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Abstract

For almost two decades, satellite digital audio radio services (SDARS) have been
covering the continental USA with digital quality signals to millions of sub-
scribers. However, the destructive superposition of wave components due to
multipath in Rayleigh fading scenarios deteriorates the signal-to-noise ratio (SNR)
significantly, so that the common antennas need to be mounted at the best posi-
tion on top of the car in order to prevent an unpleasant listening experience for
subscribers because of audio mutes. For making possible also other more criti-
cal mounting positions multi-antenna diversity systems are investigated. First,
a channel model to investigate the effects of dense foliage on the wave propa-
gation in such scenarios is presented. Furthermore, a multi-channel scan-phase
algorithm for the upper SiriusXM band is introduced. Moreover, an analysis
of noise influence on the diversity performance for SDARS systems at 2.33 GHz
and a method for correction of this influence in a diversity algorithm are intro-
duced. Measurements with a compact scan-phase diversity module with an in-
tegrated circuit of small dimensions are presented applying this multi-channel
algorithm ensuring the improvement of signal availability in comparison to sin-
gle antennas.
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Kurzfassung

Seit fast zwei Jahrzehnten decken digitale Satelliten-Radio Dienste (SDARS) die
kontinentalen USA mit Signalen mit digitaler Qualität für Millionen von Abon-
nenten ab. Die destruktive Überlagerung von Wellenkomponenten durch Mehr-
wegeffekte in Rayleigh-Fading Szenarien verschlechtert jedoch das Signal-Rausch-
Verhältnis (SNR) erheblich, so dass die üblichen Antennen an der besten Posi-
tion oben auf dem Fahrzeug montiert werden müssen, um ein unangenehmes
Hörerlebnis für die Abonnenten aufgrund von Audio-Mutes zu vermeiden. Um
auch andere kritischere Einbaupositionen zu ermöglichen, werden Mehrantennen-
Diversity-Systeme untersucht. Zuerst wird ein Kanalmodell zur Untersuchung
der Auswirkungen von dichtem Laub auf die Wellenausbreitung in solchen Sze-
narien vorgestellt. Ein mehrkanaliger Scan-Phase Algorithmus für das obere
SiriusXM-Band wird eingeführt. Darüber hinaus wird eine Analyse des Rausche-
influsses auf Diversity für SDARS-Systeme bei 2.33 GHz und ein Verfahren zur
Korrektur dieses Einflusses in einem Diversity-Algorithmus untersucht. Es wer-
den Messungen mit einem kompakten Scan-Phasen Diversity-Modul mit einer
integrierten Schaltung kleiner Abmessungen vorgestellt, bei denen dieser mehr-
kanalige Algorithmus zur Verbesserung der Signalverfügbarkeit im Vergleich zu
Einzelantennen eingesetzt wird.
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1 Introduction and Thesis Overview

An alternative to terrestrial signal broadcasting is being offered since almost
two decades in the USA. Each of the two providers Sirius Satellite Radio and
XM Satellite Radio launched a satellite digital audio radio service (SDARS). Both
providers merged together a few years ago to form SiriusXM Satellite Radio,
which offers numerous radio channels in digital quality to subscribers all over
the continental USA and even in southern regions within Canada. In terrains
with unobstructed reception to the transmission satellites, the signal-to-noise
ratio (SNR) is considered sufficient. Nevertheless, there are some places which
suffer from severe audio mutes making the whole radio listening experience
very unpleasant. This is especially occurring if the antenna is not mounted on
the best point available on top of the vehicle roof. Fig. 1.1 illustrates a vehicle
with two receiving antennas in such a scenario where destructive superposition
of signal components at the receiver takes place due multipath fading. Dense
foliage plays an important role in the wave reflection and scattering. Another
aspect which deteriorates the SNR is the shadowing effect caused by obstacles
between the satellites and the vehicular receiver like for example tree trunks,
buildings and hills.

In order to mitigate the negative effects of multipath fading in such scenarios, an-
tenna diversity is deployed. Scan-phase diversity benefits from the advantages
of signal superposition and selection via a non-complex system which makes
use of a single RF cable and a single tuner unlike other state-of-the-art diversity
schemes such as maximum ratio combining (MRC) [1]. A scan-phase diversity
system has already been implemented in the Institute of High Frequency Tech-
nology and Mobile Communication at the Universität der Bundeswehr München
for Sirius Satellite Radio service. The improvements in the SNR and audio avail-
ability of the diversity system optimized to one satellite were achieved by vari-
ous system demonstrators [2], [3], [4], [5].

The precise modeling of propagation and scattering of electromagnetic waves
through foliage for satellite reception is considered very challenging. The di-
electric characteristics of foliage and the resulting overall shadowing attenua-
tion are influenced by various factors and change with tree size and species.
Other parameters like the orientation of the incident wave and the complex an-
tenna characteristics in all polarizations contribute to further complexity of the
modeling. For this reason, a channel model investigation and implementation
is introduced in this thesis.
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1 Introduction and Thesis Overview

Figure 1.1: SDARS vehicular reception underneath dense foliage is degraded due to the
multipath fading.

Moreover, a multi-channel scan-phase algorithm for vehicular antenna diversity
of SiriusXM high band satellite reception is presented. The algorithm supports
the frequency bands of distinct satellites according to their signal-to-noise ratio.
For the reception optimization of frequency bands of the same satellite, but of
different ensembles, the optimization is based on choosing the phase combina-
tion leading to the minimum estimated average bit error probability over both
ensembles. In a further step to improve the diversity system performance, a
three-antenna algorithm is introduced in this work which can be also expanded
to a multi-channel application. The algorithms are tested in combination with
various hardware system demonstrators, that were investigated with respect to
their behavior in the field in combination with the different algorithms. Espe-
cially a new compact diversity system with integrated circuit is investigated.

The general structure of the thesis is outlined as follows:

In chapter 1, a general overview of the dissertation is provided.
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In chapter 2, the actual state of the SDARS signal transmission is described in
addition to the common techniques which are deployed in order to mitigate the
effects of multipath in Rayleigh fading scenarios.

In chapter 3, a new channel model of SDARS wave propagation in areas under-
neath dense foliage is introduced. The model permits the time domain investiga-
tion of simultaneous satellite radio reception of multiple diversity antennas. It
deals with multipath wave propagation in a Rician and Rayleigh fading scenario,
shadowing by dense foliage and the characteristics of integrated vehicle anten-
nas depending on the mounting position. The new channel model is evaluated
through comparison with measured results. For this comparison, real scenario
test drives are performed in order to record and analyze SDARS antenna signals.
The histograms of the simulated signal amplitudes show very good agreement
with the measured test drive results performed in the USA.

In chapter 4, a noise cancellation method for a fast scan-phase satellite radio an-
tenna diversity system is investigated and optimized for SDARS application for
significant improvement of audio availability at low signal-to-noise ratio con-
ditions. An error analysis of phase and level detection in the diversity system
in the presence of noise leads to a method of error correction based on a priori
knowledge of the noise floor of the system. The corresponding noise correction
is described and applied in a hardware example of an SDARS antenna diversity
circuit for conditions of fast fading. Test drives, that have been performed in real
fading scenarios in the USA, are described and the corresponding results are
analysed statistically. Simulations of the scan-phase antenna diversity system
show signal quality improvements in terms of higher availabilities and signal
amplitudes. Measurement results of dislocated antennas (macro-diversity) as
well as of a diversity antenna set on a single mounting position (micro-diversity)
are presented. All available satellite signals are used in the comparisons of a di-
versity reception system with noise correction, the same system without noise
correction and a single antenna reception system with each other. Using this
new method in fast multipath fading driving scenarios underneath dense fo-
liage with a low SNR of the antenna signals, a reduction in audio mute time by
one order of magnitude compared to single antenna systems is achieved by the
diversity system. The increased SNR due to the diversity system enables new
unconventional mounting positions which would be severely impaired even if
highly optimized single antennas are used.

Chapter 5 presents a new multi-channel algorithm for SDARS with scan-phase-
antenna diversity at the SiriusXM high band. Considering reception via four
different satellite frequency bands simultaneously, the algorithm controls not
only microwave phase shifters but also switches of a diversity circuit in order to
combine different antenna signals for a minimized overall bit error probability.
On basis of a simple level detection, the in-phase and quadrature components
are derived for all frequency bands and an overall bit error probability is es-
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1 Introduction and Thesis Overview

timated, which is minimized via the phase constellation and switching of the
microwave diversity circuit. For the verification of the new algorithm, antenna
signals of a micro-diversity antenna set are received in real scenario test drives
underneath dense foliage which are fed into a scan phase diversity circuit. Even
in unconventional antenna mounting positions the antenna diversity measure-
ments with the novel multi-channel algorithm show a significant improvement
of the audio reception quality in comparison to single antennas.

The audio mutes represented by black dots for both single antennas as well as
the micro-diversity configuration with the new algorithm over a total time of
380 s are depicted in Fig. 1.2. The micro-diversity antenna set consisting of two
loop antennas is mounted at one mounting position (front fender of the car).
The presented recordings show a typical example of one of the five individual
measurements, where the average results of these are shown in the average mute
durations in Table 1.1. It can be clearly noticed how the number of mutes is re-
duced by the new algorithm in comparison to both single loop antennas which
are mounted at the same position at the left side of the fender.

Figure 1.2: Measured audio mutes of individual measurements of the diversity antenna
set’s single antennas at one mounting point (front fender) in comparison to diversity
with the multi-channel algorithm.

In chapter 6, measurements with a compact antenna diversity system with a new
integrated circuit for automotive reception of SDARS at 2.3 GHz is introduced.
For a scan phase antenna diversity with switching and phase alignment of up to
three different antenna paths, the integrated circuit includes RF switches, phase-
alignment and signal combining as well as the frequency conversion for level
detection. This is the first integrated circuit for SDARS scan-phase antenna di-
versity, which possesses all the diversity functions except for level detection and
digital signal processing. With the novel integrated circuit with a package size
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Table 1.1: Comparison of average audio mute durations (each over five measurements)
in a real fading scenario recorded on test drives in the USA for the cases of single

antennas as well as antenna diversity. The diversity antenna set was mounted on the
car’s front fender.

Audio Mutes [s] Duration [s] Availability [%]
Aver.(Ant1,2) 15.87 380 95.82
DIV SAT1A 1.88 380 99.50
DIV SAT1B 5.34 380 98.59

New Algorithm 2.43 380 99.36

of only 9 mm by 9 mm a compact hardware demonstrator is realized. The diver-
sity circuit is independent of the radio and offers the same interface to the radio
as one conventional single antenna. In laboratory measurements characteristic
values of the RF signal paths like variable phase shift and gain are determined.
In addition, the new compact diversity circuit is also evaluated in a real fad-
ing scenario on a single side mirror of the test vehicle showing a significant
reduction of audio mutes by the diversity system compared to single antenna
reception under same circumstances.

Moreover, a three-antenna algorithm is introduced with its derivation and mea-
surements. Table 1.2 shows the results. The three single patch antennas have
an audio mute duration of 11.71s, 14.03s and 12.85s respectively which leads
to an average audio mute duration of 12.87s for an overall test duration of 380s.
Initial investigatios show that by applying the three antenna algorithm the mute
duration dropped to 0.1s only. In other words, the signal availability increased
from 96.61% to 99.99% which is basically a flawless audio reception underneath
dense foliage. This shows that even at critical mounting positions the diversity
yields a perfect reception quality where a single antenna would lead to an unac-
ceptable listening experience.

Table 1.2: Diversity with 3 reference patch antennas on the hood of the car.

Audio Mutes [s] Duration [s] Avail. [%]
Ant. 1 11.71 380 96.92
Ant. 2 14.03 380 96.31
Ant. 3 12.85 380 96.62

Aver. (1,2,3) 12.87 380 96.61
Diversity 0.1 380 99.99

The last chapter gives a final overview of the achieved results and concludes the
presented work.
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2 Satellite Digital Audio Radio Services

In this chapter, the actual state of satellite transmission of the lower and upper
SDARS bands is described in addition to the challenges of radio reception in
multipath scenarios with mobile receivers. Furthermore, different common so-
lution approaches for reception improvement in such scenarios are depicted.

2.1 Satellite Transmission

Satellite digital audio radio services (SDARS) offer a number of advantages com-
pared to terrestrial analog or digital broadcasting systems. It is mainly possible
to ensure the coverage of larger geographical areas by using only few transmit-
ters. This is of decisive importance, especially with regard to countries such as
the USA, which possess continental dimensions. The construction and operating
of the transmission of terrestrial broadcasting systems are in such large regions
not the most suitable option due to the high operational and maintenance costs
of base-stations all over the country.

To solve this problem, satellites are used as transmitters instead of fixed ground-
based transmitting antennas as is conventionally the case. This means that the
satellite signals can be received not only all over the country but also a several
hundred kilometers overseas.

For this reason, the Federal Communication Commission (FCC) allocated in the
S-band (2 GHz to 4 GHz [6]) two frequency bands each with a bandwidth of
12.5 MHz for two providers Sirius and XM [7], [8]. Nevertheless, both providers
merged together to form Sirius XM Radio and today they occupy the entire
25MHz band between 2.320 GHz and 2.345 GHz. There are currently over 9
millions of users [9]. It is now possible for the provider in 48 states in the USA
and in southern regions inside Canada, to offer an entertainment program of
over 65 music channels in addition to more than 70 speech and information
channels in CD-like sound quality.

The frequency band allocation of SiriusXM is illustrated in Fig. 2.1. The lower
side band (Sirius) has its center frequency at 2.32625 GHz while the upper side
band (XM) has its center frequency at 2.33875 GHz.
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2 Satellite Digital Audio Radio Services

Figure 2.1: The frequency assignment in MHz of SDARS (SiriusXM) in the S-band

The lower side band system is based on three highly elliptical orbit (HEO) satel-
lites and one geostationary orbit (GEO) satellite. The GEO satellite transmits RF
signals, which are modulated by means of quadrature phase shift keying (QPSK)
[10], [11], at 2.322293 GHz whereas the HEO satellite transmits at 2.330207
GHz with 4.1685s delay.

Each HEO satellite needs about 24 hours for a periodic cycle on its elliptical
orbit. This means that a HEO satellite is always active eight hours over North
America before it and will be replaced by another HEO satellite. In other words,
always a GEO satellite and a HEO satellite are actively transmitting. In urban
areas where the satellites are shaded by skyscrapers, additional terrestrial re-
peaters are installed. They transmit at 2.32625 GHz using coded orthogonal-
frequency division multiplexing (COFDM) modulation.

Concerning, the upper side band system is made up of two active GEO satellites.
Each GEO satellite transmits RF signals, which are QPSK modulated [12] within
two ensembles A and B, where each one carries half the total system capacity.

The east satellite supplies the outer two satellite bands at 2.333465 GHz and
2.344045 GHz with the ensembles A and B respectively. The west satellite sup-
plies the inner two satellite bands at 2.335305 GHz and 2.342205 GHz with the
ensembles A and B respectively. Terrestrial repeaters transmitting at 2.337490
GHz for ensemble A and 2.340020 GHz for ensemble B are also installed in ur-
ban areas like the lower side band systems. In other words, a subscriber located
in New York will definitely make more use of the east satellite, and a subscriber
situated in San Francisco will benefit more from the west satellite.

8



2.2 Signal Reception in Mobile Multipath Scenarios

2.2 Signal Reception in Mobile Multipath Scenarios

Electromagnetic waves usually propagate unimpaired in free space. This means
that only one signal arrives at a receiver situated at a given position. In a mul-
tipath scenario, on the other hand, several wave components of different ampli-
tude and phase may overlap additionally. Fig. 2.2 depicts a typical multipath
scenario underneath dense foliage.

Figure 2.2: Multipath fading scenario caused by dense foliage

The individual parts of the received electromagnetic waves are caused by the
reflection and diffraction on objects. Due to the different path lengths from the
transmitter to the receiver, the incoming signals have different phases. Depend-
ing on the number, arrangement, reflectivity, attenuation, etc. of these objects,
destructive superposition can occur, so that the receiver does not find the re-
quired signal-to-noise ratio at certain locations. On the other hand, good recep-
tion conditions can prevail with constructive superposition.

In the case of terrestrial broadcasting, the signal is reflected, for example, by
mountains or houses. Diffraction effects at mountain tops or hills also lead to
other propagation paths. Not only the line-of-sight (LOS) signal received di-
rectly arrives at the receiver, but also signal components with different ampli-
tude and phase. However, there are also reception situations without radio LOS
between transmitter and receiver, so that only reflected signals are received. The
superposition of all these signal components at the receiver in variable phase
constellations leads to local fluctuations of the signal strength, the so-called fad-
ing. If a mobile receiver moves through such a scenario, its movement produces
signal strengths that vary over time. The SNR fluctuation at the mobile receiver
might lead to audio mutes.
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2 Satellite Digital Audio Radio Services

A characteristic feature of multipath scenarios is the probability density of the
amplitude of the incident wave components. It describes the probability with
which the amplitude of a signal component has a certain value. The Rayleigh
distribution is of particular importance for the considerations in this disserta-
tion, as is, to a limited extent, its generalization, the Rice distribution.

2.2.1 Multipath Fading Mitigation

Despite the negative effects of multipath fading, satellite radio systems must
ensure an audio availability that is still acceptable to the subscriber. For this
reason it is necessary to take measures to mitigate the loss of information as
much as possible. Signal coding schemes play a central role here in combination
with different diversity methods.

2.2.1.1 Signal Coding Schemes

Several signal coding methods to correct transmission errors are used by satel-
lite radio services. They include the following schemes:

Forward Error Correction (FEC)

By adding redundant information to the digital source encoding before the sig-
nal is transmitted, the receiver is able to correct errors that occur during trans-
mission [13], [14], [15]. This procedure is called Forward Error Correction (FEC).
Individual bits that have been falsified by transmission errors can be detected
and corrected by the added redundant data. The calculation of the redundant
data is usually done via a block with a certain number of bits, which makes the
FEC a block-based method. The number of bits that are detected as erroneous
and the number of bit errors that can be corrected are essential features of an
FEC. However, the effective transmission rate of the user data decreases due to
the additional data sent, which does not contain any new information.

Interleaving

The mechanisms of the FEC are not very suitable for securing the transmission
against errors that interfere with several sequential bits (burst errors). These
burst errors distort an above-average number of bits in a data block, while other
blocks are not disturbed. Since the number of correctable bit errors can only
be increased by adding redundancy, applying FEC for the relatively rare burst
errors is inefficient. Interleaving is better suitable for this purpose, where the
bits of different blocks are swapped (interleaved) according to a known pattern.
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2.2.1.2 Transmission Diversity Schemes

The diversity principle describes the use of redundancy with the help of several
parallel transmission channels to overcome the disturbances in one or more of
the used channels. These channels can differ from each other by different charac-
teristics, which usually determine the name of the diversity method. Combina-
tions of the described diversity methods with each other as well as combinations
with other methods not mentioned below are also possible.

Frequency Diversity

The use of different frequencies for the transmission of signals of the same con-
tent is generally referred to as frequency diversity. The same information is
transmitted on different frequencies from the transmitter to the receiver. This
diversity method takes advantage of the fact that the propagation conditions
are generally frequency-dependent. This usually results in statistically indepen-
dent interference, where one can make use of the other transmission channel. In
the Sirius Satellite Radio service, two satellites transmit the signals on one fre-
quency each (2.233393 GHz and 2.330207 GHz). With XM Satellite Radio, each
satellite (east and west) transmits on two different frequencies as illustrated in
Fig. 2.1.

Time Diversity

Time diversity describes the procedure of applying different time delays to sev-
eral data streams before sending them. If an event occurs on the transmission
channel that disrupts all signals simultaneously, the receiver can ideally still
process the user data. If the receiver uses the time delays of the signals, it
can override the disturbances by evaluating the respective undisturbed contents.
With satellite radio services, time diversity is implemented by delaying one of
the satellite signals for a certain period of time ∆t (∆t = 4.1685 s for Sirius
Satellite Radio). This is sufficient, for example, to inadvertently overreach the
short-term loss of the satellite signal for the user when driving under a bridge
(as long as the duration of the shading does not exceed the delay time of the
signals).

It is worth mentioning that the difference between interleaving and time diver-
sity is that in the case of interleaving the bits of a data stream are re-sorted,
while in time diversity two data streams carry the same content with different
delays. Both methods can be combined, where long signal loss can be overcome
by time diversity, and a long sequence of short burst errors can be overcome by
time interleaving of the data streams.
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Space Diversity

Space diversity refers to the method of using different physical transmission
channels by spatially separating the respective antennas from the transmitter
or receiver. The satellite radio services achieve this by using several satellites
in different orbital positions. Two satellites transmitting simultaneously from
different spatial positions enable the receiver to receive signals from different
angles and directions. With this method, the probability that an obstacle blocks
or at least disrupts all transmission paths can be reduced.

Polarization Diversity

Signals with different polarizations are deployed in polarization diversity. In
urban regions nowadays, not only LHCP satellite signals but also terrestrial sig-
nals are received by the same satellite antennas which are slightly compatible
to vertical polarization. In other words, both channels (terrestrial and satellite)
are received. The LHCP and vertically polarized signals also possess different
modulation schemes. The satellite signals are QPSK modulated and the terres-
trial repeaters transmit the signals using COFDM.

Despite the application of all these measures mentioned above, there are still
scenarios left where reception quality is unacceptable, especially if antennas
are mounted in non-optimal positions on or in the vehicle. For prevention of
such situations antenna diversity solutions have been proposed [2], [3], [4], [5].

2.3 Antenna Diversity Schemes

Especially for critical antenna positions the fadings of the received signal are so
strong, which leads to bit errors in the received data stream up to the total loss
of data blocks. Measures for channel coding and transmission have already been
described in the previous sections. While the described methods so far have to
be implemented on the transmitter or system side, the availability of the signal
at the receiver can also be increased.

Diversity reception systems are used in mobile receivers in numerous modern ra-
dio transmission and communication services. They are used to avoid the signal
loss by using several antennas. Today, antenna diversity systems are used com-
mercially for radio and television reception in vehicles, Wi-fi, mobile phones
and much more. The method is based on the fact that the simultaneous loss of
all antenna signals becomes increasingly unlikely as the number of antennas in-
creases, and as long as the antennas are decoupled from each other, so that their
reception is statistically independent from each other. For N statistically inde-
pendent antenna signals with the same failure probability p, the probability for
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the simultaneous loss of all signals is only ptotal = pN [16].

In the further course of this chapter, examples of the application of the diversity
principle are shown using M multiple antenna signals. The use of statistically
independent propagation paths can generate considerable profits. Provided that
the antenna signals are as uncorrelated as possible, they can then be combined
or selected to provide the receiver with a good reception signal [17], [18].

Now, different antenna diversity methods are depicted in comparison to each
other.

2.3.1 Selection Diversity

With this method, the received signal with the maximum available signal-to-
noise ratio SNRmax is always used for evaluation. For this purpose, the signal-
to-noise ratios (S/N )n, where n ∈ [1,M], of all M antenna signals must be com-
pared to each other.
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Figure 2.3: Schematic representation of a selection diversity system

For each received antenna signal a separate tuner and a separate RF cable lead-
ing through the car are required. Therefore, selection diversity is considered
one of the methods with the most effort after maximum ratio combining. Fig.
2.3 depicts the schematic representation of a selection diversity system.
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2.3.2 Scanning Diversity (Switch-Combining)

Scanning Diversity, also called switch-combining, measures the received levels
of the individual antennas one after the other or in parallel and compares them
with each other. This technique has been utilized for the VHF reception in ve-
hicles [19]. The antenna with the highest level or SNR is then selected and con-
nected to the receiver. Depending on the desired switching behavior, the best
signal can be continuously searched for or in alternative, only at measurements
when it drops below a certain threshold [20]. By switching the antenna signals,
phase shifts occur in the received signal, since the antenna signals must be as
uncorrelated as possible for use in the diversity system. Due to the phase mod-
ulation used in the satellite radio signals, this would lead to bit errors.
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Figure 2.4: Schematic representation of a scanning diversity system

For this reason, the switching operations must be carried out quickly to reduce
the number of errors that may occur during the switching process. Furthermore,
to synchronize the phases in the receiver to the transmitted signal, so-called
reference phase symbols are embedded at regular intervals. By synchronizing
the switching with this reference phase symbol, the occurring bit errors can be
minimized [21]. In all diversity systems, the level measurement unit must be
channel-selective, since broadband optimization of all signals at the same time
is not possible. Fig. 2.4 depicts the schematic representation of a scanning di-
versity system.

The simple design of the switching diversity - no signal addition is possible
and therefore no phase detection and adjustment is required - enables a cost-
effective overall system. Only one measurement path and one RF cable from
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switch to receiver are required. The control signal for the antenna switch can be
routed back on the same cable without interfering with the antenna signals [21].
Switching between the antenna signals causes interference in the signal to the
receiver for the very short testing time between start of switching and arrival of
the reference phase signal.

However, these interferences are only relevant to a small extent and are far out-
weighed by the improvement of the received signal by the diversity system [22].
A major advantage of a scanning diversity system is the presence of only one re-
ceiver and one RF cable connecting the antenna side to the receiver. A disadvan-
tage is that the antenna part with its switches can be only steered in cooperation
with the radio which has to provide the information about the reference phase
signal.

2.3.3 Phase Diversity (Equal Gain Combining)

In phase diversity, unlike scanning diversity, the antennas are always combined.
There is no weighting or switching off of single antennas. This technique has
been utilized for the VHF reception in vehicles [23, 24]. To constructively su-
perimpose the antenna signals, the corresponding phases must first be aligned.
Phase shifters are integrated into each signal path for this purpose. Phase detec-
tion and rotation as well as signal addition can be performed in both the analog
and the digital part of the received path.
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Figure 2.5: Schematic representation of an equal gain combining diversity system

Phase detection must be performed for optimal system performance before ad-
dition. As a result, each antenna signal must be connected to the tuner with its
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own RF cable. Moreover, each signal requires its own tuner, since phase mea-
surement and adjustment must be performed before the signals are superim-
posed. The advantage of this system is the possibility to achieve a higher signal
level than that of the best single antenna by the constructive superposition of
signals. The disadvantage is that in the relevant cases, where one antenna signal
is low, the noise of its amplifier leads still to a decrease in SNR. Fig. 2.5 depicts
the schematic representation of an equal gain combining diversity system.

The applicability of phase diversity is limited to signals with sufficiently small
bandwidth. Broadband signals do not show a constant phase difference over the
signal bandwidth in the multipath scenario, so that the constructive superposi-
tion is not possible in the entire frequency range. The sub-bands of the satellite
radio services are sufficiently narrow-band (maximum of about 4 MHz for Sirius
Satellite Radio), so that phase diversity can be applied.

A comparison with the maximum ratio combining shows that phase diversity is
a simplified version, where the possibility of individual weighting of the individ-
ual signals is eliminated. Therefore, antenna signals with a low signal-to-noise
ratio are also included in the combination. This may lead to the opposite of the
desired effect: a deterioration of the overall signal.

2.3.4 Scan-Phase Diversity

Fig. 2.6 depicts the schematic representation of a scan phase diversity system.
Phase shifters enable the constructive superposition of several antenna signals,
while an antenna selection is carried out with the help of the switches. Phase
shifters and switches are integrated in the each signal paths for this purpose. A
combiner permits the signal addition.

Due to the possibility of signal superposition, scan-phase diversity improves the
SNR by up to 3 dB in all the moments where identical single antenna levels ap-
pear. In contrast to the MRC system, however, no continuous signal weight is
possible. Only a level measurement unit is required to determine the optimum
system settings. A direct phase measurement is not necessary at all. The mea-
surement can be carried out after the superposition of the antenna signals.

As in the case of scanning diversity, only one cable is required to connect to the
receiver. A single signal path in the receiver is therefore sufficient. A scan-phase
diversity system can therefore replace a single antenna as a stand-alone solution
without modification or replacement of other receiving components.
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Figure 2.6: Schematic representation of a scan phase diversity system

2.3.5 Maximum Ratio Combining

Like (scan)-phase diversity, Maximum Ratio Combining (MRC) offers the pos-
sibility to constructively superimpose signals. For further optimization of the
SNR, the signals are weighted with continuously adjustable amplification and
attenuation factors. This measure allows the SNR of the combined signal to be
optimized, which is where the name of the method comes from. The weighting
of the signals can, for example, be done with amplifiers, which provide an ad-
justable amplification for each path.
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Figure 2.7: Schematic representation of maximum ratio combining
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The weighting factors and the phase settings are determined on the basis of the
SNR of all individual antennas as well as their phase position relative to each
other. Figure 2.7 shows a simplified schematic representation of a MRC system.
As can be seen from this, each antenna signal requires its own receive path and
its own cable to connect to the receiver. Since the level and phase detection can
only take place in the IF, a separate tuner is necessary for each signal. A rep-
resentation of maximum ratio combining for analog services can be found, for
example, in [25], where the combination of maximum ratio combining with sev-
eral switchable antenna signals is discussed.

The performance of a conventional maximum ratio combining diversity system
is therefore relatively expensive to buy. Scanning diversity is only performing if
the radio is cooperative.

These challenges show the necessity to implement a cost efficient diversity cir-
cuit which eliminates the disadvantages of a switched or scanning diversity sys-
tem and offers almost the performance of a maximum ratio combining diversity.
At the same time, the effort should be less than in the case of the traditional max-
imum ratio combiner. Scan-phase diversity offers such a cost efficient system
with very high performance. It can be implemented with a lean unidirectional
RF-interface by a simple RF-cable, where no back-signal of the radio is required.
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3 Channel Modeling

For investigation of antenna diversity techniques in a fading scenario, a method
for computer aided modeling of the typical multipath reflection scenarios is re-
quired. For this reason, a new channel model of wave propagation in regions
underneath dense foliage is presented. The model investigates the simultane-
ous SDARS reception of multiple diversity antennas in the time domain. It takes
into consideration multipath wave propagation in a Rayleigh and Rician fading
scenario, shadowing by dense foliage and the characteristics of integrated car
antennas depending on the mounting position.

3.1 Introduction

SDARS signals covering the continental USA as well as southern regions inside
the Canadian territory are widely spread also in regions underneath dense fo-
liage. In such areas, multipath propagation may impose additional challenges
to ensure full SDARS signal coverage [18, 26]. In order to guarantee highest re-
ception quality and to make use of new hidden antenna positions in the car if
the ideal exposed position (car rooftop) [27] cannot be utilized, antenna diver-
sity is deployed [28, 22, 29].

For a fast analysis of the behaviour of various diversity systems in a Rayleigh
or Rice scenario underneath dense foliage, a new channel model is presented,
investigated and validated by field measurements which were performed in the
USA. This facilitates the prediction of various diversity system aspects such as
the diversity efficiency as well as the overall performance of the whole SDARS
receiving system and its antennas before being deployed in test drives.

3.2 Channel Investigation Model

The precise modeling of electromagnetic wave propagation and scattering through
foliage for satellite reception is considered a challenging mission. The dielectric
characteristics of foliage and the resulting overall shadowing attenuation de-
pend on many factors and change with tree size and species.
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Figure 3.1: Simulated test drive scenario underneath dense foliage utilizing the average
RCS of a leaf.

Other parameters such as the complex antenna characteristics in all polariza-
tions and the orientation of the incident wave contribute to further modeling
complexity. Fig. 3.1 illustrates a simulated test drive underneath dense foliage.
A satellite transmits an incident left hand circular polarized (LHCP) plane wave
which is not only attenuated but also reflected and obstructed through the prop-
agation channel due to thick foliage along the driving path [30].

The foliage leaves behave as statistically distributed scatterers in a layer of roughly
about 4 m - 8 m of thickness. Each single leaf yields a scattering characteristics
that depends on the angle of the incident wave as shown in the red curves in Fig.
3.1. The signal is received by the car through its multiple antennas to make use
of antenna diversity.

A single leaf constituted of lossy dielectric material is modeled as a very thin
cylinder with radius r and thickness h in an orthogonal coordinate system (x,y,z)
in order to obtain a simple statistical model of the leaves’ scattering characteris-
tics. Its azimuth and elevation angles are denoted by ϕL and ϑLrespectively.

The geometrical representation of the leaf with its normal vector nL is depicted
in Fig. 3.2. The LHCP plane wave transmitted by a satellite with an elevation
angle of ϑsat and azimuth angle which we define to be zero illuminates the leaf.
The radar cross section (RCS) σ (ϑ) of a single leaf is analyzed as a function of
the direction angle of the incident wave in order to investigate the aspect of the
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Figure 3.2: One single leaf modeled as a thin cylinder with thickness h, radius r , normal
vector nL, azimuth ϕL and elevation ϑL.

leaf’s surface direction with respect to the incident plane wave for signal recep-
tion. In a first approach according to [31], a leaf with a radius of r = 35mm, a
thickness of h = 0.2mm and permittivity εL = 31− j8 is chosen. A LHCP plane
wave propagates with an elevation angle of ϑsat = 60◦ from zenith at 2.332 GHz
in an example of SDARS reception [30].

Fig. 3.3a illustrates the set of curves of the RCS σ (ϑ) of simulated leaves with the
orientation ϑL varying between −90◦ and +90◦ in 5◦ steps, while ϕL = 0. It can
be clearly noticed that the scattering in all possible cases yields a similar pattern
with a maximum in the forward scattering region of the leaf. This indicates a
characteristics which is almost independent of the orientation of the leaves (ϑL,
ϕL).

Fig. 3.3b depicts the average RCS σL(ϑ) of the 37 different outcomes. The aver-
age lies at around -38 dBsm (decibel relative to one square meter) in the forward
scattering direction. This enables to choose only the average RCS σL(ϑ) to be
used in a virtual test drive underneath thick foliage without regard of the leaf
orientation.

The impact of the leaf size on the RCS behaviour is further investigated by
changing the thickness and the radius while maintaining the foliage permittivity
εL = 31− j8. Leaves with r varying between 25 mm and 50 mm and h = 0.2mm
are simulated in all possible ϑL orientations. Fig. 3.4 illustrates their corre-
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Figure 3.3: RCS of one single leaf with r=35 mm and h=0.2 mm hit by an incident LHCP
plane wave with an elevation of ϑsat = 60◦ from zenith at 2.332 GHz.

sponding average RCS after being excited by the same LHCP plane wave as in
the previous scenario. It can be observed that only the absolute values of the
RCS change with the size of the leaves. Values of about 13 dB more RCS are
obtained at a radius of 50 mm compared to smaller leaves with a radius of only
half the size. Varying the radius of the leaf does not highly affect the unique
shape of the average RCS over the angle of incident waves [30].

Figure 3.4: The average RCS of foliage with variable r and h=0.2 mm hit by an incident
LHCP plane wave with 60◦ elevation from zenith at 2.332 GHz.
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Figure 3.5: The average RCS of foliage with variable h and r=35 mm excited by an inci-
dent LHCP plane wave with 60◦ elevation from zenith at 2.332 GHz.

The foliage thickness is investigated for values of h varying between 0.2 mm and
0.4 mm with r = 35mm and the same LHCP plane wave excitation as before. Fig.
3.5 depicts the average RCS for six different dimensions of h.

It is noticed that the average RCS value increases from -38 dBsm to -32 dBsm
as h is incremented from 0.2 mm to 0.4 mm respectively. Changing the foliage
thickness also does not modify the unique shape of the average RCS. The RCS
σ (ϑ,h) for r = 35mm as a function of the thickness h and a constant factor k =
20.1 can approximately be calculated as follows:

σ (ϑ,h) ≈ σL(ϑ) + k · log10

(
h

0.2mm

)
(dB) (3.1)

where σL(ϑ) denotes the average RCS according to Fig. 3.3b.

3.3 Simulated Test Drive

By use of the characteristics according to equation (3.1), the scattering effects
of several hundred scatterers are superimposed in the time domain in order to
create an efficient model of the driving scenario as illustrated in Fig 3.1. For this
reason a geostationary orbit (GEO) satellite as well as an active highly elliptical
orbit (HEO) satellite operated by the SDARS provider are taken into considera-
tion for the transmitting side.
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Figure 3.6: 2D illustration of the simulated sub-track. The virtual test drive consists of
multiple sub-tracks.

Satellite parameters such as frequency, elevation, altitude and equivalent isotrop-
ically radiated power (EIRP) [32, 33] used in the simulation are shown in Table
3.1. The signals of both satellites are LHCP and QPSK-modulated.

Regarding foliage, scatterers with r=35 mm, h=0.2 mm and εL = 31− j8 are ran-
domly distributed along a 65 m long driving path. Dividing the overall driving
path into multiple sub-tracks accelerated the simulation processing. Fig. 3.6
illustrates how a sub-track was simulated. The leaves are located 20 m to each
side of the road with a height of 5 m [30].

In the simulation every leaf is represented by its average RCS shown in Fig. 3.3b.
As we move from the top of the foliage towards the vehicle, the scatterers dis-
play a slight modification in the behaviour and become almost isotropic due to
internal reflections within the foliage. This is due to the increasing variance of
the incident angle that is spread more at deeper layers in the dense foliage.

Different antennas are taken into account in order to evaluate diversity systems
in the simulation. The vehicular receiver with a driving velocity of 40 km/h
(25 mph) receives the signal through its multiple SDARS antennas. It makes use
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of the scan-phase diversity algorithm in order to improve the signal quality [34].
Fig. 3.7 shows the measured radiation characteristics of both LHCP diversity
antennas which are considered in the simulation.

Figure 3.7: The measured radiation of both utilized LHCP antennas at 2.332 GHz.

One of the antennas possesses a directive beam towards zenith and the other one
is tailored to the reception of signals transmitted via the GEO satellite for low
elevation angles above horizon. Am,eff is the effective aperture of both utilized
diversity antennas m ∈ {1,2} depending on the angle of arrival ϑi of the incident
scattered wave. While at the time t, the vehicle is moving through the track
position x(t), the direction ϑi(t) of the incident scattered wave is modified [35].
The satellites transmit their signals with the transmit power pt and gain gt. In
case the wave amplitude is defined at the receiving antenna m at LOS for its
optimum orientation with [36]

am,0 =

√
2 · pt · gt ·Am,eff

4 ·π · d2
1

, (3.2)

the wave amplitude of the superposition of all scattered and LOS components
is obtained with

am = Cm(ϑsat) · am,0 · e−jkd1

+
n∑
i=1

Cm(ϑi) · am,0 ·

√
σL(ϑi)

4 ·π · d2
2,i

· e−jk(d2,i+d3,i) (3.3)

where n is the number of scatterers and Cm(ϑ) is the complex directional func-
tion of the receiving antenna m. The average RCS of the leaf is represented by
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Table 3.1: The utilized parameters of both satellites in the simulation

GEO HEO
Altitude (km) 37670 43600

Frequency (GHz) 2.322293 2.33021
Elev. from zenith (◦) 50− 60 20− 30

EIRP (dBW) 71.25 65.81

σL(ϑi), and k denotes the wave number. The unobstructed distance between the
satellite and the car is denoted by d1. For every time t, we obtain from the po-
sition x(t), the arrival angles ϑi(t) and the corresponding distances d2,i between
the scatterer and the car as well as the distances d3,i between the satellite and
the scatterer. Therefore, the time history of the carrier phase and level of the
antenna signals for both diversity antennas m ∈ {1,2} is obtained from the real
part of am.

By this way, we obtain for both diversity antennas also the probability density
functions (PDFs) of the simulated signal amplitude relative to its mean as il-
lustrated in Fig. 3.10. The PDFs are related to the GEO satellite as the signal
transmitter. The histograms are both Rice- and Rayleigh-distributed due to the
presence of LOS and NLOS parts respectively. The NLOS component, which is
caused by multipath propagation, varies depending on the density of foliage. In
the simulation, 80% of the whole track shows NLOS transmission behaviour.

3.4 Measurement Campaign

For comparison with the results of the virtual test drive, a measurement cam-
paign is performed in order to evaluate the introduced channel investigation
model and to verify possible improvements in the signal reception quality with
the utilized scan-phase antenna diversity system. The field measurements have
been performed in the USA in a dense tree-sided test track.

Multiple test antennas, including the ones utilized in the simulation, are mounted
on the rooftop of the vehicle. The scan-phase diversity system and the SDARS
signal recording equipment are installed and placed in the car’s trunk. The
recording unit can record up to four signals simultaneously in the time domain
[37]. The recorded signals can then be played back anytime in order to conduct
further laboratory investigations of many aspects with the goal of achieving op-
timizations.
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Figure 3.8: Examples of the leaf species scattered around the test drive path.

Fig. 3.8 depicts distinct leaves from different species of trees which were col-
lected around the test track during the field measurement campaign. For dimen-
sion comparison, a quarter dollar coin with a diameter of 2.426 cm is utilized
and compared to two sample leaves as can be seen in Fig. 3.9.

2.426 cm 2.426 cm

COMPANY RESTRICTEDFigure 3.9: Two Leaves compared to a quarter US dollar.
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By using the post-processing software tool, the signal amplitude distribution is
determined. The results indicate that the signal levels are Rayleigh-distributed
for most of the time during the test drive. Very short time intervals of LOS re-
ception can however be observed especially in road parts where the foliage is
not considered so dense. A combination of a Rayleigh and Rice distribution is
obtained. This fulfills the criteria in order to perform field measurements in the
track where NLOS reception is dominant over LOS.

The histograms of the measured relative signal amplitude with respect to the
mean amplitude for both SDARS antennas with the GEO satellite as transmitter
are illustrated in Fig. 3.11.

By comparing the histograms of the SDARS antennas 1 and 2 in both the sim-
ulation and measurement, the effective peaks of the Rayleigh distribution yield
the values 0.75 and 0.77 for antenna 1 and the values 0.79 and 0.8 for antenna
2 respectively [30].

Additionally, the results of the measurement and simulation are compared with
a theoretical Rayleigh and Rice distribution showing that there is a strong share
of the Rayleigh fading scenario and another one with more LOS-share with a
rician fading scenario.

This shows that deviations between the simulated model and the measurement
are only between 0.01 and 0.02. Regarding the maxima of the LOS component,
represented by the Rice distribution, antenna 1 has the values 0.59 and 0.58 in
the simulation and measurement respectively. The second antenna yields the
values 0.46 and 0.45. The deviation in the LOS scenario is only 0.01.

It can be clearly observed that there is a very good agreement between the his-
tograms of the simulated test drive and the field measurements for both SDARS
diversity antennas. This validates the introduced channel model as a suitable
one to conduct fast analysis of the behaviour of different diversity systems and
to predict the performance of satellite antennas in various mounting positions
before performing field measurements.
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3.4 Measurement Campaign

Figure 3.10: PDF of the simulated relative signal amplitudes and comparison with Rice
and Rayleigh distributions.

Figure 3.11: PDF of the measured relative signal amplitudes and comparison with Rice
and Rayleigh distributions.
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4 Noise Calibration Method for SDARS

In this chapter, a noise cancellation method for a fast scan-phase satellite ra-
dio antenna diversity system is investigated and optimized for application in
SDARS antenna diversity in order to significantly improve the audio availabil-
ity at low signal-to-noise ratio conditions. An error analysis of both level and
phase detection within the diversity system in the presence of noise leads to a
method of error correction based on a priori knowledge of the system’s noise
floor [38, 29]. The corresponding noise calibration is described and applied in
the steering algorithm of a hardware example of an SDARS antenna diversity cir-
cuit for fast fading conditions. In other words, the algorithm’s functionality is
extended to include the noise calibration method for further SNR improvement
in diversity systems. All available satellite signals are taken into consideration
in the comparisons of a diversity reception system with noise cancellation, the
same system without noise cancellation and a single antenna reception system
with each other. Applying the noise calibration method in fast multipath fading
driving scenarios located underneath dense foliage with a low signal-to-noise
ratio of the antenna signals, a reduction in audio mute time by one order of
magnitude compared to single antenna systems is achieved due to the diversity
system in real-life scenarios. The improved SNR enables new unconventional
mounting positions which would be severely impaired even if highly optimized
single antennas are used.

4.1 Noise Aspects

Before starting with the investigation of the noise calibration method on the
SDARS algorithm, it is worth highlighting the main noise aspects especially
how it is generated and why it makes sense to mitigate its effects. Radio noise
is defined as an electromagnetic phenomenon varying with time. It possesses
components in the radio-frequency range, apparently not conveying informa-
tion and which may be superimposed on, or combined with, a desired signal.
The noise for a receiving system is composed of multiple noise sources at the
receiving terminal. Not only external noise but also internal noise, which is gen-
erated within the receiver, must be taken into consideration while designing and
implementing a system. Noise is considered a random process, that is why its
instantaneous values are impossible to predict, and the only way to deal with it
is by making use of statistics. Noise has a probability distribution, which shows
with which probability a certain value is to be found at a given moment.
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4.1.1 Noise in Electronic Systems

Communication systems receive not only the wanted signal but also additional
unwanted noise, which interferes with the original transmitted signal. The noise
effects can be mitigated to a certain extent, even though it is impossible to totally
eliminate noise in electronic devices. The amount of noise, as a superposition of
all available noise sources, is of crucial importance for input stages of electronic
systems (usually realized by a low noise amplifier). The principal types of noise
found in electronic components are listed below:

• Thermal noise is a very common noise source found within an amplifier
network, which results from a fluctuation in voltage or current caused by
the random thermal vibration of the charge carriers in any conducting
medium at a temperature above absolute zero. It is also referred to as John-
son or Nyquist noise, because J. Johnson first observed it and H. Nyquist
explained its origins [39].

Thermal noise possesses the characteristics of white noise (and therefore
sometimes is also called white noise) up to very high frequencies. The
spectrum of white noise has a constant spectral power distribution over
the frequency. In other words, if we take into consideration two bands
with identical widths, but situated at two distinct frequencies, the noise
power in these bands is equal. Hence, the the amplitude of the thermal
noise can be modeled with a zero mean Gaussian probability distribution.

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

Nth = k · T ·B, (4.1)

where k is the Boltzmann constant, T the absolute temperature and B the
bandwidth. The internal Root Mean Square (RMS) noise voltage source is
described by the Nyquist equation [40] as follows:

vth
2 = 4 · k · T ·B ·R, (4.2)

where R is the value of the resistance.

In addition to thermal noise, resistors show some amount of extra noise,
which is not related to the thermal noise and which is caused by disconti-
nuities in the structure of the resistor [41]. Metal thin-film resistors have
less excess noise in comparison to carbon ones, due to the homogenous
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structure. Nevertheless, the resistor excess noise is an aspect for frequen-
cies below 100 kHz. Therefore, it will not be further considered in this
work.

• Shot noise is related to a discrete structure of electricity and to the indi-
vidual carrier injection through a pn-junction. It is generated 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.

Like the thermal noise, shot noise is also considered a white noise and has
a Gaussian distributed amplitude. The RMS noise current source is given
by [42]:

vth
2 = 2 · q · I ·B, (4.3)

where I is the forward junction current and q the electron charge. Shot
noise is particularly observable in active devices and semiconductors, such
as tunnel junctions and Schottky barrier diodes.

• Flicker noise is observed in almost every electronic device. It shows an
inverse frequency power density curve (1/f characteristic). The flicker is
also called as 1/f noise, pink noise and low-frequency noise. It is found
both in semiconductor devices and vacuum tubes. In semiconductors, it is
produced by generation and recombination phenomena, caused by defects
and impurities. Flicker noise is also found in carbon resistors, due to the
granulated-nature of the current path, whereas in metal film resistors it is
often negligible.

Flicker noise usually occurs as a resistance fluctuation and the correspond-
ing noise spectral density function can be expressed as follow [42]:

Sfl(f ) = K/f , (4.4)

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

In an antenna amplifier, the noise figure and output noise voltage are used as pa-
rameters of the noise contribution. H. Friis introduced the noise figure concept
in order to describe the degradation in SNR by the receiver [43]. This enables
to compare the sensitivity of a real amplifier to an ideal, loss-less and noiseless
amplifier with the same bandwidth and input termination. In wireless commu-
nication systems, the noise factor F describes the noise performance of a device
and relates the SNR available at the input to the SNR at the output [44]:

F =
SNRin

SNRout
≥ 1. (4.5)

The logarithmic noise figure FdB can be calculated out of the noise factor F as
follows:

FdB = 10 · log(F). (4.6)

For a cascaded system, the total noise factor Fcas can be calculated by means of
the Friis formula [43]:

Fcas = F1 +
F2 − 1
G1

+
F3 − 1
G1 ·G2

+ · · ·+ Fn − 1
G1 ·G2 · · ·Gn−1

, (4.7)

where Gi and Fi (1 ≤ i ≤ n) are the respective gain and noise factor of the n stages.
This equation shows that the first stage amplifier clearly affects the noise factor.
Furthermore, it shows that the overall noise contribution of a cascaded system
can be reduced by increasing the gain (G1) of the low-noise (F1) first amplifier
stage. In other words, the first stage dominates the total noise factor and there-
fore it is necessary for low-noise applications to maximize G1 and to minimize
F1.

The figure below shows a system with n cascaded amplifiers possessing the am-
plifier gain Gi, amplifier noise Na,i and noise figure Fi (1 ≤ i ≤ n).

F1,G1 Fn,GnF2,G2

...Source

Na,1 Na,2 Na,n

Figure 4.1: A system with n cascaded amplifiers
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4.1.1.2 Noise Temperature

The concept of noise temperature can be utilized to describe the circuit noise
performance or to simplify noise calculations. This is not a common physical
temperature, but it is defined as the virtual temperature a passive network must
possess in order to display an available noise power equal to the one of the port
to be described, at a specific frequency [45]. For example, we can state that an
antenna has a noise temperature of 400 K at a given frequency. This means that
the available noise power at the antenna port is the same as the one of a RA re-
sistance (the real part of the antenna impedance) heated at 400 K.

A noisy two-port can be also described in terms of effective noise temperature
Te. It is the temperature the source resistance would possess, so that the noise-
less two-port exhibits the same amount of output noise as the actual two-port
[46]. In other words, the noise contributed by the two-port is not only the result
of an internal cause, but it is externalized and attributed to the source resistance.

As the noise floor limits the detection of weak signals (with very low power) and
the distortion products limit the upper level of detectable power, the output
noise voltage of an amplifier circuit is an additional measure to describe the
noise behavior of an amplifier. Any source of white noise can be modeled as a
thermal noise source with an equivalent noise temperature. Components and
systems can then be characterized by this temperature. Given the noise factor F
of a component or a system, the corresponding equivalent noise temperature Te
is defines as [44, 45]:

Te = (F − 1) · T0, (4.8)

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

vout =
√

4 · k · Te ·B ·R. (4.9)

4.1.1.3 Signal-to-Noise Ratio

In both analog and digital communication systems, the SNR is a measure of the
wanted signal power strength S relative to the overall undesired noise N :

SNR =
S
N
. (4.10)
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If the incoming signal strength is Vs (in µV ) and the noise level is Vn (in µV ),
the SNR in decibels is calculated as follows:

SNRdB = 20 · log(Vs/Vn) (4.11)

= 10 · log(S/N ). (4.12)

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

SNRdB = SdB −NdB. (4.13)

The power levels may also be expressed in dBm (relative to 1 mW) or to some
other standard by which the levels can be compared.

The SNR value is an essential measure for the receiver sensitivity. Receiving sys-
tems always have a specified sensitivity which is related to the minimum signal
strength Vs,min at the input required to achieve a reasonable SNR. The sensitiv-
ity of receiving systems has a large impact on the overall quality of the received
service.

4.1.2 External Noise

Not only the noise generated in the receiver itself limits the performance and
quality of radio reception, but also the external noise collected by the receiving
antenna. So the characteristic of the radio channel plays a major role in this
aspect. The main external noise sources include [47]:

• Man-made noise or artificial noise which is the electrical noise generated
by sources such as automobile/aircraft ignition, electrical motors, switch
gears, industrial equipment and various other heavy electrical machines.
This type of noise is contributed by the arc discharge which takes place
during operation of these machines. Urban environments generate more
artificial noise than rural areas. When it comes to vehicular radio recep-
tion, the vehicle is considered a major source of man-made noise, since
the antenna is situated in the immediate vicinity of noise generators. The
disturbances have their origins in the engine ignition pulses and in all the
digital electronic equipment within the vehicle. Some components such as
microprocessors are particularly problematic, because they deploy digital
signals with abrupt slopes, which exhibit broad spectra and are subject to
electromagnetic compatibility issues.

36



4.1 Noise Aspects

• Natural noise which includes several sources caused by nature. Atmo-
spheric noise is for instance caused by natural atmospheric processes, par-
ticularly lightning discharges in thunderstorms. The sum of all lightning
flashes results in atmospheric noise. In addition to that, there is cosmic
noise which is observed at frequencies beyond 15 MHz when highly direc-
tional antennas point towards the sun or to certain other regions of the sky.
Celestial objects, which are situated far away from Earth, emit electromag-
netic waves in their full spectrum, including RF waves.

The following three figures 4.2, 4.3 and 4.4 specify the expected values of Fa
(the external noise figure) in the frequency range 0.1 Hz to 100 GHz along with
the effective antenna temperature ta due to external noise [47].

Figure 4.2: External noise factor and effective antenna temperature from 0.1 Hz to 10
kHz

Figure 4.2 covers the frequency range 0.1 Hz to 10 kHz. The solid curve is the
minimum expected hourly median values of the external noise figure Fa based
on measurements (taking into consideration the whole Earth surface, all seasons
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Figure 4.3: External noise factor and effective antenna temperature from 10 kHz to 100
MHz

as well as times of day) and the dashed curve exhibits the maximum expected
values. It is worth mentioning that in this frequency range there is very little
diurnal, seasonal, or geographic variation.

Figure 4.3 covers the frequency range 10 kHz to 100 MHz for various sources
of noise. The minimum expected noise is represented by the solid curves. For
atmospheric noise due to lightning, the minimum values of the hourly medians
expected are taken to be those values exceeded 99.5% of the time and the max-
imum values are those exceeded 0.5% of the time. This type of noise decreases
with frequency and is lower during the day [48]. Concerning the man-made
noise, it decreases with frequency [49]. The cosmic noise becomes important for
frequencies higher than 20 MHz.
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S-Band

Figure 4.4: External noise factor and effective antenna temperature from 100 MHz to
100 GHz

Figure 4.4 covers the frequency range 100 MHz to 100 GHz. The minimum noise
is given by solid curves, while some other noises of interest are given by dashed
curves. The majority of the results shown in the figure is for omni-directional
antennas (except as noted on the figures). For directional antennas, however,
studies have indicated that at HF (for example), for atmospheric noise from light-
ning for very narrow beam antennas, there can be as much as 10 dB variation
(5 dB above to 5 dB below the average Fa value shown) depending on antenna
pointing direction, frequency and geographical location. For galactic noise, the
average value (over the entire sky) is given by the solid curve labeled galactic
noise.
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Figure 4.5: Diversity system block diagram and printed circuit board of the hardware
demonstrator which was utilized during the measurements. The printed circuit board
is 60mm by 45mm in size

4.2 Scan-Phase Diversity with Noise Calibration

As has been mentioned in the previous chapters, antenna diversity systems in
combination with antennas [50, 51, 52, 53, 54] that provide statistically indepen-
dent output signals allow for remarkable improvements of the received signal
level in comparison to a single antenna [55, 56, 57]. Scan-phase antenna diver-
sity systems have proven to be extremely efficient because they extend the ca-
pabilities of comparatively simple scanning diversity systems by also enabling
phase detection as well as phase-aligned superposition of antenna signals [1, 58]
while still working with a one standard antenna receiver with only a single RF
cable. This aspect is of significant importance for car manufacturers since often
cables with a length of several meters have to be led through the car towards
the radio. Using scan-phase diversity, the same simple interface between the an-
tenna part and the radio can be utilized like for a single antenna while keeping
the radio unmodified. A block diagram is depicted in Fig. 4.5. Next to it, an
example of a hardware demonstrator is also shown.

In multipath fast fading environments the utilization of several receiving an-
tennas in combination with a scan-phase antenna diversity system has been in-
spected and proved the significant reduction of audio mutes compared to single
antennas [59, 4, 60]. In [61, 62] measurements are presented which confirm that
even at critical and unconventional mounting positions (e.g. on the dashboard
or in a single side mirror) the scan-phase antenna diversity achieves excellent
improvements of audio availability compared to single antenna systems.

The impact of noise on the accuracy of both the level detection and the phase
calculation of a diversity algorithm is described. In order to enhance the satel-
lite signal availability even in scenarios with very low SNR, it is shown how a
priori knowledge of the system’s noise floor is applied. The corrections are ap-
plied to the results of level measurement that are utilized for the determination
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of the phase differences of the antenna signals. The noise cancellation method is
applied and verified in real test drive scenarios underneath thick foliage. While
even a scan-phase antenna diversity system without the noise calibration me-
thod yields already an improvement of the audio quality in comparison with a
single antenna, the additional noise correction method leads to a significantly
higher audio mutes reduction of more than one order in magnitude.

A scan-phase antenna diversity system contributes to the enhancement of the
reception quality in terms of a reduction of the mute duration in fading sce-
narios [1]. In the blockdiagram depicted in Fig. 4.5 it can be seen that the
diversity system consists of RF switches and phase shifters which allow for se-
lecting, phase-aligning and combining the antenna signals. Afterwards, a small
share of the output signal is down-converted in frequency and bandpass filtered.
Then, a logarithmic detector generates a voltage that is considered proportional
to the signal level (the channel selective logarithmic detector is the block with
the diode symbol in Fig. 4.5). These level measurement results are read by a sim-
ple micro-controller unit (MCU), which also executes the diversity algorithm in
periods of 200µs [60], [63].

Due to the fact that RF signals from the satellites are QPSK-modulated the ideal
signal phase changes in steps of 90◦. Hence, bit errors are generated only after
the signal phase is distorted enough to be shifted into a different quadrant of
the complex signal plane which is equivalent to a phase shift of more than 45◦.
The phase distortions can be corrected by phase shifters with controllable steps
of 90◦. The diversity demonstrator possesses phase shifters with an even finer
step width of of 45◦.

The elementary calculations of the scan-phase antenna diversity algorithm are
described in the following [64, 65]. In each period of the algorithm, four differ-
ent test constellations with distinct combinations of antenna signals are set in
order to measure the power levels from which the phase differences are deter-
mined. Fig. 4.6 illustrates a representation of an arbitrary signal constellation.
The terms A1 and A2 are the wave amplitudes of the signals of antenna 1 and
2 respectively, S is the sum of these amplitudes and T is the sum after rotating
antenna signal A1 by 90◦ in phase [65]. The phase difference between A1 and S
is denoted by the angle α. Angle β describes the phase difference between A2
and S.
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Figure 4.6: Signal constellation of two single antennas A1 and A2 showing the four test
cases of the scan-phase antenna diversity algorithm in the complex plane

The calculation of mutual phase differences in addition to the antenna selec-
tion are only based on power level measurements of the four test cases with the
power levels

PS ∼ |A1 +A2|
2 = S2 (4.14)

P1 ∼ |A1|
2 = A2

1 (4.15)

P2 ∼ |A2|
2 = A2

2 (4.16)

PT ∼ |jA1 +A2|
2 = T 2. (4.17)

The absolute values of the mutual phase differences α and β are calculated from
the levels P1, P2 and PS based on trigonometric considerations [64, 65]. The
fourth test case is crucial since it the calculates of the sign of the phase differ-
ences which are important for a correct phase alignment. The law of cosines can
be applied if we consider for example the determination of the angle α accord-
ing to

2A1S cos(α) = S2 +A2
1 −A

2
2. (4.18)

Moreover, the following is derived

T 2 = A2
1 +A2

2 − 2A1A2 cos(180◦ − (90◦ −ϕ)) =

= A2
1 +A2

2 + 2A1A2 sin(ϕ). (4.19)

In Fig. 4.6 (green dotted line) it can be noticed that

S sin(α) = A2 sin(ϕ). (4.20)
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Table 4.1: Evaluating phase differences of two signals from the four measured test cases
for angle steps of 45◦ resolution (ε < 22.5◦)

Range of α conditions (all have to be met)
0◦ ± ε Na < Du D > 0

45◦ ± ε Na > Du Na < Do N > 0 D > 0
90◦ ± ε Na > Do N > 0

135◦ ± ε Na > Du Na < Do N > 0 D < 0
180◦ ± ε Na < Du D < 0
225◦ ± ε Na > Du Na < Do N < 0 D < 0
275◦ ± ε Na > Do N < 0
315◦ ± ε Na > Du Na < Do N < 0 D > 0

In combination with (4.19) the following is obtained

2A1S sin(α) = T 2 −A2
1 −A

2
2. (4.21)

The expression tan(α) is obtained through dividing (4.21) by (4.18). Therefore,
the angle α can finally be expressed via the measured power values by

α = arctan
(
PT − P1 − P2

PS + P1 − P2

)
= arctan

(N
D

)
, (4.22)

where the four-quadrant arctan-function must be evaluated by taking into con-
sideration the signs of both the denominator D = PS + P1 − P2 and the numerator
N = PT − P1 − P2 [66]. The angle β can also determined respectively. Since the
phase shifter possesses a stepped topology, there is necessity to evaluate the
arctan-function in the MCU which takes between 80µs and 130µs depending
on the input values. The following analysis is utilized in order to calculate the
optimum settings for the phase shifters with a step width of 45◦. The analysis
makes use of the variables Na = |N |, Da = |D |, Du = Da/

√
2, and Do = Da · (1 +

√
2).

It also based on the fact that tan(22.5◦) = 1/
√

2 and tan(67.5◦) = 1 +
√

2. The
phase evaluation is performed according the values listed in Table 4.1.

The advantage of this phase detection algorithm is avoiding the time consuming
arctan function in the small MCU. It is replaced by only a small number of very
simple instructions, each of which is executed within one or a few MCU clock
cycles. The maximum total measured time in order to calculate one phase value
according to this algorithm in the hardware demonstrator is 35µs. This is a
significant time reduction in comparison to the 130µs which are need by the
arctan function.
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4.3 Influence of Noise on Phase Calculation

The diversity system must process low-power received signals due to the high
free-space path loss of approximately 190 dB from the GEO-satellite to the re-
ceiving antenna. Fig. 4.8 illustrates the spectrum of such a noisy received signal
relative to the line-of-sight (LOS) level [66]. It is worth mentioning that multi-
ple aspects of the overall reception system also contribute to low signal power or
high noise power, both of which result in lower SNR values. Unconventional an-
tenna mounting positions can result in distorted antenna patterns and reduced
antenna gain and/or efficiency in case the ideal rooftop mounting of the SDARS
antenna(s) is not possible. The combination of multiple antennas help in mit-
igating such individual antenna impairments. Nevertheless, these low signal
powers necessitate in a high level detection accuracy even in cases of very low
SNR close to 0 dB.

Non-linearities in the detection circuitry can also be corrected when applying
the noise cancellation method. As it will be shown later, these non-linearities
are particularly noticeable close to the lower end of the logarithmic amplifier’s
dynamic range. In other words, the diversity hardware itself can be simplified
by correcting non-linear and noisy input levels through reducing the gain of the
level detection circuit or alleviating noise figure specifications both of which can
result in reduced hardware effort.

A critical noise power PNcrit above which phase distortions due to an erroneous
calculation of the phase changes for signal optimization exceed 45◦ is now de-
rived. This value is of significant importance for the QPSK-modulated signals
above which the probability of bit errors increases. The complex signal vectors
of A1, A2 and their superposition S are illustrated in Fig. 4.7 [66]. The black
vectors depicted in the figure represent the wave amplitudes of which we as-
sume that a phase aligned superposition will optimize the reception quality by
perfectly aligning them at the phase of the current superposition S.

As a matter of fact, the ideal sum of both individual signals (signal amplitude)
would be available to the receiver while getting rid of phase distortions ∆γ > 45◦

which would cause bit errors due to the phase modulation of the SDARS sig-
nals. Deviating phase results are calculated with the impact of noise on the level
measurements. This results in an inferior alignment with lower amplitude and
even phase deviations from the previous signal phase. In the case illustrated in
Fig. 4.7, the angle γ of S equals α.
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Figure 4.7: Complex signal diagram with correct (black) and erroneous (red) summed
signals due to noise-influenced phase calculations (e.g. low signal-to-noise ratio signals)

An erroneous calculation leading to phase distortions of the diversity signal
takes place in case all signal levels are superimposed with the noise power PN
[66]. As a result, the calculation of the phase α modifies from (4.22) to

αF = arctan
(
PT − P1 − P2 − PN
PS + P1 − P2 + PN

)
. (4.23)

It can observed in Fig. 4.7 that there is such a case in red color. The antennas 1
and 2 are phased with angles αF and βF respectively instead of the optimal val-
ues. This leads to a new superposition of antenna signals with a phase derivation
∆γ to the previous case. We can calculate thee phase distortion of the superpo-
sition of the antenna signals as follows

∆γ = γF −γ = γF −α = αF + δF −α (4.24)

utilizing the results of (4.22) and (4.23). With the power PS,n of SF = A1,F +A2,F
and PT,n accordingly the angle δF is calculated according to

δF = arctan
(
PT,n − P1 − P2

PS,n + P1 − P2

)
. (4.25)

The new power PS,n of the erroneous signal sum is

PS,n = P1 + P2 + 2 ·
√
P1 · P2 · cos(ϕ − (αF + βF)). (4.26)

The derivation of the power PT,n is performed accordingly [66]. Actually, bit
errors can be avoided in case phase distortions do not exceed a critical value of
|∆γ | < 45◦ so that a critical noise power PNcrit can be calculated at which the
following condition is met

∆γ |PN=PNcrit
= 45◦. (4.27)
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Figure 4.8: Signal spectrum of a noisy satellite radio received signal normalized with
respect to the LOS level. Out-of-band noise levels can be measured in the frequency
bands indicated by green rectangles

The noise power PNcrit depends on the signal constellation in terms of not only
the ratio of both antenna signals’ powers but also their phase difference ϕ at
the beginning of the measurements [66]. The resulting phase distortion can be
calculated according to

∆γ = arctan
(
PT − P1 − P2 − PN
PS + P1 − P2 + PN

)
+ arctan

( √
P1 · P2 · sin(ϕ − (αF + βF))

P1 +
√
P1 · P2 · cos(ϕ − (αF + βF))

)
− arctan

(
PT − P1 − P2

PS + P1 − P2

)
(4.28)

where both αF and βF are considered functions of the noise power PN . Regard-
ing the power ratio of the individual antennas, it only needs to be considered
in a certain range around 0 dB (equally strong antenna signals). This can be
shown by calculating the signal-to-noise ration of the output signal from input
signals with differing SNR values. If equation (4.28) is numerically evaluated for
the critical noise power PNcrit where (4.27) is true, a range of −7.7dB ≤ P1/P2 ≤
+7.7dB (which corresponds to an amplitude imbalance of |A2| < |A1| · (

√
2−1)) is

considered sufficient [66].

At more extreme power ratios, which exceed the absolute value of | ±7.7|dB, the
antenna with the lower power will be switched off due to the noise contribution
of the antenna signal with the lower SNR to the combined signal. The entire
range of phase differences 0◦ ≤ ϕ < 360◦ is considered here for completeness
even if values close to 180◦ are extremely unlikely because of the continuous op-
eration of the fast scan-phase diversity system [66]. Fig. 4.9 illustrates the result
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4.3 Influence of Noise on Phase Calculation

Figure 4.9: Critical noise power ratio PNcrit/P1 for various power ratios P1/P2 and phase
differences ϕ of both antenna signals. The values are bound within the depicted axis
limits

of this analysis and indicates that the highest influence of the noise power PN
on the error of the calculated phase values arises around a phase difference of
ϕ = 180◦ for similar signal levels of both antenna signals. This is expected due
to the cancellation the signal sum in such a case, where even small distortions
of the measured level caused by noise will lead to large phase calculation errors.
A detailed illustration for several phase differences ϕ between the two antenna
signals around 180◦ is depicted in Fig. 4.10 [66].

-6 -4 -2 0 2 4 6

Level ratio P
1
 / P

2
 (dB)

-10

-5

0

5

C
ri
t.

 n
o

is
e

 p
o

w
e

r

P
N

c
ri
t /

 P
1
 (

d
B

) 135.00°

146.25°

157.50°

168.75°

180.00°

191.25°
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antenna signals close to the angle 180◦
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4.4 Improving the Phase Calculation Accuracy

The noise level information is obtained from laboratory measurements of the
system’s noise floor. Performing out-of-band noise measurements could be ap-
plied in frequency ranges where external noise received by the antenna cannot
be neglected with the aim of supplementing the measured noise influences of
the circuit itself as it is illustrated in Fig. 4.8, but this is not implemented yet. In
order to pre-calculate the noise correction values, the level detection results are
logged for known input levels of a sinusoidal signal within the satellite signal’s
frequency band [66].

Signal levels for a level sweep in addition to corrected measurement results are
depicted in Fig. 4.11. Basically, a constant noise power can simply be subtracted
in systems comprising a power measurement in linear values (equal or propor-
tional to Watts) in order to gain the wanted signal power without noise. Never-
theless, a more complex calculation must be used since the level detection in the
discussed diversity demonstrator yields logarithmic measurement results. The
values, which are measured, are matched to an extrapolated linear characteristic.
This characteristic is determined from measurements at high input levels where
distortions from noise are negligible. This is considered equivalent to reading
the value of the “ideal value” from Fig. 4.11 for the measured value of “signal +
noise (uncal.)” [66].

A pre-calculated lookup-table is utilized to convert the measured levels to cor-
rected values in order to guarantee a low processing time and since memory
usage is no significant issue. The non-linearities in the level detection charac-
teristic (e.g. the small bump in the blue line at -74 dBm) are corrected as well
in the calibrated measurement result (dashed magenta line) as can be observed
in Fig. 4.11 [66]. The measured and corrected logarithmic values to their corre-
sponding linear powers, which are used in the phase calculations, are converted
through another lookup-table. This correction is applied with the assumption
that noise contributions to the received signal are constant. It is planned to ex-
tend this functionality in the future by conducting additional measurements of
out-of-band noise levels within the frequency bands indicated in Fig. 4.8. With
this information, variations in external noise sources presented in section 4.1.2
in addition to temperature-induced deviations from the pre-determined values
will be accounted for.
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Figure 4.11: Measured level value converted to power: The uncalibrated and calibrated
results are compared to ideal value

4.5 Examples of Diversity Performance in Test Drives

After describing the general noise aspects, the noise influence on the phase cal-
culation and the purpose why a noise cancellation method leads to improve-
ments in the phase calculation accuracy, examples of diversity performance in
real-scenario test drives in the United States are introduced. First, the test drive
scenario and the corresponding mute recording system setup are described. Af-
terwards, the recording and playback unit which was utilized during the mea-
surement campaigns is introduced. It is also verified that the recorded signals,
which are used in the laboratory for further investigations, possess the same be-
haviour as the ones in the field. Finally, test drive results showing significant
improvement through the antenna diversity system are presented.

4.5.1 Test Drive Scenario

The field measurements and signal recordings for further laboratory investiga-
tions were conducted on a test track with real fading scenario conditions. The
test track is an almost circular set of roads in hilly terrain underneath dense
foliage of broad-leaf trees spread with a minor number of coniferous trees in
the north-eastern USA. A map showing the track in addition to the photograph
of a typical scene along the test track are illustrated in Fig. 4.12. Some track
impressions are shown in Fig. 4.13. The diversity system as well as the record-
ing/playback unit are installed in the car’s trunk as be observed in Fig. 4.14.
The overall length of the test track is approximately 2.15 km. For a single mea-
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surement result two drives around the track are considered. The measurement
campaigns took place with a driving speed of 40 km/h. This results in a total
time of about 390 − 400s per test drive, of which 380 s are actually taken into
consideration for analysis in order to allow for the initial synchronization of the
SDARS receiver in a newly started playback. Measurements were conducted in
two directions (clockwise and counter-clockwise) throughout the circular track.
An example of antennas mounted on the test vehicle are illustrated in Fig. 4.15.

Figure 4.12: Left: Test track underneath dense foliage in the north-eastern USA (map
background ©OpenStreetMap contributors). The total length of the track is approxi-
mately 2 km. Right: Photograph of a section of the test track.

Rohde & Schwarz

Test 

Vehicle

Figure 4.13: Impressions from the dense-foliage track, where the field measurement
campaigns were performed
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Rohde & Schwarz

Recording & Playback 

+ Storage Unit

DIV System

Figure 4.14: Installed equipment inside the test vehicle’s trunk

Figure 4.15: Antenna mounting positions of the measured antenna sets on the front
fender(s). Big photograph: Two dislocated off-the-shelf commercial patch antennas (red
circles). Image inset: Diversity antenna set (green circle) with two output signals on a
single mounting position
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4.5.2 Signal Recorder / Playback Unit

The recording / playback equipment enables the the simultaneous recording of
up to four antenna signals in addition to playing back those recorded signals
in order to perform repeated measurements of different hardware prototypes as
well as diversity algorithms [67, 68]. The equipment is based on a commercial
RF-signal record and playing platform including four Vector Signal Transceivers
(VST) which can record up to 80 MHz of bandwidth in a frequency range up to
6 GHz [69].

With the purpose of reducing the SNR of the recording and playback equip-
ment, Pre-amplifiers with a gain of 20 dB and a noise figure of 0.6 dB, which
are specifically designed for SDARS applications, are utilized. Even though all
available SiriuxXM bands have a total bandwidth of 25 MHz, a bandwidth of
30 MHz has actually been recorded with a hybrid analogue down-conversion to
an intermediate frequency of 20 MHz followed by a digital down-conversion to
the baseband, all in the VSTs.

In order to better detect the received SDARS signals before recording them dur-
ing the field measurements, a two-stage-amplification was included between
the antenna and the recording unit according to the setup shown in Fig. 4.16.
The received signal is amplified with 27 dB via a low-noise-amplifier, then at-
tenuated by 6 dB before being amplified again by 27 dB. The input signal is
then down-converted before being further digitally processed and stored for fu-
ture playbacks at any time. During the measurement campaign, the RF-signal
recorder is installed in the trunk of the car as already shown in Fig. 4.14.

In order compensate the amplification of the second LNA in Fig. 4.16, an atten-
uator with 20 dB attenuation is added to the PXI playback unit output. Fig. 4.17
illustrates the utilized setup to playback the signals in the laboratory. Before be-
ing played back at the output of the playback unit, the stored signal undergoes
frequency up-conversion. Then, it is possible to perform an audio mutes analy-
sis with a diversity system and compare it with reference antennas in order to
prove the significant improvements due to diversity. In Fig. 4.18 a photograph
of an exemplary laboratory setup is shown including the RF recording/playback
unit in addition to a diversity system hardware demonstrator used for SDARS
audio mutes analysis.
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Figure 4.16: Setup to record SDARS signals during the measurement campaign
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Figure 4.17: Setup to playback SDARS signals in the laboratory
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Figure 4.18: Setup for recording/playback of the laboratory measurement campaigns

Results Verification:

In order to verify that the measurements performed in the laboratory yield re-
sults equivalent to the ones obtained during the field measurement campaigns,
investigations have been conducted to prove this aspect. Four field measure-
ments from the USA are directly compared to their corresponding playback sig-
nals in the laboratory. It is worth mentioning that a test drive measurement
with two laps has a total time of around 400s, of which approximately 380 s –
390 s are actually taken into consideration for analysis in order to allow for the
initial synchronization of the SDARS receiver in a newly started playback in the
laboratory.

Table 4.2 shows the comparison between a field measurement and correspond-
ing laboratory playback signal of a single diversity loop antenna mounted on
the vehicle’s dashboard. For this case, the direction of the test drive is counter-
clockwise and TDM2 is suppressed. The average value of two laboratory mea-
surements is taken into consideration. For a total lab test duration of 390 s, the
two laboratory measurements yield 88.30 s and 89.15 s respectively for the au-
dio mutes duration, which results in an average value of 88.73 s. This value is
comparable with the field-measured value of 88.35 s over 405 s.
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Table 4.2: Comparison between a field measurement and corresponding laboratory
playback signal of a single diversity loop antenna mounted on the dashboard with
TDM2 suppressed. The direction of the test drive is counter-clockwise.

Audio Mutes [s] Total Test Duration [s]
Lab Signal (aver.) 88.73 390

Field Signal 88.35 405

Table 4.3 shows the comparison between a field measurement and correspond-
ing laboratory playback signal of a single diversity loop antenna mounted on
the vehicle’s dashboard. For this case, the direction of the test drive is counter-
clockwise and TDM1 is suppressed. The average value of two laboratory mea-
surements is taken into consideration. For a total lab test duration of 380 s, the
two laboratory measurements yield 301.65 s and 302.25 s respectively for the
audio mutes duration, which results in an average value of 301.95 s. If we halve
this value, it is comparable with the field-measured value of 150.15 s over 201 s.

Table 4.3: Comparison between a field measurement and corresponding laboratory
playback signal of a single diversity loop antenna mounted on the dashboard with
TDM1 suppressed. The direction of the test drive is counter-clockwise.

Audio Mutes [s] Total Test Duration [s]
Lab Signal (aver.) 301.95 380

Field Signal 150.15 201

Table 4.4 shows the comparison between a field measurement and correspond-
ing laboratory playback signal of a single diversity loop antenna mounted on
the vehicle’s dashboard. For this case, the direction of the test drive is clockwise
and TDM1 is suppressed. The average value of two laboratory measurements is
taken into consideration. For a total lab test duration of 380 s, the two labora-
tory measurements yield 298.1 s and 298.65 s respectively for the audio mutes
duration, which results in an average value of 298.38 s. If we halve this value, it
is comparable with the field-measured value of 148.5 s over 201 s.

Table 4.4: Comparison between a field measurement and corresponding laboratory
playback signal of a single diversity loop antenna mounted on the dashboard with
TDM1 suppressed. The direction of the test drive is clockwise.

Audio Mutes [s] Total Test Duration [s]
Lab Signal (aver.) 298.38 380

Field Signal 148.5 201
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Table 4.5 shows the comparison between a field measurement and correspond-
ing laboratory playback signal of a single diversity loop antenna mounted on
the vehicle’s dashboard. For this case, the direction of the test drive is clockwise
and no band is suppressed. One laboratory measurement is taken into consider-
ation. For a total lab test duration of 390 s, the laboratory measurement yields
22.90 s for the audio mutes duration. If we halve this value, it is comparable
with the field-measured value of 11.15 s over 203 s.

Table 4.5: Comparison between a field measurement and corresponding laboratory
playback signal of a single diversity loop antenna mounted on the dashboard without
any band suppressed. The direction of the test drive is clockwise.

Audio Mutes [s] Total Test Duration [s]
Lab Signal 22.90 390

Field Signal 11.15 203

Table 4.6 shows the comparison between a field measurement and correspond-
ing laboratory playback signal of a reference patch antenna mounted on the ve-
hicle’s front right fender. For this case, the direction of the test drive is clockwise
and TDM2 is suppressed. The average value of two laboratory measurements is
taken into consideration. For a total lab test duration of 380 s, the two labo-
ratory measurements yield 69.75 s and 72.4 s respectively for the audio mutes
duration, which results in an average value of 71.07 s. If we halve this value, it
is comparable with the field-measured value of 35.2 s over 199 s.

Table 4.6: Comparison between a field measurement and corresponding laboratory
playback signal of a reference patch antenna mounted on the vehicle’s front right fender
with TDM2 suppressed. The direction of the test drive is clockwise.

Audio Mutes [s] Total Test Duration [s]
Lab Signal (aver.) 71.07 380

Field Signal 35.2 199
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4.5.3 Results

For various mounting positions and SDARS reception antennas RF signals have
been recorded and measured. Two commercial SDARS patch antennas mounted
in a dislocated way on both front fenders in addition to a micro-diversity set
in a single mounting volume are analysed. A picture illustrating the antenna
positioning is depicted in Fig. 4.15. One can notice that both antennas are tilted
away from the driving direction of the vehicle. This results in impairments not
only on antenna pattern roundness but also on gain and/or received SNR which
are unavoidable when unconventional antenna mounting positions are utilized
because of the available antenna mounting volume, the shape and size of the
available ground plane as well as shadowing caused by the car body itself in any
mounting position other than on the rooftop [66].

The statistical properties of the reception scenario are shown through an analy-
sis of the recorded signals of the patch antennas. A plot of the patch antenna sig-
nal levels over time of the received signal transmitted by a geostationary satellite
is illustrated in Fig. 4.19. It can be observed that two laps of driving along the
exact same test drive track have been recorded. In both recording halves, slow
fading effects can be noticed. These effects result from obstructions along the
track due to to the high foliage trees and hilly terrain. If the depicted level plots
are inspected closer further differences can be observed. Multipath propagation
is responsible for the fast fading behaviour in the dense foliage environment.
This contributes to high relative frequencies of low signal levels as the proba-
bility density plot of the recorded antenna signal amplitudes shows in Fig. 4.20
[66].
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Figure 4.19: Left: Single antenna signal levels of the SDARS received signals from the
geostationary satellite relative to the mean LOS signal level along two rounds on the test
track. Right: Detailed view of the single antenna signal levels and exemplary threshold
for the analysis of the ratio of signal levels below the respective threshold

The statistical behaviour of a simulated scan-phase diversity system is inspected
taking into consideration a range of additional noise influences on measured
levels which are used in the phase calculation. Fig. 4.20 shows the analysis of
the diversity system’s output signal amplitude. Simulations of an ideal system,
where the noise power PN = 0, have been performed. These simulations were
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compared to results from simulations including noise influences in the range
of −20dB ≤ PN/PLOS ≤ +30dB in order to take into consideration different lev-
els of external and internal (relative to the diversity circuit) noise contributions.
The diversity system’s phase shifters were considered with a step size 45◦ in all
simulations. It can be noticed that the simulated scan-phase antenna diversity
system with low noise powers PN – which is equivalent to systems that apply
the noise cancellation method – indicate enhancements of the signal amplitude
statistics in two distinct aspects [66].

0 0.5 1 1.5 2 2.5 3

Signal amplitude rel. to LOS amplitude

0

5

10

15

20

25

30

N
o

rm
a

liz
e

d
 f

re
q

u
e

n
c
y

Ant. 1

Ant. 2

Div. PN = 0

Div. PN/P
LOS

 = -20.0 dB

Div. PN/P
LOS

 = -12.0 dB

Div. PN/P
LOS

 = -6.0 dB

Div. PN/P
LOS

 = +3.0 dB

Figure 4.20: Normalized histogram of the signal amplitudes of the GEO satellite’s signal
received by two single antennas in a fading scenario in addition to a simulated scan-
phase antenna diversity system with noise power PN in the level detection path

First of all an improvement in the average signal amplitude is observed in com-
parison to those of the two single antenna input signals. Secondly signals with
very low amplitudes occur less often due to the fact that the antenna diversity
system avoids signals with very low signal amplitudes by switching them off
completely. This results in the improvement of the output signal SNR since the
noise influence by this antenna cannot enter the signal path to the receiver. In
the case of higher noise powers PN the results of the phase calculation differ
from the true noiseless value. This value leads to a suboptimal phase alignment
of the antenna signals. The histogram shows similarities between the ideal case
PN = 0 and the case where PN/PLOS = −20dB [66]. Deviations from the ideal
results are observed for the ratio PN/PLOS = −12dB.

The probabilities of recorded single antennas’ levels which lie below a thresh-
old value have been inspected. The level plot on the right hand-side of Fig. 4.19
depicts an example of such threshold analysis. By considering the GEO satel-
lite, the probabilities have been determined for a single frequency. Regarding
the respective probabilities for both frequencies of the SDARS system, an esti-
mation is performed based on the fact that the signal levels of both frequencies
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are fading independently but with the same probability. Hence the squared
probability values of the single frequency results correspond to the estimated
two-frequency fading probability and are illustrated in Fig. 4.21 [66].

The results of an investigated scan-phase antenna diversity system simulation
are shown in Fig. 4.21. As an example, if a threshold of -13.2 dB below the aver-
age LOS level would correspond the distinction between an available signal and
an audio mute then both single reception antennas would show probabilities to
fall below this threshold of approximately 1.56% and 3.85% respectively. Lower
probabilities depending on the noise power PN are achieved if the scan-phase
antenna diversity system is applied on these two antenna signals. A probability
value of around 0.86% is determined for PN/PLOS = −12dB [66].
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Figure 4.21: Estimated fading probability (level falls below the respective threshold) of
a two-frequency satellite signal of two single antennas in addition to a simulated scan-
phase antenna diversity system with noise power PN in the level detection path

A mute ratio of 0.11% based on the signal levels is achieved by an ideal di-
versity system with PN = 0. This clearly confirms the advantage of applying
the noise cancellation method. Measurements of the audio availability improve-
ments achieved by the diversity system can be conducted in the laboratory by
means of the RF signal recording and playback equipment introduced in section
4.5.2. The audio availability of not only both single antennas but also of the scan-
phase antenna diversity system has been measured utilizing these recorded RF
signals. The audio availability of distinct diversity algorithms can be repeatedly
measured taking into consideration real RF satellite signals from fading scenar-
ios without the ambiguity of repeated test drives even on the same track. Such
ambiguity might arise due to the exact driving track on the road, weather con-
ditions etc...
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The diversity measurements are performed using all available satellite signals
and unmodified receivers. They investigate the audio availability with and with-
out the calibration of noise influences on the level detection accuracy. Table 4.7
lists the average results of five individual measurements (each with a duration of
380 s) for the test scenario with dislocated patch antennas on the vehicle fend-
ers as shown in the main photo of Fig. 4.15 [66]. The black dots in Fig. 4.22
represent the occurrence of audio mutes for the two single antennas and both
diversity configurations. The shown recordings represent individual measure-
ments which have been chosen to closely match the average mute durations in
Table 4.7. The results show that the diversity system contribute to a significant
reduction of the audio mutes by a factor of approximately 4 from an average
of 12.2 s of the single antennas to 3.34 s. Measurements from more complex
system demonstrators yield higher improvement factors of around one order in
magnitude. This is achieved with more gain and lower noise figures of the level
detection circuit due to the non-linearities at low signal levels. Applying the
noise cancellation method on the level detection further enhances these results
by reducing the mute time to 0.29 s which is by a factor of around 40 lower than
the single antenna thus rendering a more complex hardware unnecessary.
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Time (s)

Single Antenna (Ant. 1) Mute time: 14.70 s

Single Antenna (Ant. 2) Mute time: 8.55 s

Diversity (uncal.) Mute time: 3.15 s

Diversity (cal.) Mute time: 0.20 s

Figure 4.22: Measured audio mutes of respective individual measurements of the single
dislocated off-the shelf patch antennas (refer to main photo of Fig. 4.15) and scan-phase
diversity demonstrator from Fig. 4.5 with and without calibration. All available satellite
signals have been used by the receiver.

In addition to the dislocated antenna mounting positions previously described
in the main photo of Fig. 4.15, a micro-diversity antenna set with two SDARS an-
tennas in a single mounting volume on the left front fender was also inspected as
can be seen in Fig. 4.23. Fig. 4.24 illustrates the realized gain over the elevation
angle Θ averaged over all azimuth angles Φ . These antennas were mounted on
a circular ground plane with bent edges with an overall diameter of 1.2 m and
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Table 4.7: Comparison of average audio mute durations (each over five measurements
of the respective setup) from all available satellite signals in a real fading scenario
recorded on test drives in the USA: Conventional single antenna reception system and
the compact diversity system on a single printed circuit board

Audio Mutes [s] Test Duration [s] Availability [%]
Antenna 1 15.0 380 96.05
Antenna 2 9.32 380 97.55

Diversity (uncal.) 3.34 380 99.12
Diversity (cal.) 0.29 380 99.92

measured in an anechoic chamber. Ant. 1 yields a realized gain which perfectly
meets the specifications of the SDARS service providers in such a mounting po-
sition. Ant. 2 has its highest realized gain at an elevation angle Θ of 50◦ from
zenith where geostationary satellites are located relative to the receiving anten-
nas. For this reason, Ant. 2 is considered a perfect complement for Ant. 1 in a
diversity antenna set [66]. Mounting the antenna set at the exact hidden mount-
ing position of an antenna in series production is impossible since the test vehi-
cle was not allowed to be modified itself. As can be observed in Fig. 4.23, the
antenna set was instead mounted on the outside of the vehicle’s chassis on a flat
small rectangular ground plane with a side length of 16 cm and a slant angle of
approximately 20◦.

Figure 4.23: Micro-diversity antenna set (green circle) with two output signals on a
single mounting position

Antenna characteristics vary dramatically in critical mounting situations where
even higher tilt angles, smaller ground planes and hidden mounting positions
are chosen. Moreover, the average gain at the elevation angle of the satellite po-
sition may decrease by several dB. Even a curved rooftop, where a large metallic
ground plane is present, can change the pattern of SDARS antennas at that posi-
tion as shown in [70].
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Figure 4.24: Measured average realized gain of the two single antennas of the diver-
sity antenna set on one mounting position (averaged over all azimuth angles Φ). The
measurements were conducted in an anechoic chamber, the antenna was mounted on a
circular ground plane of 1.2 m diameter.

No plastic car-body cover was utilized here. Moreover, the ground plane was
larger, and the angle was not steep enough. In order to take this aspect into
consideration, the SNR at the input of the diversity circuit is in a further mea-
surement reduced in a way which is equivalent to a slight decrease in antenna
gain by 0.6 dB.

This is accomplished by inserting an attenuator, an amplifier and a further at-
tenuator at each of the two input ports of the antenna diversity circuit. These
components contribute to no additional gain with deviations of less than 0.3 dB,
but a decrease in SNR which corresponds to a decrease of 0.6 dB at the air inter-
face. Fig. 4.25 depicts the measured audio mutes for the single antennas as well
as for diversity with and without noise cancellation.

In an impaired playback configuration, the average mute time of the single an-
tennas of the diversity set is 3.2 s. Without applying the noise cancellation me-
thod, the antenna diversity system reduces this an average mute time of 0.88 s,
which is by a factor of 3.6 lower than the single antennas’ average result. After
applying the introduced noise cancellation method, the mute time is further re-
duced to an average of only 0.38 s, which is a factor of 8.4 lower than the single
antenna system [66]. The occurring mutes during a single measurement of the
respective single antennas, which closely match the average values, are shown
in Fig. 4.25 (top two measurements with signals unimpaired by a reduced SNR).

With SNR reduction, the diversity set’s single antennas yield an average mute
duration of 12 s using all available satellite signals. A comparison to the avail-
ability of the dislocated commercial antennas (refer to Table 4.7) in a similar

62



4.5 Examples of Diversity Performance in Test Drives

0 50 100 150 200 250 300 350

Time (s)

Single Antenna (Ant. 1, unimpaired) Mute time: 2.40 s

Single Antenna (Ant. 2, unimpaired) Mute time: 3.65 s

Diversity (uncal.) Mute time: 0.85 s

Diversity (cal.) Mute time: 0.40 s

0 50 100 150 200 250 300 350

Time (s)

Single Antenna (Ant. 1) Mute time: 10.75 s

Single Antenna (Ant. 2) Mute time: 12.55 s

Diversity (uncal.) Mute time: 1.65 s

Diversity (cal.) Mute time: 0.65 s

Figure 4.25: Measured audio mutes of respective individual measurements of the micro-
diversity antenna set’s single antennas at one mounting point (refer to Fig. 4.23) and
scan-phase diversity demonstrator from Fig. 4.5 with and without calibration. All avail-
able satellite signals have been used by the receiver. The top two measurements show
the original recorded data without SNR reduction. The lower four measurements are
taken with reduced SNR in order to model antenna impairments of a hidden mounting
position with a small ground plane and slant angle.

mounting position (vehicle’s fender) shows matching values, which validates
the impairment. An overall average mute duration of 1.71 s is achieved by the
diversity system. This is an improvement by a factor of 7. The application of the
noise cancellation method further reduces the average mute time to only 0.76 s
which is by a factor of 15.8 better than the average of both single antennas [66].
Fig. 4.25 depicts the occurrence of audio mutes from individual tests, which rep-
resent the average results as closely as possible. If we compare the unimpaired
single antenna results with the availability of the diversity signal even after re-
ducing the SNR of the input signals, we can clearly observe that the diversity
system more than compensates for the SNR reduction.
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4 Noise Calibration Method for SDARS

This diversity efficiency parameter [71] can also be utilized to compare different
measurement set-ups and diversity methods according to:

η =
log10(tmutes/ttotal)DIV

log10(tmutes/ttotal)REF
. (4.29)

The denominator contains the values of the best reference antenna and the nu-
merator the values of the diversity system. The total duration ttotal of the per-
formed measurement is the same for both quotients.

In the following, additional measurements directly performed in the field (not
in the laboratory) using the exact same diversity hardware demonstrator as
above are presented. A different antenna position namely the dashboard is taken
into consideration. Even though this position is considered unconventional, the
diversity system demonstrated a significant improvement in comparison to sin-
gle antennas at this position even without applying the noise cancellation me-
thod. The improvement achieved through diversity is almost comparable to
mounting the antennas on the roof of the vehicle.
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4.5 Examples of Diversity Performance in Test Drives

Micro-Diversity Measurement (Sirius):

A micro-diversity antenna set made up of two loop antennas has been mounted
on the dashboard the test vehicle as shown in Fig. 4.26. Standard after-market
receivers for SiriusXM Satellite Radio have been used for the measurements. The
diversity algorithm has been optimized for the Sirius TDM1 band.

Rohde & Schwarz COMPANY RESTRICTED
Figure 4.26: A micro-diversity antenna system mounted on the dashboard

Measurements of the audio signal availability were taken for the two antennas
of the micro-diversity set as individual single antennas and of the antenna diver-
sity system. As the results given in Table 4.8 show, the mutes duration dropped
from 14.70s to 1.60s showing an improvement in the audio availability from
92.65% up to 99.20%. This corresponds to a diversity efficiency of 1.85 when
taking the average of the single antennas as reference (92.65% availability) into
consideration.

Table 4.8: Average total audio mute duration of the single antennas as well as of the
diversity system using the same input signals in a fading scenario.

Audio Mutes [s] Duration [s] Avail. [%] Mute Rate [%]
Single Ant. 14.70 200 92.65 7.35

DIV 1.60 200 99.20 0.80
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4 Noise Calibration Method for SDARS

Micro-Diversity Measurement (XM-SAT1A):

A micro-diversity antenna set made up of two loop antennas has been mounted
on the dashboard the test vehicle as shown in Fig. 4.27. Standard after-market
receivers for SiriusXM Satellite Radio have been used for the measurements. The
diversity algorithm has been optimized for the XM-SAT1A band.

Rohde & Schwarz COMPANY RESTRICTED
Figure 4.27: A micro-diversity antenna system mounted on the dashboard

Measurements of the audio signal availability were taken for the two antennas
of the micro-diversity set as individual single antennas and of the antenna diver-
sity system. As the results given in Table 4.9 show, the mutes duration dropped
from 11.70s to 2.10s showing an improvement in the audio availability from
94.15% up to 98.95%. This corresponds to a diversity efficiency of 1.60 when
taking the average of the single antennas as reference (94.15% availability) into
consideration.

Table 4.9: Average total audio mute duration of the single antennas as well as of the
diversity system using the same input signals in a fading scenario.

Audio Mutes [s] Duration [s] Avail. [%] Mute Rate [%]
Single Ant. 11.70 200 94.15 5.85

DIV 2.10 200 98.95 1.05
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5 Multi-Channel Algorithm for
Antenna Diversity

After presenting the investigations and optimizations of the noise cancellation
method for application in SDARS antenna diversity in chapter 4, a new multi-
channel algorithm for SDARS with scan-phase-antenna diversity is introduced
in this chapter.

Considering the simultaneous reception through four different satellite frequency
bands, the algorithm steers phase shifters as well as switches of a diversity cir-
cuit in order to combine distinct antenna signals for a minimized overall bit
error probability. By means of a simple level detection, not only the in-phase
but also the quadrature components are derived for all frequency bands and
an overall bit error probability is estimated, which is minimized through the
switching and phase constellation of the diversity circuit. In order to verify the
validation of the algorithm, antenna signals of a micro-diversity antenna set are
received in real scenario test drives underneath dense foliage which are fed into
a scan phase diversity circuit. The antenna diversity measurements with the
multi-channel algorithm show a significant improvement of the reception qual-
ity in comparison to single antennas even in unconventional antenna mounting
positions.

Two satellites in geostationary orbit (GEO) are operated in order to guarantee
the coverage of SDARS signals within the SiriusXM high band ranging between
2.3325 GHz and 2.3450 GHz [9]. Each GEO satellite transmits QPSK-modulated
RF signals within two ensembles A and B. Each ensemble carries half the total
system capacity. In order to mitigate the effects of multipath propagation in
NLOS locations and to make use of hidden and unconventional antenna po-
sitions in the vehicle, antenna diversity has shown its numerous advantages
in various scenarios for satellite reception at the SiriusXM low band at 2.320-
2.3325 GHz [72],[1],[62]. Furthermore, the SDARS service provide may utilize
the gain in the SNR via diversity to expand the coverage area and to offer further
content for the subscribers.

Fig. 5.1 illustrates not only a block diagram of the micro-diversity antenna sys-
tem but also the photographs of a possible implementation of the hardware. The
hardware is consists of an antenna diversity integrated circuit [73] as well as a
level detector and a micro-controller unit (MCU). The antenna diversity circuit
is capable of combining and phase aligning up to three antenna signals, which
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Figure 5.1: Diversity system block diagram (two out of three antenna paths are shown)
as well as a possible hardware implementation (consisting of an antenna diversity IC in
addition to a level detector and a microcontroller unit).

are pre-amplified by a low-noise amplifier stage (LNA). Their phases are calcu-
lated in different test cases through a simple level detector and MCU for digital
signal processing as presented in [65]. Only one cable connects the output of the
diversity circuit to the SDARS receiver which demodulates the received QPSK
signals.

In this chapter, an algorithm is introduced for steering the phase shifters and
switches, which optimizes phases and switching states of the different antenna
paths in order to minimize the bit error probability with respect to all four
satellite frequency bands. The multi-channel algorithm supports the frequency
bands of different satellites according to their SNR. Moreover, it estimates the
overall bit error probability over the two ensembles A and B in order to find the
optimum state of phase shift and switching.

68



5.1 Concept Description

5.1 Concept Description

The multi-channel algorithm determines which antenna phase combination con-
tributes to the minimum estimated bit error probability over both ensembles of
the most suitable satellite according to the flowchart depicted in Fig. 5.2 [74].

Current level measurement (Pcur) 

of best satellite

Pcur < Threshold?
Yes

No

Next Period

Level measurement of 

sum of antennas Ps(f)

Level measurement of both

single antennas P1(f) and P2(f) 
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Level measurement of sum PT(f)

Phase setting of the rotated single 
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C(f),U(f),V(f),W(f)
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Figure 5.2: A flowchart of the multi-channel algorithm for vehicular antenna diversity
of SiriusXM satellite reception.

The average signal levels of both satellites in LOS conditions are compared to
predict which of the SiriusXM high band satellites has to be supported. This
permits the detection of the user’s geographic location, so that the algorithm
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5 Multi-Channel Algorithm for Antenna Diversity

can then accordingly optimize the ensemble of the satellite with the best SNR.
Afterwards, the current signal level (Pcur) of the most suitable satellite is mea-
sured and compared to a threshold which is pre-defined. A timeline illustrating
two complete diversity periods (marked in dark blue) taking into consideration
both frequencies fA and fB is depicted in Fig. 5.3.

Test & Phase-Shift / Switch Sequence

Test 1234 Test 1234

Calculations for fA Calculations for fB

peval(Da,Db)

Set  phases to 

Damin and Dbmin

fA ...

fB
...

t

...

366 μs 100 μs

Active Algorithm (Pcur < Threshold)

Non-Active Algorithm (Pcur > Threshold)

366 μs

Freq. Change

(fA to fB)

Freq. Change

(fB to fA)

Freq. Change

(fA to fB)

Pcur

Pcur

DIV Period DIV Period

Figure 5.3: The timeline showing two complete diversity periods (Pcur < Threshold)
taking into consideration both frequencies.
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5.1 Concept Description

If the signal level Pcur exceeds the threshold, there is no need for any phase align-
ment or switching of the antennas. In other words, the multi-channel algorithm
is not activated in this particular case. Otherwise, the multi-channel algorithm
is activated, and a series of four test constellations takes place. The aim of the
test constellations is to measure the power levels of the preferred satellite at the
center frequencies fA and fB of the ensembles A and B.

In the timeline illustrated in Fig. 5.3, each light blue block which represents
the case where the multi-channel algorithm is not activated, since the the signal
level exceeds the threshold, has a duration of 100µs. After measuring the signal
level and verifying the comparison to the threshold, the frequency change takes
place. Around 60µs are needed till the local oscillator and active mixer are set
correctly so that the frequency is modified.

Once the current signal level value Pcur becomes smaller than the pre-defined
threshold, the multi-channel algorithm is triggered to begin with its calculations.
The dark blue blocks in Fig. 5.3 illustrate the activated multi-channel algorithm.
The algorithm starts by performing the four test constellations for the first fre-
quency through measured signal levels according to [66]. After finishing the
last test case, the frequency change is activated. Meanwhile, further algorithm
calculations for the first frequency fA are performed in parallel. By the time
the calculations for frequency fA are finished, the local oscillator and mixer are
already set for the second frequency fB. For this frequency, the four test con-
stellations are performed as well. Then, the frequency change is re-triggered
to ensure the frequency modification from fB to fA for the next period. After-
wards, the evaluation of the bit error rates is conducted. The optimization is
based on choosing the phase combination leading to the minimum estimated av-
erage bit error probability over both ensembles. According to the calculated op-
timal phase combination, the micro-controller unit sets the phase shifters with
the corresponding phases. The whole diversity period, including measures to
accelerate the algorithm calculations, has a duration of approximately 366µs. A
more detailed investigation of the duration of the different algorithm parts will
be presented in the section 5.3.

In order to get a clearer understanding of the multi-channel algorithm, an ad-
ditional illustrative scenario is depicted in Fig. 5.4. It shows that the multi-
channel algorithm could be triggered by starting from either fA or fB. The sce-
nario begins with four consecutive cases (light blue blocks) where the algorithm
is still not yet triggered since the the signal level exceeds the threshold. Each
block has duration of 100µs, out of which approximately 60µs are reserved for
the frequency change. The rest of the time (40µs) is utilized for signal level mea-
surement.
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5 Multi-Channel Algorithm for Antenna Diversity

Afterwards, the multi-channel algorithm is activated as the current signal level
value Pcur drops below the pre-defined threshold. The first diversity period is
triggered at the frequency fA. At this frequency, the algorithm starts by perform-
ing the four test constellations through measured signal levels. After finishing
the fourth test case, the frequency change is activated. In the meantime, further
algorithm calculations for fA are performed simultaneously.

...

...

t

...

100 μs 366 μs100 μs

366 μs 100 μs100 μs 100 μs

Active Algorithm (Pcur < Threshold)

Non-Active Algorithm (Pcur > Threshold)

DIV Period DIV Period

fA

fB

Figure 5.4: An illustrative scenario showing the timeline of the algorithm taking into
consideration both frequencies

By the time the calculations for frequency fA are accomplished, the local oscil-
lator and mixer are already set for the second frequency fB. The four test con-
stellations are also performed for fB as well. Afterwards, the frequency change
is activated again to guarantee having the frequency fA set for the next period.
Then, the bit error evaluation and phase shifting based on the optimal phase
combination takes place. The whole diversity period, including measures to ac-
celerate the algorithm calculations, has a duration of approximately 366µs.

The next period at the frequency fA takes only 100µs because the threshold is
exceeded by the current signal level measurement. After that, the algorithm
is triggered at frequency fB and undergoes the same steps as the last diversity
period with multi-channel algorithm. After presenting the timeline with the al-
gorithm, a description of the algorithm parts upon its activation is introduced.

72



5.1 Concept Description

The powers P1(f ) and P2(f ), which are considered proportional to the squared
absolute value of the complex wave amplitudes A1(f ) and A2(f ) respectively, in
addition to the the power Ps(f ) of the sum S(f ) of these amplitudes are measured
[66, 74]. Then, the antenna signal A1(f ) is rotated by 90◦ in phase and added
to the other antenna signal A2(f ). Afterwards, the corresponding sum power
PT(f ) is measured. Fig. 5.5 depicts a corresponding arbitrary constellation of
complex signals. The noise correction method presented in chapter 4.2 can also
be applied in the measurements.
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d

S(f)A2(f)

A1(f)

A1'(f)

A1(f)

A2(f)

Da

Db

A2(f)

T(f)

jA1(f)

jA1(f)

A2'(f)A1'(f)

S'(f)

45°

Figure 5.5: The complex signal diagram with the I-components and Q-components of
the complex signal amplitudes.

In the following, the derivations are shown, which lead from the measured
power values of the four test constellations towards a calculation of the SNR
in all the different frequency channels in dependence to the possible phase shift
constellations of the diversity circuit. From that a bit error estimation of the bit
error rates is performed for low band and high band for its minimization to find
the best phase constellation. All derivations are according to [64].

The signal components relative to a reference phase are calculated from the
measured power values. The reference phase is transmitted regularly and is
assumed to be synchronized to the SDARS receiver. The axis S0◦ in Fig. 5.5 is de-
fined to point towards the direction of this phase. S90◦ is orthogonal to S0◦ . The
variables S0(∆α,∆β,f ) and S90(∆α,∆β,f ), which represent the projections of the
complex signal amplitudes on the S0◦ and S90◦ axes respectively, are calculated
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5 Multi-Channel Algorithm for Antenna Diversity

as follows:

S0(∆α,∆β,f ) = U (f )cos(∆α) +V (f )cos(∆β) +W (f )(sin(∆α)− sin(∆β)) (5.1)

S90(∆α,∆β,f ) = U (f )sin(∆α) +V (f )sin(∆β) +W (f )(cos(∆β)− cos(∆α)) (5.2)

where ∆α and ∆β represent the counterclockwise phase rotation of A1(f ) to
A′1(f ) and A2(f ) to A′2(f ) respectively as depicted in Fig. 5.5. The introduced
phases range from 0◦ to 315◦ in 45◦-steps. This corresponds to the resolution of
the variable phase shifters. The frequency dependent variables C(f ), U (f ), V (f )
and W (f ) are derived from the calculated powers according to the following
equations:

C(f ) =
1

S(f )
=

1

2
√
Ps(f )

(5.3)

U (f ) = C(f ) · (Ps(f ) + P1(f )− P2(f )) (5.4)

V (f ) = C(f ) · (Ps(f ) + P2(f )− P1(f )) (5.5)

W (f ) = C(f ) · (PT(f )− P1(f )− P2(f )). (5.6)

The angle of rotation δ from S(f ) to S ′(f ) should ideally range between S−45◦

and S+45◦ in order to avoid the generation of bit errors in the QPSK modulated
signal. If the level of one antenna is at least 6 dB lower than the other one, we
obtain similar equations accordingly.

A coordinate rotation from the S0◦S90◦-reference frame to an orthogonal coordi-
nate system (SISQ) is applied. The aim of the coordinate rotation is to obtain the
in-phase and quadrature components after IQ-demodulation. The mathemati-
cal projections SI(∆α,∆β,f ) and SQ(∆α,∆β,f ) of the rotated complex signals on
the SI and SQ axes respectively are described by the following equations

SI(∆α,∆β,f ) = (S0(∆α,∆β,f )− S90(∆α,∆β,f ))/
√

2 (5.7)

SQ(∆α,∆β,f ) = (S0(∆α,∆β,f ) + S90(∆α,∆β,f ))/
√

2. (5.8)

Now the SNR of the I- and Q-channels are calculated accordingly. It is assumed
that the external noises Ne1 and Ne2, as depicted in Fig. 5.1, are statistically
similar for both antennas 1 and 2 respectively. The same applies for the inserted
noises Na1 and Na2 of the antenna amplifiers. Therefore, an average noise power
PN in each of the antenna paths is obtained.

74



5.1 Concept Description

By using the Q-function [75], the parameters pBE,I(∆α,∆β,f ) and pBE,Q(∆α,∆β,f )
can now be derived from the SNR values to evaluate the bit errors in the I- and
the Q-channel respectively according to

pBE,I(∆α,∆β,f ) = Q(SI(∆α,∆β,f )/σ2
N) (5.9)

pBE,Q(∆α,∆β,f ) = Q(SQ(∆α,∆β,f )/σ2
N) (5.10)

where σN =
√

2PN. Regarding the probability of a bit error in the I- or Q-channel,
we obtain the total value of

ptotal(∆α,∆β,f ) =
1
2

(pBE,I(∆α,∆β,f ) + pBE,Q(∆α,∆β,f )). (5.11)

A plot of ptotal as a function of the parameters SI and SQ is shown in Fig. 5.6 and
Fig. 5.7 as 2D and 3D respectively. It can be observed that as the phase rotating
begins to exceed +/−45◦, ptotal tends to become larger than 0 until it reaches the
maximum value of 1 at ∆α = ∆β = 180◦, where both bits are erroneous and the
QPSK symbol is received at the diagonally opposite quadrant of the received
reference phase. Depending on ∆α, ∆β and the frequency dependent values
U (f ),V (f ) and W (f ), the values of SI and SQ differ for each frequency band.

Figure 5.6: 2D plot of the function ptotal(SI,SQ).
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Figure 5.7: 3D plot of the function ptotal(SI,SQ).

In a next step, ptotal is averaged over the two frequency bands fA and fB of both
ensembles in order to obtain a good criterion for the estimation of the overall
bit error probability. The following expression is obtained

peval(∆α,∆β) =
1
2

(ptotal(∆α,∆β,fA) + ptotal(∆α,∆β,fB)). (5.12)

Now ∆α and ∆β are optimized in a way that peval(∆α,∆β) is minimized. As a
result of the minimization, the phase shift values ∆αmin and ∆βmin are then re-
alized in the variable phase shifters of the antenna diversity circuit in order to
obtain the improved signal-to-noise ratio for the SDARS radio.

In case the music channel is available in both frequency bands with an interleaver-
delay like in the case of the SiriusXM low band with an interleaver-delay of 4 s,
the currently determined total bit error probabilities of the two frequency bands
must be multiplied by the average value of the mute probability paver(f ) of the
respective other frequency band formed over this interleaver-delay [64]. The
following expression is obtained

peval(∆α,∆β) =
1
4

(pBE,I(∆α,∆β,fA) · paver,I(fB) + pBE,Q(∆α,∆β,fA) · paver,Q(fB)+

+ pBE,I(∆α,∆β,fB) · paver,I(fA) + pBE,Q(∆α,∆β,fB) · paver,Q(fA)).
(5.13)
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5.2 Mathematical Derivations

5.2 Mathematical Derivations

In this section, the derivations of the algorithm are presented according to [64].
The derivations of the antenna sum (A1,A2) will be presented at first and then
the derivations of a single antenna.

5.2.1 Antenna Sum

The angle ϕ between A1 and A2 is shown in Fig. 5.8, which depicts the complex
signal diagram with the I- and Q-components of the complex signal amplitudes.
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Figure 5.8: Complex signal diagram with the I- and Q-components of the complex sig-
nal amplitudes.

−→
S 90◦ ,

−−→
A1

90◦ and
−−→
A2

90◦ denote the anti-clockwise phase rotation of
−→
S ,
−−→
A1 and

−−→
A2 respectively by 90◦. By calculating the scalar product of

−→
S ′ and

−→
S 90◦ , the

following is obtained:

−→
S ′ ·
−→
S 90◦ = (

−−→
A′1 +

−−→
A′2 ) · (

−−→
A1

90◦ +
−−→
A2

90◦)

=
−−→
A′1 ·

−−→
A1

90◦ +
−−→
A′2 ·

−−→
A2

90◦ +
−−→
A′1 ·

−−→
A2

90◦ +
−−→
A′2 ·

−−→
A1

90◦ . (5.14)

By expanding equation 5.14, we obtain:

−→
S ′ ·
−→
S 90◦ = A1

2 sin(∆α) +A2
2(−sin(ϕ)cos(ϕ +∆β) + cos(ϕ)sin(ϕ +∆β))

+A1A2(−sin(ϕ)cos(∆α) + cos(ϕ)sin(∆α) + sin(ϕ +∆β)). (5.15)
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Equation 5.15 can be further expanded to:

−→
S ′ ·
−→
S 90◦ = A1

2 sin(∆α) +A2
2 sin(∆β) +A1A2(−sin(ϕ)cos(∆α)

+ cos(ϕ)sin(∆α) + sin(ϕ)cos(∆β) + cos(ϕ)sin(∆β)). (5.16)

As a result the we get the following expression:

−→
S ′ ·
−→
S 90◦ =

1
2

(S2 +A1
2 −A2

2)sin(∆α) +
1
2

(S2 +A2
2 −A1

2)sin(∆β)+

+
1
2

(T 2 −A1
2 −A2

2)(cos(∆β)− cos(∆α)). (5.17)

Equation 5.14 is simplified to:

S ′S sin(δ) =
1
2

(U sin(∆α) +V sin(∆β) +W (cos(∆β)− cos(∆α))). (5.18)

The variable S90 in equation 5.2 is derived from:

SS90 =
1
2

(U sin(∆α) +V sin(∆β) +W (cos(∆β)− cos(∆α))). (5.19)

Therefore,

S90 =
1

2S
(U sin(∆α) +V sin(∆β) +W (cos(∆β)− cos(∆α)))

=
1

2
√
PS

(U sin(∆α) +V sin(∆β) +W (cos(∆β)− cos(∆α))) (5.20)

where the factor 1
2
√
PS

in equation 5.20 is included in the parameter C according
to equation 5.3.

Similarly, we can derive equation 5.1 by calculating the scalar product of
−→
S ′ and

−→
S , which is in phase with the S0 axis, according to:

−→
S ′ ·
−→
S = (

−−→
A′1 +

−−→
A′2 ) · (

−−→
A1 +

−−→
A2 )

=
−−→
A′1 ·

−−→
A1 +

−−→
A′2 ·

−−→
A2 +

−−→
A′1 ·

−−→
A2 +

−−→
A′2 ·

−−→
A1 . (5.21)

By expanding equation 5.21, we obtain:

−→
S ′ ·
−→
S = A1

2 cos(∆α) +A2
2 cos(∆β) +A1A2(cos(ϕ +∆β)+

+ cos(ϕ)cos(∆α) + sin(ϕ)sin(∆α)). (5.22)

78



5.2 Mathematical Derivations

S0°S90° 

d

S(f)

A1(f)

A1'(f)

A2(f)

Da

Db

A2'(f)

S'(f)

j

SI

SQ

45°

Figure 5.9: Complex signal diagram with the I- and Q-components of the complex sig-
nal amplitudes.

Equation 5.22 can be further expanded to:

−→
S ′ ·
−→
S = A1

2 cos(∆α) +A2
2 cos(∆β) +A1A2(cos(ϕ)cos(∆β)

− sin(ϕ)sin(∆β) + cos(ϕ)cos(∆β) + sin(ϕ)sin(∆α)). (5.23)

As a result the following expression is obtained:

−→
S ′ ·
−→
S =

1
2

(S2 +A1
2 −A2

2)cos(∆α) +
1
2

(S2 +A2
2 −A1

2)cos(∆β)

+
1
2

(T 2 −A1
2 −A2

2)(sin(∆α)− sin(∆β)). (5.24)

Equation 5.21 is simplified to:

SS ′ cos(δ) =
1
2

(U cos(∆α) +V cos(∆β) +W (sin(∆α)− sin(∆β))). (5.25)

The variable S0 in equation 5.1 is derived from:

SS0 =
1
2

(U cos(∆α) +V cos(∆β) +W (sin(∆α)− sin(∆β))). (5.26)
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Therefore,

S0 =
1

2S
(U cos(∆α) +V cos(∆β) +W (sin(∆α)− sin(∆β)))

=
1

2
√
PS

(U cos(∆α) +V cos(∆β) +W (sin(∆α)− sin(∆β))) (5.27)

where the factor 1
2
√
PS

in equation 5.27 is included in the parameter C according
to equation 5.3.

5.2.2 Single Antenna

If only one single antenna (e.g. antenna 1) is switched on, we calculate the scalar

product of
−−→
A′1 and

−→
S , which is in phase with the S0, as follows:

−→
S ·
−−→
A′1 = (

−−→
A1 +

−−→
A2 ) ·

−−→
A′1 = (

−−→
A1 ·

−−→
A′1 ) + (

−−→
A2 ·

−−→
A′1 ). (5.28)

S0°

a

S(f)

A1(f)

A1'(f)

A2(f)

Da

j

SI

SQ

Figure 5.10: Complex signal diagram with the I- and Q-components of the complex
signal amplitudes.

By expanding equation 5.28, we get:

−→
S ·
−−→
A′1 = (A1

2 cos(∆α) +A1A2(cos(ϕ)cos(∆α) + sin(ϕ)sin(∆α))) ·
√

2. (5.29)
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Equation 5.29 can be further expanded to:

−→
S ·
−−→
A′1 = (SA1(cos(α +∆α))) = SS0,ant1

=
1
2

((S2 +A1
2 −A2

2)cos(∆α) +
1
2

(T 2 −A1
2 −A2

2)sin(∆α)) ·
√

2

=
1
2

(U cos(∆α) +W sin(∆α)) ·
√

2. (5.30)

From equation 5.30, we obtain S0,ant1 for antenna 1 according to:

S0,ant1 =
1

2S
(U cos(∆α) +W sin(∆α)) ·

√
2

=
1

2
√
PS

(U cos(∆α) +W sin(∆α)) ·
√

2 (5.31)

where the factor 1
2
√
PS

in equation 5.31 is included in the parameter C according
to equation 5.3.

Similarly, we calculate S90,ant1 according to the following:

S0°S90° 

a

S(f)

A1(f)

A1'(f)

A2(f)

Da

j

SI

SQ

jS(f)

Figure 5.11: Complex signal diagram with the I- and Q-components of the complex
signal amplitudes.

−→
S 90◦ ·

−−→
A′1 = (

−−→
A1

90◦ +
−−→
A2

90◦) ·
−−→
A′1 =

−−→
A1

90◦ ·
−−→
A′1 +

−−→
A2

90◦ ·
−−→
A′1 (5.32)
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By expanding equation 5.32, we obtain:

−→
S 90◦ ·

−−→
A′1 = (A1

2 sin(∆α) +A1A2(cos(ϕ)sin(∆α)− sin(ϕ)cos(∆α))) ·
√

2 (5.33)

We obtain the following:

−→
S 90◦ ·

−−→
A′1 = SA′1 sin(α +∆α) = SS90,ant1

=
1
2

(U sin(∆α)−W cos(∆α)) ·
√

2 (5.34)

Thus:

S90,ant1 =
1

2S
(U sin(∆α)−W cos(∆α)) ·

√
2

S90,ant1 =
1

2
√
PS

(U sin(∆α)−W cos(∆α)) ·
√

2 (5.35)

where the factor 1
2
√
PS

in equation 5.35 is included in the parameter C according
to equation 5.3.

For the single antenna 2 with angle ∆β, the above derivations can similarly be
applied.

In order to better visualize the algorithm parameters, a simulation was con-
ducted with two co-phased antennas possessing the same level. PN is chosen
3dB below the antenna levels. The phase ∆α of antenna 1 ranges from 0◦ to
315◦ in 45◦-steps where the iterations i ∈ [0,1] are multiples of 45◦. The phase
∆β of antenna 2 also ranges from 0◦ to 315◦ in 45◦-steps where the iterations
j ∈ [0,1] are multiples of 45◦.
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Figure 5.12: 2D plot of S0◦
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Figure 5.13: 3D plot of S0◦

Fig. 5.12 and Fig. 5.13 illustrate the 2D and 3D plots of S0◦ respectively.
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Figure 5.14: 2D plot of S90◦
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Figure 5.15: 3D plot of S90◦

Fig. 5.14 and Fig. 5.15 illustrate the 2D and 3D plots of S90◦ respectively.
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Figure 5.16: 2D plot of SI
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Figure 5.17: 3D plot of SI

Fig. 5.16 and Fig. 5.17 illustrate the 2D and 3D plots of SI respectively.

Figure 5.18: 2D plot of S2
I Figure 5.19: 3D plot of S2

I

Fig. 5.18 and Fig. 5.19 illustrate the 2D and 3D plots of S2
I respectively.
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Figure 5.20: 2D plot of SQ Figure 5.21: 3D plot of SQ

Fig. 5.20 and Fig. 5.21 illustrate the 2D and 3D plots of SQ respectively.

Figure 5.22: 2D plot of S2
Q Figure 5.23: 3D plot of S2

Q

Fig. 5.22 and Fig. 5.23 illustrate the 2D and 3D plots of S2
Q respectively.
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Figure 5.24: 2D plot of pBE,I Figure 5.25: 3D plot of pBE,I

Fig. 5.24 and Fig. 5.25 illustrate the 2D and 3D plots of pBE,I respectively.

Figure 5.26: 2D plot of pBE,Q Figure 5.27: 3D plot of pBE,Q

Fig. 5.26 and Fig. 5.27 illustrate the 2D and 3D plots of pBE,Q respectively.
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Figure 5.28: 2D plot of ptotal Figure 5.29: 3D plot of ptotal

Fig. 5.28 and Fig. 5.29 illustrate the 2D and 3D plots of ptotal respectively.

5.3 Measures for Algorithm Calculations Acceleration

To be able to utilize simple micro-controller units, efforts and investigations
were performed in order to make the algorithm perform its calculations in an ac-
celerated way avoiding a long processing time. In the diversity hardware demon-
strator, the variable phase-shifters operate with a fine resolution of 45◦, which
means they can set the phase in 45◦-steps. Table 5.1 lists the time durations for
the different algorithm parts taking into consideration all eight phases (0◦, ±45◦,
±90◦, ±135◦, 180◦) which can be set by the phase shifters. If two antennas are
considered this results in 64 possible phase combinations (8x8).

Algorithm Part Duration [µs]
Measurement of Pcur 24

Calculation of all tests: P1(f ), P2(f ), PS(f ) and PT(f ) 115
Frequency change 60

LUT reading of the tests’ non-logarithmic values and of C(f ) 3
Calculation of the variables U (f ), V (f ) and W (f ) 5

Calculation of ptotal(∆α,∆β,f ) 150
High-band: peval(∆α,∆β) and setting the optimal phases 65
Low-band: peval(∆α,∆β) and setting the optimal phases 83

Table 5.1: The measured time durations for the different algorithm parts taking into
consideration all 64 phase combinations (8x8).
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The time durations in Table 5.1 were measured in the laboratory by means of
an oscilloscope. The measurement of the current signal level including the com-
parison with the pre-defined threshold takes 24µs. The calculation of all four
test constellations P1(f ), P2(f ), PS(f ) and PT(f ) has an overall duration of 115µs.
The measurement results obtained from the test cases are logarithmic values.
For this purpose the measured logarithmic values are converted to their corre-
sponding linear power values through a look-up table. Reading the linear power
values from this look-up table and the values of the variable C(f ) from another
look-up table takes 3µs in total.

Regarding the frequency change, it takes approximately 60µs till the local oscil-
lator is set. The duration of calculating the variables U (f ), V (f ) and W (f ) is 5µs.
One of the most time-consuming calculations in the multi-channel algorithm is
the determination of the values of ptotal(∆α,∆β,f ). This takes 150µs when all 64
phase combinations (8x8) are taken into account. Concerning the calculation of
peval(∆α,∆β) and setting the optimal phases leading to the minimum estimated
average bit error probability over both ensembles, the whole process takes 65µs
for the high-band. Regarding the low-band, this duration is higher (83µs) be-
cause of the additional multiplications due to the interleaver-delay.

In order to make the multi-channel algorithm more efficient and to reduce the
calculation duration of some algorithm parts, some initial measures are applied.
These initial measures include:

• the utilization of pre-calculated look-up tables (LUT) for variables such
as C(f ) and for functions such as the Q-function instead of performing
the time consuming calculations by means of the resources of the micro-
controller unit.

• the deployment of bit-shifting instead of directly performing the multipli-
cation and division operations in the algorithm for numbers which are a
multiple of two.

• the triggering of the algorithm calculations (including the bit error rates)
during the frequency change (frequency parallelization). Instead of wait-
ing till the local oscillator is set and then performing further calculations,
making use of simultaneous operations would be more time efficient. As
long the further algorithm calculations take at least 60µs it is advanta-
geous to simultaneously perform the frequency change in parallel.

• the reduction of the algorithm activity to just when it is necessary. This
is accomplished by introducing shorter test intervals with a duration of
100µs (including the frequency change) whenever the current signal level
is above the threshold.

In the following three test cases A, B and C are investigated, where different
calculation acceleration measures are applied for the low-band and high-band.
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5.3.1 SiriusXM High-Band Test Cases

In the following the test cases of the SiriusXM high-band are introduced.

Test Case A:

Fig. 5.30 depicts the timeline showing the durations of the different parts of the
algorithm in a sequential way for one complete diversity period. All above men-
tioned acceleration measures except for the frequency parallelization are taken
into consideration with the 64 phase combinations (8x8).

In the presented sequential mode of the algorithm, it can be noticed that waiting
till the frequency change is totally accomplished costs the diversity algorithm a
time duration of 120µs since the frequency is changed twice: from fA to fB and
vice-versa. After each frequency change, further calculations with a duration
of 158µs (3µs + 5µs + 150µs) are performed. This is reflected in the diversity
period with a total duration of 755µs, which is not considered low and should
be further reduced.

1 2 3 4 2 3 4 peval(Da,Db)

Freq. Change

(fA to fB)

Pcur

24 ms 115 ms 115 ms158 ms 65 ms

Freq. Change

(fB to fA)

TDIV = 755 ms

60 ms

 fA 

Calculations 1

60 ms

 fB 

Calculations 

158 ms

Set  phases to 

Damin and Dbmin

Figure 5.30: The timeline showing the durations of the different parts of the algorithm
for one complete diversity period taking the 64 phase combinations into consideration
(8x8) in addition to calculation acceleration methods except the frequency paralleliza-
tion.
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Test Case B:

In order to reduce the overall diversity period duration, the measure of trigger-
ing the further algorithm calculations during the frequency change is applied
in this test case. Fig. 5.31 illustrates the timeline showing the durations of the
different parts of the algorithm for one complete diversity period taking the 64
phase combinations into consideration (8x8) in addition to calculation accelera-
tion methods including the frequency parallelization.

It can be clearly observed how the diversity period decreases from 755µs to
635µs. Even though the duration is reduced due to frequency parallelization,
it still can be noticed how the time consuming algorithm calculations with a
duration of 158µs affect the overall period duration.

1 2 3 4 2 3 4 peval(Da,Db)

Set  phases to 

Damin and Dbmin

Freq. Change

(fA to fB)

Pcur

24 ms 115 ms 115 ms158 ms 65 ms

Freq. Change

(fB to fA)

60 ms

 fA 

Calculations 1

60 ms

 fB 

Calculations 

158 ms

TDIV = 635 ms

Figure 5.31: The timeline showing the durations of the different parts of the algorithm
for one complete period taking the 64 phase combinations into consideration (8x8) in
addition to frequency parallelization.
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Test Case C:

In order to further reduce the processing time needed for one diversity period,
it would make sense to accelerate the speed of the algorithm calculations which
possess a duration of 158µs. One can make use of the following two rules:

• Rule 1:
∣∣∣∆α −∆β∣∣∣ ≤ 180◦ must apply, which means the sum signal remains

in the right half of the complex plane pointing towards the direction of
the reference phase.

• Rule 2: Phases with the same sign are not allowed because the phase shift-
ing of both antennas would be in the same direction (either clockwise or
counter- clockwise).

HHH
HHH∆β
∆α −135◦ −90◦ −45◦ 0◦ 45◦ 90◦ 135◦ 180◦

−135◦ X X X ✓ ✓ X X X
−90◦ X X X ✓ ✓ ✓ X X
−45◦ X X X ✓ ✓ ✓ ✓ X

0◦ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
45◦ ✓ ✓ ✓ ✓ X X X X
90◦ X ✓ ✓ ✓ X X X X

135◦ X X ✓ ✓ X X X X
180◦ X X X ✓ X X X X

Table 5.2: The allowed and forbidden phase combinations after applying the two rules.
(X) means at least one rule does not apply, and (✓) means both rules apply.

Table 5.2 summarizes all 64 possible phase combinations (∆α and ∆β) and lists
whether they obey both rules or not. If at least one rule is violated the table field
is marked with the sign (X). The sign (✓) indicates that both rules are valid for
the corresponding phase combination.

The use cases show that the ∆α and ∆β combinations are reduced from 64 com-
binations to only 27 in the case of two switched antennas. There are seven com-
binations results from the phases 0◦, +45◦ and −45◦. There are ten further com-
binations if the phases +90◦ and −90◦ are included. If the phases +135◦ and
−135◦ are taken consideration, eight further combinations are obtained. Finally,
including the phase 180◦ yields two additional combinations. This results in
27 combinations in total. In the case of one antenna, a further reduction of the
cases can applied for the combinations of the following three phases: 0◦, +45◦

and −45◦.
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The time durations of the different algorithm parts in Table 5.3 correspond to
the case where the three phases 0◦, +45◦ and −45◦ are taken into account instead
of all eight phases.

Algorithm Part Duration [µs]
Measurement of Pcur 24

Calculation of all tests: P1(f ), P2(f ), PS(f ) and PT(f ) 115
Frequency change 60

LUT reading of the tests’ non-logarithmic values and of C(f ) 3
Calculation of the variables U (f ), V (f ) and W (f ) 2

Calculation of ptotal(∆α,∆β,f ) 30
Calculation of peval(∆α,∆β) and setting the optimal phases 17

Table 5.3: The measured time durations for the different algorithm parts taking into
consideration only the three phases 0◦, +45◦ and −45◦.

The significant time reduction can be observed in the part where ptotal(∆α,∆β,f )
is calculated. The duration decreases from 150µs in the case of all 64 phase com-
binations to only 30µs. Moreover, there is additional reduction in the last part
of the algorithm where peval(∆α,∆β) is calculated and the optimal phases are set.
The time duration decreases from 65µs to only 17µs. A minor reduction is also
observed in the case of calculating the variables U (f ), V (f ) and W (f ). The time
duration decreases from 5µs to 2µs.

The algorithm parts which still possess an unmodified time duration include the
measurement of the current signal level Pcur with 24µs. Moreover, the durations
of the calculation of all four test constellations as well as of the LUT reading
of the tests’ non-logarithmic values and of the variable C(f ) are 115µs and 3µs
respectively.

Fig. 5.32 depicts the timeline showing the time durations of the different algo-
rithm parts listed in Table 5.3 for one complete diversity period. All above men-
tioned acceleration measures (including frequency parallelization) are applied
on the three phases 0◦, +45◦ and −45◦ instead of all eight phases. A waiting
time of Tw = 25µs is included right after performing the algorithm calculations
with a duration of 35µs (3µs + 2µs + 30µs) at the first frequency to make sure
the local oscillator is correctly set after the time duration it needs (60µs). After
being set on the frequency fB, the four test constellations are performed in addi-
tion to the rest of the steps illustrated in Fig. 5.32. The overall diversity period
is significantly reduced from 635µs in the case of test B to only 366µs.
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1 2 3 4 2 3 4 peval(Da,Db)

Set  phases to 

Damin and Dbmin

Freq. Change

(fA to fB)

Pcur

24 ms 115 ms 115 ms

35+25 ms

17 ms

Freq. Change

(fB to fA)

TDIV = 366 ms

60 ms

1

60 ms

Tw* *

35 ms

Tw = Waiting Time

 * fA  or  fB  Calculations 

Figure 5.32: The timeline showing the durations of the different parts of the algorithm
for one complete period taking the three phases 0◦, +45◦ and −45◦ into consideration
in addition to the acceleration measures (including frequency parallelization).

The influence of applying different acceleration measures on the overall diver-
sity period duration can be clearly noticed in Table 5.4. All three test cases A,
B and C are listed and compared with each other. Applying all the measures
reduces the diversity period duration by more than a factor of two as can be
seen in the table 5.4 where the diversity period duration is reduced from 755µs
in test case A to 366µs in test case C. A comparison of the audio mutes duration
between the test case B and test case C is presented in section 5.5.
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Algorithm Acceleration Measure Test A Test B Test C
Use of LUTs ✓ ✓ ✓

Use of Bit-Shifting ✓ ✓ ✓
Use of shorter Tests if (Pcur > Threshold) ✓ ✓ ✓

Use of Frequency Parallelization X ✓ ✓
Use of reduced Phase Combinations X X ✓

Diversity Period [µs] 755 635 366

Table 5.4: The differences in diversity period durations of the three different test cases
A, B and C after applying various measures for the algorithm acceleration.

5.3.2 SiriusXM Low-Band Test Cases

Since initial investigations were performed on the SiriusXM low-band before
performing further analysis on the high-band, one test case has been inspected
for the low-band.

Test Case A:

Fig. 5.33 depicts the timeline showing the durations of the different parts of the
algorithm in a sequential way for one complete diversity period. All above men-
tioned acceleration measures except for the frequency parallelization are taken
into consideration with the 64 phase combinations (8x8).

In the presented sequential mode of the algorithm, it can be noticed that waiting
till the frequency change is totally accomplished costs the diversity algorithm a
time duration of 120µs since the frequency is changed twice: from fA to fB and
vice-versa. After each frequency change, further calculations with a duration of
158µs (3µs + 5µs + 150µs) are performed.

It can be also observed that for the calculation of peval and for setting the optimal
phases, it takes 83µs because of the additional multiplications due to the inter-
leaver-delay. This is reflected in the diversity period with a total duration of
773µs. Measurements inspecting the audio mutes duration with this test case
are presented in section 5.5.
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Figure 5.33: The timeline showing the durations of the different parts of the algorithm
for the low-band for one complete diversity period taking the 64 phase combinations
into consideration (8x8) in addition to calculation acceleration methods except the fre-
quency parallelization.
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5.4 Implementation

The following section deals with the micro-controller used to implement and
verify the algorithm. The performance of the micro-controller defines how com-
plex the algorithm can be. To be able to use simple micro-controllers, efforts
were made to make the algorithm perform its calculations in a fast way through
look-up tables for example. Two Atmel controllers, the ATxmega128A1 [76]
and the SAM D21 J18A [77], are compared. The first one was used in previous
SDARS diversity systems, but it was replaced by the SAM D21 controller since
it is licensed and compliant to be utilized in vehicular applications. The main
features of both micro-controllers are summarized in table 5.5.

Features ATxmega128A1 SAM D21J
Flash-Memory 128 kB 256 kB
Supply Voltage 3.3 V 3.3 V

Operating Frequency 32 MHz 48 MHz
DFLL up to 32 MHz up to 96 MHz

GPIO Pins 78 53
Ports A-F A-B

Programming Interface PDI SWD
License (vehicles) No Yes

Table 5.5: Comparison between ATxmega128A1 and SAM D21J

5.4.1 SAM D21 Micro-Controller

The Atmel SAM D21 micro-controller used in the SDARS diversity system be-
longs to the family of ARM-based micro-chips. The ARM Cortex M0+ core de-
veloped by ARM is installed in a chip developed by Atmel, which contains all
further features and wiring. The semiconductor chip is bonded to the pins of
the TQFP and sealed with a polyamide package. This plastic housing protects
the silicon semiconductor from mechanical forces and environmental influences
such as high humidity.

The SAM D21 micro-controller is available in different versions, which makes it
adaptable to various applications. For more complex tasks and algorithms, the
most powerful micro-controller of the series, with 256 kB flash memory and 64
pins, is chosen.

The TQFP model shown in Fig. 5.34 is particularly suitable for first prototypes
of PCBs. Short circuits on the board can be corrected or repaired by bridges.
This is not possible with the UFBGA package shown in Fig. 5.35 since all the
connections are situated on the bottom of the micro-chip. Therefore, in order to
eliminate small errors in the circuit design, no completely new circuit board has
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Figure 5.34: Pin configuration (TQFP) of the SAM D21[77, p.13]

Figure 5.35: Pin configuration (UFBGA Package) of the SAM D21[77, p.14]
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Figure 5.36: An Atmel SAM D21 J18A micro-controller integrated in the PCB.

to be produced by using the TQFP version. This can be time and cost efficient.
A photograph of an integrated SAM D21 micro-controller in a PCB is shown in
Fig. 5.36

5.4.2 Micro-Controller PCB

Before integrating the micro-controller into the system, a test PCB is designed
and manufactured to verify its functionality which includes controlling the phase
shifters and switches as well as programming the oscillator to set the mixer fre-
quency in the diversity system. The schematic illustration of the controller is
divided into two parts: left and right (to the micro-controller) in order to better
visualize the circuit diagram. The left part of the circuit diagram is illustrated
in Fig. 5.37, whereas the right part is depicted in Fig. 5.38.

The PCB layout with the SAM DJ21 in the middle is depicted in Fig.5.39, and
the manufactured PCB (top view) at the institute is shown in Fig. 5.40. If no
short circuits are detected in the PCB, the MCU can be connected to a power
supply after setting the supply voltage to +3.3 V and limiting the supply cur-
rent to 20 mA. Then, the programming interface can be started and individual
functions and input/output pins can be tested. A test program is used for this
purpose to verify if all registers are written correctly and the main clock is con-
trolled properly. Everything else can now be added to the main program as
desired.
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Figure 5.37: Circuit diagram left side

Figure 5.38: Circuit diagram right side
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Figure 5.39: PCB Layout with the SAM DJ21 in the middle

Figure 5.40: The implemented PCB (Top View)
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Figure 5.41: Pin configuration and connector of the PCB

The pin configuration is illustrated in Fig. 5.41. The PCB consists of multiple
interfaces, which include SPI and USART (for debugging purposes).

The PCB connectors and their functionality are listed in table 5.6. Table 5.7
summarizes the utilized port allocation.

Table 5.6: PCB Connectors

P1-P3 Phase Control
SWD Program and debug interface, Atmel-ICE debugger
VDC Power Supply +3,3 V

CLK IN Clock in
CLK OUT Clock out

SIG1-2 GPIO pins that can be triggered for debugging
USART Communications Interface PC

SPI Local Oscillator Connection
ADC ADC Input Connector

Manual Control Interface for Manual Control

101



5 Multi-Channel Algorithm for Antenna Diversity

Table 5.7: Port allocation

PORT A Function PORT B Function
PA00 CLK IN PB00 P1 90O
PA01 GPIO PB01 P1 90T
PA02 ADC[0] LSB PB02 P1 45T
PA03 ADC[1] PB03 P1 45O
PA04 ADC[2] PB04 P1 180T
PA05 ADC[3] PB05 P1 180C
PA06 ADC[4] PB06 P2 90O
PA07 ADC[5] PB07 P2 90T
PA08 ADC[6] PB08 P2 45T
PA09 ADC[7] PB09 P2 45O
PA10 ADC[8] PB10 P2 180T
PA11 ADC[9] MSB PB11 P2 180C
PA12 MC_A PB12 P3 90O
PA13 MC_B PB13 P3 90T
PA14 GPIO PB14 P3 45T
PA15 CLK OUT PB15 P3 45O
PA16 MOSI PB16 P3 180T
PA17 SCK PB17 P3 180C
PA18 SS PB18 -
PA19 GPIO PB19 -
PA20 USART TX PB20 -
PA21 USART RX PB21 -
PA22 MC_C PB22 Stat_LED1
PA23 MC_D PB23 Stat_LED2
PA24 MC_E PB24 -
PA25 MC_F PB25 -
PA26 - PB26 -
PA27 SIG1/GPIO PB27 -
PA28 SIG2/GPIO PB28 -
PA29 - PB29 -
PA30 SWD CLK PB30 Stat_LED3
PA31 SWD DATA PB31 SWM/GPIO
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5.4.3 Micro-Controller Programming

The basic function of the ARM micro-controller has already been ensured with a
basic program [78]. But since this program was adapted to the Evaluation Board
Atmel SAM D21 Xplained Pro, it could not simply be adopted. So the code had
to be re-adapted to the newly manufactured board. Two other important factors
made it necessary to change the code: the synchronization of the controller and
the analog-to-digital converter with 10 bit resolution in addition to the use of a
new LO which was not utilized in previous diversity systems [79].

SPI Interface

The serial peripheral interface (SPI) is a serial data bus that can write and read
data. There is only one line through which addresses and data are transmitted
one after the other. It is possible to connect several devices and bring them into
a hierarchy via a master-slave assignment.

Figure 5.42: SPI Transfer Mode of SAM D21[77, S.482]

There are different SPI modes, which differ in that the bit detection takes place
either with a rising or falling clock edge and whether the clock line is high or
low in idle mode, i.e. when nothing is transmitted. Moreover, either the MSB or
the LSB can be sent first. The different possibilities are shown in Fig. 5.42.

Programming the local oscillator is performed via the SPI interface, so that the
desired frequency is generated. The register description and the transferred
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5 Multi-Channel Algorithm for Antenna Diversity

data during the process are described in [79]. The frequency of the local oscilla-
tor is set in the case of TDM1 to 2212.293 MHz in order to down-convert the RF
signal into the intermediate frequency 110 MHz.

Figure 5.43: SPI Transfer Mode of LTC6948[80, S.21]

With the SAM D21 micro-controller any SPI mode can be used. The controller
can be adapted to various integrated circuits or other micro-controllers. The
mode of the local oscillator chip in Fig. 5.43 is crucial for the communication
between the local oscillator and the MCU.

The modes are listed below:

• CTRLB_MODE_SPI_MASTER: the controller shifts into the SPI master
mode, which is supplied by its internal clock source. In slave mode, it
would depend on an external clock source

• CTRLA_MODE: can be used to set the SPI mode (Default: Mode (0))

• CTRLA_DORD: if this bit is set, the LSB is sent first (Default: MSB first)

• CTRLA_CPOL: is not set, otherwise the clock is reversed (Default: Clock
Low idle)

The next step is to use the SPI port in a similar way to the USART, except that no
direct output on the PC is possible here and thus an alternative test option must
be used. The easiest way to do this is with the oscilloscope. The "Single Run"
function is suitable to record the bit stream at the moment. Another advantage
of the oscilloscope is that not only the data bit stream (yellow) can be displayed,
but also the clock (blue) and the slave select (red) as depicted in Fig. 5.44. If the
specified bit sequence is output in the correct clock and at SS on low, the SPI
interface works.
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Figure 5.44: Register description of the local oscillator via SPI

USART

The test program adapted to the board also contains some routines with which
the communication interfaces can be tested. First, the communication between
computer and microcontroller is checked. For this purpose, the main program
is adapted so that the USART (universal synchronous/asynchronous receiver/r-
ransmitter) routine is initialized. Once this has been done, any output can be
programmed and read out in a subsequent test. If the default text is displayed
in the output window on the computer, the USART connection works without
problems.

Clocksystem

The SAM D21 micro-controller can be clocked with different frequencies. It is
possible to use different internal oscillators or an externally supplied clock. The
clock frequency can be multiplied by any internal DFLL. With the DFLL, a max-
imum frequency of 48 MHz can be achieved. To generate even higher frequen-
cies, the controller has an implemented FDPLL that can reach frequencies from
48 MHz up to 96 MHz. Furthermore, the internal clock generators have a divider
that can be programmed. This allows almost any frequency to be generated. The
chip has different internal clock sources. Alternatively, the microprocessor can
be given a clock, by a frequency generator or by a quartz oscillator. During the
initiation of the controller, the internal 32 kHz clock source was used.
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5 Multi-Channel Algorithm for Antenna Diversity

5.5 Measurements

The same test drive scenario introduced in 4.5.1 is taken into consideration in
order to verify the multi-channel algorithm. For this purpose, recorded signals
from the real fading scenario are analysed in the laboratory using the RF-signal
playback unit presented in 4.5.2 in addition to a diversity system hardware
demonstrator. The algorithm is programmed using the C-language on a MCU,
which is responsible for steering the switches as well as the phase shifters of the
diversity system.

5.5.1 SiriusXM High-Band

In one of the numerous measurement campaign scenarios, a micro-diversity an-
tenna set consisting of two loop antenna structures is mounted on the front
fender of the test drive vehicle as depicted in Fig. 5.45.

Rohde & Schwarz

Figure 5.45: The micro-diversity antenna set composed of two loop antenna structures
mounted on the front fender.

The audio mutes introduced in Table 1 are average values over five individual
measurements for the two single antennas, for diversity optimized at one fre-
quency (SAT1A or SAT1B) as well as for diversity deploying the presented multi-
channel algorithm. The first single antenna yields an average mute duration of
11.89 s and the second one 19.85 s. Optimizing the algorithm at only the most
suitable frequency (SAT1A) leads to a reduced mute duration of 1.88 s. This
measurement requires a-priori knowledge of the frequency band at which the
test channel is currently available. This is only possible in the laboratory and
not in real scenario conditions.
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5.5 Measurements

Table 5.8: Comparison of average audio mute durations (each over five measurements)
in a real fading scenario recorded on test drives in the USA for the cases of single

antennas as well as antenna diversity. The micro-diversity antenna set was mounted
on the car’s front fender.

Audio Mutes [s] Duration [s] Availability [%]
Average (Ant1,2) 15.87 380 95.82

DIV SAT1A 1.88 380 99.50
DIV SAT1B 5.34 380 98.59

New Algorithm 2.43 380 99.36

Optimizing the algorithm at the other frequency (SAT1B) yields a mute duration
of 5.34s. The results indicate that by optimizing diversity at both frequencies
(SAT1A and SAT1B) by using the novel multi-channel algorithm, antenna diver-
sity achieves a mute duration of 3.52s [74]. As can be noticed the mute duration
is reduced to around 1/5 in comparison to the average single antenna (15.87 s).
It is worth mentioning, that the improvement of the multi-channel algorithm
was accomplished in the worst case scenario of reception through Satellite 1 be-
cause the measurements were conducted on the eastern side of the USA, where
the SiriusXM frequency bands 1A and 1B with a distance of 10 MHz have only a
weak correlation with each other in their fading behaviour. On the western side
the correlation between the frequency bands 2A and 2B of the second satellite
is considered higher. Therefore, it is expected that the multi-channel algorithm
achieves even better results (closer to the ones of achieved by SAT1A).

Fig. 5.46 illustrates the audio mutes denoted by black dots for both single an-
tennas as well as the diversity configuration with the new algorithm over a to-
tal time of 380 s. The introduced recordings correspond to individual measure-
ments which have been selected to closely match the average mute durations in
Table 5.8. A significant reduction of the number of mutes by the new algorithm
in comparison to both single antennas can observed.

The multi-channel algorithm improvement presented in Table 5.8 corresponds
to the test case C introduced in section 5.3 (refer to Table 5.4), where all accelera-
tion measures with only three phases (0◦, +45◦ and −45◦) are taken into account.
The same investigation scenario as described above with the micro-diversity set
mounted on the vehicle’s front fender is considered.

For inspecting the influence of the acceleration measures on the audio mutes
duration, a comparison between the test case B and test case C is shown in Ta-
ble 5.9. The test case B which includes all eight phases (0◦, ±45◦, ±90◦, ±135◦

and 180◦) taking frequency parallelization into account yields an audio mutes
duration of 3.31s. The reduction of number of phases to three contributes to a
reduction of the audio mutes duration as can be noticed in the test case C which
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5 Multi-Channel Algorithm for Antenna Diversity

Figure 5.46: Measured audio mutes of individual measurements of the diversity an-
tenna setś single antennas at one mounting point (front fender) in comparison to diver-
sity with the multi-channel algorithm.

has an audio mute duration of 2.43s. This acceleration measure reduces the au-
dio mutes time by almost 0.9s. In other words, reducing the diversity period
duration from 635µs (test case B) to only 366µs (test case C) plays a big role in
the audio mutes reduction which reflects in a better audio quality.

Table 5.9: Comparison of average audio mute durations in a real fading scenario
recorded on test drives in the USA for the cases of single antennas as well as antenna
diversity. The micro-diversity antenna set was mounted on the car’s front fender. The

test cases B and C are compared.

Audio Mutes [s] Duration [s] Availability [%]
Test Case B 3.31 380 99.13
Test Case C 2.43 380 99.36
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5.5 Measurements

5.5.2 SiriusXM Low-Band

The initial investigations of the multi-channel algorithm were performed on the
SiriusXM low-band. Measurements were conducted with the test case A intro-
duced in section 5.3.2. In one of the various measurement campaign scenar-
ios, a micro-diversity antenna set consisting of two loop antenna structures is
mounted on the dashboard of the test drive vehicle as depicted in Fig. 5.47. The
direction of the test drive was counter-clockwise with an overall test duration of
380 s.

Rohde & Schwarz COMPANY RESTRICTED

Figure 5.47: A micro-diversity antenna system mounted on the dashboard

Table 5.10 shows a comparison of audio mute durations in a real fading scenario
recorded on test drives in the USA for the cases of single antennas as well as
antenna diversity. If the single antennas are directly connected to the receiver
with TDM1 reception only, the average audio mutes duration of the single an-
tennas is 110.9 s. If TDM2 reception only is activated, the average audio mutes
duration of the single antennas is 297.95 s. In case both satellites are available,
the average audio mutes duration is 41.4 s.
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Table 5.10: Comparison of audio mute durations in a real fading scenario recorded on
test drives in the USA for the cases of single antennas as well as antenna diversity. The
micro-diversity antenna set was mounted on the car’s dashboard. The direction of the

test drive was counter-clockwise with a total test duration of 380s.

Audio Mutes [s]
Average (Ant1,2) with TDM1 only 110.9
Average (Ant1,2) with TDM2 only 297.95

Average (Ant1,2) with TDM1+2 41.4
DIV (All SATs available/Algorithm optimized on best TDM) 16.8

Multi-Channel Algorithm 17.4

If the scan-phase algorithm is optimized on the best TDM (in this scenario:
TDM1), diversity yields a mutes duration of 16.8 s. By deploying the multi-
channel algorithm as described in test case A (with all eight phases and without
frequency parallelization), diversity yields 17.4 s. The huge difference in the re-
ception quality between TDM1 only and TDM2 only (110.9 s against 297.95 s)
can be noticed in this scenario.

90s out of the 380s recording (above) are analyzed. Within the 90s the perfor-
mance difference between TDM1 and TDM2 is not so large like in the previous
case. Table 5.11 lists the results for this case. If the single antennas are directly
connected to the receiver with TDM1 reception only, the average audio mutes
duration of the single antennas is 16.26 s. If TDM2 reception only is activated,
the average audio mutes duration is 67.98 s. In case both satellites are avail-
able, the average audio mutes duration is 6.30 s. If the scan-phase algorithm is
optimized on the best TDM (in this scenario: TDM1), diversity yields a mutes
duration of 1.48 s. By deploying the multi-channel algorithm as described in test
case A (with all eight phases and without frequency parallelization), diversity
yields 1.37 s. The multi-channel algorithm shows in this case an improvement
even though not all calculation acceleration measures are taken into account.

Table 5.11: Comparison of audio mute durations in a real fading scenario recorded on
test drives in the USA for the cases of single antennas as well as antenna diversity. The
micro-diversity antenna set was mounted on the car’s dashboard. The direction of the

test drive was counter-clockwise with a total test duration of 90s.

Audio Mutes [s]
Average (Ant1,2) with TDM1 only 16.26
Average (Ant1,2) with TDM2 only 67.98

Average (Ant1,2) with TDM1+2 6.30
DIV (All SATs available/ Algorithm optimized on best TDM) 1.48

Multi-Channel Algorithm 1.37
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5.6 Satellite Monitoring

As previously mentioned, the algorithm determines which antenna phase com-
bination leads to the minimum estimated bit error probability over both ensem-
bles of the most suitable satellite.

In order to know which of the SiriusXM high band satellites has to be supported,
the average signal levels of both satellites in line-of-sight (LOS) conditions are
compared. This allows to determine the geographic location of the user, so that
the algorithm can then accordingly optimize the ensemble of the satellite with
the best SNR.

Fig. 5.48 depicts the upper band spectrum of SiriusXM between 2.3325 GHz
and 2.3450 GHz. SNR1, SNR2, SNR3 and SNR4 correspond to the SNRs at the
band 1A, 2A, 2B and 1B respectively.

SNR1 SNR2 SNR3 SNR4

ΔA ΔB

1A 1B2A 2B

Figure 5.48: Parameter definitions for monitoring based on the SiriusXM upper side
band

The parameter ∆A which is defined as the SNR difference between the bands 1A
and 2A is calculated according to:

∆A = SNR1 − SNR2. (5.36)

Similarly, the variable ∆B is calculated as follows:

∆B = SNR4 − SNR3. (5.37)

Since ∆A and ∆B fluctuate according to the position of the vehicular receiver, it
is necessary to investigate their possible variations and how they affect the SNR
and the optimization of the diversity algorithm.
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ΔA

< -6dB [-6dB,+6dB] > +6dB

ΔB
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2.SNR2 & 

SNR3 & SNR4

SNR1 & SNR2 
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& SNR3 SNR4

> +6dB SNR2 & SNR4 SNR1 & SNR2 & 2.SNR4 SNR1 & SNR4

Figure 5.49: Monitoring distinction of cases

Fig. 5.49 depicts which SNRs are taken into consideration according to the varia-
tions of ∆A and ∆B. Fig. 5.50 illustrates the corresponding scenarios introduced
in Fig. 5.49.

It is clear that at the upper right and lower left corners, the scenarios would
never take place. That is why they are excluded from the analysis. On one hand,
if both ∆A and ∆B are lower than 6dB, the west satellite is utilized for optimiza-
tion. On the other hand, if they do exceed 6dB, the east satellite is chosen.

If ∆A and ∆B do not show a large difference as the case in the middle of Fig. 5.50,
the optimization is performed on the satellite 2, since optimizing all 4 bands is
not time efficient and both bands 2A and 2B offer a higher correlation than 1A
and 1B.

Figure 5.50: Monitoring scenarios
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In order to deal with the above scenarios, a monitoring algorithm was imple-
mented. The flowchart to perform the satellite monitoring is illustrated in Fig.
5.51.

Every 30 min the signal level Pcurrent is monitored. The standard deviation σ ,
which is the square root of the variance σ2, is calculated according to:

σ =
√
σ2 =

√√√
1
N

N∑
n=1

|Pcurrent,i −µ|2 (5.38)

where N is the number of scalar observations (in our case 1000), i ∈ [1,1000] and
µ is the mean of PANT,i

µ = X =
1
N

N∑
n=1

Pcurrent,i. (5.39)

If the standard deviation is more than 1dB, it means that the level fluctuation
is high and we have a NLOS scenario. So, a counter of 5 min is set and the
verification it performed again till we end up in a LOS scenario where the level
deviation is 1 dB at most.

In this case, the signal level of each single antenna is measured. Afterwards, the
average values (X) of the two antennas for each band (1A, 1B, 2B and 1B) are
calculated. Then, ∆A and ∆B are calculated. If the result is more than 6dB, the
corresponding satellite is chosen. Otherwise satellite 2 in order to make use of
the high correlation of band 2A and 2B.

Laboratory measurements showed that the standard deviation of the signal lev-
els in LOS scenario signals is 1dB at most. Applying the monitoring algorithm
on signals recorded on the east coast of the USA led to choosing satellite 1 for
optimization as expected.
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Monitor Counter (every 30min)

Level within last 1000 Periods = 
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Figure 5.51: Monitoring Flowchart
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6 Measurements with the Diversity
System IC Chip

After presenting the advantages of applying the noise cancellation method and
the multi-channel algorithm in chapters 4 and 5 respectively, measurements
with a compact antenna diversity system with an integrated circuit (IC) are
introduced for automotive reception of SDARS signals. The integrated circuit
includes RF switches, phase-alignment and signal combining in addition to fre-
quency conversion for level detection. It is considered the first IC for SDARS
scan-phase antenna diversity, which includes all the diversity functions except
for level detection and digital signal processing [81]. A compact hardware demon-
strator is realized with the IC with a package size of just 9 mm by 9 mm. The
characteristic values of the RF signal paths such as gain and variable phase shift
are determined by means of laboratory measurements [81]. In this chapter, the
compact diversity circuit is investigated in a real fading scenario on different
antenna mounting positions and various system setups in order to show the
significant improvement of the signal quality through scan-phase diversity in
comparison to single antenna reception.

Figure 6.1: Block diagram of the scan-phase antenna diversity system with phase
aligned selective RF combining and frequency down-conversion integrated inside the
diversity IC. The rest of the components are implemented outside the IC. The image
inset shows a photograph of the realized integrated circuit.
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6.1 Satellite Radio Diversity Circuit

Fig. 6.1 depicts the block diagram of the scan-phase antenna diversity system
with completely integrated silicon based microwave circuit. The fundamental
RF components such as LNAs, switches, phase shifters and the power combiner
are implemented inside the integrated circuit. Moreover, a programmable local
oscillator (LO) as well as an active mixer are also integrated inside the IC [81].
They are utilized for the down-conversion in frequency range of a small frac-
tion of the RF signal for level detection. The additional implementation of com-
plex components from the level detection path inside the IC enables not only a
lean design but also a cost efficient system. The few further system components
in the level measurement path such as band-pass filter, logarithmic detector,
analogue-to-digital converter (ADC) as well as MCU are implemented outside
the integrated circuit.

6.1.1 Analysis of the RF Signal Path

In the following, the RF-signal path is described from the antenna amplifier
through the diversity IC to the level detector. At each of the three input ports, a
low-noise amplifier is proceeded by a 0◦/180◦ phase shifter. This phase shifter
is also utilized as an antenna switch. Further phase shifter sections, which are
switchable between 0◦/45◦ and 0◦/90◦, complete the capability to set eight dif-
ferent phase shifts in 45◦ steps for each individual antenna signal path. Af-
terwards, an active power combiner buffers the output signal and provides a
perfect isolation between the signal paths. In all phase and switch settings, the
measured isolation between all ports of the antenna diversity circuit (IC and ex-
ternal circuitry combined) is better than -25 dB [81].

The discrete baluns on the printed circuit board enable a conversion from the
external unbalanced signals to the differential signaling inside the IC. A sim-
ple differential T-type junction found on the output port is utilized to split the
signal into two paths. A balun converts the main output signal towards the re-
ceiver into a single ended signal. At all ports, the impedance matching is -12 dB
or better independent of the switch and phase shifter settings [81].

Fig. 6.2 illustrates a photograph of the implemented hardware demonstrator of
the antenna diversity circuit. In all signal paths, the achieved measured results
for all discrete phase shift values do not deviate by more than ± 10◦ [81]. Re-
garding the total IC gain, the input and output baluns and the output coupling
circuit is in the range from -3.0 dB to +0.2 dB for all signal paths and all phase
settings. An integrated LNA receives a small share of the signal power, which
is then down-converted in frequency by an internal active mixer. An integrated
programmable PLL from an external reference clock generates the LO for fre-
quency down-conversion, and it is directly applied to the integrated mixer.
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Figure 6.2: Photograph of the circuit board with the diversity integrated circuit. It
contains the diversity IC with a size of 9 mm by 9 mm as well as the input and output
baluns. Connectors for RF signal path control (bottom) as well as programming the PLL
(top right and left) connect to the micro-controller unit.

The rest of the system components of the level measurement path at the inter-
mediate frequency (IF) are not included inside the IC. Channel selectivity is
ensured through a surface acoustic wave (SAW) filter with a center frequency of
approximately 110.6 MHz and a 3 dB bandwidth of 1.4 MHz. The IF SAW filter
acts as a balun in the level detection path. Afterwards, a single ended amplifier
boosts the signal level so that even very small signal levels in fading scenarios
can be measured with sufficient accuracy by the logarithmic detector, which con-
verts the IF signal level to a DC voltage. The DC voltage is proportional to the
input power in dBm. This voltage is read by means of an ADC, and the MCU
calculates optimal signal path settings for the switches and phase shifters inside
the IC from the measured signal level values [81].

The path loss between the transmitting satellite and the receiver is considered
high [82] with a value of approximately 190 dB. Even in ideal LOS conditions
only a signal level of approximately -70 dBm is achieved at the output port of a
regular receiving antenna’s LNA assuming a standard-conformal antenna char-
acteristic and amplifier gain. A low noise figure of the overall reception system
is paramount due to the low external noise temperature at 2.33 GHz [47]. Stan-
dard SDARS antenna LNAs are directly placed at the output ports of the passive
antenna elements. The orange box in Fig. 6.1 depicts these LNAs with a gain of
27 dB and a noise figure of 0.6 dB. An overall noise figure of 0.65 dB and a gain
of 25.9 dB is achieved combination with the antenna diversity circuit [81].
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6.2 Diversity Measurements with initial IC Versions

In all following sub-sections, an external ADC is taken into consideration with
initial IC versions, where frequency down-conversion was still not integrated
within the IC. Measurements with an internal ADC within the MCU will be
presented later in the sub-section 6.3.2.

6.2.1 Laboratory Setup with IC + Level Detection Test Board

The measurements in this sub-section were performed using the EHS signal
recording and playback unit. This signal recorder is able to record different
satellite signals in the field and then play them back in the laboratory for fur-
ther analysis. To do this, the signal is down-mixed to an intermediate frequency
during the recording and then up-mixed again during playback. Figure 6.3 il-
lustrates the utilized EHS recording and playback unit.

Part (1) in Fig. 6.3 depicts the unit with the keyboard and monitor to operate it.
Part (2) includes the power supply and the board with the components used for
frequency up- and down-mixing. Part (3) shows the signal generators to feed
the local oscillators in the frequency conversion board in (2).

COMPANY RESTRICTED

Figure 6.3: The EHS recording and playback unit
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Attenuation of the Direct Path to the Receiver:

The SDARS signals are amplified by +15dB using LNAs before feeding the MEESAR
PCB. The amplifiers however must not provide any additional amplification in
the direction of the receiver. To implement this restriction, an attenuator is
added before the receiver to compensate the generated gain as shown in Fig. 6.4.

AttenuatorDirectional 

Coupler
MEESAR (IC)

Signal

Generator

-10dB

+15,7dB

f=2322,293MHz

P=-68dBm
-70,2dBm

-55,9dBm -57,75dBm
-58,34dBm

PA2=-69,75dBm

PA1=-68,3dBm

Figure 6.4: Signal path through the diversity system

The path of the third antenna in the MEESAR PCB was measured with a 0◦ phase
shifter switched through. The signal generator was set to a power of P = −68
dBm and a frequency of f = 2322.293 MHz. Cable attenuation is of course
taken into consideration. The used directional coupler does not split the signal
symmetrically: a path is attenuated by about 1 dB and the other by 12 dB. This
results in two different output powers, where PA1 is fed to the SDARS receiver
and PA2 is supplied to the level detection.

Table 6.1: Measured power at the output of the MEESAR PCB

Phase Power [dBm]
0◦ -57.75

45◦ -57.43
90◦ -59.10

135◦ -58.30
180◦ -58.00
−135◦ -57.54
−90◦ -58.80
−45◦ -58.22

Average Value -58.14

The MEESAR PCB contains the phase shifters, switches and the combiner. The
phase settings of the board lead to different attenuations. The output power for
the different phase settings were measured and are summarized in Table 6.1.
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The measurement campaign could only be carried out after the setup had been
completely prepared, correctly programmed and optimized. All components
were checked for their function so that a measurement could be performed in
the overall system as depicted in Fig. 6.5.

MCU

EHS Playback Unit

Level Detector

Local Oscillator

LNA

Directional
Coupler

SAW Filter

ADC

Mixer

ZF=110MHz

 SAM D21

Log

MEESAR (IC)

SDARS

RX

-10 dB fREF=12MHz

Audio Analysis

LNA

+30dB

LNA

+15dB +15dB

Figure 6.5: Block diagram of the lab setup

The played-back signals are amplified with +15 dB LNAs before feeding the
MEESAR (IC) PCB. A small share of the output signal is amplified by 30dB,
down-converted in frequency to 110 MHz and bandpass filtered by means of a
surface acoustic wave filter. A logarithmic detector generates a voltage which
is proportional to the signal level. This voltage is then converted to a digital
value by means of an analog-to-digital converter (ADC). The micro-controller
unit (MCU) reads these level measurement results and executes the diversity al-
gorithm. The MCU controls the local oscillator for down-conversion, the phase
shifters as well as the switches found within the MEESAR board. The other
share of the signal, after the directional coupler, is attenuated by 10 dB before
being led to the SDARS receiver. A laptop with an installed software is utilized
to perform the audio analysis in order to investigate the performance of the di-
versity system and to prove its improvement in comparison to single antennas.
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The implementation of the lab setup introduced in Fig. 6.5 is illustrated in Fig.
6.6. The corresponding system components (1) till (12), which are marked in
red, are are fixated into a wooden board and are summarized in Table 6.2.

The used EHS recording and playback unit, as signal input for the system, is
depicted in Fig. 6.3. Commercial SDARS receivers, which are deployed by the
users in the USA, have been used during this measurement campaign. Concern-
ing the phase display (3), the LEDs permit to better visualize the phase activity
of the diversity algorithm.

Rohde & Schwarz COMPANY RESTRICTED

Figure 6.6: Lab setup including all components of the test board
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Table 6.2: Components of the lab measurement board

Component Description
(1) 2x LNAs (+15 dB)
(2) Meesar IC
(3) Display of the phases
(4) Directional Coupler
(5) Attenuator (-10 dB)
(6) LNA (+30 dB)
(7) Mixer
(8) Local Oscillator
(9) SAW Filter (110 MHz)

(10) Logarithmic Amplifier
(11) ADC (v6)
(12) ARM MCU

Clocksystem:

The micro-controller SAM D21 can be clocked with different frequencies. There
is the possibility to use different internal oscillators or even an external clock.
The clock frequency can be multiplied by an internal DFLL as desired. With
the DFLL, a maximum frequency of 48MHz can be achieved. To generate even
higher frequencies (from 48MHz to 96MHz), the controller has an implemented
Fractional Digital Phase Locked Loop (FDPLL). Furthermore, the internal clock
generators have a divider that can be programmed. This allows almost any fre-
quency to be generated. For this measurement campaign, an external square
wave signal from a clock generator was utilized as main clock source. The
clock generator was configured with a frequency of 12 MHz and the voltages
Ulow = 0V and Uhigh = +3.3V .

ADC Characteristic-Curve:

Via USART connection to the audio analysis laptop, one can not only manu-
ally switch the antennas on and off, but also change the corresponding phases
and perform a level measurement. Before performing the manual level mea-
surement, a sine signal with known amplitude and frequency is generated by a
signal generator. The logarithmic amplifier converts the sine signal into DC volt-
age, which is converted by the ADC into a digital value. To determine the ADC
characteristic curve, input powers from −115 dBm to −48 dBm are fed into the
measurement setup. The limits were chosen so that the lower values are within
the noise range, and the upper ones reach the upper limit of the ADC.
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6.2 Diversity Measurements with initial IC Versions

Figure 6.7: Circuit of ADC v3

Figure 6.8: Circuit of ADC v6

Two ADC circuits were used for comparison. Both circuits have the same AD9200
chip from Analog Devices [83]. The ADC used has a 10-bit resolution and can
thus generate levels from 0 to 1023. The chip is programmable by its external
circuitry. In the setup used, input voltages from 0V to 2V can be achieved. The
0V cannot be reached completely, because the 30 dB amplifier also increases
the noise level. The logarithmic amplifier has a minimum output voltage Umin
of 0.5V. The two circuits v3 and v6 differ mainly in the external circuitry. The
version v3 has an extensive circuit in order to adjust the run-time difference be-
tween the micro-controller and the ADC. This was completely removed in the
newer version v6. The new ADC is operated with the same clock generator, so
that no noticeable run-time difference is detected.
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Figure 6.9: ADC v3 standard deviation of the characteristic curve
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Figure 6.10: ADC v6 standard deviation of the characteristic curve

Because the wiring has been reduced in v6, unwanted additional noise sources
disappear. In the previous version v3, these noise sources caused a distortion of
the characteristic curve, which is clearly visible in the standard deviation. This
source of error has been decimated by the new circuit as can be clearly noticed
by comparing Fig. 6.9 and Fig. 6.10. With the old version of the ADC, the stan-
dard deviation at -78 dBm input level is considered high. This can contribute
to phase errors and therefore deteriorate the audio availabilty of the system.
Both characteristic curves are almost linear in the working range. The level val-
ues measured when determining the characteristic curve are used to calculate a
LUT for the system. Fig. 6.11 and Fig. 6.12 show the characteristic curve and
the linear ideal values for ADC v3 and ADC v6 respectively.
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Figure 6.11: ADC v3 characteristic curve (solid) and the corresponding linear ideal val-
ues (dashed)
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Figure 6.12: ADC v6 characteristic curve (solid) and the corresponding linear ideal val-
ues (dashed)

125



6 Measurements with the Diversity System IC Chip

Sirius: Macro-Diversity Measurement

For the laboratory setup introduced in Fig. 6.6, a macro-diversity antenna set
made up of two dislocated Sirius patch antennas mounted on the roof of the
testing vehicle is taken into consideration. Figure 6.13 shows the patch anten-
nas mounted on the vehicle, where one possesses an availability of 89.45% with
30.45s audio mutes over a testing time of 290s and the other one has an avail-
ability of 86.32% with 39.10s audio mutes over the same testing time.

Rohde & Schwarz COMPANY CONFIDENTIAL

Figure 6.13: Dislocated patch antennas on the rooftop of the vehicle

Measurements of the audio signal availability were taken for the two antennas
of the macro-diversity set as individual single antennas and of the antenna diver-
sity system. As the results given in Table 6.3 show, the mutes duration dropped
from 34.78s to 5.27s showing an improvement in the audio availability from
88% up to 98.18%. This corresponds to a diversity efficiency of 1.78 when tak-
ing the best reference antenna (89.45% availability) into consideration.

Table 6.3: Average total audio mute duration of the single antennas as well as of the
diversity system using the same input signals in a fading scenario.

Audio Mutes [s] Duration [s] Avail. [%] Mute Rate [%]
Single Ant. 34.78 290 88.00 12

DIV 5.27 290 98.18 1.82

This measurement campaign was one of the first to be performed with the initial
MEESAR board along with the ARM micro-controller. Even though the diversity
efficiency is below the expectation, further optimizations and improvements of
the diversity efficiency are presented in the following sections.
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6.2.2 Laboratory Setup with IC + Compact Level Detection PCB

The separate level detection components integrated on the test board introduced
in section 6.2.1 are built into a single PCB to make the level detection system
more compact. The main level detection components include:

Amplifier:

To linearly amplify the received satellite signals, the amplifier ERA-5XSM+ from
Mini-Circuits [84] was utilized. This amplifier is suitable for applications with
signals from 0 Hz to 4 GHz. It amplifies the signal with small fluctuations due to
temperature changes. The amplifier requires a 5V power-supply with a current
consumption of 85mA. During the system operation, it has been shown that the
received signals can be amplified by approximately 10 dB.

Mixer:

The LTC5542 mixer from Linear Technology [85] was used as the mixer. This
down-converter requires 1.6 - 2.7 GHz RF input signal and 1.7 - 2.5 GHz LO
input frequency, making it ideal for the planned application. The mixed signal
can be output in a frequency range of 5 - 500 MHz. The mixer requires a 3.3V
power supply with a current consumption of 200 mA. The requirement was that
the mixer outputs an IF of 110.592 MHz with a maximum fluctuation of 10 kHz.

Local Oscillator:

The LTC6948-3 local oscillator was used for the application. This local oscillator
has already shown that a frequency change below 30 µs is possible on average
[79]. The LTC6948 series of local oscillators covers a wide frequency range from
373MHz to 6.39GHz. The LTC6948-3 is best suited for level measurement as
the required LO frequencies can be set as center frequencies on the chip. The
local oscillator requires a 3.3V supply at approximately 120mA and a 5V supply
at approximately 48mA.

The following table shows the transmission frequencies of the SiriusXM satel-
lites and the corresponding frequencies of the local oscillator to reach the re-
quired intermediate frequency of 110.592MHz. In addition to the transmission
frequencies of the satellites, the frequencies of the terrestrial repeaters of the
radio service are also listed.
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Table 6.4: LO Frequencies for the SDARS system

Satellite Transmission Frequency LO Frequency
Sat1 fRF1 = 2,322293 GHz fLO1 = 2,211701 GHz
Terr. fRFT = 2,326250 GHz fLOT = 2,215658 GHz

Si
ri

u
s

Sat2 fRF2 = 2,330207 GHz fLO2 = 2,219615 GHz
Sat1A fRF3 = 2,333465 GHz fLO3 = 2,222873 GHz
Sat2A fRF4 = 2,335305 GHz fLO4 = 2,224713 GHz
TerrA fRFTA = 2,337490 GHz fLOTA = 2,226898 GHz
TerrB fRFTB = 2,340020 GHz fLOTB = 2,229428 GHz

X
M

Sat2B fRF5 = 2,342205 GHz fLO5 = 2,231613 GHz
Sat1B fRF6 = 2,344045GHz fLO6 = 2,233453GHz

SAW Filter:

As there are several signals at the output of the mixer apart from the desired
mixed product, all irrelevant signals must be filtered out. Since only the in-
termediate frequency is interesting for the application, the SAW filter SF1056B
from RFM (muRata) was used. The center frequency of the filter is 110.592MHz,
which results in the intermediate frequency. The 3 dB bandwidth is 1.44MHz
and the attenuation of the filter is, according to the data sheet [86], 10 dB maxi-
mum.

Logarithmic Amplifier:

The logarithmic converter is the AD8310 [87], a product of Analog Devices. The
logarithmic converter converts signals up to 400MHz into a linear DC voltage.
This logarithmic converter has a sensitivity range of -78dBm to 17dBm in which
it operates linearly. The component requires a direct current of 8mA at a voltage
supply of 3V.

Analog-to-Digital Converter:

The analog-to-digital converter AD9203 from Analog Devices was used in the
application. This ADC has a resolution of 10 bits at a minimum sampling rate
of 40MSPS. With a voltage supply of 3.3V, around 25mA are needed during op-
eration.

Micro-Controller:

Tthe SAM D21 J18A AUT micro-controller from Atmel was utilized. It also
necessitates a power supply of 3.3V. It has a 256 kB flash memory and has a
working frequency of 48MHz.
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6.2.2.1 Preliminary Tests

Preliminary measurements for both the IC and level detection PCB are neces-
sary in order to check the functionality of the single components. After that,
diversity measurements can be conducted.

Figure 6.14 depicts both the IC and level detection PCB inside a protective case.
This setup was used in order to perform measurement campaigns, which will be
introduced later in this section.

Rohde & Schwarz
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Power Supply

5V3.3V
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Figure 6.14: Measurement setup showing both the IC and level detection PCB

Level Detection PCB:

The spectrum as well as the signal power levels at the input and output of the
system components were checked as an initial step. The measurements were car-
ried out with the level detection board connected to the MEESAR board, since
both boards are to be used together. The input 1 of the MEESAR board was fed
with a lab-generated sine signal with the Sirius TDM1 frequency and with a con-
stant power level of -50dBm.

Figure 6.15 illustrates the setup to perform the level measurements on the level
detection PCB using a spectrum analyzer and a measuring probe. The following
table gives an overview of the measurement points in Fig. 6.15 and the corre-
sponding measurement results.
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Figure 6.15: Preliminary test setup for the level detection PCB

Table 6.5: Measurement overview based on Fig. 6.15

Measuring Probe in Fig. 6.15 at Description Spectrum
Position 1 Mixer Input Fig. 6.17
Position 2 LO Output Fig. 6.18
Position 3 Mixer Output Fig. 6.19
Position 4 SAW Output Fig. 6.20

Figure 6.16 shows the spectrum at output of the level detection PCB using path
A as introduced in Fig. 6.15. Figure 6.16 shows that of the -50dBm fed into the
MEESAR board, only about 1 dB of power is lost. A power gain of 10 dB was
actually expected at this measurement point. However, it was found that the
power is attenuated by approximately 3 dB through the MEESAR board and the
cables used in the laboratory have different attenuations of about 3.5 dB. It is
worth mentioning there is a cable between the signal generator and the input of
the IC board as well as another cable between the level detection PCB and the
spectrum analyzer. For the measured power level in Fig. 6.16, only the cable
for path A needs to be taken into account. In this case, it can be assumed that
power level at the output of the level detector is around -47dBm.

It is now possible to investigate what happens to the signal at to the mixer in-
put. Since the signal is running through two further amplifiers of 10 dB each, a
significant power increase can be expected. The following measurements were
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Figure 6.16: Spectrum at the output of the level detection PCB

made using the measuring probe, i.e. using path B in Fig. 6.15.

Figure 6.17 shows an increase in the signal power level. If the power level at the
reference output of the PCB is about -47dBm, and two amplifiers are connected
in series to the mixer input, a power level of -27dBm should be expected. How-
ever, Fig. 6.17 shows considerably less power at the mixer input.

One explanation is that the amplifiers do not amplify by the 10 dB as predicted
in the data sheet and therefore component-related losses take place. Further
losses are possible due to the measuring probe. The probe is located on the mea-
suring point of the level detection PCB and the ground connection of the probe
is held to the edge of the board by hand. The mass of the probe is therefore not
correctly defined, which explains the small power losses.
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Figure 6.17: Spectrum at the input of the mixer (measurement point 1)

Figure 6.18 shows the spectrum of the signal generated by the local oscillator.
A power level between 0dBm and 1dBm has been already measured at the LO
output [79].

However, since the output could not be connected directly to the spectrum ana-
lyzer and the probe was also used, a small loss of power can be explained. It is
also possible that this chip does not output exactly the same power as in previ-
ous measurements. However, this loss is minimal as the figure shows.

During the LO measurements, it could be noticed that the programmed fre-
quency showed slight fluctuations. This happened whenever the PCB was not
in operation for a longer period of time. So it can be assumed that the local os-
cillator needs a certain warm-up phase to run stable.

As soon as the board ran for two minutes, this phenomenon was no longer de-
tectable. The local oscillator only fluctuated within its tolerance range of less
than 1 kHz.
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Figure 6.18: Spectrum at the output of the local oscillator (measurement point 2)

The two signals for the down-conversion are now available at the mixer. The
intermediate frequency fIF = 110.592 MHz should now be present at the output
of the mixer. Figure 6.19 shows that the power level has reached an acceptable
value of -17.28dBm. Of course there were additional undesired mixing products
at the mixer output .

These products are suppressed by including a SAW filter at the mixer output.
The intermediate frequency after the filter is shown in the Fig. 6.20. The inter-
mediate frequency is exactly in the range that was expected. The deviation from
370 Hz is negligible. The maximum permitted frequency deviation of 10 kHz
is not reached if the local oscillator frequency is set correctly. The figure also
shows that the expected 10 dB power loss does not necessarily apply. Here the
filter attenuated a little more than 5 dB.

In conclusion, it can be said that the components deliver the frequencies that
were expected. There power levels show negligible variations which do not af-
fect the performance of the system.
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Figure 6.19: Spectrum at the output of the mixer (measurement point 3)

Rohde & Schwarz COMPANY RESTRICTED

Figure 6.20: Spectrum at the output of the SAW filter (measurement point 4)
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ADC Level Measurement:

To determine whether and how accurate the ADC works, a level measurement
curve was generated and its standard deviation was determined. For this pur-
pose, only the level detection PCB without the MEESAR board was utilized. A
signal generator was set to the frequency of the Sirius TDM1 satellite and con-
nected to the reference signal input of the level detector.

Via the USART-connection it is possible to perform various manual operations
through the micro-controller. The MCU not only controls the phase shifters and
switches of the IC-board but also is capable of configuring the LO frequency
and displaying the result of ADC measurements.

For the level measurement, the range from -100dBm to -50dBm was considered,
since experience has shown that the levels of the satellite signals can be expected
within this dynamic range. In this area, the power level at the signal generator
was manually increased (in steps of 1dB) and then the level measurement was
performed. The ADC then passes to the MCU the level of the signal as a digital
value. The micro-controller then transmits the result as a decimal number to
the PC via the USART-connection.

The results of the level measurement curve and the corresponding standard de-
viation in dB are shown in Fig. 6.21 and Fig. 6.22 respectively. The level mea-
surement curve shows a constant linear behavior starting from -90dBm. This
curve is ideal for an ADC and should be considered for further applications.

However, the standard deviation is not particularly good up to an input level of
-80dBm, where the fluctuation varies between 0.5dB and more than 1.5dB. The
high deviations are caused by fluctuations in noise. From -80dBm to -70dBm,
the standard deviation decreases further till it reaches around 0.1dB. For input
levels larger than -70dBm, the standard deviation remains almost constant and
does not exceed more than 0.1dB.

The accuracy of the level measurement curve of the ADC is important for the
diversity algorithm. Out of the curve, a look-up-table (LUT) can be created,
which in turn corrects the non-linearities. The LUT is stored in within the micro-
controller.
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Figure 6.21: ADC level measurement curve of the level detector without the MEESAR
board
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Figure 6.22: Standard deviation of the ADC level measurement curve of the level detec-
tor without the MEESAR board
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Delay Time of the Logarithmic Level Measurement:

A capacitor with 470 pF is connected to the logarithmic output. This capacitor
is necessary to smooth the output level of the logarithmic converter and to filter
out high frequencies. The logarithmic converter does not immediately output
the correct level as DC voltage as soon as the level at the input changes. It needs
a certain time to output the correct level. This time must be taken into account
in the at ADC.

A delay time must be initialized in the program so that the micro-controller
waits until the correct level is applied to the input of the ADC and thus to the
micro-controller. This delay time is directly related to the charging curve of the
capacitor. Figure 6.23 shows the charge/discharge curve of the capacitor at the
logarithmic converter (yellow curve). The charging and discharging time is 5 µs
each.
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Figure 6.23: Charge/discharge curve (yellow) of the capacitor at the logarithmic con-
verter

The green graph shows one of the pins controlling an antenna via the phase
shifter. The antenna is at first switched on. After switching it off for a short
time, the measured level changes and hence the capacitor discharges as can be
seen in Fig. 6.23. The discharging process takes 5 µs. After re-switching the
antenna on, the measured level changes again, and the capacitor needs another
5 µs before being re-charged. At this point the ADC can perform its task cor-
rectly, before handing over a digital value to the micro-controller.
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Attenuation through the MEESAR (IC) Board:

In order to determine the attenuation of each antenna path for the different
phases, an investigation was conducted. A sine signal with a constant power
level of -50 dBm was fed by the signal generator at MEESAR board input. The
output of the IC board was then connected via a cable to the input of the level
detection board. In order to measure the level passing through both boards, a
cable was led to the spectrum analyzer from the reference output of the level
detector. The measurement setup corresponds to Fig. 6.15 using path A.

The version of the investigated IC board included amplifiers, phase shifters,
switches and the combiner. Both the phase and the antenna path on the MEESAR
board were modified manually while using the same sine signal at the input.
The investigation results are summarized in the following table.

Table 6.6: Measured output power level through path A according to Fig. 6.15

Phase Antenna
Position in ◦ Path 1 Path 3

0 135 -51.5 dBm -51.0 dBm
1 90 -49.8 dBm -51.3 dBm
2 45 -51.5 dBm -51.3 dBm
3 0 -51.4 dBm -52.0 dBm
4 -45 -52.0 dBm -50.6 dBm
5 -90 -49.9 dBm -51.3 dBm
6 -135 -51.8 dBm -51.8 dBm
7 -180 -51.2 dBm -52.4 dBm

In general, it can be noticed that the power level at the output is smaller than
the power level at the input (-50 dBm). Antenna path 1 has a maximum differ-
ence of 2.2 dB regarding the measured power level at the different phases. This
difference is 1.8 dB for the antenna path 3. Nevertheless, the attenuation caused
by the MEESAR board can still not be deduced from the above measured values.

The calculation of the MEESAR board attenuation can however be performed by
taking the system losses and gains shown in Fig. 6.24 into consideration. The
measured power levels in the above table are going to be referred to as PR in the
following part.

Fig. 6.24 shows that the measurements were carried out with long cables which
also have an attenuation that must be taken into account. The connecting cable
between the boards is very short and can be neglected in the calculation.
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Figure 6.24: Setup to determine the attenuation of the MEESAR board

The MEESAR board attenuation dx can calculated as follows:

dx = PR − (PS + d1 + g + d2), (6.1)

where PS is the generated input power level, d1 and d2 are the attenuation of
cables 1 and 2 respectively, and g is the gain achieved by the level detection
board. Equation 6.1 can be simplified because the input power, the attenuation
of the cables and the amplification by the level detector remain constant. Hence,
the following expression is obtained:

dx = PR − (PS + d1 + g + d2)︸               ︷︷               ︸
−47.7 dBm

(6.2)

Since the attenuation dx now only depends on the measured values in Table 6.6,
the attenuation can be determined for each individual antenna path with the
corresponding phase position. The results are listed in the table below.

Table 6.7: MEESAR attenuation results

Phase dx for Antenna
Position in ◦ Path 1 Path 3

0 135 -3.8 dB -3.3 dB
1 90 -2.1 dB -3.6 dB
2 45 -3.8 dB -3.6 dB
3 0 -3.7 dB -4.3 dB
4 -45 -4.3 dB -2.9 dB
5 -90 -2.2 dB -3.6 dB
6 -135 -4.1 dB -4.1 dB
7 -180 -3.5 dB -4.7 dB
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There is a minimum attenuation of 2.1 dB for antenna path 1 and a minimum
attenuation of 2.9 dB for antenna path 3. A maximum attenuation of 4.3vdB oc-
curs for antenna path 1 and a maximum attenuation of 4.7 dB for antenna path
3. Although the attenuation of the MEESAR board is relatively low, it is not to-
tally negligible. So in average, antenna path 1 has an attenuation of 3.44 dB and
antenna path 3 an attenuation of 3.76 dB.

Due to the attenuation of the MEESAR board, a new ADC level characteristic
curve was is measured. This time, the level measurement was done with the
level detector in combination with the IC board. Due to the MEESAR board at-
tenuation, the ADC level characteristic changes.

The ADC level measurement curve in Fig. 6.25 is for the antenna path 1 and
phase position 0. The level measurement curve shows a constant linear behav-
ior starting from -85dBm which is higher than the value shown by the level
detector without the IC board (-90 dBm).

It was to be expected that the level measurement curve would be lower than the
curve in Fig. 6.21, which is the case in the linear range. If we take the input level
-60 dBm as an example, it can be clearly noticed that in Fig. 6.21 the measured
value by the ADC is around 725. By taking the same input level of -60 dBm into
consideration, we can see in Fig. 6.25 that the measured valued by the ADC is
675.

In the noise range, however, the level measurement curve is higher compared to
the level measurement curve without the MEESAR board. If we take the input
level -100 dBm as an example, it can be clearly noticed that in Fig. 6.21 the
measured value by the ADC is around 280. By taking the same input level of
-100 dBm into consideration, we can see in Fig. 6.25 that the measured valued
by the ADC is 295.

This can be explained by the even worse standard deviation in this range by
referring to Fig. 6.22 and Fig. 6.26. At the input level -80 dBm the standard
deviation is 1dB, which is larger by 0.5 dB in comparison to the level detector
without IC board. The standard deviation reaches the value 0.5 dB at around
-85 dBm in Fig. 6.26. The standard deviation decreases till it reaches the value
0.1 dB at around -60 dBm input level. Just then, it remains constant at 0.1 dB.
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Figure 6.25: ADC level measurement curve of the level detector with the MEESAR
board
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Figure 6.26: Standard deviation of the ADC level measurement curve of the level detec-
tor with the MEESAR board
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Level Measurement with Pre-Amplifiers before the IC Board:

As will be later introduced, a setup is prepared by adding +15dB amplifiers at
the MEESAR board input. For the audio analysis during the diversity measure-
ments, the amplification is compensated with a corresponding attenuation at
the level detector output.

Fig. 6.27 shows the setup in order to perform the measurement of the level
curve with the pre-amplification at the antenna path 1. The exchange of data
between the level detector and the analysis laptop is performed via an USART-
connection.
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Figure 6.27: The setup to measure the level curve using pre-amplification before the
MEESAR board

The level measurement curve shows a constant linear behavior starting from ap-
proximately -90 dBm. By taking the input level -60 dBm into consideration, we
can see in Fig. 6.28 that the measured valued by the ADC is around 820, which
is higher than the value (675) delivered by the ADC in the non-amplified setup
introduced in the previous section.

The standard deviation in dB is depicted in Fig. 6.29. The improvement is partic-
ularly noticeable in the low level (noise) range. A deviation of 0.5 dB is already
achieved at an input level of -80 dBm. The deviation decreases further for the
input level range from -80 dBm to -60 dBm to achieve a standard deviation of
only around 0.04 dB. For input levels larger than -60 dBm, the standard devia-
tion remains constant and low at 0.04 dB.
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Figure 6.28: ADC level measurement curve of the level detector with the pre-amplified
MEESAR board
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Figure 6.29: Standard deviation of the ADC level measurement curve of the level detec-
tor with the pre-amplified MEESAR board
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Measurements with the internal ADC:

In order to make the level detector more compact, an investigation was con-
ducted to observe how precise the ADC within the micro-controller is. If the
internal ADC is accurate enough, the external ADC can be excluded from the
level detector making the system even more cost-efficient.

A second level detection board was modified slightly by disconnecting the ADC
(AD9203) from the power supply and by soldering the connection between the
logarithmic converter and the micro-controller together, so that the MCU re-
ceives values directly from the logarithmic converter.

By this way, the internal ADC in the micro-controller should now be utilized in-
stead of the previous external ADC. The program code was adapted accordingly
to initialize the internal ADC. Apart from that, the measurement setup has not
been further modified.

The internal ADC can be deployed with either 8-bit or 10-bit resolution. For
this purpose, both possibilities were examined. Fig. 6.30 and Fig. 6.31 depict
the internal ADC level measurement with a resolution of 8-bits and 10-bits re-
spectively. Both measurements were performed with the +15 dB pre-amplified
MEESAR board.

The level measurement curve of the internal 10-bit ADC is very similar to the
behavior of the external ADC level measurement in Fig. 6.28. Both setups work
with the same number of bits, which means that the levels are divided identi-
cally. The level curve of the 8-bit internal ADC is much flatter than the previous
level curves, but just as linear as before.

Concerning the standard deviation of the 8-bit and 10-bit ADC shown in Fig.
6.32 and Fig. 6.33, there are noticeable differences. The internal 8-bit ADC
generally shows a rather high standard deviation even in areas where the signal
level is quite high. The internal 10-bit ADC is much better in comparison. How-
ever, the standard deviations of both internal ADCs show no improvement over
the external AD9203. It can, nevertheless, be noticed that standard deviation of
the 10-bit ADC is comparable to the standard deviation of the external ADC.
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Figure 6.30: The internal ADC level measurement with a resolution of 8-bits and with
the pre-amplified MEESAR board
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Figure 6.31: The internal ADC level measurement with a resolution of 10-bits and with
the pre-amplified MEESAR board

145



6 Measurements with the Diversity System IC Chip

Rohde & Schwarz

Input Level [dBm]

S
ta

n
d

a
rd

 D
e

v
ia

ti
o

n
 [
d

B
]

COMPANY RESTRICTED

Figure 6.32: Standard deviation of the internal ADC level measurement with a resolu-
tion of 8-bits and with the pre-amplified MEESAR board
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Figure 6.33: Standard deviation of the internal ADC level measurement with a resolu-
tion of 10-bits and with the pre-amplified MEESAR board

146



6.2 Diversity Measurements with initial IC Versions

Diversity Measurements with the external ADC & no Pre-Amplification:

For the laboratory setup introduced in Fig. 6.34, a macro-diversity antenna set
made up of two dislocated Sirius patch antennas mounted on the roof of the
testing vehicle is taken into consideration. One antenna possesses an availabil-
ity of 89.45% with 30.45s audio mutes over a testing time of 290s and the other
one has an availability of 86.32% with 39.10s audio mutes over the same testing
time. Standard after-market receivers for Sirius Satellite Radio have been used
for the measurements.

Rohde & Schwarz

Audio Analysis SDARS RX

Recording Unit

Playback Unit

EHS Device

COMPANY RESTRICTED

Figure 6.34: Laboratory setup to perform the diversity measurements with the external
ADC and without pre-amplification at the MEESAR board input

Measurements of the audio signal availability were taken for the two antennas
of the macro-diversity set as individual single antennas and of the antenna diver-
sity system. As the results given in Table 6.8 show, the mutes duration dropped
from 34.78s to 4.23s showing an improvement in the audio availability from
88% up to 98.54%.

This corresponds to a diversity efficiency of 1.88 when taking the best reference
antenna (89.45% availability) into consideration.

Table 6.8: Average total audio mute duration of the single antennas as well as of the
diversity system using the same input signals in a fading scenario.

Audio Mutes [s] Duration [s] Avail. [%] Mute Rate [%]
Single Ant. 34.78 290 88.00 12

DIV 4.23 290 98.54 1.46
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Diversity Measurements with the external ADC & Pre-Amplification:

For the laboratory setup introduced in Fig. 6.35, a macro-diversity antenna set
made up of two dislocated Sirius patch antennas mounted on the roof of the
testing vehicle is taken into consideration. One antenna possesses an availabil-
ity of 89.45% with 30.45s audio mutes over a testing time of 290s and the other
one has an availability of 86.32% with 39.10s audio mutes over the same testing
time. Standard after-market receivers for Sirius Satellite Radio have been used
for the measurements.
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Figure 6.35: Laboratory setup to perform the diversity measurements with the external
ADC and with pre-amplification at the MEESAR board input

Measurements of the audio signal availability were taken for the two antennas
of the macro-diversity set as individual single antennas and of the antenna diver-
sity system. As the results given in Table 6.9 show, the mutes duration dropped
from 34.78s to 3.20s showing an improvement in the audio availability from
88% up to 98.90%.

This corresponds to a diversity efficiency of 2.00 when taking the best reference
antenna (89.45% availability) into consideration.

Table 6.9: Average total audio mute duration of the single antennas as well as of the
diversity system using the same input signals in a fading scenario.

Audio Mutes [s] Duration [s] Avail. [%] Mute Rate [%]
Single Ant. 34.78 290 88.00 12

DIV 3.20 290 98.90 1.10
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Diversity Measurements with the 10-bit internal ADC & Pre-Amplification:

For the laboratory setup introduced in Fig. 6.36, a macro-diversity antenna set
made up of two dislocated Sirius patch antennas mounted on the roof of the
testing vehicle is taken into consideration. One antenna possesses an availabil-
ity of 89.45% with 30.45s audio mutes over a testing time of 290s and the other
one has an availability of 86.32% with 39.10s audio mutes over the same testing
time. Standard after-market receivers for Sirius Satellite Radio have been used
for the measurements.

Rohde & Schwarz

Audio Analysis SDARS RX

Recording Unit

Playback Unit

EHS Device

+15 dB

+15 dB

-13 dB

COMPANY RESTRICTED

Figure 6.36: Laboratory setup to perform the diversity measurements with the 10-bit
internal ADC and with pre-amplification at the MEESAR board input

Measurements of the audio signal availability were taken for the two antennas
of the macro-diversity set as individual single antennas and of the antenna di-
versity system. As the results given in Table 6.10 show, the mutes duration
dropped from 34.78s to 4.03s showing an improvement in the audio availability
from 88% up to 98.61%.

This corresponds to a diversity efficiency of 1.90 when taking the best reference
antenna (89.45% availability) into consideration.

Table 6.10: Average total audio mute duration of the single antennas as well as of the
diversity system using the same input signals in a fading scenario.

Audio Mutes [s] Duration [s] Avail. [%] Mute Rate [%]
Single Ant. 34.78 290 88.00 12

DIV 4.03 290 98.61 1.39
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6 Measurements with the Diversity System IC Chip

6.3 Diversity Measurements with the advanced IC
Version

For analysis of the system performance of the IC based antenna diversity with
integrated frequency down-conversion, recorded signals by means of the equip-
ment introduced in 4.5.2 from real fading scenarios as described in section 4.5.1
are utilized. In the following, the results of laboratory investigations with differ-
ent setups are presented.

6.3.1 Laboratory Setup with external ADC

Fig. 6.37 describes the laboratory setup used in order to perform the measure-
ments with the antenna diversity module including the IC. The IC consists of
LNAs, RF switches, phase-alignment and signal combining components as well
as the frequency conversion (PLL and mixer) for level detection.
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 (IF Amplifier)

Phases (1-3)
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Ant 2

Ant 3

1B
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(Audio Analysis)

Ant. DIV Circuit 
(incl. IC)

ADC

Figure 6.37: Measurement setup in the laboratory with an external ADC

An external reference clock for the PLL is used. A SAW Filter ensures the IF fil-
tering at 110.6 MHz before the amplification with +31 dB. Preceeding the MCU
a logarithmic detector in addition to an ADC are inserted. The MCU controls
the phases of the antenna diversity circuit as well as the switches after the exter-
nal reference clock.
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6.3 Diversity Measurements with the advanced IC Version

Fig.6.38 depicts the laboratory setup according to Fig. 6.37. It can be clearly ob-
served that RF switches, phase shifters, combiners, LNAs, PLLs and mixers are
no longer external components as they are integrated in the IC chip. Standard
after-market receivers for XM Satellite Radio have been used for the measure-
ments.

SDARS RXAudio Analysis

Recording Unit

Playback Unit

Signal Recorder

ADC

IC

Board

IF

Filter

MCU

IF

Amplifier

Log.

Amplifier

Figure 6.38: Lab Setup including all components

6.3.1.1 XM-SAT1A: Macro-Diversity Measurement

A measurement campaign has been perform using this laboratory setup. As the
results given in Table 6.11 show, the mutes duration dropped from 21.74s to
1.85s showing a significant improvement in the audio availability from 94.28%
up to 99.51%.

Table 6.11: Average total audio mute duration of the single antennas as well as of the
diversity system using the same input signals in a fading scenario.

Audio Mutes [s] Duration [s] Avail. [%] Mute Rate [%]
Single Ant. 21.74 380 94.28 5.72

DIV 1.85 380 99.51 0.49
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6 Measurements with the Diversity System IC Chip

6.3.2 Laboratory Setup with internal ADC

As a measure to reduce the number of components outside the antenna diversity
circuit module, a micro-controller unit with an internal ADC has been utilized.

Fig. 6.39 describes the laboratory setup used in order to perform the measure-
ments with the antenna diversity module including the IC. The IC consists of
LNAs, RF switches, phase-alignment and signal combining components as well
as the frequency conversion (PLL and mixer) for level detection.
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Figure 6.39: Measurement setup in the laboratory with an internal ADC

An external reference clock for the PLL is used. A SAW Filter ensures the IF fil-
tering at 110.6 MHz before the amplification with +31 dB. Preceeding the MCU
a logarithmic detector is inserted. The MCU not only converts the analog sig-
nal into a digital one through its internal ADC but also controls the phases of
the antenna diversity circuit as well as the switches after the external reference
clock.

Fig.6.40 depicts the final laboratory setup according to Fig. 6.39. It can be
clearly observed that RF switches, phase shifters, combiners, LNAs, PLLs and
mixers are no longer external components as they are integrated in the IC chip.
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Figure 6.40: Lab Setup including all components

The only visible external components include the SAW filter, IF amplifier, the
logarithmic detector, the micro-controller and the reference clock for the PLL
inside the IC antenna diversity circuit. Even though the components are exter-
nal they have small dimensions as shown in Fig. 6.41.

MEESAR Final IC 

(9 mm x 9 mm)

SAW IF Filter
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MCU with 
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Figure 6.41: Lab Setup with the dimensions of the components
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6 Measurements with the Diversity System IC Chip

In the following, investigations including the fourth test constellation PT with
±45◦ resolution in addition to the three-antenna algorithm are presented.

6.3.2.1 XM-SAT1A: Micro-Diversity Measurement

A micro-diversity antenna set made up of two loop antennas has been mounted
on one of the side mirrors of the test vehicle. Standard after-market receivers
for XM Satellite Radio have been used for the measurements.

SDARS RX Audio Analysis

Recording Unit

Playback Unit

Figure 6.42: Laboratory setup for the micro-diversity measurement

Fig. 6.42 depicts the laboratory setup used to perform the measurement of the
final IC. The signals have been played back and fed into the circuits inputs.

Measurements of the audio signal availability were taken for the two antennas
of the micro-diversity set as individual single antennas and of the antenna diver-
sity system. As the results given in Table 6.12 show, the duration of the audio
mutes has dropped from 8.53s to 0.87s showing a significant improvement in
the audio availability from 97.75% up to 99.77%.

Table 6.12: Average total audio mute duration of the single antennas as well as of the
micro-diversity system using the same input signals in a fading scenario.

Audio Mutes [s] Duration [s] Avail. [%] Mute Rate [%]
Single Ant. 8.53 380 97.75 2.25
Diversity 0.87 380 99.77 0.23
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6.3.2.2 XM-SAT1A: Macro-Diversity Measurement

Two dislocated reference patch antennas mounted on the hood of the car are
taken into consideration. Standard after-market receivers for XM Satellite Ra-
dio have been used for the measurements.

SDARS RX Audio Analysis

Recording Unit

Playback Unit

Figure 6.43: Laboratory setup for the macro-diversity measurement

Fig. 6.43 depicts the laboratory setup used to perform the measurement of the
final IC. The signals have been played back and fed into the circuits inputs.

Measurements of the audio signal availability were taken for the two antennas
of the macro-diversity set as individual single antennas and of the antenna di-
versity system. As the results given in Table 6.13 show, the duration of the audio
mutes has dropped from 12.87s to 0.77s showing a significant improvement in
the audio availability from 96.61% up to 99.79%.

Table 6.13: Average total audio mute duration of the single antennas as well as of the
macro-diversity system using the same input signals in a fading scenario.

Audio Mutes [s] Duration [s] Avail. [%] Mute Rate [%]
Single Ant. 12.87 380 96.61 3.39

DIV 0.77 380 99.79 0.20
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XM-SAT1A: Macro-Diversity Measurement / PT with 45◦

The previous measurements were performed using PT with 90◦ resolution as
already shown in equation 4.17. The phase of antenna 1 is rotated by +90◦ and
then the sum with antenna 2 is calculated. The equation can also be described
as follows:

PT,90 ∼ |A1 · e
+j90◦ +A2|

2 (6.3)

Further measurements were conducted using PT with 45◦ resolution where the
phase of antenna 1 is rotated by +45◦ and the phase of antenna 2 by -45◦. After-
wards the sum is calculated. The equation is described as follows:

PT,45 ∼ |A1 · e
+j45◦ +A2 · e

−j45◦ |2 (6.4)

Fig. 6.44 depicts the laboratory setup used to perform the measurement and
verification of PT with 45◦ resolution. The signals have been played back and
fed into the circuits inputs.

SDARS RX Audio Analysis

Recording Unit
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Figure 6.44: Laboratory setup for the macro-diversity measurement with 45◦ resolution
of PT.
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Table 6.14: Average total audio mute duration of the single antennas as well as of the
macro-diversity system with 90◦ and 45◦ resolution using the same input signals in a
fading scenario.

Audio Mutes [s] Duration [s] Avail. [%] Mute Rate [%]
Single Ant. 12.87 380 96.61 3.39
DIV (90◦) 0.77 380 99.79 0.20
DIV (45◦) 0.48 380 99.87 0.13

As can be observed in Table 6.14, applying the 45◦ resolution instead of 90◦

contributed to a further improvement in the overall audio availability which in-
creased from 99.79% to 99.87%.

The audio mutes represented by black dots for both single reference antennas
as well as the diversity configuration with the 45◦ resolution over a total time of
380 s are depicted in Fig. 6.45. The presented recordings correspond to individ-
ual measurements which have been selected to closely match the average mute
durations in Table 6.14. It can be clearly noticed how the number of mutes is
reduced by diversity with 45◦ resolution in comparison to both single antennas.

Figure 6.45: Measured audio mutes of individual measurements of the single reference
antennas in comparison to diversity with 45◦ resolution.
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6.3.2.3 Three Antenna Algorithm

In order to further increase the diversity efficiency and to benefit from all three
antenna inputs of the antenna diversity system with integrated circuit a three
antenna algorithm is investigated which can be a basis of the multi-channel al-
gorithm presented in chapter 5 before. Out of the three available antennas Ant1,
Ant2 and Ant3, the one with the best SNR is defined to be the primary antenna
(Antprim). One of the two remaining antennas is chosen to be the secondary an-
tenna (Antsec). At first the initial (default) switching status is set as the phase
aligned sum of the primary and secondary antenna.

The current antenna level is measured. If it exceeds a pre-defined diversity
threshold (div_threshold), the switching status of the current antenna remains
unmodified since the antenna level is satisfactory for reception and there is no
necessity for any switching or phase alignment. Otherwise, the initialization of
the three antenna algorithm is triggered.

The algorithm begins by performing a series of four test constellations in order
to measure the power levels P1,prim(f ) and P2,sec(f ) of the primary and secondary
antennas respectively. The powers P1,prim(f ) and P2,sec(f ), which are propor-
tional to the squared absolute value of the complex wave amplitudes A1,prim(f )
and A2,sec(f ) respectively, as well as the power Ps(f ) of the sum S(f ) of these
amplitudes are measured. Afterwards, the antenna signal A1,prim(f ) is rotated
by 90◦ in phase and added to the other antenna signal A2,sec(f ). The correspond-
ing sum power PT(f ) is then measured. The frequency dependent variables
C(f ), U (f ), V (f ) and W (f ) are derived from the calculated powers according
to the equations 5.3, 5.4, 5.5 and 5.6 respectively. Consequently, the parameters
S0(∆α,∆β,f ), S90(∆α,∆β,f ) are calculated according to the equations 5.1, 5.2
and SI(∆α,∆β,f ), SQ(∆α,∆β,f ) according to the equations 5.7 and 5.8. The pa-
rameters pBE,I(∆α,∆β,f ) and pBE,Q(∆α,∆β,f ) are derived from the SNR values
to evaluate the bit errors in the I- and the Q-channel respectively according to
equations 5.9 and 5.10. For the probability of a bit error in the I- or Q-channel,
ptotal(∆α,∆β,f ) is derived in equation 5.11.

The estimation of the overall bit error probability peval(∆α,∆β) is calculated ac-
cording to equation 5.12. Now we optimize ∆α and ∆β in a way that peval(∆α,∆β)
is minimized. As a result of the minimization, the phase shift values ∆αmin and
∆βmin are then realized in the variable phase shifters of the diversity circuit in
order to obtain the improved signal-to-noise ratio for the radio. Every 40 ms the
error probability of the secondary antenna is checked to determine whether it
does not exceed a pre-defined threshold (3_ant_thr). If the pre-defined thresh-
old is not exceeded the secondary antenna Antsec switches to the third antenna.
The time counter (3_ant_counter) is reset every 40ms. The flowchart of the three
antenna algorithm is depicted in Fig. 6.46.
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Figure 6.46: Flowchart of three antenna algorithm.
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In order to verify the introduced algorithm, a measurement campaign in the
laboratory was performed using recorded signals possessing a Rayleigh fading
behavior from test drives in the USA. Fig. 6.47 illustrates the block diagram of
the laboratory setup which was used during the test series to validate the three
antenna algorithm.
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Figure 6.47: Block diagram of the laboratory setup for the 3 antenna algorithm

Signals from three reference patch antennas mounted on three dislocated posi-
tions on the fender of the car were played back from the signal playback unit
and fed into the three inputs of the antenna diversity system with integrated
circuit. A commercial SiriusXM SDARS receiver was utilized in addition to a
laptop in order to perform the audio analysis of the investigated scenario. Fig.
6.48 depicts the used system scenario in the laboratory including all needed de-
vices and components to conduct the verification and validity of the presented
three antenna algorithm measurements.

The results of the measurement campaign are summarized in Table 6.15. The
three antenna algorithm contributes to a significant improvement in the audio
availability.
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SDARS RX Audio Analysis

Recording Unit

Playback Unit

Figure 6.48: The laboratory system setup for the 3 antenna algorithm measurements

The three single patch antennas have an audio mute duration of 11.71s, 14.03s
and 12.85s respectively which leads to an average audio mute duration of 12.87s
for an overall test duration of 380s. By applying the three antenna algorithm the
mute duration dropped to 0.1s only.

In other words, the signal availability increased from 96.61% to 99.99% which
is basically a flawless audio reception underneath dense foliage. The diversity
efficiency with respect to the average of the single antennas is 2.43.

It is worth mentioning, that the presented results are considered preliminary for
initial investigations. The three-antenna algorithm is being further optimized.

Table 6.15: Diversity with 3 reference patch antennas on the hood of the car.

Audio Mutes [s] Duration [s] Avail. [%] DIV Efficiency
Ant. 1 11.71 380 96.92 −
Ant. 2 14.03 380 96.31 −
Ant. 3 12.85 380 96.62 −

Aver. (1,2,3) 12.87 380 96.61 1
Diversity 0.1 380 99.99 2.43
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7 Conclusions

Multipath propagation in fast fading scenarios impose many challenges to guar-
antee full SDARS signal coverage. In this dissertation, the SDARS system be-
haviour and performance with antenna diversity in fast fading scenarios under-
neath dense foliage is investigated with emphasis placed on the steering algo-
rithm of the antenna diversity system.

A channel model to investigate the wave propagation in a land mobile satellite
channel along roadside trees has been presented and tested. The RCS of a leaf
with all its orientations relative to the incident LHCP plane wave indicates a
nearly unique pattern enabling simplified scattering models for the leaves. The
results of a simulated virtual test drive using the introduced channel model
are presented and compared to measured SDARS signals from real fading sce-
narios. For this purpose, measurements of recorded test drive signals are post-
processed and further evaluated in the laboratory. A very good matching be-
tween the simulated and measured histograms of the received signal amplitudes
is noticed, showing deviations of only around 0.01 in the probability density.

Moreover, an analysis of noise influence on the diversity performance for SDARS
systems at 2.33 GHz and a method for correction of this influence in a diver-
sity algorithm were investigated. Thereby the diversity performance can be im-
proved by one order of magnitude at low SNR conditions without the necessity
for additional hardware or even with reduced hardware complexity compared to
an uncorrected system. Real scenario test drives underneath dense foliage have
been conducted with standard patch antennas mounted on both front fenders
of a test vehicle as well as with a micro-diversity antenna set mounted only on
one mounting position on the fender. A statistical analysis shows severe multi-
path fading in the test track underneath dense foliage for single antenna signals
and significant improvements by the antenna diversity system. All transmitted
satellite signals have been evaluated in audio availability measurements by us-
ing standard single-input off-the-shelf SDARS receivers. In cases of low SNR
the diversity system without noise correction reduces audio mutes by a factor
of 3.5 to 7 depending on the utilized antennas. The noise correction method
contributes to a reduction by a factor of approximately 16 to 40 compared to
the average of the single antennas. Using antenna diversity this way, even for a
critical unconventional mounting position of the antennas, results are equal to
those of standard antennas on the ideal position on a car’s roof top.
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7 Conclusions

Furthermore, a multi-channel scan-phase algorithm for vehicular antenna diver-
sity of SiriusXM satellite reception was presented. The algorithm is designed for
different systems for the SiriusXM low-band as well as for the high-band. The
algorithm supports the frequency bands of different satellites by taking into
consideration their signal-to-noise ratio. For the SDARS reception optimization
of frequency bands of the same satellite, but of different ensembles, the opti-
mization is based on choosing the phase combination leading to the minimum
estimated average bit error probability over both ensembles. For the case of the
SiriusXM low-band, the interleaver-delay is additionally taken into considera-
tion in the calculations. To be able to utilize simple micro-controllers, efforts
were made to make the algorithm perform its calculations in a fast way. For
accelerating the calculation speed of the algorithm various investigations were
conducted. The acceleration measures include the utilization of pre-calculated
look-up tables for algorithm variables and functions instead of performing the
time consuming calculations by means of the resources of the micro-controller
unit. Moreover, bit-shifting is deployed instead of directly performing the multi-
plication and division operations in the algorithm for numbers which are a mul-
tiple of two. Furthermore, the triggering of the algorithm calculations (includ-
ing the bit error rates) during the frequency change (frequency parallelization)
is applied. Instead of waiting till the local oscillator is set and then performing
further calculations, making use of simultaneous operations is considered more
time efficient, and it is advantageous to simultaneously perform the frequency
change in parallel. Additionally, the algorithm activity is reduced to just when
it is necessary. This is accomplished by introducing shorter test intervals with
a duration of 100µs (including frequency change) whenever the current signal
level is above the threshold. A further acceleration measure was the reduction of
phase combinations. Only three phases (0◦, +45◦ and −45◦) instead of all eight
are taken into consideration. Applying all mentioned acceleration measures con-
tributes to a significant reduction of the diversity period duration by a factor of
two. For the high-band case, the period duration decreases from 755µs, where
all eight phase are considered, to 366µs where only the three mentioned phases
are taken into account. The new multi-channel algorithm is verified and vali-
dated by using antenna signals of a real scenario test drive which are recorded
underneath dense foliage. Even in the case of a two-antenna micro-diversity an-
tenna set mounted on one unconventional spot (front fender of a test vehicle),
the algorithm leads to significant improvements in terms of reducing the dura-
tion of audio mutes in comparison to the single antennas mounted on the same
position. Even in the worst case scenario of reception via satellite 1, where the
SiriusXM frequency bands 1A and 1B with a distance of 10 MHz have only weak
correlation with each other in their fading behaviour, the audio mute duration
is reduced to approximately 1/7 in comparison to the single antenna. Applying
the multi-channel algorithm on the SiriusXM low-band also showed improve-
ments in audio quality even though not all acceleration methods were taken
into account. Additionally, a three-antenna algorithm has been investigated.
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The algorithms of investigation were tested in combination with different ver-
sions of SDARS diversity circuits which were designed and implemented at the
Institute of High Frequency Technology of the University of Bundeswehr Mu-
nich. One important part was the testing and measuring of a new diversity IC
within this work. The circuit consists of a single integrated RF combining, se-
lection and frequency down conversion circuit in combination with few external
components for level detection at lower frequencies. Based on the obtained level
information a small micro-controller unit optimizes the settings of switches and
phase shifters for the best RF output signal quality. Like for a conventional
reception system the improved RF output signal is fed to any standard single
antenna receiver by utilizing only one single RF cable. Diversity circuit mea-
surements show the achievement of the desired phase accuracy of < 10◦ , high
de-coupling of the RF antenna paths and sufficient gain for the radio require-
ments. The new integrated diversity circuit is applied with different antenna
diversity sets mounted on various positions on a test vehicle. In a fading sce-
nario underneath dense foliage and in connection with a conventional SDARS
receiver, antenna diversity yields a significant reduction of the overall mute du-
ration compared to the average results with a single antenna.

Overall, the SDARS antenna diversity system has proven a significant perfor-
mance improvement in terms of the signal reception quality in comparison
to single antennas in areas characterized by a Rayleigh fast fading behaviour.
The lean implemented multi-channel steering algorithm has reduced the audio
mutes duration to approximately 1/7 in comparison to the single antenna in the
worst-case scenario. SDARS diversity plays a big role in extending the applica-
tion horizons of SDARS systems. The flexibility of SDARS systems due to an-
tenna diversity can be further enhanced by making use of the following aspects
and benefits:

• the use of new mounting positions (in vehicles) which are considered crit-
ical for single SDARS antennas

• the deployment of cost efficient as well as compact antenna diversity cir-
cuits by car manufacturers

• the guarantee of a larger link margin for SDARS reception which permits
providing new regions in the northern USA with SDARS signals

• the use of the gain in the SNR via diversity in order to expand the cover-
age area and to offer further content for the SiriusXM subscribers by the
service provider
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A Q-Function Table
E&CE 411, Spring 2009, Table of Q Function 1

Table 1: Values of Q(x) for 0 ≤ x ≤ 9
x Q(x) x Q(x) x Q(x) x Q(x)

0.00 0.5 2.30 0.010724 4.55 2.6823×10−6 6.80 5.231×10−12

0.05 0.48006 2.35 0.0093867 4.60 2.1125×10−6 6.85 3.6925×10−12

0.10 0.46017 2.40 0.0081975 4.65 1.6597×10−6 6.90 2.6001×10−12

0.15 0.44038 2.45 0.0071428 4.70 1.3008×10−6 6.95 1.8264×10−12

0.20 0.42074 2.50 0.0062097 4.75 1.0171×10−6 7.00 1.2798×10−12

0.25 0.40129 2.55 0.0053861 4.80 7.9333×10−7 7.05 8.9459×10−13

0.30 0.38209 2.60 0.0046612 4.85 6.1731×10−7 7.10 6.2378×10−13

0.35 0.36317 2.65 0.0040246 4.90 4.7918×10−7 7.15 4.3389×10−13

0.40 0.34458 2.70 0.003467 4.95 3.7107×10−7 7.20 3.0106×10−13

0.45 0.32636 2.75 0.0029798 5.00 2.8665×10−7 7.25 2.0839×10−13

0.50 0.30854 2.80 0.0025551 5.05 2.2091×10−7 7.30 1.4388×10−13

0.55 0.29116 2.85 0.002186 5.10 1.6983×10−7 7.35 9.9103×10−14

0.60 0.27425 2.90 0.0018658 5.15 1.3024×10−7 7.40 6.8092×10−14

0.65 0.25785 2.95 0.0015889 5.20 9.9644×10−8 7.45 4.667×10−14

0.70 0.24196 3.00 0.0013499 5.25 7.605×10−8 7.50 3.1909×10−14

0.75 0.22663 3.05 0.0011442 5.30 5.7901×10−8 7.55 2.1763×10−14

0.80 0.21186 3.10 0.0009676 5.35 4.3977×10−8 7.60 1.4807×10−14

0.85 0.19766 3.15 0.00081635 5.40 3.332×10−8 7.65 1.0049×10−14

0.90 0.18406 3.20 0.00068714 5.45 2.5185×10−8 7.70 6.8033×10−15

0.95 0.17106 3.25 0.00057703 5.50 1.899×10−8 7.75 4.5946×10−15

1.00 0.15866 3.30 0.00048342 5.55 1.4283×10−8 7.80 3.0954×10−15

1.05 0.14686 3.35 0.00040406 5.60 1.0718×10−8 7.85 2.0802×10−15

1.10 0.13567 3.40 0.00033693 5.65 8.0224×10−9 7.90 1.3945×10−15

1.15 0.12507 3.45 0.00028029 5.70 5.9904×10−9 7.95 9.3256×10−16

1.20 0.11507 3.50 0.00023263 5.75 4.4622×10−9 8.00 6.221×10−16

1.25 0.10565 3.55 0.00019262 5.80 3.3157×10−9 8.05 4.1397×10−16

1.30 0.0968 3.60 0.00015911 5.85 2.4579×10−9 8.10 2.748×10−16

1.35 0.088508 3.65 0.00013112 5.90 1.8175×10−9 8.15 1.8196×10−16

1.40 0.080757 3.70 0.0001078 5.95 1.3407×10−9 8.20 1.2019×10−16

1.45 0.073529 3.75 8.8417×10−5 6.00 9.8659×10−10 8.25 7.9197×10−17

1.50 0.066807 3.80 7.2348×10−5 6.05 7.2423×10−10 8.30 5.2056×10−17

1.55 0.060571 3.85 5.9059×10−5 6.10 5.3034×10−10 8.35 3.4131×10−17

1.60 0.054799 3.90 4.8096×10−5 6.15 3.8741×10−10 8.40 2.2324×10−17

1.65 0.049471 3.95 3.9076×10−5 6.20 2.8232×10−10 8.45 1.4565×10−17

1.70 0.044565 4.00 3.1671×10−5 6.25 2.0523×10−10 8.50 9.4795×10−18

1.75 0.040059 4.05 2.5609×10−5 6.30 1.4882×10−10 8.55 6.1544×10−18

1.80 0.03593 4.10 2.0658×10−5 6.35 1.0766×10−10 8.60 3.9858×10−18

1.85 0.032157 4.15 1.6624×10−5 6.40 7.7688×10−11 8.65 2.575×10−18

1.90 0.028717 4.20 1.3346×10−5 6.45 5.5925×10−11 8.70 1.6594×10−18

1.95 0.025588 4.25 1.0689×10−5 6.50 4.016×10−11 8.75 1.0668×10−18

2.00 0.02275 4.30 8.5399×10−6 6.55 2.8769×10−11 8.80 6.8408×10−19

2.05 0.020182 4.35 6.8069×10−6 6.60 2.0558×10−11 8.85 4.376×10−19

2.10 0.017864 4.40 5.4125×10−6 6.65 1.4655×10−11 8.90 2.7923×10−19

2.15 0.015778 4.45 4.2935×10−6 6.70 1.0421×10−11 8.95 1.7774×10−19

2.20 0.013903 4.50 3.3977×10−6 6.75 7.3923×10−12 9.00 1.1286×10−19

2.25 0.012224

Figure A.1: Values of Q(x) for 0 ≤ x ≤ 9
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B Q-Function Plot

Figure B.1: Plot of Q(x)
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