that the main noise source inside the amplifier is the equalizing
network itself. As the output impedance of the first common-drain stage is low
(Fig. 6.8), we can simplify the noise analysis of the equalizing network as shown
in Fig. 6.17(a), whereas at resonance Rs and Rp appear in parallel. The input
impedance in the second common-drain stage is high and although the transformer
decreases its value by a factor n?, the impedance Z, reflected to the primary is still
high enough, so that it can be considered that the transformer picks-up the entire
noise voltage generated by the resistors. As a consequence, as long as Rs||Rp < Zr1,
using eq. (3.16) we get:

Vi = V/4kT B (Rs||Rp) (6.4)

The voltage is further boosted by the transformer, so that Vs = n - Vyi. The noise
voltage at the transformer’s output is shown in Fig. 6.17(b) for both transformation
ratios, when the equivalent circuit depicted in Fig. 6.17(a) is used. Assuming that
the second common-drain stage has a unity voltage gain and no noise contribution,
Rs||Rp has to be lower than 18 Q2 for n = 3 and lower than 412 for n = 2, in order
to keep the output noise voltage lower than —5dBuV. It is of course possible to use
such small values for Rg in order to suppress the noise, but this would also supress
the total active antenna gain.

In the case of the complete circuit, the transistors and the antenna element
contribute additional noise. Comparing with the values of Rg and Rp needed for a
flat decent gain, it is now obvious that this kind of amplifier topology is not suited
for combination with a CCHA. The practical realization of such circuits has been
analyzed and the experimental results have been discussed in [49].



120 Chapter 6. High-Impedance Amplifiers for Short Helix Active Antennas

Replacing the transformer with a gain stage like the degenerated common source
as described in [49] does not solve the noise issue, since the output of the equalizing
network is again picked-up by a high-impedance stage.

6.2.2 Architecture Common Drain — Common Base

As we have so far seen in this chapter, picking-up the signal from the equalizing
network with a high-input impedance stage is leading to a few difficulties:

e When using Zp alone (Fig. 6.8) a high quality factor is required in order to
make the voltage division between the network and the transformer’s input
effective. Nevertheless, high quality factors can be impractical and can result
in a too narrowband compensation;

e A new resonance occurs between the equalizing network and the capacitive
impedance seen toward the second stage;

e The transformer picks-up almost all the thermal noise generated in the equal-
izing network and then boosts-up its level.

~

2 out

Fig. 6.18: AC schematic of the amplifier employing a common base stage.

These issues suggest the replacement of the transformer and the second common
drain stage with a low-input impedance gain stage, like the common base. In this
case only a parallel resonant circuit connected in series (Zp in Fig. 6.18) should
be sufficient in order to flatten the frequency characteristic. The first highly-linear
common drain stage ensures the high-impedance character of the amplifier, but the
voltage gain is lower than 1. The common base stage takes over the output current
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Fig. 6.19: AC small-signal equivalent circuit of the amplifier employing a common base
stage.

of the first stage, due to its low input impedance. This stage is capable of high
voltage gain, while maintaining low noise and good linearity.

The voltage gain Ay, = V.. /V,, of the circuit in Fig. 6.18 can be approximated
using the small-signal equivalent circuit given in Fig. 6.19:

A

(6.5)

Zp(1+gmlrol>+ 4L Ly

Tolm1gm2 | Gml | Gm2 | ZgsGmigm2
where 7 is the output resistance of M, Z,, its gate-source impedance, and g1,
gm2 are the transconductances of M; and M,, respectively. The output resistance
ro2 and the base-emitter impedance Z,, of ); have been neglected.

At the lower band edge the parallel resonant circuit finds itself in the inductive
region. Considering the resonance frequency fixed fy = fp and neglecting Rp, the
impedance Zp, is given by eq. (6.2). Using now eq. (6.5) we can plot the amplifier’s
voltage gain at 76 MHz, as shown in Fig. 6.20(a). The maximum amount of amplifi-
cation, 17.7 dB, is achieved for Zp — 0, while 10 dB voltage gain are reached when
Lp = 13.7nH. Having now determined Lp and implicitly Cp, we can compute the
required Rp in order to sufficiently attenuate fp. Using eq. (6.5) we can now plot the
amplifier’s voltage gain at fp for the case Zp = Rp, as shown in Fig. 6.20(b), and
we find that the circuit requires Rp ~ 2602 for Ay = —15dB. This corresponds to
a quality factor of about 28, which is a reasonable value.

The total FM voltage gain Ay o is depicted in Fig. 6.21 for the Zp determined
before®. This circuit architecture basically allows a well flattened frequency charac-
teristic.

If we now assume that Rp is the only noise source in the circuit, use the same ap-
proximations as in eq. (6.5) and consider the output impedance of the first common-

3The unsmooth appearance of the curve has its origins in the measured antenna impedance Z ,
embedded into the simulation: the impedance has been measured using a VNA and is therefore
not accurate in the region corresponding to a magnitude of the reflection coefficient close to 1.
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(b) Amplifier voltage gain vs. Rp at fp.

Fig. 6.20: Amplifier voltage gain vs. Lp and Rp.

drain stage to be negligible, then the output noise voltage is:

ol
Vouin = VVAKTBRp - —Im22L (6.6)

Jm2lp + 1

and is plotted in Fig. 6.22. After a broad peak at small Rp values the output noise
level gets smaller as Rp gets larger, which is the opposite trend when compared to
the transformer circuit. This means that this topology is basically not endangered
by the increase of the quality factor of the equalizing network, at least as far as
the output noise voltage is concerned. For the Rp value previously derived we get
Vour,y =~ —17.3dBuV. To this is added the noise contribution of the transistors and
antenna element, as we shall see later.

So far we have seen that this FM amplifier topology is theoretically able to
achieve the design requirements of an active CCHA. We investigate further the
practical considerations and the realization of the new active antenna.
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Fig. 6.21: Simulated total FM voltage gain of the CD-CB amplifier.
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Fig. 6.22: Simulated output noise voltage for 120 kHz bandwidth if Rp is the only noise
source in the circuit.

Fig. 6.23 shows the schematic of the proposed AM/FM amplifier. For reasons
already explained in Chapter 5 concerning the FM-AM conversion and noise, the AM
and FM signals are amplified separately by two specialized amplifiers. The antenna
element is replaced by its equivalent circuit consisting of the voltage source V , and
the antenna impedance Z,. The capacitance Cp,, sums up the capacitive parasitic
effects which occur on the input path of the amplifier, including ESD protection.
This implementation makes use of the BAV99 switching diodes [50] for the ESD
protection, which come in pairs in the same package. The capacitance thus added
is lower than 1.5 pF.
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Fig. 6.23: Schematic of the two-path AM/FM amplifier for CCHA.

FM Amplifier

The FM path implements the architecture described in Fig. 6.18 and consists of a
GaAs HEMT transistor M; (type NE3508 [41]) connected as source follower and a
bipolar transistor (7 (type BFQ19 [51]) employed in common base. Due to their
higher price, the number of GaAs devices to be used in the design is restricted,
so a low-cost BFQ19 bipolar transistor is preferred in the second stage, where the
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requirements are more relaxed.

In order to save DC current in the FM stage in Fig. 6.23, the drain current of
M is being reused for ();. Inductor L. acts like a choke in FM range, while Rg;
together with the gate biasing voltage set by potentiometer R; determine the drain
current — and implicitly the bias current of both transistors. The start-up transient
voltages are shown in Fig. 6.24. In this schematic, the bipolar transistor takes over
the high voltage until the FET begins to conduct. The bipolar is not endangered,
as it has higher breakdown voltages Vog max = 15V [51].

—Vee
f"VCB
0 : : : : ‘ 0 : : : : ‘
0 100 200 300 400  50C 100 200 300 400  50C
t[us] t[us]
(a) NE3508. (b) BFQ19.

Fig. 6.24: Simulated start-up transient for both transistors in the FM amplifier.

The Ly—R5 and L3z—R3—C'5 groups ensure the stability of the common drain stage
and are such dimensioned to have a minimal impact upon the working range.

Lgeo and Lggs in the second FM stage act like choke inductors, while the base
voltage Vg is set by a potentiometer not shown in the figure. Lgo and Cy are
separating the two stages in AC, providing a ground connection for the drain of M;
and a choke for the emitter of ()1. R¢1 can be neglected in respect to the load. Ry
ensures the stability of the common base stage and has a minimal impact upon the
working range.

The decoupling capacitors C', Cy and Cy can be considered short-circuits for the
entire FM operating range. The role of Ly, Lp—Cp and Ls—Cs will be explained
later.

There is not much room in choosing the voltage gain, because the load Z;p is
fixed and gmq depends on the collector current — which, in turn, is chosen for good
linearity. The high-pass T-matching network Cs—L5—Cy has to cover both Japanese
and European FM bands. Capacitors Cg and Cy have to be large enough for the
lower Japanese band to be able to pass through, while they have to be small enough
in order to block the AM signals.

Because of the L;—Rj stability network, Zp in eq. (6.5) has now to be replaced
with Ls||Rs + Lp||Cp. Capacitor C3 can be ignored for the hand-calculations. The
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stability network changes quantitatively the conditions imposed to Lp and Cp. The
maximum attainable voltage gain in the absence of the flattening network Zpyw = 0
and for Z;5 = 50 is |AV7FM| o~ 2.7. This suggests a decreasing of Lp for more gain
at 76 MHz; nevertheless, inductors with small inductance values tend to have low
quality factors of just 20 or even below ([47], [48]), which decrease the attenuation
effectiveness at resonance. That is why Lp = 12nH is kept and () ~ 33 is aimed,
which represents a good trade-off between the gain at the lower band edge and the
attenuation achievable at resonance. In practice Cp is trimmed in order to obtain
the right resonance. The total voltage gain and the output noise level (for 120 kHz
bandwidth) thus resulting are dashed plotted in Fig. 6.25. As it can be seen, Zp
strongly attenuates the sharp antenna resonance, which can still be seen falling inside
the FM band. Overall a gain ripple of about 9 dB is reached. In order to compensate
this peak, the quality factor of Zp should ideally be about the same as that of the
antenna’s. Unfortunately, such high quality factors cannot be attained in practice
with usual components; as a result, the resonance is not sufficiently attenuated.
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Fig. 6.25: Effect of the equalizing network, if the signal source has Z, impedance. Top:
simulated total FM voltage gain Ay ot = |Vu/Val; Bottom: simulated FM
output noise voltage for 120 kHz bandwidth.
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In order to alleviate these shortcomings, an inductor L, is connected in parallel
with the amplifier’s input. Its task is to push the parallel antenna resonance out
of the FM band and obtain a flattened frequency response, as the dashed-dotted
curve in Fig. 6.25 depicts. Also, a new resonance occurs below the FM range, at
about 68 MHz. Now, as the sharp resonance lies outside the FM band at about
115 MHz, the requirements posed on the quality factor of the Z, flattening network
have been relaxed, but a small price still has to be paid, namely the necessity to
attenuate the lower resonance as well. This is necessary because the output noise
voltage Vo N rises fast toward the lower FM band edge, as the dashed-dotted noise
curve in Fig. 6.25 shows. This is accomplished by inserting an additional network
Zg consisting of the series resonant circuit Lg—Cy connected in parallel with the
amplifier’s output. However, the new flattening network is much more practical
than the one required in the absence of the transforming network. The resulting
total FM voltage gain and the output noise level are solid plotted in Fig. 6.25. Noise
levels below —5dBuV are expected for the entire FM range.

Additionally, similar to Lg; in Fig. 5.26, the transforming inductor L, has the
task of preventing the gate noise current source of M; from degrading the noise
performance of the AM stage. This isolation between the two stages helps also
avoid the undesired interferences between strong AM signals and the FM path.

AM Amplifier

Since in the AM range the CCHA behaves itself like a simple monopole antenna with
capacitive impedance, the same AM amplifier as the one described in Section 5.4.2
is used for this active antenna too. Inductor Lg; has been introduced in addition
to the schematic in Fig. 5.26 to tune out the capacitance Cq; = 10 pF in the FM
range.

In comparison to the case when the longer 20 cmm monopole antenna is used, the
employment of the CCHA for the AM band lowers overall the total gain for about
1 dB, while the output noise rises especially in the LW range for about 1 dB.

Combining the AM and FM Amplifiers

The interference issue between the AM and FM paths has been discussed in detail in
Section 5.4.3. For the CCHA active antenna the AM-to-FM and FM-to-AM transfer
functions are plotted in Fig. 6.26.

The transfer function between the antenna feed-point (V;) and the input of the
FM amplifier is solid plotted in Fig. 6.26(a), where one can see that for frequencies
below 6 MHz the attenuation is at least 40 dB. The transfer function between
the antenna feed-point and the input of the AM amplifier is dashed plotted in
Fig. 6.26(a) and the attenuation is at least 14 dB for frequencies above 76 MHz.

The transfer function between the output of the AM amplifier and the output of
the FM one is solid plotted in Fig. 6.26(b), where it can be seen that for frequencies
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Fig. 6.26: Simulated AM-to-FM and FM-to-AM transfer.

below 6 MHz the attenuation is at least 50 dB. The transfer function between the
output of the FM amplifier and the output of the AM one is dashed plotted in
Fig. 6.26(b), and the attenuation is at least 27 dB for frequencies above 76 MHz.

Linearity

The simulated 2" and 3'¢ order linearity of the amplifier in AM and FM ranges is
illustrated in Fig. 6.27. Table 6.1 highlights the intermodulation distances reached
for 110 dBuV fundamental output signal level. Simulations indicate that this circuit
architecture is not subject to undesired FM-AM conversion issues, while achieving
a good 3™ order intermodulation distance.

Range a3 [dB] axe [dB]
AM 84 95
FM 66 126

Table 6.1: Simulated intermodulation performance (110 dBuV output level).

6.2.3 Experimental Results

The realization of the proposed AM/FM active antenna is depicted in Fig. 6.28. The
complete circuit is supplied at 12 V and the transistors are operated with a current
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Fig. 6.27: Simulated 2" and 3" order linearity.

of about 30 mA. The antenna element, bent at a usual angle o = 60°, is mounted
directly on the amplifier PCB, in order to avoid additional capacitive loading at the
input node. The layout design was aimed to minimize any parasitic capacitance of
the input node and to ensure in general the circuit’s stability.

The antenna element is an industrial prototype with a structure similar to the
lab version shown in Fig. 6.1(b).

Fig. 6.28: Realized 14 cm long CCHA antenna mounted on the amplifier PCB.
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Frequency Characteristic

The voltage gain of the amplifier Ay = |V ./V;| measured alone in the lab is plotted
in Fig. 6.29, together with the simulation result for comparison. The experimental
results fit the simulations well.
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Fig. 6.29: FM Voltage gain of the amplifier alone Ay = |V,
simulation.

ut/Vi|, measurement and

In order to evaluate the signal performance, field measurements are done with the
active antenna mounted on top of a car, above the rear windshield. The car is placed
on a turntable, as detailed by the measurement procedure described in Section 4.3.2.
The results plotted in Fig. 6.30 show for both polarizations the ratio of the signal
delivered by the new design to the signal delivered by the 90 cm passive reference
antenna. Although its length is significantly shorter, for the horizontal polarization
the active CCHA delivers in average the same signal as the reference.

Noise Performance

The measured FM output noise voltage Vou n is depicted in Fig. 6.31 and is deter-
mined in an anechoic chamber, with the 14 cm long CCHA connected to the am-
plifier. For the Japanese FM range, the output noise level is lower than —5dBuV,
while for the European range it is below —6.5dBuV, thus achieving the VDA rec-
ommendations. The experimental values are found in good agreement with the
simulations, as the comparison in Fig. 6.31 shows.

A comparison between the simulated and measured noise figure NF' is shown in
Fig. 6.32(b). The simulation was performed using the measured antenna impedance
Z 5 as the source impedance for the amplifier, while for the measurement the CCHA
equivalent circuit was employed. The measurement poses some practical difficulties,
caused by the losses in the equivalent antenna circuit and the low gain of the active
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Fig. 6.30: Field measurement in the FM range showing the ratio between the signal de-

livered by the tested active antenna and the signal delivered by the reference
antenna, when both are mounted on a car.
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Fig. 6.31: Simulated and measured FM output noise voltage for 120 kHz bandwidth and
Z 5 connected.

antenna. Because a low gain DUT affects the measurement accuracy when using
the Y-factor Method [52], an additional low-noise amplifier (LNA) is inserted after
the “active antenna” in order to boost the total gain, as shown in Fig. 6.32(a).
Recalling that the noise figure of passive two-ports equals their insertion loss [32],
so that F; = 1/G1, and using eq. (3.23), we get:

F B—1
Fl FI'G12

Fy (6.7)

where G5 is the available power gain of the “active antenna”. There are several
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uncertainties affecting this measurement originating from the experimental setup,
like for example the LNA noise factor F3, which is a function of the antenna amplifier
output impedance and is therefore difficult to estimate. To this add the uncertainties
of the Y-factor method itself, so that the experimental curve shown in Fig. 6.32(b)
is not considered very accurate; nevertheless, it gives an estimate of the NI and its
tendency and is in reasonable agreement with the simulation.
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(a) Experimental setup for NF measure- (b) Simulated and measured FM noise figure
ment. of the 14 cm active CCHA.

Fig. 6.32: Noise figure measurement of the 14 cm active CCHA.

The antenna impedance Z,, as Fig. 6.2 shows, wanders far from the optimum
noise impedance required by the amplifier, so that the mismatch in eq. (3.22) is
accordingly large, leading to the increased noise figure.

The sensitivity of the new active antenna is also measured in the anechoic cham-
ber with the experimental setup explained in Section 4.3.4 and is referred to the
sensitivity achievable under the same conditions with a passive 90 cm long rod an-
tenna (reference antenna). The results depicted in Fig. 6.36 show that the sensitivity
of the 14 cm active helix antenna is in average 5.5 dB for the Japanese FM range
and 6 dB for the European FM range beneath the one of the reference rod. This
sensitivity is significantly better than the one achievable with the 20 cm long active
monopole.

Linearity

The linearity of the amplifier is measured in the lab and the frequency behaviour of
the antenna impedance Z, is accounted for by connecting an equivalent circuit at
the amplifier’s input. In this way, the overall frequency response of the measured
circuit is flattened and very similar to the actual complete active antenna.

For the FM band, the two input tone frequencies are 96 and 98 MHz and the 3™
order intermodulation product is shown in Fig. 6.33. The intermodulation distance
axs is evaluated to be 64 dB. The intermodulation distance of the 2°¢ order inter-
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modulation product which falls into the AM band, causing the FM-AM conversion,
is measured to be 84 dB.

120¢
100¢
80
>
5_ . .
D, B0f iy,
3 ’
> 4
4t
; 4
4
: 4
20t o, —t
’
———k
I, 3
O 1 1 J
90 100 110 120
V. [dBuV]

Fig. 6.33: Measured 3" order intermodulation products in FM range.

6.2.4 Comparison between the Active Capacitive Coupled
Helical Antenna and other Active Antennas

The performance of the 14 cm active CCHA will be next compared to the perfor-
mance achievable with commercial active antennas, as well as with the 20 cm active
monopole described in the previous chapter. The commercial antennas considered
here are a 18 cm long active helix and a 40 cm long active monopole.

In Fig. 1.1 the visual impact of the new 14 cm short active antenna can be
evaluated by direct comparison to a 40 cm long active monopole, which is a common
antenna for low-end cars?. The achievable aesthetic advantage is obvious.

A comparison between the signal levels delivered by the tested antennas for hor-
izontal polarization is shown in Fig. 6.34. For this measurement they were mounted

4 Also passive 40 cm long monopoles are common for FM reception in low-end cars.
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Fig. 6.34: Field measurement in the FM range showing the ratio between the signal de-
livered by the tested active antennas and the signal delivered by the reference
antenna, when both are mounted on a car.

on a car, as described in Section 4.3.2. The active 14 cm CCHA delivers about 5 dB
more signal than the active 20 cm monopole, although its length is significantly
shorter. The 18 cm commercial active helix has a slightly better signal pick-up in
the ECE range, but with an increased ripple and it is not intended to cover the
Japanese band as well. The active 40 cm commercial monopole exhibits the best
signal pick-up in the ECE range, especially due to its increased length, although
with an increased ripple. It also enables a partial covering of the Japanese band.

Fig. 6.35 is showing a comparison between the output noise levels delivered by
the tested active antennas. The lowest output noise voltage is achieved by the 40 cm
commercial active monopole. In the ECE band the 14 cm CCHA exhibits similar
results; nevertheless, the noise gets higher in the Japanese band, but remains overall
in the “green” area. The 20 cm active monopole has a higher output noise level,
while the one of the 18 ¢cm commercial active helix fluctuates between large and
small values.

The comparison of the measured sensitivity is performed in Fig. 6.36. Again,
despite its length, the 20 cm active monopole is more than 5 dB less sensitive than
the active 14 cm CCHA is. The sensitivity of the commercial 18 cm active helix
is below the CCHA in the ECE range, while for the Japanese one it is not at all
suited. Only the 40 cm commercial monopole has a small region in which it is more
sensitive than the CCHA. The broadband character of the active CCHA is again to
be noticed.
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Fig. 6.35: Measured FM output noise voltage of different active antennas for 120 kHz
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Fig. 6.36: Measured FM sensitivity of different active antennas. Results are referred to
the 90 cm long passive reference rod antenna.
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6.3 Summary

The possibilities to use a novel 14 cm long capacitive coupled helical antenna
(CCHA) for AM and FM reception have been investigated in this chapter. Such
a resonant antenna structure produces very sharp resonances and is therefore diffi-
cult to use in broadband applications. It has been shown that the required perfor-
mance can be attained in combination with a high-impedance amplifier. Two HIA
architectures have been investigated and discussed and it has been shown that a
common-drain—common-base topology can flatten the antenna frequency character-
istic, while being optimized for low noise and low distortion. As a result, the new
active antenna can be used for automotive application in both AM and FM bands.

The active antenna has been investigated in the laboratory as well as in field
tests, after being mounted onto a car. Despite its drastic length reduction, the
novel ultra-short 14 cm helical active antenna is able to perform even better than
a 20 cm long active monopole antenna. When compared to a common 90 c¢m long
passive rod antenna, the ultra-short CCHA active antenna delivers in average about
the same signal level, while maintaining a low output noise level. It also fulfills
the linearity requirements and therefore does not require additional automatic gain
control circuitry. Its measured sensitivity is for both AM and FM range below the
sensitivity achievable with the 90 c¢cm passive rod antenna, but comparable with
the one achieved by 40 cm long active monopole antennas. To the best of our
knowledge, this is the first time when such sensitivity is achieved with such a short
antenna element.



Chapter 7

Short Helix Active Antennas for
DAB

Regular DAB digital radio services are nowadays available in many countries all over
the world and the coverage is expected to increase in the future [6]. Also, there is
the prospect of DAB eventually replacing the currently used FM, in some countries
this transition being already planned. Therefore, the need to receive in cars also
DAB programs is entirely justified.

In order to keep the costs and the number of antennas mounted on the car low,
an active antenna has to be developed that is capable of receiving all three services:
AM, FM and DAB, whereby DAB is broadcasted in both VHF-Band-III and L-
Band, as detailed in Section 2.1.3. This means that both the antenna element and
the antenna amplifier have to be suited for the task.

This chapter explores the possibilities to extend the use of the capacitive coupled
helical antenna (CCHA) element also for the Band-III and L-Band and to develop
an appropriate amplifier architecture. As we shall further see, the latter goal does
not prove to be trivial, because of nonlinear issues and filtering difficulties.

7.1 Short Capacitive Coupled Helix Antenna for
DAB

The CCHA element described in Chapter 6.1 can be easily modified in order to be
appropriate for DAB reception.

The DAB L-Band has the centre frequency at 1472 MHz and 40 MHz bandwidth
(2.7% percent bandwidth), thus being a narrowband application. A /4 monopole
antenna has in this case about 5 cm height, which means that the cylindrical metal
socket in Fig. 7.1(a) can serve as the L-Band antenna element. The large inductance
of the helix does not load the L-Band antenna and the measured antenna impedance
Z, can be seen in Fig. 7.1(b), where the centre value is (39 4 j58) (2.

137
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(a) Realized element. (b) Measured CCHA impedance
Z  in both Band-III and L-Band.

Fig. 7.1: Realized DAB-CCHA element and measured impedance.

The helix structure can be such tuned to obtain the series resonance fs in the
Band-III. The measured antenna impedance Z, shown in Fig. 7.1(b) has fs =~
195MHz, so inside the DAB band, while Z, at resonance is about 16€2. The
measured high quality factor of the antenna () ~ 44 allows for only about 4.4 MHz
bandwidth around fs, which is too narrow to cover the whole Band-III.

In FM the CCHA element has now a capacitive behaviour, about 3.1 pF. The
character of Z, in both FM and Band-III ranges indicates that an antenna amplifier
with high input impedance has to be used. In doing so, the antenna element poses
in FM the difficulties highlighted in Chapter 5 and in Band-III those discussed in
Chapter 6. For the L-Band there is no need for a high-input impedance amplifier, be-
cause the antenna impedance has a “reasonable” value. In AM the antenna element
behaves like a simple monopole with the antenna capacitance of about 2.3 pF.

Connecting the HIA to the DAB CCHA element, as shown in Fig. 6.6, we obtain
the parallel resonance f, depicted in Fig. 7.2 at about 229 MHz, so inside the
operating band. This means that the frequency characteristic has to be flattened in
the Band-III, while for the FM band a simple broadband HIA is enough.

7.2 Single-Transistor FM/DAB Antenna Ampli-
fier

Fig. 7.3 depicts a single transistor, ultra-compact amplifier for the FM/DAB bands,
this approach having the advantage of the low part-count. One more amplifier path
has to be added for AM, as the one described in the previous chapters. The antenna
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Fig. 7.2: Ratio between the amplifier input voltage V;, and CCHA antenna voltage V 5
as a function of frequency.

element is replaced by its equivalent circuit consisting of the voltage source V', and
the antenna impedance Z,. The capacitance Cp,, sums up the capacitive parasitic
effects which occur on the input path of the amplifier, including ESD protection.

Fig. 7.3: Schematic of the single-transistor FM/DAB amplifier.

The signals in different bands follow different paths in the circuit in Fig. 7.3. The
circuit can be seen as a common source configuration with degeneration for the FM



140 Chapter 7. Short Helix Active Antennas for DAB

and Band-III, while in L-Band it acts like a source follower with resonant output
transformation.

The amplifier is built around a GaAs HEMT transistor M; (type NE3508 [41]).
Inductor Ly acts like a choke in the entire operating range, while Rg, together with
the gate biasing voltage set by potentiometer R; determine the drain current. The
Lo—R5 and Lg—Rj3 groups ensure the stability of the stage and are such dimensioned
to have a minimal impact upon the working range. Ls—R3 also blocks the L-Band
signal from entering the FM/Band-IIT path. The decoupling capacitors Cy, C3 and
C1o can be considered short-circuits for the entire operating range. Rge, Cael, R1
and C5 have to address the start-up transient issue in a similar manner to the one
described in Chapter 5.

7.2.1 FM Amplifier Path

The FM part of the amplifier is shown in Fig. 7.4. It is, basically, a common source
stage with degeneration, very similar to the one used in Section 5.4.1. Capacitor C3
short-circuits Rgy in AC, so that the degeneration is formed by the L;—Rg; group
and has an inductive character. The impedance is thus frequency dependent, but it
features less noise than a broadband resistive degeneration does.

Fig. 7.4: Schematic of the FM path in the FM/DAB amplifier.

The components are such dimensioned in order to obtain about 6 dB voltage
gain Ay at 100 MHz. The Band-III and L-band paths connected at the transis-
tor’s source and omitted in Fig. 7.4 have little impact upon the FM range. The
simulated voltage gain Ay r, total voltage gain Ay tot = |Vu/Val and the output
noise voltage Vo, n are shown in Fig. 7.5. The output noise voltage is increasing at
lower frequencies, as the voltage gain also increases.
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(a) Simulated FM voltage gain. (b) Simulated FM output noise voltage for

120 kHz bandwidth, with Z, connected at
the amplifier’s input.

Fig. 7.5: Simulated FM gain and output noise voltage.

7.2.2 Band-1II Amplifier Path

The Band-III part of the amplifier is shown in Fig. 7.6, which is also a common
source stage with degeneration. To the FM degeneration previously described is
now added a frequency selective network Cs5—L3—Cg—Ls—C7—Ry, with the purpose
of flattening the DAB resonance. This network consists actually from two coupled
resonant circuits, and its impedance has to exhibit the maximum at the frequency
where the antenna parallel resonance occurs.

The frequency dependent degeneration alters the input impedance of the stage,
so that the frequency where the antenna resonance occurs varies too.

Let us first evaluate the case in which the transistor would be employed in a
common source configuration, thus yielding the maximum voltage gain. The load
it sees is about |27 | ~ 60 when a 50 2 impedance loads the output, so that using
values from Table 5.1 we get |Ay| ~ 7 = 16.9dB. Together with the antenna
element, because of its resonance, the transfer function has now a ripple of about
20 dB. The amplifier should now compensate for at least 10 dB at the resonance.
Calculating the required degeneration by solving eq. (5.2) for |Ay 4| = 2.2 one gets
|Zg| = 17.5Q.

The use of a simple parallel resonant circuit as selective degeneration is not
practical, because it poses difficulties in accommodating the FM degeneration. This
is because the value required in FM is too large for the parallel resonant circuit that
should be employed in Band-III, and a different approach is being used.

The input impedance of the two capacitive coupled series resonant circuits Cs—
L3—Cs—Ls~Cr—Ry is plotted in red (o) in Fig. 7.7. The presence of the FM degenera-
tion (L;—Rs;) shifts the impedance loop, as shown by the blue curve (A) in Fig. 7.7.
This has the disadvantage of increasing the degeneration impedance at the lower
end of the frequency range; at the same time, however, it decreases the “peak” — an
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Fig. 7.7: Impedance of the Band-III degeneration: (¢) without FM degeneration; (A) FM
degeneration connected in parallel.

obvious result of connecting two impedances in parallel.

The simulated voltage gain Ayt = |V ../V,,| of the amplifier core can be seen
in Fig. 7.8(a) and the effect of the selective degeneration can be observed. The
total voltage gain Ay tor = |V u/V 4| (including Z,) is also plotted in Fig. 7.8(a),
whereby the highest gain is achieved between 200 MHz and 230 MHz (channel blocks
8 to 12). As expected, the lower frequency range benefits from less amplification, as
the degeneration impedance is quite large. For frequencies higher than 190 MHz a
good flatness has also been achieved.
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Fig. 7.8: Simulated Band-III gain and noise figure.

The simulated noise figure is shown in Fig. 7.8(b) for two cases: for a 50 {2 source
impedance and for a Z, source impedance. In the first case the NF' is almost overall
lower than 2 dB and higher around the degeneration impedance peak. When the
antenna element is connected, the best NF' (about 0.4 dB) is attained around the
parallel antenna resonance, with the noise performance decreasing towards lower
frequencies because of lack of power gain.

7.2.3 L-Band Amplifier Path

The L-Band part of the amplifier is shown in Fig. 7.9. It is a source follower, in
which the drain is not very “clean” grounded, because C; has a relative small value
of 2.7 pF. In order to obtain voltage gain, the stage drives the Ls—Cg network that
boosts up the voltage level at its output.

The voltage gain of the core amplifier A, = V_/V, can be obtained with the
help of the small-signal equivalent circuit in Fig. 7.10:

ZD + To(l + nggm)
Z

Av:
Zn+ Z, (1 + %) 7, (1 + Z gy + ZS)

(7.1)

where Zp, is the impedance in the transistor’s drain, Z; the impedance in the tran-
sistor’s source, Z,, the transistor’s gate-source impedance and r, the transistor’s
output resistance. At the L-Band frequency Zy, consists mainly of Cy. Stability
considerations are the reason for this “unclean” grounding of the common drain
stage: experimental trials have shown that the stability of the stage is improved in
the presence of a relatively small Cj.

The simulated voltage gain Ayt = |V ../V,.| of the amplifier core can be seen
in Fig. 7.11(a). The total voltage gain Ay ot = |Vu/Val (including Z,) is also
plotted in Fig. 7.11(a).
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=

Fig. 7.10: AC small-signal equivalent circuit of the L-Band path in the FM/DAB amplifier.

The simulated noise figure is shown in Fig. 7.11(b) for two cases: for a 50
source impedance and for a Z, source impedance. In the first case the NF' is overall
about 1.3 dB, while when the antenna element is connected, the NF drops to about

0.8 dB.

7.2.4 Combining the FM and DAB Amplifier Paths

The different signal paths corresponding to each operating band are common at the
input of the transistor, while at the output they are separated by means of filters. In
Fig. 7.3 the Lg — R3 group prevents the L-Band signal from entering the FM /Band-
IIT path, while the series resonance of Cy and Lg is tuned on the L-Band frequency
and isolates it from FM and Band-III signals.

The intermodulation products occurring in one operating band and affecting
the other are the main problem of this one-transistor amplifier. More specifically,
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(a) Simulated L-Band voltage gain. (b) Simulated NF with 50Q and Z, con-
nected at the amplifier’s input.

Fig. 7.11: Simulated L-Band gain and noise figure.

second order intermodulation products of strong FM stations will fall into the Band-
1T range.
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Fig. 7.12: Simulated 2°¢ and 3" order intermodulation products in FM and DAB range.

The simulated linearity performance is shown in Fig. 7.12 and the evaluated
intermodulation distance is summarized in Table 7.1. As it can be seen, the specifi-
cations are fulfilled for all services as far as a3 is concerned. However, as expected,
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there is a serious issue concerning the FM ays.

FM Band-III L-Band
axs |[dB]  62.1 76.6 67.8
axe |[dB]  34.6 56.6 29.8

Table 7.1: The simulated intermodulation performance achieved by the one-transistor am-
plifier for both FM and DAB services (110 dBuV output level for FM, 100 dBuV
output level for DAB).

7.2.5 Experimental Results

The realization of the proposed FM/DAB active antenna is shown in Fig. 7.13.
The transistor is biased at 30 mA. The antenna element can be mounted directly
on the amplifier PCB. The layout design was aimed at minimizing any parasitic
capacitance of the input node and generally ensuring the circuit’s stability. Another
important issue was the L-Band, because of its higher frequency which requires
special attention when designing the layout.

Fig. 7.13: Realized single transistor FM/DAB amplifier.

Frequency Characteristic

The voltage gain of the amplifier itself Ayt = |V ./Vi,| measured in the lab
is plotted in Fig. 7.14, together with the simulation result for comparison. The
experimental results fit the simulations well, especially in the FM band. In the
Band-III there is a certain difference between the two curves, which is caused by
the fine tuning of the realized circuit, in order to flatten the response obtained
in combination with the real antenna element. The discrepancy in the L-Band is
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mainly caused by the parasitic elements on the PCB that have not been fully taken
into account in the simulation.
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Fig. 7.14: FM and DAB voltage gain of the amplifier alone Ay 1 = |V /Vi,|, measure-
ment and simulation.

An indication of the achieved flatness in combination with the CCHA element
can be seen in Fig. 7.32 for all three bands. The measurement took place in the lab
and the results indicate the transmission between a passive sender antenna and the
output of the active antenna. The single-transistor FM/DAB active antenna can be
used all over the FM band, but delivers its best performance in the European range.

The frequency response in Band-III exhibits also a good flatness. In Fig. 7.32(c)
depicting the L-Band range, the gain achievable with a passive 5 cm long monopole
antenna is also plotted, so that it can be seen that the active FM/DAB antenna
achieves in average 6 dB more signal.
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Noise Performance

The measured FM output noise voltage Vou n is depicted in Fig. 7.15 and is deter-
mined in an anechoic chamber, with the 14 cm long DAB-CCHA connected to the
amplifier. For the European range the output noise level is below —4.3dBuV, thus
partially achieving the VDA recommendations!. The simulated values are found
to provide a rather pessimistic estimate of the noise performance in the European
range, as the comparison in Fig. 7.15 shows.
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Fig. 7.15: Simulated and measured FM output noise voltage for 120 kHz bandwidth and
Z 5 connected.

A comparison between the simulated and measured noise figure NF' in Band-
ITT and L-Band is shown in Fig. 7.16. Because the DAB requirements imposed to
amplifiers are specified without the antenna element, both the simulation and the
measurement took place in a 50 () system. Because of the tuning performed on the
realized circuit, the simulated Band-III noise figure shows rather the trend of the
measured data, while in the L-Band a very good agreement between measurement
and simulation is obtained.

The sensitivity of the new active antenna is also measured in the anechoic cham-
ber with the experimental setup explained in Section 4.3.4 and is referred to the
sensitivity achievable under the same conditions with a passive 90 cm long rod an-
tenna (reference antenna). The results depicted in Fig. 7.34 show that the sensitivity
of the FM/DAB active helix antenna is in average 11.6 dB for the European FM
range beneath the one of the reference rod.

IBecause DAB is not planned to be introduced in Japan, a FM-DAB active antenna does not
have to cover the Japanese FM range. However, the plots presented throughout this chapter include
also this band, as it might be interesting from an academic point of view.
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Fig. 7.16: Simulated and measured Band-III and L-Band noise figure in a 50 ) system.

Linearity

The linearity of the amplifier is measured in the lab in each of the operating bands
and the results are plotted in Fig. 7.17. The tone frequencies used for the test and

the achieved intermodulation distances are summarized in Table 7.2.
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Fig. 7.17: Measured 2"? and 3'¢ order intermodulation products in FM and DAB range.

As expected from the simulations (Table 7.1), the DAB values, with the exception
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of the L-Band ay,, are fulfilling the requirements. However, the 3'¢ and 2°¢ order

FM intermodulation distances are poor and there is a serious issue concerning the
FM-DAB interference. Additional AGC circuitry can help overcome this problem.

FM Band-III L-Band

fAi[MHz] 96 196 1470
f2[MHz] 98 200 1474
ags [AB] 48 68 58
gz [AB] 36 64 29

Table 7.2: The measured intermodulation performance achieved by the multipath ampli-
fier for both FM and DAB services (110 dBuV output level for FM, 100 dBpV
output level for DAB).

7.3 Multiple Transistor FM/DAB Antenna Am-
plifier

In order to overcome the difficulties caused by the intermodulation products affecting
other bands, a solution is to process each radio band in a different amplifying path
[53]. Such architecture has already been employed in the present work in Chapters 5
and 6 in order to avoid the FM-AM interference. Fig. 7.18 depicts a design in which
the DAB Band-IIT and DAB Band-L paths are very similar to those in Fig. 7.3, but
now contain different transistors: Band-III is directed towards M, while L.-Band
is amplified by M;. The FM range is served by the M; and @), transistors, thus
having a common part with the L-Band path; this is possible, however, because
FM and L-Band are not susceptible to mutual interference. The FM amplifier is
very similar to the CD-CB architecture discussed in Chapter 6, but it performs no
frequency flattening, since the DAB-CCHA element behaves as a capacitance in the
FM range. The start-up issue is also similar to the one discussed in the previous
chapters.

As it will become clear throughout this section, the main difficulty is to combine
the amplifier paths in such a way, that the mutual influence is minimized.

7.3.1 FM Amplifier Path

The FM amplifier path is basically identical with the amplifier in Fig. 6.23, so
that eq. (6.5) holds as well. In this new implementation the amplifier is no longer
required to perform frequency equalization, so that the impedance between the
common drain and the common base stage does not need to be resonant. Instead,
inductor L4 provides the required amount of feed-back to the first stage and improves
the linearity. An inductor is preferred instead of a resistor in order to avoid further
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Fig. 7.18: Schematic of the three-transistor FM/DAB amplifier.

noise contribution to the circuit. When choosing L, a trade-off between the achieved
voltage gain and linearity has to be made.

Because of the “unclean” grounding required for the L-Band path, a series reso-
nant circuit Lo—Cj tuned in the FM range ensures the grounding. Other aspects of
the circuit, like the biasing, have already been discussed in Chapter 6.
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7.3.2 Band-III Amplifier Path

The Band-III amplifier is similar to the single-transistor DAB amplifier; however,
this time transistor M serves only the DAB path. The gate biasing is now achieved
with the help of the Rg resistor, while resistor R4 shifts down the supply voltage.

7.3.3 L-Band Amplifier Path

The L-Band amplifier is also similar to the single-transistor DAB amplifier. In
this implementation it shares the first FM stage transistor, as the L-Band signal is
picked-up from the source of M; and further transformed by the C;—Ls; network.
The mutual influence between the FM and the L-Band amplifier is minimal.

7.3.4 Combining the FM and DAB Amplifier Paths

As already mentioned, the main difficulty is represented by the interconnection of
the different amplifier paths. In brief, it is difficult to obtain filters with sufficient
attenuation out of band and good performance in band, when both the signal source
and the load are complex.

We are starting by combining the outputs, which is a more straightforward task
due to the resistive terminations. Second order intermodulation products in the FM
stage have to be attenuated at the output, in order to prevent them from mixing up
with the Band-III signal. This means that the filter at the output of the FM path
has to have a band-pass characteristic. The filter is implemented by Co—C'1—C9—Lg
and provides high impedance out of band, in order not to load the other paths, while
achieving a return loss better than —11 dB in FM.

The filter structure on the Band-III output path has to block FM and L-Band,
while letting the DAB-Band-III signals pass. A structure can be imagined like the
Lyg—Ch9—L17—Cs in Fig. 7.18, that produces two parallel resonances and a series one
in between. The total impedance of the filter is:

g w(Lyg + L17 — W2L16L17(019 + Cy))
<=7 (1 —w?L16Ch9)(1 — w2Ly7Cy)

so that the series resonance occurs at:

Ly + L1y
e = 7.3
i \/L16L17(C19 + Cy) (7.3)

while the parallel resonances are found at:

1 1
Wpl] = —F——=—; Wp2 = —F——=—
N VLG VInCa
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Knowing the desired resonance frequencies, one of the components can be chosen as
the independent variable, while all the others can be written as a function of it. For
example, if L5 is the independent variable, then we have:

Wy Wy — w?)
L17 — _L16 . FP1\P2 S (75)
Who(Why — W%)

while the capacitances can be calculated from the parallel resonances. The value
of Ly; is dictated by the minimum practical value of C5y, because PCB parasitics
make difficult the accommodation of capacitances lower than 1 pF. For Cyy = 1 pF
we need L7 = 12nH in order to obtain the resonance in the L-Band range. As a
consequence, Lig = 56 nH and Cj9 = 47 pF.

The L-Band output is protected by the Lg—Cs series resonant circuit tuned on
the L-Band.

The input of the Band-IIT amplifier has to be prepared in a special way. The gate
of the M, transistor is using the resistor Rg, which has a moderate value. This is
done so in order to improve the stability, while still maintaining its high-impedance
character.

Lll

C Cin,VHF
13
I |

Fig. 7.19: Simplified representation of the Band-III input filter.

The next main concern is the strong FM signal: if it reaches the Band-IIT ampli-
fier, then the intermodulation products occurring in My will affect the DAB range.
That is why the FM band has to be strongly attenuated. A parallel resonant cir-
cuit connected in series on the signal path proves to be inefficient for blocking FM,
as the input of the Band-III amplifier is high-ohmic and thus the voltage division
between the LC tank and the input is not effective. Better results are attained by
connecting towards ground a series resonant circuit like L;;—C3 in Fig. 7.18, that is
tuned on FM. As the resonant circuit behaves inductive beyond resonance, it can be
used to produce a parallel resonance in the Band-III range. If Ci, vyr is the input
capacitance of the Band-III amplifier, then this filter can be simplified represented
as in Fig. 7.19. The filter input impedance can be written as:

1-— w2L11 013

J = - 7.6
= jw(Ciz + Cinvar — w?L11C13Chm vir) (7.6)

with the series and parallel resonances at:

wg =

) 013 + Cin,vur (7.7)
VLi:1Cis’ L110130m VHF '
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which means that given Cj,vur and the resonance frequencies, the inductor value
can be determined:
1

L =
H Oin,VHF(len_w§>

(7.8)

In our case, simulations show that Ci, yur ~ 2.2pF, so that we find L;; = 384 nH
and C13 = 6.6pF. Simulations also indicate that inductance values larger than
100 nH have little impact upon the noise figure. For the practical realization, the
calculated component values are rounded to the nearest standard value.

A parallel resonant circuit can now be inserted in order to mask the Band-III
amplifier from the FM one (so that the FM signal is not short-circuited at the input
of the FM amplifier). The main problem is now to determine how the Band-III path
and filters affect the FM band. It is obvious that any capacitive loading from the
Band-III path will attenuate the signal picked-up by the FM amplifier. Also, any
resonant measure taken on the Band-III path will introduce a frequency dependence
in the FM one.

M
Ly Cy
Cin
(a) LCL (b) LCs
ouToys ﬂfm«
Cn Gy Ci, Ly
(c) LCLC (d) LLC

Fig. 7.20: Filter structures for the Band-III branch.

Fig. 7.20 depicts four possible input filters for the Band-IIT amplifier. The struc-
tures in Fig. 7.20(a) and Fig. 7.20(d) feature a parallel resonance in FM (at 100 MHz)
and a series resonance in Band-III (at 200 MHz); the circuit in Fig. 7.20(b) is a sim-
ple resonant circuit tuned on the Band-III center frequency, whereby the precaution
of choosing a small C}5 has to be taken, in order to load the FM path with the
smallest amount of additional capacitance possible. The structure in Fig. 7.20(c)
is similar with the filter proposed for the output of the Band-III path, featuring
parallel resonances in FM and L-Band and a series resonance for Band-III.



7.3. Multiple Transistor FM/DAB Antenna Amplifier 155

[dB]

FM/L-Band Path

CCHA
Dummy

50 l S 50 0
1 -

8 10

= = = 0 4 6
L Cp [pF]
(a) Simplified schematic of the simulated cir- (b) Simulated voltage gain and NF at
cuit. 100 MHz with Z, connected at the ampli-
fier’s input.

Fig. 7.21: Estimation of the impact of C'p upon the circuit’s gain and NF' in the FM range.

LCs

We shall first investigate the effects of a direct capacitive loading upon the FM
stage, as the circuit in Fig. 7.20(b) introduces. The Lg—C}5 circuit has its resonance
in Band-IIT and should introduce a high enough impedance in FM. Fig. 7.21(b)
shows that for every pF additional capacitance on the FM input branch (simplified
simulation schematic in Fig. 7.21(a)) both the voltage gain and the noise figure
degrade considerably. Accepting an effective? additional capacitance Cp of 2 pF,
then the DAB-filter can have Ci5 ~ 1.5 pF and Lg ~ 422nH.

LCL

In Fig. 7.20(a) the parallel FM resonance is obtained with the help of Lg—C'5, while
Ly is introduced to obtain a further series resonance in the Band-III range. The
impedance of the filter can be written as:

“w(Ly + Lig — w?LyL19Cha)

Z=]
- J 1— W2L9012

(7.9)

so that the series and the parallel resonances occurs at:

ws—\/—L9+Lw' w 1 (7.10)
pr— ) P pu— .
LoL1yChs V' LoClo

Which means that given the resonance frequencies, the inductor value Ly can be

written as: ,
w
P
Lip=1Lo ———

(7.11)
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(a) Simplified schematic of the simulated cir- (b) Simulated NF at 100 MHz with Z, con-
cuit. nected at the amplifier’s input.

Fig. 7.22: Estimation of the impact of Rp upon the circuit’s NF in the FM range.

The required quality factor of the resonant circuit is next investigated. To do so,
the tank circuit is represented at resonance only by its loss resistance Rp, as shown in
Fig. 7.22(a). The value of Rp is swept and the resulted NF' is plotted in Fig. 7.22(b).
As it can be seen, Rp has to be larger than 16 k(2 in order to keep the NF' increase
below 1 dB. As Qp = Rp/(wL), large inductor values are required in order to keep
the quality factor within a reasonable range. As for the signal behaviour alone, the
inductor values should be at least 240 nH in order to keep the total impedance of
the resonant circuit high enough all over European FM band. However, inductor
values lower than 1 uH tend to favour a resonance in the European FM band, thus
altering significantly the in-band ripple.

For Lp = 1 uH we get Qp = 25.5, which is a practical value, and Cp = 2.53 pF.
Let us now investigate if there are any disadvantages concerning the other bands.

An interesting plot is obtained with the help of the circuit in Fig. 7.23, where the
value of Lg is being swept, Rp is kept constant, Ly, is ideal and is always adjusted
to obtain the series resonance at 200 MHz, while L;;—C3 consists of lossy elements.
The Band-IIT amplifier is considered noiseless, in order to estimate only the noise
contribution from the FM filter.

As expected, the noise performance in the DAB-Band-III range is better for lower
values of Lg, due to the short-circuiting effect the capacitor has upon Rp. Lower Lg
values also require lower Lo inductances, thus allowing for a broader resonance and
less losses in the Band-III range.

A compromise has to be made between the requirements for FM and those for
Band-III: good FM reception demands larger Lg values, while the reception in the
Band-III requires smallest possible values for Lg. Experiment shows that Ly = 1 uH
is a tolerable trade-off; for the other elements we get then: Cis ~ 2.5pF and Lqy ~
330 nH.

2Equivalent capacitance of the resonant circuit in FM.
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(a) Simplified schematic of the simulated cir- (b) Simulated NF' at 200 MHz with Z, con-
cuit. nected at the amplifier’s input.

Fig. 7.23: Estimation of the impact of Lg upon the circuit’s NF' in the Band-III range.

LCLC

We shall now investigate the effects of the circuit in Fig. 7.20(c). The FM resonance
introduces the same constrains like the one in Fig. 7.20(a). However, this time there
are some additional constrains regarding the three resonances. The value of Ly is
this time dictated by the minimum practical value of Cy;: capacitances lower than
1 pF are difficult to accommodate on the PCB because of parasitics. That is why
for C5; = 1 pF we need Ly = 12nH in order to obtain the resonance in the L-Band
range. As a consequence, Lg ~ 56nH and C}, ~ 47pF, so that the FM resonant
circuit exhibits about 1.23 k(2 at resonance, if QQp = 35. Consequently, the low value
connected in parallel to the FM path will degrade its performance.

LLC

The impedance of the circuit in Fig. 7.20(d) can be written as:

. ijg(l — CL)QLlOClQ)

= 7.12
= w2Cha(Ly + Lyp) — 1 (7.12)

indicating a series and a parallel resonance:

1 1
V' LipClha V/Ci2(Lg + Lyo)

so that capacitance C'5 can be calculated when ws, wp and Lg are given:

(=) -

2
Lg'wp

(7.13)

wg =

C’12 =

For our application with Ly = 1 uH we get Lig ~ 330nH and C5 ~ 1.9pF.
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(a) Simulated total voltage gain. (b) Simulated NF with Z, connected at the

amplifier’s input.

Fig. 7.24: Simulated voltage gain and noise figure for different filter configurations.

Comparison between the different filter implementations

A direct comparison between the performance achievable with these filter configu-
rations is shown in Fig. 7.24. The configuration “LCs” (Fig. 7.20(b)) is the only one
which provides a relatively flat FM response, since it loads the FM input mainly
with a capacitance. However, it worsens the Band-III noise figure, and the FM
voltage gain is significantly lowered. The Band-IIT NF' can be improved by lowering
Lg, but this measure requires a higher capacitance, which in turn further affects the
FM path.

The “LCLC” filter does provide a good NF' in Band-III, but it seriously affects
FM, thus making it unusable. The “LCL” and “LLC” structures are very similar, the
latter exhibiting marginally better noise figure in the Band-III range and somewhat
poorer noise figure in the FM band.

The presence of the Band-III amplifier has little influence upon the L-Band one,
and every filter implementation described so far offers about the same results. In
Fig. 7.25 are shown the voltage gain and the noise figure attained in the presence of
the “LCL” filter and it can be seen that a noise figure of about 0.7 dB can be thus
obtained, when the DAB-CCHA is connected.

It is further assumed that the FM stage needs no protection against Band-III
signals, since these are usually lower in magnitude and do not produce intermodu-
lation products that may disturb FM. However, a high-pass filter action is taken by
means of C'q1—La in order to protect the stage against strong AM signals.

The simulated linearity performance is shown in Fig. 7.26 and the evaluated inter-
modulation distance is summarized in Table 7.3. The 3' order FM intermodulation
distance has a moderate value, indicating the trade-off between gain and linearity
made when choosing the value of Ly. However, the FM-DAB intermodulation issue
has now been alleviated, as a comparison with Table 7.1 reveals.
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nected at the amplifier’s input.

Fig. 7.25: Simulated L-Band gain and noise figure.
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Fig. 7.26: Simulated 2°¢ and 3" order intermodulation products in FM and DAB range.
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The specifications are fulfilled for the DAB services as far as a3 is concerned,
and almost fulfilled when it comes to ays.

FM Band-III L-Band
as [dB] 54 72 61.2
a2 [AB] 63 42 45.6

Table 7.3: The simulated intermodulation performance achieved by the three-transistor
amplifier for both FM and DAB services (110dBuV output level for FM,
100dBpV output level for DAB).

7.3.5 Experimental Results

The realization of the proposed FM/DAB active antenna is depicted in Fig. 7.27.
The antenna element is mounted directly on the amplifier PCB, in order to avoid
additional capacitive loading at the input node. The layout design was aimed at
minimizing any parasitic capacitance of the input node and generally ensuring the
circuit’s stability.

Fig. 7.27: Realized 14 cm long DAB-CCHA antenna mounted on the three-path FM/DAB
amplifier.

Frequency Characteristic

The voltage gain of the amplifier itself Ay 1 = |V /V;.| measured alone in the
lab is plotted in Fig. 7.28, together with the simulation result for comparison. The
experimental results fit the simulations well, especially in the FM band. The effect of
the Lg—Cys resonance can be also observed well in Fig. 7.28(a). In the Band-III there
is a certain difference between the two curves, which is caused by the fine tuning of
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the realized circuit, in order to flatten the response obtained in combination with
the real antenna element. The discrepancy in the L-Band is mainly caused by the
parasitic elements on the PCB not fully taken into account in the simulation.
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Fig. 7.28: FM, Band-III and L-Band voltage gain of the amplifier alone Ay 1t = |V . /Vial,
measurement and simulation.

An indication of the achieved flatness in combination with the CCHA element
can be seen in Fig. 7.32 for all three bands. The measurement took place in the lab
and the results indicate the transmission between a passive transmit antenna and
the output of the active antenna. The three-transistor FM/DAB active antenna
achieves good flatness in the European FM and Band-III ranges. In Fig. 7.32(c)
depicting the L-Band range, the gain achievable with a passive 5 cm long monopole
antenna is also plotted. The active antenna achieves in average 5.2 dB more signal
than the passive counterpart.
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Noise Performance

The measured FM output noise voltage Vou n is depicted in Fig. 7.29 and is deter-
mined in an anechoic chamber, with the 14 ¢cm long DAB-CCHA connected to the
amplifier. For the European range the output noise level is below —5.2dBuV, thus
achieving the VDA recommendations. The simulated values are found to provide a
rather pessimistic estimate of the noise performance, as the comparison in Fig. 7.29
shows.

2r ‘
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Fig. 7.29: Simulated and measured FM output noise voltage for 120 kHz bandwidth and
Z 5 connected.

A comparison between the simulated and measured noise figure NF' in Band-
IIT and L-Band is shown in Fig. 7.30. Because the DAB requirements imposed to
amplifiers are specified without the antenna element, both the simulation and the
measurement took place in a 502 system. As expected, the simulated Band-III
noise figure shows rather the trend of the measured data, while in the L-Band a
very good agreement between measurement and simulation is obtained.

The sensitivity of the new active antenna measured in the anechoic chamber with
the same experimental setup so far employed is depicted in Fig. 7.34 and it shows
that the FM sensitivity of the FM/DAB active helix antenna is in average 13.5 dB
(European range) beneath the one of the reference rod, which is an important per-
formance loss.

Linearity

The linearity of the amplifier is measured in the lab in each of the operating bands
and the results are plotted in Fig. 7.31. The tone frequencies used for the test and
the achieved intermodulation distances are summarized in Table 7.4.

As expected from the simulations (Table 7.3), the 3" and 2°¢ order FM inter-
modulation distances have moderate values. The DAB values are somewhat lower
than expected, but with the exception of the Band-III ay», all other requirements
are almost fulfilled.
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Fig. 7.30: Simulated and measured Band-III and L-Band noise figure in a 50 €2 system.
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Fig. 7.31: Measured 2"? and 3'¢ order intermodulation products in FM and DAB range.
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FM Band-IIT L-Band

fi[MHz] 96 196 1470
f2[MHz] 98 200 1474
axs [dB] 50 65 49
axe [dB] 59 39 45

Table 7.4: The measured intermodulation performance achieved by the three-transistor
amplifier for both FM and DAB services (110dBuV output level for FM,
100 dBuV output level for DAB).

7.4 One-Transistor Amplifier vs. Three-Transistor
Amplifier for FM/DAB

A comparison of the signal performance of the two amplifier architectures (one-
transistor and three-transistor respectively) is shown in Fig. 7.32. The measurement
took place in the lab and the results indicate the transmission between a passive
radiating antenna and the output of the considered active antenna (DUT). The
same DAB-CCHA element has been used for both amplifiers.

Fig. 7.32(a) shows for comparison also the FM curve obtained with a simple
AM/FM active CCHA, similar to the one described in Chapter 6, but not sufficient
enough tuned in order to correct for the in band resonance; however, it shows that
both FM/DAB active antennas have inferior performance. The FM performance of
the one-transistor amplifier is better, because the signal is directly fed to the active
device and no further paths load its input. The connection of a further Band-III
amplifier, as the case is for the three-path architecture, cannot be such designed
in order not to load the FM input. This aspect has already been discussed and
analysed and now we can see its influence in a direct comparison.

In the Band-III range the three-path architecture achieves a more flat response,
while in L-Band both amplifiers have in average about the same performance.
Fig. 7.32(c) also shows a comparison with a passive 5 cm long monopole operat-
ing in the L-Band and it is obvious that the use of an active antenna, regardless its
architecture, is improving the reception.

The FM output noise voltage of the two architectures is compared in Fig. 7.33
and it can be seen that in the European FM range the two circuits have in average
similar performance.

The comparison of the measured sensitivity is shown in Fig. 7.34. Both FM/DAB
active antennas have lower sensitivity than the AM/FM version discussed in Chap-
ter 6. This is because of both the antenna element itself and the structure of the
amplifier. When compared to the single transistor architecture, the three-path one
has inferior sensitivity, mainly because of the loading caused by filters on the input
path.

The noise performance of the three-path amplifier is inferior in the Band-III
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Fig. 7.32: Comparison between the signals delivered in lab field measurements by the one-
transistor amplifier and the three-transistor amplifier in both FM and DAB
range.
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Fig. 7.33: Comparison between the measured output noise voltage achieved by the one-
transistor amplifier and the three-transistor amplifier in FM range (120 kHz
bandwidth, Z, connected).
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Fig. 7.34: Measured FM sensitivity and comparison between the one-transistor, three-
transistor and the simple AM/FM amplifier. Results are referred to the 90 cm
long passive reference rod antenna.

range, as depicted in Fig. 7.35(a). This is because of the losses and impedance
transformations introduced by the filters separating the FM and DAB paths. How-
ever, in the L-Band the three-transistor amplifier exhibits marginally better noise
performance.

Regarding the non-linear performance, a comparison can be made by inspecting
Tables 7.2 and 7.4. The main advantage of the three-transistor architecture is a
better suppression of the 2°¢ order intermodulation products of FM signals affecting
the Band-III (about 23 dB more in comparison to the one-transistor amplifier).
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Fig. 7.35: Comparison between the measured noise figure achieved by the one-transistor
amplifier and the three-transistor amplifier in both Band-III and L-Band (50 2
system).

7.5 Summary

The investigations performed throughout this chapter show that a capacitive cou-
pled helical antenna (CCHA) element can be basically used for a multiservice AM/
FM/DAB active antenna. In the AM and FM bands the antenna element behaves
capacitive, while a resonance is tailored to arise in the Band-III. In the L-Band only
a small portion of the antenna element is being used, which can be reduced to a
simple \/4 monopole. However, there are certain difficulties in implementing an
appropriate multiservice amplifier.

The use of a single-transistor amplifier for the FM/DAB services has the appeal
of an ultra-compact, low-cost solution, in combination with low demands imposed
on the input path. However, the intermodulation issues, especially between FM and
Band-III, cannot be overcome without the use of AGC circuitry.

In order to overcome the FM-DAB-Band-III intermodulation issue a separate
amplifier path can be introduced for the Band-III, while the FM and L-Band can be
partly processed together. However, this architecture poses some difficulties when
it comes to separate the FM and DAB-Band-III signals on the input path. The
filters required for this task have to introduce little losses and at the same time to
mask well enough each path from the other, so that no additional loading degrades
the signal. The implementation proposed here successfully splits and combines the
different signal paths, however at the cost of a lower signal performance in the FM
band and lower DAB-Band-III noise performance.
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Conclusions

Radio reception in cars belongs nowadays to everyday life. Over the years two
antenna solutions have been preferred for the mass production: the active window-
printed antenna and the short active rod antenna. While the first is usually met
in high-end cars and achieves superior aesthetics, the latter is the usual choice for
low-end cars.

In the quest for reducing the length of rod antennas, the boundaries of the avail-
able technology are reached fast. The passive version of long rod antennas, 90 cm in
length, can be used for both AM and FM reception. However, further reducing the
monopole length has dramatic effects upon the performance, because the antenna’s
capacitance, effective height, efficiency and attainable bandwidth decrease. Electri-
cally very short monopoles are antennas whose physical length is lower than a tenth
of the operating wavelength. Power matching is not possible for such monopoles and
they cannot be combined with conventional techniques for broadband radio recep-
tion. The active antenna principle has to be employed, which combines the antenna
element with a special designed amplifier that has to fulfil certain requirements
concerning gain, noise and linearity.

The main goal of this work has been finding effective ways to deal with ultra-
short rod antennas. An investigation has been performed in order to identify the
active devices best suited for this task, whereby the device transconductance and
noise performance are of main importance. The noise parameters of the transistors
compared in this work have been experimentally measured and the resulting noise
models are found to be more accurate in describing low frequency noise effects than
standard simulation models do. It has been concluded that Si JFETSs, due to their
low flicker noise, are more appropriate for AM applications, while for FM, DAB-
Band-IIT and DAB-L-Band the GaAs HEMT devices are preferred.

The first target has been the reduction of a simple monopole to only 20 cm
height, which brings important difficulties in coping with the antenna impedance
and the low effective height. A cost convenient one-transistor architecture which
handles both AM and FM has been first investigated. This implementation has
to address the high flicker noise issue of the HEMT transistors in the AM range.
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However, due to the high transconductance of the active device, this active antenna
still provides sufficient gain in the AM range. The main drawbacks are the poor
sensitivity in FM and the pronounced FM to AM conversion, which occurs because
of the nonlinear character of the device and the fact that both bands are amplified
by the same transistor.

In order to elude this nonlinear issue, a two-path architecture is preferred, in
which both AM and FM are processed separately. The AM amplifier consists of a
low-noise JFET cascode which provides low input capacitance and thus achieves an
outstanding measured SNR comparable to the one of the passive 90 cm reference.
From an electrical point of view, all the antenna elements investigated throughout
this work have in the AM range a similar behaviour to the simple monopole. As a
result, this AM amplifier allows them to be used also for AM reception.

In the FM range the performance situates itself below the performance achiev-
able with a 90 cm long passive whip antenna, because of the much reduced antenna
effective height and the highly reactive character of the antenna impedance. How-
ever, this solution features sufficient linearity and can be seen as a low-cost option
for AM/FM, provided that the FM sensitivity issue can be accepted.

The introduction of a novel capacitive coupled helical antenna (CCHA) allows
the further reduction of the rod to only about 14 cm. Due to the more complex
structure of the antenna element the effective height and the antenna impedance
are improved for the operating band. The possibilities to use the CCHA for AM
and FM reception have been investigated and it has been shown that the required
performance can be attained in combination with a special designed high-impedance
amplifier.

Such a resonant antenna structure produces very sharp resonances and is there-
fore difficult to be used in broadband applications. The investigation of two high
input impedance amplifier configurations shows that a common-drain — common-
base resonant amplifier topology can flatten the antenna frequency characteristic,
while achieving low noise and low distortion. By combining the FM amplifier with
an AM amplifier similar to the one previously discussed, the new active antenna can
be used for automotive applications in both bands. At the same time, the overall
amplifier complexity is just moderately increased.

Measurements confirm that the novel ultra-short 14 cm helical active antenna
performs better than the 20 cm long active monopole antenna and achieves in average
about the same signal level as a passive 90 cm long monopole antenna. Further-
more, this novel active antenna fulfills the linearity requirements and therefore does
not need additional automatic gain control circuitry. The measured sensitivity is
comparable to the one attained by 40 cm long active rod antennas and is sustained
over the entire European and Japanese FM ranges. To the best of our knowledge,
this is the first time when such short antenna elements achieve this sensitivity.

By modifying its resonant frequency, a capacitive coupled helical antenna can be
used for the DAB service too. In this case the antenna element behaves capacitive
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in the AM and FM bands, while a resonance is tailored to occur in the Band-III.
In the L-Band only a small portion of the antenna element is used, which can be
reduced to a simple A/4 monopole.

It is however challenging to realize the right amplifier for a multiservice AM/
FM/ DAB antenna. A single-transistor amplifier has the appeal of an ultra-compact
low-cost solution, in combination with the low demands imposed on the input path.
However, the intermodulation issues, especially between FM and Band-III, cannot
be overcome without the use of AGC circuitry.

An amplifier which separates the Band-III and processes partly together the FM
and L-Band is able to alleviate the undesired FM-Band-III conversion. However,
separating the FM and DAB-Band-III signals on the input path is challenging. The
filters required for this have to introduce little losses and at the same time to separate
well enough each path from the other, so that no additional loading degrades the
signal. An extensive investigation had the purpose of finding the best suited filter
topology. Besides the more complex structure, the realized active antenna shows
some disadvantages concerning noise and gain in FM and Band-III when compared
to the single-transistor version, but it succeeds in alleviating the linearity. The
L-Band gain and noise performance is very good.

Preliminary analysis shows that the amplifier principle used in combination with
the AM/FM CCHA element is also suited for other implementations of the helical
architecture. Usually, the so-called “shark fin” mounted on the car roof above the
rear window shelters antennas for higher frequency ranges, like GSM, GPS or Digital
Satellite Radio (DSR). However, in order to enable also the reception of AM and FM
without additional window-printed antennas, there are also some implementations
available which make use of antenna elements with roof capacitance hidden inside
the fin.

The AM/FM CCHA employed in this work can be also modified in order to fit
inside a shark fin, by shortening its main body and adding a roof capacitance. Such
an AM/FM antenna element can be further combined with a circular polarized ring
antenna for the reception of DSR signals. The ring antenna type in [54] is able
to receive the signals from both geostationary and geosynchronous highly elliptical
orbit satellites. The CCHA element can be mounted in the centre of the ring antenna
structure, as there arises no electromagnetic field in the DSR frequency range. In
this way undesired couplings between the two antennas are avoided and the way
towards a new generation of high performance highly integrated shark fin antennas
is opened. In this context, except for some changes, the same amplifier architecture
used in Chapter 6 can be basically employed.



Appendix A

Equivalent Noise Circuit for
Two-Ports and Optimum Noise
Impedance

The noise sources contained in a two-port can be various and numerous, so that
an overview can become difficult, if not impossible. A good method to handle the
complexity of this issue is to replace all these internal noise sources with a set of
noise sources placed outside the two-port (now considered noiseless), so that the
overall noise behaviour is preserved.

2
VoN  Zs

Noiseless
Two-Port

Noisy
Ve — Two-Port

Fig. A.1: Equivalent noise circuit for a two-port.

Fig. A.1 depicts the most common way to achieve this. Two complex correlated
equivalent noise sources — one voltage source and one current source — are placed
before the two-port, now considered noiseless. The noise of the generator impedance
Z is accounted for by the presence of v y. The two noise sources v§ and % are
required in order to correctly describe the noise behaviour of the two-port for an
arbitrary generator impedance Z. For example, if the current source iy were not
included, then for Z; — oo there would be no noise at the output port, because the
entire vy voltage would fall on Z. This is of course incorrect, since the real two-
port is always noisy. On the other hand, if the voltage source vy were not included,
then for Z5 — 0 there would be no noise at the output port, because the entire
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in current would be short-circuited by Z,. This is again incorrect, since the real
two-port is noisy also in this context. Therefore, the correct noise behaviour can be
described for any Z only by using two noise sources at the input of the two-port.

The complex correlation coefficient v arises from the fact that parts of vx and
in can have a common origin (i.e. the same physical cause) inside the real two-port.
This correlation coefficient can be expressed analytically as [30]:

7= (A1)
ug 1%

When calculating the noise voltage UiQmN arising at the input of the two-port
shown in Fig. A.1, one has to take v into account. By superimposing the effects of
the different noise generators we get:

2 =

) _ 3 p ) _
Vi, N Vi ¢+ (Vi + Vin2) (Vin1 + Vin2)* = U5, g + Vi F Ving + VinlVihp + U Ving =

= vl g+ V2 + vl + 2Re{Umvl, ) (A.2)

where viy; is the voltage at the two-port input in the absence of ix and vg N, Ving is
the voltage at the two-port input in the absence of vy and vg N, while vy, ¢ is the
voltage at the two-port input in the absence of vy and 7. After some algebra and
substituting uyi} from eq. (A.1), we get:

Z? (5 = ——
Zo=Eal e Ea P& Re(y 25} (A3)
|Zin+ZG|

When two random variables X and Y are partially correlated, then one of them
can be split into two terms: the first fully correlated with the other variable, and
the second fully uncorrelated [55]:

Y=aX+Z (A.4)

where a = zy/W/ﬁ is a constant and ZZ* = YY*(1 — |y]?) is the uncorrelated
part. This method is used for the Rothe and Dahlke noise model [30], in which
a mnoiseless complex correlation impedance Z, is introduced to account for the

correlation between v and i%. In this case, the noise voltage vy can be expressed
as:

oN = V4 + iNZeor (A.5)

where vy is the uncorrelated part and Z ., is in series with vy. The circuit noise

—Cor
analysis can be carried on using a superposition method like eq. (3.14). Obviously,
in can be also decomposed instead of vy, whereby a noiseless complex correlation

admittance Y in parallel with the noise generator eases the calculations.
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Considering the equivalent noise circuit depicted in Fig. A.1, it is easy to ob-
serve that the noise applied at the two-port’s input is a function of the generator
impedance Z, = Rg + j - Xg. The noise factor can be written as:

vk + % | Zg* + 2y /v ik Re{v- 25}

F=1
+ ATBRG

(A.6)

It can be shown that there is a generator impedance Zg = Z,,, for which the
noise factor of the two-port reaches its minimum value:

Fmin: 1+2VU§IZ%\I4]§T (A?)

where 7 = 7 + j-7. This optimum impedance can be determined from the two
noise sources and their correlation coefficient:

v2 .
Lopy = = (\/ 1—r2— -%) (A.8)

For an arbitrary generator impedance Zg other than Z the noise factor will
always be larger than F;,, as shown by eq. (3.22). This equation can be also
expressed in terms of reflection coefficients [31]:

2
F = Fun + 4R, L — Lop (A.9)
(1—-Lel) [1+D

2
=opt ‘

where L', is the generator reflection coefficient at which minimum noise factor
occurs and [' is the generator reflection coefficient presented to the input of the
two-port.

If we represent eq. (3.22) in the Smith chart with F' as parameter, we obtain a
set of circles (denoted as constant noise circles) having their centers at [31]:

I
=opt
— _—opt Al
Cr 1+ np (A.10)

and radii of:

b+ e (1= [Lopl?)
rg = T (A.11)

where np = (F — Fu) - |1 +£Opt|2 /(4R,). Each circle represents the geometric
locus of the generator impedances for which a given F' is obtained. The larger
the circle’s radius, the larger is the noise mismatch and so the noise factor of the
two-port.

Amplifiers designed around discrete active components do not offer many degrees
of freedom when it comes to noise optimization. The designer can only choose a
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type of active device featuring low enough noise factor and to bias the component
accordingly. Next step is to provide the amplifier with the correct generator im-
pedance Zopt in order to reach Fl,;,. This is usually done with the help of some
circuit techniques and the use of matching networks, which have to be as lossless as
possible, as they are placed at the amplifier’s input.



Appendix B

Types of Field Effect Transistors
Used throughout this Work

This appendix overviews different types of transistors available nowadays and inves-
tigates their applicability for an active antenna. Their operation is briefly described,
in order to emphasize the different features and particularities. Their small-signal
equivalent circuits are presented in some detail and the noise properties are dis-
cussed, since the active device plays the major role in the output SNR of an active
antenna.

B.1 Junction Field Effect Transistors (JFETsS)

The silicon JFET is nowadays used mostly in discrete designs and only seldom for
integrated circuits. A cross-section through a n-channel JFET is shown in Fig. B.1.
A n-well is formed into the p-type substrate, and a heavily doped p* region is
diffused into this well [56]. The p™ and the n regions form together a p*n junction.
The p* diffusion is the gate of the transistor and is contacted with metal. Heavily
doped n™ wells allow for a low-resistivity contact between the n channel and the
drain and source metal depositions. The substrate (bulk) is usually connected at
the most negative supply voltage.

In order for the device to operate, the p*n junction is reverse-biased. This
produces a depletion layer which extends almost entirely into the n region and
controls the current flow through the channel. When a high enough reverse-bias
gate-source voltage has been applied, the depletion layer extends over the entire
depth of the channel and the current flow between source and drain is no longer
possible. This voltage is called the pinch-off voltage and is usually referred to as Vp.

In normal operation with Vg > Vp and Vpg > 0, the depletion layer in the
channel becomes tapered, due to the potential gradient along the channel. As long
as the channel is not pinched-off at the drain end (where the reverse-bias voltage
is the highest), which happens as long as Vps < Vigs — Vp, the transistor is said to
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Fig. B.1: JFET cross-section

work in the linear (triode) region.

When the voltage between the drain end of the channel and the gate is below
Vp, the channel is pinched-off at this point and the current saturates (remains ap-
proximately constant). The transistor operates in the saturation region, in which
Vbs > Vas — Vp, and the current-voltage characteristic can be written as:

V. 2
Ip = Ipss (1 _ Vi:> (14 AVps) (B.1)

where [p is the drain current, Ipgg is the drain saturation current, Vg is the gate-
source voltage and A is the channel length modulation parameter. The latter can
be related to the Early voltage! Vi to be A = 1/V,. Because the p™n junction is
reverse biased, the gate leakage current is very small, in the range of nA.

Fig. B.2 depicts a simplified small-signal model for the JFET. Ry, Rq and Rj
represent the parasitic ohmic contacts of the gate, drain and source, respectively.
Inductive parasitic elements have been omitted. If the channel length modulation is

neglected, the small-signal transconductance g, can be computed by differentiating
eq. (B.1):

Im (B.2)

_ 0 2lpss (1 B VGS) _ 2VIpsslp
Vs |Vp| Vp |Vp|

The output resistance of the device can be expressed as function of the Early
voltage Vjy:
1 |Val

L L B.
SV (B.3)

Cas, Cap and Cpg are the parasitic capacitances of the device.

!The Early effect describes the variation of the drain current Ip with the drain-source voltage
Vbs. The Early voltage Vj is an intercept point obtained on the Vpg axis by the extrapolation of
the I-V characteristic of the transistor in the saturation region (for FET). This effect holds also
for bipolar transistors, if the I-V curves in the active region are extrapolated [39].
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0@

Fig. B.2: Simplified equivalent small-signal circuit for the JFET and MOSFET transistor.

B.2 Metal Oxide Field Effect Transistors (MOS-
FETSs)

The silicon MOSFET is nowadays the natural choice for mixed-signal very large
scale integration (VLSI) circuits. It allows extremely high integration density, while
featuring low power consumption and low production costs [39]. Modern submicron
technologies exhibit also excellent performance in the GHz range, competing with
more expensive GaAs or InP processes [57] [58].

B
Fig. B.3: NMOS cross-section.

A cross-section through a n-channel MOSFET is shown in Fig. B.3. The device
is formed in a p-type substrate. The gate consists of conductive material and is
separated from the substrate by a very thin isolating layer of SiO5. Heavily doped
n™ wells allow for a low-resistivity contact between the n channel and the drain and
source metal depositions [39]. The substrate (bulk) is usually connected to the most
negative supply voltage.

When no gate-source voltage Vg is applied, the current flowing between drain
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and source is negligible, since these regions are separated by back-to-back pn junc-
tions. When a sufficient positive Vgg voltage is applied, a n channel is electrostat-
ically induced by the gate in the p-type substrate and conduction between drain
and source occurs. This phenomenon is called inversion and the required Vg is
denoted as threshold voltage V. After the inversion occurs (Vgs > V), the channel
conductivity is controlled by Vgs.

Like in the case of JFET, the operation of the MOSFET also exhibits a linear
(triode) region for Vps < Vas — Vir, and a saturation region for Vps > Vgs — Vr.
In the saturation region the drain end of the channel is pinched-off and the drain
current Ip is ideally independent of Vpg. For this operation mode the current-voltage
characteristic can be written as:

_ il W
2 L

where g, is the electron mobility, Coy is the gate oxide capacitance per unit area,
W is the gate width, L is the gate length and A = 1/Vj is the channel length
modulation parameter (with Vi the Early voltage). A bit of algebraic manipulation
reveals that this equation is very similar to eq. (B.1).

It is important to note that the gate current of MOSFETS is extremely small, in
the range of a few pA, since the gate is virtually isolated from the channel.

Fig. B.2 depicts a simplified small-signal model for the MOSFET, in fact identical
with the one for the JFET. The significance of the circuit elements has already
been explained in section B.1. By differentiating eq. (B.4) (and neglecting the Early
effect), the small-signal transconductance gy, is obtained:

b (Vas — V)* (14 AVhbs) (B.4)

olp W
- = nCox
MWes ML

B.3 Noise Models for JFETs and MOSFETSs

Fig. B.4 depicts the noise model which applies for the JFET and MOSFET tran-
sistors. vg,y, Vian and v represent the thermal noise sources of the parasitic

w
(VGS — VT) = Qluncoxf]D (B5)

9m

resistances. The drain noise current source g incorporates the thermal noise ex-
hibited by the channel and the flicker noise:

i = 4kTyPgmB + KITDB (B.6)
where P = % for long channel devices and B is the bandwidth. The flicker noise is
modeled with the help of the device-dependent constants K and «. The 1/f noise
dominates the drain noise at low frequencies, while the thermal noise is predominant
at high frequencies.

It should be mentioned here that P is found larger for submicron devices [39]. For
both JFETs and MOSFETS, the flicker noise is caused by the existence of trapping
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Fig. B.4: Simplified equivalent small-signal circuit for the JFET and MOSFET transistors,
including the noise model.

centers, which trap and release carriers, making the channel current fluctuate. In
MOSFETsS, the trapping centers are located in the gate oxide or at the Si — SiO,
interface. For JFETSs, these centers are to be found in the depletion region and are
caused by impurities and crystal defects. Devices with very low gate leakage current
have also low 1/ f noise, since the same traps are mainly responsible for both reverse
current in pn junctions and 1/f noise [28].

The gate noise current source zé_N consists of the shot noise produced by the

gate leakage current and a noise current induced on the gate by the channel thermal
noise:

4kTB

2y = 2qIB + 0
eq

(B.7)

where I is the gate leakage current, and R, is an equivalent resistance which shows
the amount of thermal noise “induced” from the channel on the gate through the
Miller capacitor Cgp. This resistance can be estimated as [28]:

1

Rey =
WG (1] |R1)?Can (Cps + CL)

(B.8)

where Ry, and Cf, represent the load connected to the drain of the transistor.

Concerning eq. (B.7), there are some comments to be made. The shot noise
dominates at low frequencies and is normally very small for JFETs and MOSFETsS,
as the gate leakage current Ig is also very small. The induced gate noise increases
rapidly with f? and is correlated with the thermal part of 2, since both originate
from the thermal noise of the channel.
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B.4 Metal-Semiconductor Field Effect Transistors
(MESFETSs)

The GaAs MESFET is a transistor normally used for microwave applications. As
a semiconductor material, the GaAs offers important speed advantages over the
silicon, as the electron mobility is significantly higher.

S G D

e

n (GaAs)

semi-insulating GaAs substrate

Fig. B.5: MESFET cross-section.

A cross-section through a n-channel MESFET is shown in Fig. B.5. A n-layer
GaAs is diffused in an undoped (semi-insulating) GaAs substrate and a metal form-
ing the gate is deposited on top of this layer [56]. The metal and the n-layer form
together a Schottky-barrier diode. This structure is preferred, because pn-junctions
are difficult to realize in materials like the GaAs. Heavily doped n* wells allow
for a low-resistivity contact between the n channel and the drain and source metal
depositions.

When the Schottky-barrier diode is reverse biased, the current in the GaAs
channel is controlled by the Vgg voltage, like in the case of the JFET. The main
difference between the operation of a MESFET and the one of a JEET consists in the
way the saturation occurs. For the JFET this happens when the channel is pinched-
off, while for the MESFET the electron drift velocity saturates. This phenomenon
will result in the saturation of the drain current occurring at drain-source voltages
lower than those for JFETs.

Since the amplifier operation requires the MESFET to be in the saturation re-

gion, we shall further discuss only this case. The current-voltage characteristic
follows a square law and resembles the ones of the JFET and MOSFET [59]:

In = B (Vas — Vo)? (1 + A\Vbg) (B.9)

where [ is a transconductance parameter which is device-dependent, Vp is the pinch-
off voltage, A = 1/Vj is the channel-length modulation factor and Vj is the Early
voltage. The Early effect should be taken into account, since the output conductance
of the MESFET is larger than the one of the JFET, because of current injection
into the substrate [60]. Moreover, the output conductance tends to increase with
the frequency.
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Fig. B.6: Simplified equivalent small-signal circuit for the MESFET transistor.

Fig. B.6 depicts a simplified small-signal model for the MESFET. Since the
MESFET is a transistor type used for microwave frequencies, the modeling of the
device is rather complex and we shall not enter into too much detail, since this is
not the purpose of this work. Moreover, some of the elements shown in Fig. B.6
have different values for DC and microwave region.

As the gate signal propagates across the gate width, a delay will occur, which
is accounted for by introducing the equivalent lumped elements L, and R,. R; is
the resistance of the channel section where the electrons drift with velocities lower
than the saturation velocity. The current generator is controlled by the voltage
vés applied on the channel region with saturated velocity. The capacitance of the
depletion layer will introduce a delay in the transconductance, gm,(w) = gumo - €747,
where gy,0 can be computed by differentiating eq. (B.9):

o
- OVas

=28 (Vas — Vo) (1 + AVps) = 2¢/B (1 + AVs) Ip (B.10)

Im

Cas, Cap and Cpg are the parasitic capacitances of the device. The gate-source
capacitance Cgg is mainly determined by the depletion capacitance of the chan-
nel section with unsaturated drift velocity. The output resistance of the device is
modeled with the help of r,.

R, Rq and R represent the parasitic ohmic contacts of the gate, drain and
source, respectively. Depending on the actual device geometry and packaging, geo-
metric capacitances and inductances can be added to the basic equivalent circuit in
order to make the model more accurate.

The substrate current Isyg is a result of the channel current spreading into the
semi-insulating substrate and is, as a consequence, gate-bias dependant. Moreover,
ro and gno are a function of Isyg.



182 Appendix B. Types of Field Effect Transistors Used throughout this Work

B.5 High Electron Mobility Transistors (HEMTsS)

The GaAs HEMT is also used for microwave applications and it features excellent
low-noise properties, combined with significant amplification.

S G D
n+ GaAs N\ ; / nt GaAs
n+ AlGaAs
undoped AlGaAs spacer

undoped GaAs buffer ™ 2-DEG

semi-insulating GaAs substrate

Fig. B.7: HEMT cross-section.

A cross-section through a n-channel HEMT is shown in Fig. B.7. The AlGaAs
and the GaAs layers form a heterojunction in which the different band gap energies
lead to a spatial separation of ions and electrons on both sides of the heterointerface.
Thus an electron sheet (two-dimensional electron gas 2-DEG) is formed in the GaAs
layer in the vicinity of the heterointerface. In contrast to a conventional MESFET,
the scattering caused by ionized impurities is now much reduced, and the electrons
contained in the 2-DEG display high mobility properties [61]. The undoped AlGaAs
spacer serves the purpose to further separate the 2-DEG from the ionized donors.

Similar to the MESFET, the gate metallization and the n™ AlGaAs layer form
together a Schottky-barrier diode. Heavily doped n™ wells allow for a low-resistivity
contact to the drain and source metal depositions.

The carrier channel consists of the 2-DEG sheet and when the Schottky-barrier
diode is reverse biased, the current in the channel is controlled by the Vg voltage,
like in the case of the MESFET. The device pinches-off by applying sufficient
negative bias on the gate, so that the 2-DEG becomes completely depleted of carriers.

For a device operating in saturation, eq. (B.9) holds both for MESFETs and
HEMTSs. The gate leakage current of HEMTSs can be significantly higher than that
of MESFETS, so that it may be necessary to describe it more precisely [60]:

(B.11)

1(Vg—IgRg)
_ 1)

Ig = Ig (6 nkT

where Ig is the Schottky diode saturation current, ¢ the elementary charge, Vi the
gate voltage, R, the series gate resistance, n the ideality factor, & the Boltzmann
constant and T the temperature.
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Fig. B.8: Simplified equivalent small-signal circuit for the HEMT transistor.

Fig. B.8 depicts a simplified small-signal model for the HEMT. The equivalent
circuit is similar to the one presented for the MESFET, with the difference that
in the case of HEMTSs the gate leakage current should be taken into account by
introducing the rgs_1, and rgp_r, resistors. The significance of the other circuit
elements has already been explained in Section B.4. Unlike the MESFET, the well-
defined 2-DEG channel allows the HEMT to sustain its transconductance g, even
at low drain current values [56].

B.6 Noise Models for MESFETs and HEMT's

Fig. B.9 depicts the noise model which applies to the GaAs MESFET and HEMT
transistors. v%{gN, vy and vy represent the thermal noise sources of the parasitic

resistances. The drain noise current source i3y incorporates the thermal noise ex-

hibited by the unsaturated region of the channel, the diffusion noise in the saturated
region and a flicker noise component [62]. Lengthy calculations can be reduced to
the form:

_ Ioc
2 = 4Ty Pgm B + K7DB (B.12)

where P is device dependent, B is the bandwidth, and K and « are flicker noise
constants. The defects in the hetero-interface, such as they occur in HEMTs, cause
an important generation-recombination noise, which dominates over the thermal
noise even up to 100 MHz [61].

The gate noise current source zé_N consists of the shot noise produced by the
gate leakage current and a noise current induced on the gate by the channel thermal
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Fig. B.9: Simplified equivalent small-signal circuit for the MESFET and HEMT transis-
tors, including the noise model.

noise. In a simplified fashion this can be written as:

(wCGs>2

2 = 2qIaB + 4kTy R p

B (B.13)
where I is the gate leakage current and R is device dependent. The shot noise
dominates at low frequencies and is not necessarily negligible, since the gate leakage
current I of MESFETs and HEMTS is usually not negligible. The induced gate
noise increases rapidly with f? and is correlated with the thermal part of i3, since
both originate from the noise of the channel.

The complex correlation coefficient between ipy and ign can be expressed in a
similar manner as eq. (A.1) and is imaginary and frequency independent when the
induced gate noise dominates the gate noise current.

The better confinement of the channel allows the HEMT transistor to exhibit a

lower noise figure than the MESFET, and this up to very high microwave frequencies
[56].
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