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Abstract

Direction finding and ranging techniques find a large number of applica-
tions from security and military purposes through the medical sector to in-
dustrial automation. As for the latter application scenario, advanced posi-
tioning and sensor feedback tasks in automation processes often require dis-
tance displacement detection, for example, to measure and track the move-
ment of robots. Several automation technologies rely on high precision po-
sitioning sensors to track linear as well as rotational movements of various
machinery.

As an example for medical applications within this field, high measurement
accuracy is required to guarantee the safety of patients and the quality of
therapies through vital sign monitoring systems. For instance, heartbeat
and breath rate monitoring is of primary interest and can be achieved with
particularly accurate displacement detection techniques.

Generally speaking, within this large variety of environments, several dif-
ferent requirements need to be satisfied. This is often a great challenge for
sensors that rely on different physical principles, depending on which ap-
plication they have been designed for.

In this work, an innovative measurement technique based on the Six-Port re-
ceiver principle will be presented. The purpose of this dissertation is to in-
troduce the Six-Port receiver as a valid technology for direction finding and
distance measurement tasks satisfying the requirements imposed by certain
applications addressed in this work.

The measurement properties of the Six-Port receiver recently raised the in-
terest of the scientific community. The excellent phase resolution offered
by this alternative microwave receiver leads to high accuracy distance and
angular measurement capabilities. Furthermore, the Six-Port technology
proves to be immune to several undesired effects influencing common dis-
tance and rotation measurements.

Historically, the Six-Port receiver was used as a reflectometer. Following
the evolution of radar and microwave technology the Six-Port receiver has
been also used as an alternative vector network analyzer for sensing applica-
tions. Mainly due to the progress in material and process technology the Six-
Port technique has lately found several other implementation possibilities.
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Furthermore, the Six-Port receiver can be easily integrated on Monolithic
Microwave Integrated Circuit (MMIC) technology as an alternative receiver
for millimeter-wave frequencies.

The presented measurement techniques based on the Six-Port receiver and
the evaluation of their performance are the purpose of this work and will
be addressed in dedicated chapters along with results from hardware pro-
totypes developed by the author during the research activities on this topic.
With the proposed techniques angular measurements in the range of a few
milli-degrees for direction of arrival detection as well as a distance measure-
ment resolution in a one-digit micrometer range have been achieved.



Zusammenfassung

Abstandsmessung und Ortung sind fiir verschiedenste Applikationen nicht
nur im Bereich der Sicherheits- und Verteidigungstechnik sondern auch fiir
die Medizintechnik, die Industriemesstechnik und die Automatisierung-
stechnik besonders relevant. Im Industriebereich erfordern hochkomplexe
Positionierungsverfahren von Industriemaschinen und Robotern eine zu-
verlassige und genaue Abstands- und Winkelmessung, um die Information-
sgewinnung im Steuergerat zu ermoglichen. Die Funktionsweise vieler de-
rartiger Applikationen hangt von der Sensorinformation ab, zum Beispiel
um lineare Bewegungen und Rotationsbewegungen zu erfassen.

Als Beispiel fiir medizinische Anwendungen, die von einer genauen Abstan-
dermittlung profitieren konnen, ist die Vitalparameteriiberwachung bei Pa-
tienten wahrend medizinischer Behandlungen zu nennen. Damit wird die
Sicherheit und Qualitat der Therapie insgesamt verbessert. Die Herzschlag-
und Atemdetektion ist besonders wichtig im medizinischen Umfeld und
kann mittels einer hochgenauen Messung der Abstandsanderung zum Pa-
tienten durchgefiihrt werden, da die Atemzyklen eine Ausdehnung des Brust-
korbs verursachen und Herzschldge kleinste periodische Vibrationen auf
die Haut hervorrufen.

Die unterschiedlichen Anforderungen dieser vielféltigen Applikationsszenar-
ien stellt eine Herausforderung fiir die Implementierung des Messsystems
dar. In dieser Arbeit wird eine innovative Messtechnik basierend auf der
Sechstor Empfangerarchitektur prasentiert. Ziel ist es, die Sechstor-Empfan-
gertechnik als zuverldssiges Verfahren fiir Abstands- und Richtungsschatz-
ung bei einer Reihe von Anwendungen einzufiihren.

Die besonderen Funktionen der Sechstor-Empfangertechnik haben in let-
zter Zeit das wissenschaftliche Interesse geweckt. Die hochgenaue Phase-
naufldsung dieses alternativen Empfangers fiihrt zu prazisen Abstands- so-
wie Richtungsmessungen. Zudem besitzt die Sechstor-Empfangertechnik
eine hohe Robustheit gegeniiber unerwiinschten Effekten, die traditionelle
Abstands- und Richtungsschatzungstechniken beeinflussen.

Die Sechstor-Empfangertechnik ist zundchst als Messverfahren zur Bestim-
mung von Reflexionen in Mikrowellenschaltungen eingefiihrt worden. Dank
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der Entwicklungen in der Radar- und Mikrowellentechnik ist der Sechs-
torempfdanger spdter auch als alternativer vektorieller Netzwerkanalysator
fiir verschiedene Sensorapplikationen verwendet worden. Auf Grund der
Entwicklungen in der Werkstofftechnik und in der Prozesstechnik hat die
Sechstortechnik in den letzten Jahren viele neue Anwendungsmoglichkeiten
gefunden. Eine weitere Entwicklung des Sechstor-Empfangers in mono-
lithisch integrierter Mikrowellenschaltungstechnik ermoglicht einen hohen
Integrationsgrad und die Implementierung des Sechstors als alternativen
Millimeterwellenempfanger.

Verschiedene Sechstor-basierte Messtechniken und Messergebnisse werden
in dieser Arbeit vorgestellt und diskutiert. Dedizierte Hardwaredemon-
strationen, die vom Autor wahrend der Forschungsarbeit entwickelt wur-
den, werden ndher dargestellt. Es werden Winkelmessgenauigkeiten im
Milligrad-Bereich fiir Richtungsmessverfahren sowie Abstandsmessgenauig-
keiten im einstelligen Mikrometerbereich erreicht.
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1 Introduction

1.1 Direction Finding and Ranging

The definition of direction finding and ranging can assume several different
interpretations depending in which context it is introduced. A clear defini-
tion is hereby proposed to ease the understanding of the concepts and tech-
niques described hereafter. The purpose of direction finding is to estimate a
certain angular quantity with respect to a reference, that identifies a certain
target.

As for ranging, this implies the estimation of a distance from a reference
point to the observed target. In other words, direction finding applies to
finding the alignment of the target to the own position and ranging applies
to distance metering with targets. Combining direction finding and ranging
repetitively through time results in the tracking of the target under obser-
vation.

Direction finding and ranging are commonly referred to radio and microwave
technology, mainly through RADAR (RAdio-Detection-And-Ranging) sys-
tems or similar devices being able to detect and localize passive targets
as well as active transmitting radio sources. Nevertheless, there are sev-
eral other direction finding and ranging techniques that are based on other
physical principles.

In this work, direction finding and ranging will be generally referred, unless
otherwise specified, to radar-like techniques with the purpose of detecting,
localizing and tracking targets through microwave measurements, making
use of the propagation and material interaction properties of electromag-
netic waves.

Within this defined framework, direction finding and ranging techniques
are of major interest for a large number of applications in different fields. Se-
curity and military applications include advanced radar techniques for tar-
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get detection, localization and tracking. Techniques hereby involved have
been developed roughly starting from Second World War, with primitive
early warning hostile airborne threat detection, up to nowadays sophisti-
cated radar based automatic missile guidance systems.

Direction finding and ranging techniques are interesting not only for secu-
rity and defense purposes, but also for a large variety of different fields, for
instance in industrial automation. Advanced positioning and sensor feed-
back technology in automation processes often requires distance and dis-
placement detection, for example, to measure and track the movement of
robots. Several automation technologies rely on high precision positioning
sensors to track linear as well as rotational movements of various machin-
ery. The tracked positioning information provided by the sensor interface
determines the accuracy of the positioning system, thus, the quality of the
overall industrial automation process.

Another field in which ranging techniques are of great interest, is the medi-
cal environment where applications such as heartbeat and breath rate mon-
itoring require high measurement accuracy to guarantee the safety of pa-
tients and the quality of therapies and vital sign monitoring systems. For
instance, the ability to observe the breath and heartbeat of a patient over
night allows to detect sleep disorders or anomalies. Nowadays, this can be
achieved by monitoring a patient contact-free from a distance with radar
technology featuring very high distance detection accuracy. The patient’s
body movements can be detected and analyzed to reconstruct breath rate
and heartbeat.

Generally speaking, within this large variety of environments, several dif-
ferent measurement requirements need to be satisfied. This is often a great
challenge for many sensors that rely on different physical principles, de-
pending on which application they have been designed for. As an example,
the tough requirements imposed by industrial environments often lead to
great challenges for these kind of sensors.

A large variety of radar technologies has been developed in the last decades
satisfying the requirements of the above mentioned applications. New emer-
ging technologies are constantly developing within the scientific commu-
nity and the industry featuring better and better detection properties. In
the following chapters, a general categorization of different measurement
scenarios and receiver topologies will be given, to ease the understanding
of the innovative direction finding and ranging technique hereby proposed.
To perform direction finding and ranging of passive targets as well as of ac-
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tive sources a microwave receiver is needed. The information used to local-
ize the target is contained in the received signal. Therefore, the properties
of the receiver used for the direction finding and ranging applications are
essential to reach the detection performances for the different applications
addressed.

In this work, the Six-Port technique is introduced to perform different kind
of direction finding and ranging measurements. Throughout the basic the-
ory describing the Six-Port receiver architecture, innovative measurement
concepts will be introduced purposely addressing specific application sce-
narios to demonstrate the benefits of this alternative receiver technology.

The Six-Port receiver concept works with four additive superpositions of two
radio frequency (RF) input signals resulting in constructive or destructive
interference in a way similar to optical interferometry. Thus, the Six-Port re-
ceiver is often called microwave interferometer. The relationship between
the resulting output signals expressed by the Six-Port receiver theory al-
lows the detection of the relative phase shift between the two input signals.
The direction finding and ranging information lies in the relative phase dif-
ference between the two input signals at the Six-Port receiver. A detailed
explanation of the Six-Port technique will be given in chapter 4.

Historically, the Six-Port receiver has been used as a reflectometer. Follow-
ing the evolution of radar and microwave technology the Six-Port receiver
has been also used as an alternative vector network analyzer for sensing ap-
plications and as a transceiver for high-speed data transmission [1]. Mainly
due to the progress in material and manufacturing process technology the
Six-Port technique has lately found several other implementation possibil-
ities. For instance, the Six-Port receiver can be easily integrated on Mono-
lithic Microwave Integrated Circuit (MMIC) technology as an alternative
receiver for very high millimeter-wave frequencies [2].

The Six-Port receiver has also found various exotic applications involving
direction finding and ranging, where other techniques show several draw-
backs. For instance, the Six-Port receiver can be used in automotive work-
shops to adjust and align the long-range radar sensor of a car. Automatic
distance control used in Automatic Cruise Control (ACC) systems, is a tech-
nology of major interest for the automotive industry as regulations about
traffic safety become more and more restrictive, requiring ACC systems to
be available on all vehicles by law in the future. These systems periodically
need a high-accuracy alignment and calibration to guarantee safety stan-
dards. The main advantage of the Six-Port as an alignment tool lies in its
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excellent phase resolution thus leading to very high misalignment detec-
tion accuracy, that is a kind of direction finding problem. An insight on
this particular application is given in section 10.1 [3].

1.2 Description and Aim of This Work

In this work, different innovative measurement techniques based on the Six-
Port receiver principle will be presented. The purpose of this dissertation is
to introduce the Six-Port receiver as a valid technology for direction finding
and distance measurement tasks satisfying the requirements imposed by
different applications.

The measurement properties of the Six-Port receiver recently raised the in-
terest of the scientific community and of the industry. The excellent phase
resolution of the Six-Port receiver leads to high accuracy distance and an-
gular measurement capabilities.

Several innovations to the state-of-the-art Six-Port technique are hereby
presented, leading to the solution of certain problems related to the Six-
Port receiver (such as ambiguity issues) that where questioning the appli-
cability of this receiver architecture for many application scenarios.

For sake of completeness, it has to be mentioned, that the Six-Port technique
does not only refer or is limited to microwave technology. For instance, sev-
eral applications in optics also benefit from the properties of this particu-
lar receiver. Nevertheless, the methods for direction finding and ranging
described in this work are based on the propagation and scattering effects
of electromagnetic waves in the radio frequency and microwave spectrum.
Furthermore, other methods based on optical, acoustical and mechanical
principles exist but will not be considered since they are not in the focus of
this work.



2 Direction Finding Techniques

Hereby, an overview will be given of direction finding techniques, also called
Direction of Arrival (DOA) detection of a radio signal emitted from a source.
The purpose of direction finding techniques is to estimate the direction
of propagation of a detected electromagnetic wave with respect to a well
known geometrical reference coordinate system. The final goal is to locate
the transmitting source or a reflecting target once the propagating direction
of the wave is known.

The topic of direction finding has been extensively investigated for location
and tracking signal sources in both civilian and military applications [4]. A
large number of advanced DOA algorithms have been proposed, working on
digital signal processing in baseband. These methods based on algorithms
such as MUSIC or ESPRIT, are described in dedicated literature [5]. The
overall basics of DOA estimation are described in reference textbooks on
the topic, such as "Classical and Modern Direction of Arrival Estimation” by
Engin Tuncer and Benjamin Friedlander [6]. The reader is encouraged to
browse this reference book to gain an insight in the wide topic of DOA es-
timation.

The purpose of this chapter is to introduce the very basics of DOA esti-
mation from the physical point of view of electromagnetic wave propaga-
tion, without introducing the digital signal processing analysis mostly used
by modern techniques, as presented in the above mentioned literature. It
will be shown, that DOA estimation basically relies on amplitude or phase
evaluations of received signals with one, two or more antennas (or antenna
arrays), independently from the type of the signal received.

For sake of clarity, from now on only active sources will be addressed. Thus,
the DOA detection will focus on the estimation of the direction of propa-
gation of electromagnetic waves emitted from a source. Nevertheless, the
concepts introduced hereon are valid also for other targets such as passive
scatterers where the direction of propagation of the reflected wave has to be
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detected in order to estimate their position.

Obviously, to locate the target, the DOA information is not sufficient since
the ranging information is needed as well. Nevertheless, the purpose of the
techniques hereby described is to evaluate the angular information only.

2.1 Properties of an Electromagnetic Wave

Before introducing the direction finding techniques and its related con-
cepts, a brief summary about electromagnetic wave propagation and its
main properties will be given. Commonly, a time-harmonic complex wave!
propagating into a certain type of medium is identified by a wave vector,
with a magnitude and a direction in space. A complex propagating wave "
can be described as [9]: a

(7, t) = A(F) cos(k - 7 — wt + ¢) + JA(F) sin(k -7 — wt + ¢),  (2.1)

where 77 is the unity three dimensional direction vector, A is the amplitude
of the wave, w the angular frequency of oscillation, ¢ the phase and k£ the

wave vector. Its magnitude ‘E is the wavenumber

= I (2.2)

k :
A

that is inversely proportional to the wavelength ), and its direction identifies
the wave’s direction of propagation if certain conditions are satisfied. These
conditions will be explained hereafter. Without loss of generality, from now
on the purely real definition of a wave will be used, to ease readability and
understanding:

(7, t) = A(F) cos(k - 7 — wt + ). (2-3)

Two other relevant quantities that describe a propagating wave are the phase
velocity v, and the group velocity ¢,. The phase velocity is given in terms of
the wave’s angular frequency w and wave vector £ by [10]

! For sake of completeness, the definition of a general time-harmonic wave in complex
form is hereby reported. However, in dedicated literature, this is sometimes described
as a real quantity (see eq. (2.3)). This does not have to be confused with the so called
"Wave equation” [7,8] also used in electromagnetics.



2.1. Properties of an Electromagnetic Wave 7

—

w
Up == 7, (2.4)

with € being the dielectric permittivity and u the magnetic permeability of
the medium in which the wave propagates. The phase velocity describes
how far each wavefront progresses per unit time. However, phase velocities
cannot be measured directly, since no physical signal is a pure single tone
sinusoid and all finite-duration signals have more than one frequency com-
ponent. Therefore, if ¢(w) is a function of frequency, as it is usually the case
in dielectric media, then each frequency component will have its own phase
velocity. Defining c as the velocity of an electromagnetic signal in free space

(c = —=-—), for a plane time-harmonic wave in a dielectric medium it can
vV HO€0

be shown that [10]

ﬁp(w) = = T= r, (2‘5)

nw) = Ve (w), (2.6)

where n(w) described by eq. (2.6) is the refractive index and ¢, (w) = €(w)/€g
is the relative dielectric permittivity of the medium, with the permittivity of
vacuum €y ~ 8.854187-10712F -m~L. The different signal components will
travel at different velocities, and the signal will become distorted because
the sum of the various sinusoidal components changes with distance. Such
dielectrics are called dispersive media?.

On the other hand, the group velocity is the velocity with which the wave’s
envelope (shape of the wave’s amplitude, or modulation) propagates through
a medium. The group velocity is defined by [10]

R dw diw B 1 (2.7)
Sh(w)  dh di(w)/dw 7

Only for non-dispersive media, in which € and p are not functions of fre-
quency, the group and phase velocities are equal. In this case [10]:

2 The phenomenon of dispersion is covered in [10] where the fundamental difference be-
tween normal dispersion (phase velocity decrease with increasing frequency v, o 1/w
or the refractive index described in eq. (2.6) is n(w) « w) and anomalous dispersion
where v, x w and n(w) x 1/w is explained.
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E = w 1€ 7 = dE/dw = \/IET, (2.8)
Uy = do _ 1 ¥ =, (2.9)
I dk  ne P .

In other words, all frequency components travel at the same velocity in non-
dispersive media, so that there is no distortion as the wave propagates.

Considering an electromagnetic wave, with an electric field £ and a mag-
netic field B (such that B = puH) eq. (2.3) can be used to describe the elec-
tric and magnetic fields with a simplified sinusoidal solution to the general
electromagnetic wave equation as [10]:

) = Eo(rg)cos(k -1 — wt + ), (2.10)
(rg,t) = Eg(r_fg) cos(E- B — wt + ¢). (2.11)

Eq. (2.10) and (2.11) imply the linearity of Maxwell’s equations in lossless
isotropic media, such as vacuum [10]. Assuming that the E and B fields
feature a single angular frequency w and by using Maxwell’s equations, the
electromagnetic wave equations (2.10) and (2.11) can be simplified to the
Helmholtz equations [u]:

<V2 + 122) E=0= V%E + wQ;LeE_" =0, (2.12)

(V2 + lp) H=0= V?H + w?ucH = 0. (2.13)

Therefore, a generic electromagnetic wave with angular frequency w can be
expressed with eq. (2.12) and (2.13). A three-dimensional general solution
for the Helmholtz equations (2.12) and (2.13) can be expressed with the help
of spherical Bessel functions. The interested reader can refer to dedicated
literature on electromagnetic field theory and its analytical description [10-
14].

The direction in which the wave propagates is defined as the direction of
the wave’s energy flow, or the group velocity 7,. This is identified by the
direction of the time average Poynting vector P (average power density) [15]:

B = R{Ex A}, (214)
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Phase Fronts

Source
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Non-Radiative Fresnel
Near-Field Region

>
Far-Field (Fraunhofer)

Figure 2.1: Representation of the near-field, Fresnel region as well as far-
field of a radiating antenna, according to [16]. Boundaries for
the different regions are marked by R and R.

Its has to be remarked that eq. (2.14) represents the time average power
transmitted in the direction of 7 and is derived from the definition of the
complex Poynting vector

X H* (2.15)

Iz,

B(i) =
Eq. (2.14) can be derived from eq. (2.15) with the help of the complex Poynt-
ing vector theorem?. Additionally, the wave vector is oriented in the direc-
tion of the phase velocity #j,. This means that the wave vector is orthogonal
to constant phase surfaces, also called wavefronts.

The orientation of the wave vector k coincides with that of the Poynting
vector P for waves propagating in lossless isotropic media. In this case, the
phase velocity and the group velocity are equal as shown in eq. (2.9). If the
propagation takes place in lossy media, k does not identify the direction

3 The derivation of the complex Poynting vector theorem from Maxwell’s equations can be
found in [7] at page 37 / 38.
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of propagation of the wave. The wave has to be homogeneous in order to
have the wave vector matching the direction of propagation. If the wave
is homogeneous, constant phase surfaces feature also constant amplitude
values. For a wave propagating in lossy media, this cannot be satisfied. In
this case the wave is inhomogeneous, featuring constant phase surfaces that
differ from constant amplitude wavefronts [17].

It has to be remarked that the wave vector  is defined to be always orthogo-
nal to surfaces of constant phase. Nonetheless, from what stated above, if a
wave propagates in a lossy medium, the wave will be inhomogeneous. Thus
k will not identify the direction of propagation of the wave [18]*.

Therefore, from now on, the Poynting vector P will be used to describe the
direction of propagation of a wave, even if it is assumed that the propagation
takes place in a lossless isotropic medium under ideal conditions (vacuum)
and that the propagating wave is considered as a plane wave with Transverse
ElectroMagnetic (TEM) propagation properties. Assuming that the emitted
propagating wave features TEM properties® (i.e. a plane-wave®), it can be
therefore stated that DOA detection consists in the estimation of the wave’s
Poynting vector P.

It has to be mentioned that the properties of the wave and therefore the
possible principles and techniques of direction finding strongly depend on
the electric distance from the radiating source and on the source type itself
[16]. Generally, three possible distance ranges from the transmitter can be
specified [20]:

 non-radiative near-field (reactive near-field),
* radiative near-field (Fresnel region),
+ far-field (Fraunhofer region).

These regions are depicted in Fig. 2.1. The non-radiative near-field sur-
rounds the transmitting antenna within a range R. The electromagnetic
field in this region features local electric and magnetic field maximas as well

4 The effect that the wave vector does not necessarily identify the direction of propagation
of a wave in lossy anisotropic media and that the wave’s energy flow may differ from k&
has been investigated by Musgrave who described this phenomenon in his article from
1959 [19].

> TEM waves are extensively explained in [11] at page 95. Plane waves are also examples of
TEM waves, since there are no field components in the direction of propagation.

¢ The exact definition of a plane wave can be found in [u]. Furthermore, at page 15 the
Helmbholtz equations (2.12) and (2.13) are simplified for plane waves in lossless medium
for a simple time domain representation. The interested reader is invited to follow this
reference for a comprehensive description.
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as minimas with accumulation of electric and magnetic energy in local res-
onating modes around the radiator. In this region, an electromagnetic wave
is being radiated outward and a reactive component to the electromagnetic
field (with local energy storage) is also present. This energy is swapped from
the antenna to the non-radiative near-field [20].

After that, the radiative near-field begins where the generated wave starts
to propagate with quasi TEM properties. The radiative near-field, or Fresnel
region, is defined up to a range Ry from the antenna [20]. The radiative near-
field features reactive field components that can be neglected since it is too
far from the antenna. The mutual coupling of the fields with the antenna
cannot efficiently store energy as in the reactive near-field. Thus, in the
radiative near-field the energy is nearly all radiant [20].

The far-field (or Fraunhofer Region) is defined for a distance larger than Ry,
although a continuous transition between these zones is present in which
both near-field and far-field effects are taking place. In this region, near-
field behavior (local electric and magnetic energy accumulation) decays leav-
ing far-field effects as dominant interactions [20]. Only within the far-field
region the propagating wave features plane phase fronts and TEM proper-
ties [20]. In other words, "the spherical wavefront radiated by the source
becomes a close approximation to the ideal planar phase front of a plane
wave. This approximation applies over the aperture area of the antenna, and
so depends on the maximum dimension of the antenna” [u1]. The ranges R
and Ry are defined as [11,20]

D3
R = 0.62\/7, (2.16)

D2
RO = 2 71 (2"17)

where D is the aperture of the transmitting antenna and )\ is the wavelength
of the electromagnetic wave. By introducing the definitions in eq. (2.16) and
(2.17) a source with D > )\ can be defined as a highly directional antenna.
In the far-field both E and H fields are perpendicular to the direction of
propagation, therefore to the Poynting vector [21].

For sake of clarity, it is hereby initially assumed (unless elsewhere specified)
that the observer is situated in the far-field region from the radiating source,
therefore satisfying the TEM properties of the propagating wave. In the
following, a linear polarization of the wave will be assumed, nevertheless,
all conclusions are valid for arbitrary polarization schemes.
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2.2 Direction-of-Arrival Detection of a Wave

A reference three dimensional Cartesian coordinate system with #, 7 and 2
as orthogonal unity vectors is hereby defined (see Fig. 2.2). The complex
electric field E and the complex magnetic field H are hereby used. In gen-
eral, E and H vector fields can be described as complex quantities with Z, i/
and Z components in space as E(z, y, z) and H (z, y, z). The Poynting vector
can be expressed as the vector product of the two vector fields E and H as
described in eq. (2.14).

Without loss of generality and for sake of clarity, all methods, concepts
and formulas hereby proposed refer to a mono-dimensional detection of
the DOA considering only an azimuthal direction of arrival angle (azimuth
plane). The problem and the proposed concepts can be extended to a mul-
tidimensional detection by introducing polar coordinates and its related
mathematics (azimuth and elevation).

Since the polarization of the wave is hereby assumed to be linear and a lin-
early polarized receiving antenna is used to detect the signal, without loss
of generality, the electric field vector E is here defined as always aligned
in the same direction in space (here the Z component), orthogonal to the
Poynting vector P and to the magnetic field vector H (according to the TEM
properties assumed).

Thus, the problem can be now illustrated in two-dimensions on a reference
plane defined by the unity orthogonal vectors # and y. The Poynting vector
P(z,y) lies on the (x,y) azimuth plane as well as the magnetic field vector
H(z,y) while the electric field vector E(z) is orthogonal to the azimuth
plane. E is hereby considered as the detected signal from the receiver. This
signal is a complex quantity that can be described as:

E(z)‘ E, = Spx = Apx e?7X, (2.18)
Spx = Agrx cos(2rft+ ¢rx) + jArx sin(27ft + ¢rx), (2.19)

where Agx is the amplitude, f the frequency and ¢rx the phase of the sig-
nal. From the observer’s point of view it is therefore possible to monitor a
complex received signal with amplitude and phase variations. The relevant
information about the direction of the Poynting vector (hence about the
propagation direction of the electromagnetic wave) can be extracted from
amplitude or phase measurements on the received signal Spy. These tech-
niques will be explained in the following sections.
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Figure 2.2: Geometrical representation of the electromagnetic wave vector
fields F and H as well as the Poynting vector P with respect to
the reference coordinate system.

Reference
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Figure 2.3: Schematical representation of a DOA detection arrangement.
The position of the source is unknown and the DOA detection
delivers the angular position of the source with respect to the
observer’s reference coordinate system.
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From the beginning of this chapter it has been assumed that the purpose
of DOA detection is to estimate the direction of propagation of a detected
electromagnetic wave with respect to a well known geometrical reference
coordinate system (set for instance by the observer) in order to estimate
the position of the transmitting source (Fig. 2.3). This source has not been
further specified and has been therefore assumed as a general radiating an-
tenna with an arbitrary radiation pattern and an unknown position. The
only aspect of the radiating antenna that has been introduced is the aper-
ture D that influences the definition of the near-field and Fresnel region for
the propagation properties.

Another important scenario is now being introduced. It is hereby assumed
that the position of the radiating source is known (aligned to the observer
on a reference axis) and that the transmitting antenna features a certain
directivity with a main lobe in the far-field radiation pattern (Fig. 2.4). The
generated electromagnetic wave starts to propagate towards the observer
that is therefore within the main radiation lobe. The Poynting vector of the
wave emitted from the radiating antenna defines the direction in which the
transmitter is aligned and defines the symmetry axis of the main lobe of the
radiation pattern.

<y

Rotation of the transmitting antenna

Reference Axis

Misalignment

Observer

P

Source

Figure 2.4: Misalignment detection concept of the transmitting source
with respect to a reference axis. The position of the radiating
antenna is known and the misalignment angle of the radiating
antenna with respect to a reference axis is evaluated.

Since the position of the transmitter is known the purpose of the observer
is to determine the orientation of the radiating antenna with respect to a
geometrical reference axis between the transmitter and the observer. In
other words, the alignment of the transmitting antenna with respect to a
reference has to be determined. This makes sense only if the transmitting
antenna features a certain directivity. A possible application is the accurate
alignment of highly focused antennas for instance to adjust and calibrate au-
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tomotive radar units. This application will be further discussed in section
10.1.

It is therefore important to distinguish between two measurement scenar-
ios:

+ DOA detection of a propagating wave, i.e. detection of the position of
the radiating source (Fig 2.3). In this case the position of the source is
unknown and the DOA detection delivers the angular position of the
source with respect to the observer’s reference coordinate system.

* Misalignment detection of a focused antenna (Fig 2.4). In this scenario
the position of the radiating antenna is known and the misalignment
angle of the radiating antenna with respect to a reference axis is eval-
uated (angle between the Poynting vector and the reference alignment
axis connecting source and observer).

2.3 Amplitude Measurement Based Direction Find-
ing

In this section, direction finding techniques will be discussed that make
use of received signal amplitude evaluations to determine the DOA angle
of a propagating wave. As introduced before, the received signal Sy is a
complex quantity with a certain amplitude value Arx. By observing the
amplitude of the signal from a single receiving antenna it is possible to de-
tect the direction of propagation of the wave. This depends on the type of
the receiving antenna.

Assuming that the receiving antenna is an isotropic radiator a change in the
received amplitude does not deliver a DOA information since the antenna
features an omnidirectional radiation pattern?. To make use of the ampli-
tude information for DOA detection purposes the receiving antenna should
feature a certain directivity, related to an antenna gain. By knowing the di-
rectivity of the receiving antenna and rotating the antenna around its axis it

7 The definition of omnidirectional radiation pattern has to be handled carefully. As ex-
plained in [15] at page 8, an isotropic radiator is defined as a “hypothetical lossless an-
tenna having equal radiation in all directions”. Often, a Hertzian dipole is referred as an
omnidirectional source. However, it has to be underlined that such a source is omnidi-
rectional in the azimuth plane only, not in the elevation. Since in section 2.2 it has been
assumed that the detection of the DOA is performed only on an azimuthal angle (az-
imuth plane), in this case, even a Hertzian dipole can be referred as an omnidirectional
source (isotropic radiator).
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is possible to determine the DOA of the received signal [22]. This is the posi-
tion of the receiving antenna around its rotational axis where the maximum
received signal amplitude is reached. This is the most primitive technique
that has been used for DOA detection purposes since the beginning of radio
location and radar technology.

i Rotation of the observer

Reference

8

Figure 2.5: DOA detection technique making use of the amplitude infor-
mation of the received signal by the observer when rotating
the receiving antenna with respect to a reference coordinate
system. The DOA is estimated where the maximum received
signal amplitude is reached.

It is obvious that this technique is strongly dependent on the radiation
pattern of the receiving antenna used to perform the DOA detection. To
achieve a high-resolution DOA detection, a radiation pattern with a very
narrow main radiation lobe has to be used to allow a precise scan of the
azimuth plane and detect minor received signal amplitude variations over
small rotation angles. Furthermore, this technique implies a mechanical ro-
tation of the receiving antenna. This leads to a strong influence of mechani-
cal tolerances on measurement results as well as scanning times that depend
on the rotation speed of the antenna. An electronic beam steering antenna
element is nowadays commonly used instead of the mechanical rotation (for
instance with the help of digital beam-forming techniques [15, 23]). Never-
theless, the angular resolution reached by such systems is relatively low and
implies complex beam steering techniques to allow a precise beam scan over
the DOA range of interest.

Nevertheless, for certain applications with different geometrical arrange-
ments further information can be gained if monitoring the amplitude of the
signal received by the observer. For the already described misalignment de-
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Figure 2.6: Antenna alignment technique based on an amplitude mea-
surement. In far-field conditions as soon as the amplitude of
the received signals at the two observer antennas is equal, the
alignment in respect to the reference axis is met.

tection scenario, by making use of two receiving antennas with two received
signals

Spx1 = Agx1 €8x, (2.20)
Spxs = Apxael?RX2, (2.21)

it is possible to detect the proper alignment of the transmitting source. The
exact misalignment angle cannot be determined, but the correct alignment
of the Poynting vector to a reference axis (zero misalignment angle condi-
tion) can be detected.

Two receiving antennas are therefore aligned orthogonally to the reference
axis. The alignment with respect to the reference axis can be met if the
following condition is satisfied:



18 CHAPTER 2: DIRECTION FINDING TECHNIQUES

dBV/ m
30.0

\ W 1 28.7
'tlllmmlmun Illlll‘ i 1 56.6
"mmmm"'""‘"""'""Hmnum n\}mno.ﬂ U | o

22.6
20.5
18.5

16.4
14.4
12.3

10.0

Figure 2.7: Absolute value of the electric field amplitude of the electro-
magnetic wave irradiated from a horn antenna (15 dBi). De-
structive and constructive superposition of the propagating
wave can be observed.

Arx1 = ARrx2. (2.22)

This requires that the main radiation lobe of the transmitting antenna fea-
tures a perfect symmetry of the signal amplitude distribution with respect
to the wave propagation vector (Poynting vector). A correct alignment of
the transmitter is therefore strongly dependent on the shape of the radia-
tion pattern.

Furthermore, when monitoring the amplitude of the received signals on
the two receiving antennas by the observer, the amplitude variations in the
near-field, within the main radiation lobe lead to false interpretations.
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Figure 2.8: Average of the electric field amplitude over time. Local maxi-
mas and minimas of the electric field amplitude can be seen.

Due to the beam forming and focusing of the radiated signal the amplitude
distribution directly in front of the transmitting antenna is deformed. This
can be observed in Fig. 2.7 where a simulation of an electromagnetic wave
irradiated from a horn antenna with 15dBi gain is shown®. The antenna
emits a signal at 5 GHz within a vacuum volume. A length of 5m is used

8 The simulation depicts a scenario for illustrative purposes only.
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for the wave propagation®. In Fig. 2.7 the absolute value of the electric field
amplitude at a phase of o RAD is depicted. Destructive and constructive
superpositions can be observed. The wavefronts can be recognized as lines
along which maxima of the electric field amplitude (as absolute values) are
present. However, if evaluating the amplitude Arx of a received complex
signal the average of the electric field amplitude over time has to be taken
into account (as depicted in Fig. 2.8). The wavefronts cannot be recognized
anymore and the local maxima and minima of the electric field amplitude
due to constructive and destructive superposition can be noticed.

An even distribution of the amplitude values cannot be found within the
main radiation lobe. The amplitude distribution around the Poynting vector
within the non-radiative near-field and Fresnel regions is not regular. Local
constructive and destructive field superpositions create amplitude maxima
and minima around the axis defined by the Poynting vector.

This irregular amplitude distribution is typical for the two mentioned near-
field regions. Nevertheless, even in the beginning of the far-field certain
amplitude irregularities can be often observed since the boundary between
the different regions is only vaguely defined by eq. (2.16) and (2.17). In
other words, the amplitude distribution with respect to the axis defined by
the Poynting vector does not feature a monotone decay with an increasing
distance from the mentioned axis. Therefore, the unknown amplitude pat-
tern does not necessarily allow a correct evaluation of the beam direction if
the condition expressed in eq. (2.22) is met.

On the other hand, a correct misalignment detection of the propagating
wave can be performed by monitoring the phase of the received signals by
the observer. This technique will be introduced in the next section.

2.4 Phase Measurement Based Direction Finding

As introduced before in this chapter, for DOA detection purposes it is pos-
sible to monitor one or more complex received signals as described in eq.
(2.19). Up to now Aprx has been used to get the DOA information. How-
ever, also the phase ¢ x of the received complex signal Sy can be used to
determine the propagation direction of the electromagnetic wave.

The phase ¢rx is a periodic value hereby expressed in radians, of a quantity

® Boundary conditions for the time domain full-wave solver used where defined as open
(continuous propagation in free space with no obstacles).
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that is defined between —7 and +x. Without an absolute phase reference
it is not possible to correctly define ¢rx. Theoretically, ¢rx is referred as
the phase of the received complex signal from the observer as:

¢rx = M(¢ — o1x), (2.23)

with ¢ € [—7,+7]|, M € Z and ¢rx the phase of the transmitted signal at
the source. ¢pry is therefore defined as an integer multiple of a value be-
tween —7 and +7 with respect to the phase of the signal emitted by the
source. However, for DOA and misalignment detection applications, the
reference phase ¢rx of the signal origin is unknown. Therefore, another
phase definition has to be used. For this reason, a relative phase difference
will be addressed between two or more receiving antennas that are not re-
lated to the transmitting source. From now on, unless otherwise specified,
two receiving antennas will be considered at the observer.

A relative phase difference A¢ can be therefore defined as:

A¢ = drx2 — PRX1, (2.24)

where ¢rx1 and ¢prxo are the phase values of the two complex received
signals Spy; and Sy, already defined in section 2.3 by eq. (2.20) and eq.
(2.21).

The observer can evaluate these two signals received by two antennas that
are aligned on a reference geometrical axis (antenna axis). The arrangement
is depicted in Fig. 2.9. The source (which is purposely not shown within the
represented cut-out plane) radiates the electromagnetic wave with a certain
radiation pattern. Part of the main radiation lobe is depicted in the picture,
where the electric field vector component EZ is shown. Two antennas are
placed in this scenario, receiving the two complex signals Spy; and Spys.
The phase fronts are highlighted in the picture as well.

To better represent the arrangement referenced to the phase fronts of the
propagating wave when the direction of propagation is changing, further
graphical representations are hereby presented in Fig. 2.10 and in Fig. 2.11.
In the first one, the Poynting vector is orthogonal to the antenna axis, lead-
ing therefore to

drx1 = Prx2 = A¢ = 0. (2.25)

When this condition is met the wave propagates with a direction exactly
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Figure 2.9: E. ofan electromagnetic wave propagating from a source into
the far-field. The phase fronts within the main radiation lobe
are orthogonal to the Poynting Vector P. The two complex
signals S and Sy are received from two antennas by the
observer.

orthogonal to the antenna axis. On the other hand, as soon as ¢rx1 #
®Rrx?2, thus A¢ # 0 the direction of propagation is not orthogonal to the
antenna axis anymore. This situation can be observed in Fig. 2.11.

For a simple "zero alignment” application, only the condition expressed in
eq. (2.25) has to be met and this can be easily implemented with appropriate
receivers comparing the phase of the two signals Spy; and Spy,. When
both signals are in-phase, the alignment is correct. For this purpose, no
further information is necessary, not even the wavelength of the detected
signal.

This is similar to the technique discussed in section 2.3 with eq. (2.22). The
main difference is, that the phase information is way more exact to identify
the Poynting vector than the amplitude information. If the TEM properties
are satisfied, the phase fronts are orthogonal to the Poynting vector and
feature a much more regular distribution around the radiating antenna (as
can be seen in Fig. 2.12, if compared to the amplitude variations, as shown in
Fig. 2.8). On the other hand, it is also possible to exactly detect a DOA angle
that is not orthogonal to the antenna axis. This will be discussed further on
in section 2.4.3.
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Figure 2.10: Geometrical arrangement of the two receiving antennas with
the reference axis and the propagating wave. In this case, the
Poynting vector is orthogonal to the antenna axis, therefore,

drXx1 = QRrxX?2, S0 that A¢ = 0.

Antenna Axis
—

Antenna Axis

Reference Axis

Reference Axis

g (cm)

Figure 2.11: In this case, the wave features a propagation direction (Poynt-
ing vector P) that is not orthogonal to the antenna axis. There-
fore, prx1 # ¢rx2, and A # 0.
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Figure 2.12: Phase of the electric field of the propagating wave radiated
from the antenna. The phase fronts can be clearly identified
as a regular pattern that helps to detect the direction of prop-
agation.

2.4.1 The Phase Center

The phase center is the origin of the spherical wavefronts of the electro-
magnetic wave emitted by a radiating antenna (Fig. 2.13) [14]. The phase
fronts are subject to a great change over the full solid angle depending on
which antenna is radiating the wave. The phase center is usually obtained
by rotating the antenna about a geometrical axis and determining, for a cer-
tain solid angle of interest, the position where a measured phase variation
is neglectable over the desired solid angle [15]. This experimental method
is demanding in terms of time and equipment, especially because the phase
center changes for different radiation pattern directions. Alternatively the
phase center can be numerically obtained by full-wave simulations. In the
next paragraph the role of the phase center for antenna misalignment detec-
tion and the relation between the phase center position and the measured
phase difference will be explained.

2.4.2 The Role of the Phase Center for Antenna Misalignment
Detection

It has to be underlined, that for a directional antenna (as the one hereby
taken in consideration for misalignment detection purposes) within the main
lobe, even as close to the source as in the Fresnel region, the wave approxi-
mates a plane wave with straight phase fronts, thus satisfying the TEM prop-
agation properties already mentioned. This is due to the phase center shift
for directional antennas.

For an isotropic radiator, the phase center is exactly at the same position as
the geometrical center of the antenna (that is its rotational pivot, or the feed
of the antenna). In this case, the radiator features no directivity. Obviously
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Figure 2.13: Schematic representation of the phase center, referred to the
main radiation lobe of a focused source. The position of
the phase center does not coincide with the rotation center
and feed of the directional radiator. In this case the trans-
mitting antenna is aligned on an axis orthogonal to the re-
ceiving antennas, therefore, the detected phase difference is

A¢ = prx2 — ¢rx1 =0.

a rotation around its geometrical center does not affect the orientation of
the radiation pattern, since it is omnidirectional.

As soon as the antenna element increases the directivity in a certain direc-
tion in space, the phase center of the electromagnetic wave moves away from
the geometrical center (feed) of the antenna in the direction opposite to the
one in which the main radiation lobe develops (defined by the Poynting vec-
tor P). The curvature of the phase fronts is related to the phase center and
not to the feed of the antenna. When rotating the transmitting antenna
around its feed the phase center is therefore also moved (as shown in Fig.
2.14). Thus a misalignment angle measurement for directional antennas is
possible by measuring the orientation of the phase fronts with respect to a
well known reference. This is possible because the rotation of the antenna
around its feed causes also a rotation of the phase center.

2.4.3 DOA Angle and Misalignment Angle Measurement

As introduced up to now, both the DOA angle of a wave as well as the mis-
alignment angle of a focused radiator with respect to a reference cause a
phase difference at two receiving antennas by the observer, aligned on a
reference axis. In case of a DOA orthogonal to the reference axis and in
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Figure 2.14: In this case the transmitting antenna is rotated around its feed
and is not aligned to the reference axis anymore. This causes
a movement of the phase center thus tilting the phase fronts
within the main radiation lobe. The measured phase differ-
ence in this case is Ap = prx2s — drx1 # 0.

case of a zero misalignment angle, the phase difference at the two receiv-
ing antennas is zero. Nevertheless, not only a zero alignment or a precise
orthogonal DOA can be detected by a phase measurement. The DOA and
the misalignment angle can be exactly measured if some extra information
is available [4].

For sake of clarity, a simplified geometrical setup is hereby introduced, as
depicted in Fig. 2.15. The DOA measurement is addressed, nevertheless,
the relationships introduced are valid for a misalignment angle detection as
well. As can be understood from Fig. 2.15, the measured phase difference
can be easily related to the actual DOA angle « by simple trigonometric rules
[6]. Therefore, the DOA angle can be calculated from the phase difference
A¢ through

A

a=sin"! (Agb 27rL> , (2.26)

where ) is the wavelength of the signal and L is the distance between the
two receiving antennas. L can be optimized for a specific measurement so
that:
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Figure 2.15: Simplified geometrical representation of a DOA or a misalign-
ment angle detection by a phase measurement. The mea-
sured phase difference A¢ can be easily related to the actual
DOA angle o by means of trigonometric rules.

)\ A¢mam
Lma:c -~ -/ .
27 sin () (227)
A Adyi
] _ -1 min
Cmin sin (27r me) ) (2.28)

A@pmin is the minimum measurable phase difference (capability of the phase
measurement system), v, is the minimum angle that can be measured,
A@pmaz is the maximum phase difference (not more than 7 RAD) and a4z
is the maximum DOA angle that has to be measurable by the system.

It is now clear that by performing a phase difference measurement between
two antennas aligned on a reference axis, the DOA angle or the misalign-
ment angle can be calculated [6]. To measure a phase difference, the two
complex signals S,y ; and Sp x5 have to be acquired by an appropriate com-
plex receiver. The phase information has to be consequently extracted from
the complex signal quantities. There are several techniques to implement
such a receiver. To introduce the reader to the different receiver character-
istics an architecture overview is given in the next chapter.



3 Receiver Architecture Overview

The purpose of a receiver is generally to convert a received signal from the
high-frequency carrier used for the transmission down to baseband in order
to extract the information inherent in the signal itself. This frequency con-
version is achieved through a so called mixing process performed by mixer
components. There is a large variety of mixers for several different appli-
cations all featuring advantages as well as disadvantages. The purpose of
this chapter is not to illustrate the pros and cons nor to perform a com-
parison between the different architectures and techniques, but to give the
reader a brief overview that helps to understand the basic process of radio
signal reception. There is an overwhelming amount of highly specialized
literature on the topic of RF mixing and the interested reader is addressed
to investigate classic graduate level textbooks of electronics [24] as well as
professional detailed articles and transactions. Hereby, for sake of clarity,
only a short and summarized overview will be given.

3.1 Multiplicative Mixing Technique

The multiplicative mixing technique is a nonlinear process that involves two
signals to be multiplied to generate the complex output signal. If two signals
with frequencies f; and f> are mixed together with a multiplicative mixer
(Fig. 3.1(a)), the output presents frequencies that are the sum and difference
of the two input frequencies fs,,, = f1 + f2 and fq4;ry = f1 — f2. This can
be explained by describing the input signals as [25]

I, = Ajsin(2wfit), (3.1)
I, = Agsin(2wfat), (3.2)

and performing a multiplication to generate the output. By using standard
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trigonometrical methods, it is possible to describe the output signal O as
[25]:

0 = A1 [eos (2n (fi — f2)0) — cos2n (fi + £)0)] . (39)

The two terms fyum = f1 + f2 and fgir¢ = f1 — f2 are therefore present.
For a direct conversion receiver, the signal component of the output fs,, is
usually not of interest, since it represents a signal at a very high frequency
and is therefore usually filtered out. On the other hand, the component
featuring the frequency f4; sy is used for the conversion to baseband.

Multiplicative

] 7, Nonlinear
Mixer | Device
I o + -0
f
I b
(@ (b)

Figure 3.1: Ideal multiplicative (a) and additive (b) mixers.

3.2 Additive Mixing Technique

Besides multiplicative mixers, also additive mixers can be used to down-
convert a signal to baseband (Fig. 3.1(b)). From a mathematical point of
view a multiplication between two input signals I; and I is necessary to
obtain the frequency terms fs,,, and fg;s. Nevertheless, this multiplica-
tion can be done indirectly. Additive mixing makes use of nonlinear devices
to perform the down-conversion as multiplicative mixers do, though with a
main difference: the necessary multiplication is performed due to the non-
linear characteristic of the mixing device. The two input signals are first
added together (linear superposition) resulting in [25]:

Isum = Il + IQ = A1 sin (27Tf1t) + A2 sin (27Tf2t) . (34)

Isum is now passed to the actual nonlinear device (a diode, for instance) that
generates an output described by:
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0
k=1

Eq. (3.5) comprises all terms of the nonlinear transformation with appropri-
ate weighting coefficients py. It is therefore valid for all kinds of nonlinear
devices and signal types. Nevertheless, only one component of the sum ex-
pressed in eq. (3.5) is essential for the frequency conversion process. The
quadratic term (k = 2) is used and the others are suppressed by proper
filtering.

For sake of clarity, it is hereby assumed that the nonlinear device is ideal
featuring a purely quadratic characteristic (p2 = 1, px, = 0 for k # 2). There-
fore, the quadratic term can be expressed by the relation:

Olpes = (I + L)* = I? + 2111, + I2. (3.6)

In eq. (3.6) three signal components 17, I3 and 2I; I, make up the term
O|k=2. These components can be written as:

I? = Aisin®(2nfit), (3.7)
I2 = Aisin®(2nfot), (3.8)
201, = 2A;sin(2nfit) Agsin (27 fot). (3.9)

Due to trigonometric relationships for the square of sine functions, the com-
ponents I and I2 present frequency components which are either zero or
twice the frequencies f; and f, respectively (as described by eq. (3.3)).
These components are filtered out thus leaving only 271 I5. Eq. (3.9) can
be rewritten with the help of eq. (3.3) as:

2 11o = A1 Ay [cos (2w (f1 — fa)t) — cos (27 (f1 + f2)1)]. (3.10)

The two components fs,, = fi + fo and fgirr = fi — f2 are clearly visi-
ble in eq. (3.10). Nevertheless, by applying filtering to eliminate I? and 12
as mentioned above (band-pass filtering, denoted by "BP”) the component
fsum vanishes as well, leading to:

[Olk=2]pp = A1A2 cos (27 (f1 — f2)1). (1)
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Since the two input signals are added and then converted to baseband with
the help of a nonlinear device (by using the quadratic term of the complete
conversion) this mixing process is called additive in contrast to the multi-
plicative technique mentioned in section 3.1, where the two signals are in
fact multiplied.

Obviously, for real-world passive nonlinear components the weighting fac-
tors are always smaller than one (p; < 1). Eq. (3.11) is only valid for purely
quadratic devices with an ideal quadratic transfer function (y = 22, where
is the input and y the output of the transfer function). This explains why the
output signal [O|;—2] 5 p expressed in eq. (3.11) features an amplitude larger
than the one resulting from the multiplication of the two signal amplitudes
A1 and As as expressed in eq. (3.3). In fact, for non-ideal devices eq. (3.11)
should be rewritten as:

[Olk=2]gp = P2 A1A2 cos (27 (f1 — f2) 1), (3.12)

where the weighting coefficient ps appropriately scales the signal amplitude
of the quadratic term. Only for active devices the condition p, > 1 can be
satisfied.

3.3 Homodyne Receiver

Beside the main categorization of mixing techniques used by different re-
ceiver types, an important definition of receiver architectures is hereby sum-
marized. Principally, receivers can be sorted into two different groups: ho-
modyne receivers and heterodyne receivers. Several different names are
used to define these two categories often identifying subgroups within these
two main definitions. In specialized literature receivers are often referred
to as direct-conversion, synchrodyne, "zero-IF”, "low-IF”, superheterodyne
or neutrodyne receivers. However, these definitions are merely sinonyms
referring to the two main categories introduced in the following.

A homodyne receiver down-converts an incoming signal to baseband by us-
ing a Local Oscillator (LO) reference source with a frequency identical to
the carrier frequency of the incoming signal. This method is in contrast
to the heterodyne receiver technology where an initial conversion to an In-
termediate Frequency (IF) takes place. The result of the homodyne mixing
process is a demodulated output directly in baseband. In other words, the
conversion to baseband is done in a single step [26].



3.3. Homodyne Receiver 31

Antenna

Band-Pass Low-Pass Baseband
Filter ~LNA Mixer Filter ~ Amplifier

Baseband
RE X _’D- BB ~c —D_Signal

LO

Figure 3.2: Schematic of a homodyne receiver. The LO frequency equals
the carrier frequency of the RF signal. Therefore, the frequency
conversion through the one-stage mixing with the LO demod-
ulates the RF signal directly to baseband.

In this way the complexity of the receiver is reduced, as opposed to the com-
plex circuit design of heterodyne receivers with at least two frequency con-
versions and intermediate frequency stages as well as image rejection issues.

Nevertheless, this technique presents disadvantages as well. For instance,
the synchronization between the incoming signal carrier and the LO used
for the direct conversion can be quite challenging. This problem is solved
with Phase-Locked-Loop (PLL) circuits synchronizing the LO to the carrier
signal. For example, direct reception of signals with amplitude or frequency
modulation schemes requires the LO to be synchronized with a PLL to the
carrier frequency.

Another issue of the homodyne receivers is, that the amplitude of the signal
in baseband depends directly on the amplitude of the received signal. Since
the amplitude of the received signal can change abruptly depending on the
reception quality, also the output level at baseband varies over a very wide
dynamic range. This is one technical challenge which limits the practicabil-
ity of the design.

However, when using quadrature detection [27] in a homodyne receiver con-
cept (for instance, by using diode-based additive mixers featuring a quadratic
transfer function) and by implementing some compensation strategies in
digital signal processing some of the mentioned problems can be solved.
This is commonly done in modern software defined radio techniques.

A major problem that affects homodyne receivers is that due to signal leak-
age in the receiver, the LO signal can pass through the mixer stage into the
input signal path and get self-mixed into baseband, as if it was a component
of the received signal. This creates a DC offset signal in baseband that re-
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duces the overall dynamic range of the receiver. Therefore, a high isolation
between the two signals that are involved in the down-mixing process has to
be guaranteed in order to achieve a high dynamic range. This issue will be
addressed in chapter 8 describing ranging techniques using the proposed
Six-Port receiver.

In the past, the above mentioned issues inherent in the homodyne receivers
made this technique impractical, thus slowing down further development in
favor of the alternative heterodyne technique [28]. Nevertheless, in the last
years homodyne receivers gained relevance and find place in many appli-
cations, from software defined radios to microwave interferometry. In the
latter one, for instance, the reference signal generated by the LO is used as a
common source also for the signal that is used for the interference process,
thus avoiding the PLL circuitry. Direct-conversion receivers are now incor-
porated in many receiver applications, from consumer products to special
applications making use of high data rate transceivers [1].

3.4 Heterodyne Receiver

While in homodyne detection the LO has the same frequency as the received
signal, in heterodyne detection the LO is frequency-shifted [29]. In this way,
new frequencies other than baseband are created by mixing these two input
signals.

Antenna

Band-Pass X X IF Detector Baseband
Filter LNA Mixer 1 IF Filter Mixer 2 I F Filter Amp. Demodulator  Amplifier

Baseband
% _D- — ——D— Signal
RF

IFy IFy

828
828

LO, LO2

Figure 3.3: Schematic of a double-stage superheterodyne receiver. In this
case, the RF signal is converted to a lower IF through two mix-
ing stages and finally, from the lower I F to baseband through
a demodulator (nonlinear device).

The heterodyne receiver, invented by R. Fessenden in 1901 [30], shifts the
carrier signal into a new frequency range, called Intermediate Frequency
by combining it with the LO in a nonlinear mixing device. The IF signal
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is amplified and filtered before it is sent to an envelope detector [25]. The
most widespread type is the superheterodyne receiver, invented by E. H.
Armstrong in 1918 [31]. Historically it has been called superheterodyne re-
ferring to the "super-sonic” frequency range of the IF (above human hearing
frequency range).

The advantage of this technique is that the received carrier signal is con-
verted to IF before tuning. Thus, the complicated RF amplifier and band-
pass filter stages (which in homodyne receivers have to be tunable to receive
different incoming signal frequencies) can be built to work at one fixed fre-
quency. This simplifies their design [32] since tunable filters and amplifiers
in the RF range are more difficult to design than in the IF band, mainly be-
cause the IF is at a considerably lower frequency than the RF of the incoming
signal.






4 The Six-Port Receiver

A special type of homodyne receiver based on the additive mixing technique
is the Six-Port receiver. This circuit has been introduced in the 1960s by G.
Engen and C. Hoer for power measurement applications. Engen and Hoer
where working in the area of microwave measurements focusing on reflec-
tometer techniques [33-36] and inter-comparison of different microwave
power meters [37]. Later work at the beginning of the 7os [38] evolved
in what today is known as the Six-Port receiver [39]. Through further re-
search in calibration techniques for the newly introduced system [40], En-
gen finally developed in 1977 the Six-Port receiver as an alternative network
analyzer [41], leading further on to an efficient implementation of the Six-
Port [42].

Nevertheless, Engen still addressed the test and measurement scenario as an
application for the Six-Port [43,44] developing though further knowledge in
this field and introducing for the first time the "Dual Six-Port” concept! [45].
As will be shown later on, Six-Port receivers use only scalar measurements
from four power detectors to extract both magnitude and phase informa-
tion. Thus, they can be used to implement a vector network analyzer. To
build a Six-Port based two-port network analyzer, two Six-Port receivers are
needed (thus, a total of eight power detectors). Such vector network analyz-
ers are very accurate and usually employed in standards laboratories, such
as the National Institute of Standards and Technology (NIST) [8].

The Six-Port network is nowadays known as an alternative receiver setup for
microwave and millimeter-wave frequencies [46, 47]. Independent from the
design, a Six-Port receiver is a passive structure featuring two input ports
and four output ports [48]. As the Six-Port receiver is based on the interfer-
ometric principle, the two input signals are superimposed with each other

! The dual Six-Port introduced by Engen was aiming at vector network analysis applications
and has not to be mistaken with the dual Six-Port concept introduced by the author of
this work (further on described in chapter 6).
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Figure 4.1: First schematical drawing made by Hoer in his publication in
1975 illustrating the Six-Port receiver [33].

under four different relative phase shifts. Depending on phase difference
and amplitudes of the two input signals, constructive and destructive inter-
action takes place at the four output ports.

4.1 Theory of the Six-Port Receiver

Two complex input signals P; and P, with carrier frequency f can be defined
as:

P = A OO — A [cos(wt + ¢1) + jsin(wt + ¢1)],  (4.1)
P = A I mft02) — Ay [cos(wt + ¢o) + jsin(wt + ¢2)],  (4.2)

with the radial frequency w = 27 f, the amplitude values A; and Ay, the
phase values ¢; and ¢2. Considering the relative quadrature phase differ-
ences between P; and P, of o, 7/2, 7 and 37/2 RAD at the output ports,
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Figure 4.2: Six-Port receiver architecture.

the complex output signals Ps, Py, Ps and Fs can be calculated as [33, 47]:

Py = 05(P+jP), (4-3)
Py = 05(iP+P), (4-4)
P = 05(jP+jP), (4.5)
P = 05(P—-P). (4.6)

Down-conversion to baseband by power detectors delivers the following
baseband voltages Bs; to Bg [33,47]:

By = [P =025|P 4 iR, (47)
B, = |P)*=025]iP + P, (4.8)
Bs = |B5|"=025]iP + P, (4-9)
Bs = |Rs|*=025|P — B (4.10)

Due to the fact that the relative phase shifts between the four output ports
are multiples of 7/2 RAD, there is a complex representation Z for the base-
band signals. The in-phase component / as well as the quadrature compo-
nent () can be split up in two pairs with a relative phase shift of 7 RAD in
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between. As a result, the baseband signals B3, By, Bs, Bs can be handled
like differential I/Q-signals [33, 47].

I = R{Z} =(B5 - Bs), (4.11)
Q = S{Z}=(Bs— By), (4.12)
A I+ jQ = (Bs — Bs) + j(Bs — Ba). (413)

Calculating the argument of the complex expression Z leads to [33,47]:

arg{Z} =tan! G&g) =tan"! (ﬂ) . (4.14)

Because of the nature of the arc tangent function (defined only between
—m/2 and 7/2) a careful definition of eq. (4.14) has to be given depending
on the sign of R {Z} and I {Z}. The conditions hereby stated have to be
taken into account when calculating the argument of Z:

tan % for I > 0,
tan~! (¢) +7 forl<0,Q>0,
-1(Q) _
arg{Z) = tan ¥ m forl <0,Q <0, (4.15)
+7/2 for7=0,Q >0,
—7/2 for1 =0,Q <0,
0 for7=0,Q =0.

The circumstances expressed in eq. (4.15) are essential to correctly eval-
uate the expressions that follow. In some mathematical software environ-
ments the above stated conditions are summarized under a function named
“atan2”. From eq. (4.15) it is therefore evident, that arg{Z} is affected by an
ambiguity inherent in the definition of the arc tangent. Multiple values of
the function are defined upon one input combination. )/ can be positive
if both @ and I are positive but also if both are negative, as well as ()/I can
be negative for () or I being negative as well. This ambiguity can be solved
only if monitoring I and @ separately.

Through complex calculus it is possible to insert eq. (4.1) and (4.2) in (4.7)
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to (4.10) resulting in [33, 47]:

B3 = 0.25 [A] + A3 + 24, 4 sin(¢s — ¢1)], (4.16)
B (4.17)
]
]

Bs =0.25 [A] + A2 4241 A5 cos(dy — ¢1)], (4.18)
Bg = 0.25 [A + A3 — 24, Ay cos(py — ¢1)], (4.19)
(4.20)
and calculate Z described by A;, Az, ¢1 and ¢, with eq. (4.13) as:
Z = A1 Az cos(p2 — ¢1) + jA1 Az sin(p2 — ¢1). (4.21)

When calculating arg{ Z} it can be shown that*:

A1 Ay sin(¢o — ¢1)
A1As cos(¢a — ¢1)

arg{Z} = tan™" = ¢1 — ¢o = Ag. (4.22)

A¢ is equal to the phase shift between the two input signals.

If P, is defined as a received signal from an antenna and P, as a reference
signal from an LO, with eq. (4.22) the phase of the received signal can be
detected. Since the output signals B3 to Bg are in baseband, the Six-Port is
a homodyne receiver. The additive superposition of the received signal P,
with the reference signal P, is performed directly in RF. A phase detection
is particularly accurate, since the two signals in RF are forced to additively
interfere with each other at the high frequency of the carrier. Minor phase
variations will result in changes of the amplitudes of the four baseband sig-
nals B3 to Bg due to the mentioned additive superpositions.

Furthermore, by creating four interferences of the two input signals with
quadrature phase shifts between each other, two differential signal pairs in
baseband are created. This makes the Six-Port receiver more robust against
non-idealities due to the benefit of a differential signal representation.

The relationship between the baseband signals B3 to Bg as well as of I and
@ with the phase shift A¢ between the two input signals P, and P is repre-
sented in Fig. 4.3. A sample time scale from o to 20 s is hereby represented
and it has been chosen for representative purposes only. From this plot, it
can be noticed that the B3 and B, as well as B; and Bg are differential pairs.

2 The complete derivation can be found in [47], at page 50.
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Figure 4.3: Relationship of the baseband output signals Bj to Bs and of I
and @ with the phase shift A¢ between the input signals.

4.2 The Six-Port Receiver Implementation

Typically, the additive superposition necessary for the Six-Port receiver (Fig.
4.2) is done by combining the signals through coupler structures, while the
phase shifts can be easily implemented by delay lines or special couplers. As
nonlinear devices for the down-conversion, diode-based power detectors
are used, nevertheless, several different nonlinear components have been
used so far, showing advantages and disadvantages depending on the appli-
cation for which the receiver has been used for [49].

There are several ways to combine in hardware the input signals in order
to achieve the functionality of the Six-Port network illustrated in Fig. 4.2.
Dealing typically with microwave frequencies of the input signals, several
technologies can be chosen nowadays to implement the receiver in hard-
ware. Classical waveguide structures feature high-performance and low-loss
and can deal with high-power signals. Nevertheless, the cost of the compo-
nents and mechanical complexity as well as tolerance sensibility and low
repeatability are an issue of this technique.
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At the beginning of microwave technology back in the Second World War,
waveguides where the only feasible transmission lines that could be used to
create circuits and systems at frequencies in the GHz range. This technol-
ogy dominated the world of microwaves throughout the 60s, 70s and 8os,
as no valid alternative technique could be successfully implemented with
existing manufacturing processes. This is the main reason that stopped the
diffusion on a large scale of the Six-Port receiver for decades, as a discrete
waveguide implementation of such a receiver is quite expensive, bulky and
fragile. Furthermore, the digital signal processing hardware needed to cal-
ibrate the Six-Port front-end was not available or very expensive. Thus, the
Six-Port receiver introduced in the 1970s was limited as a test and measure-
ment equipment in microwave laboratories for power measurement appli-
cations [41].

As Printed Circuit Boards (PCB) started to spread, better and better etching
techniques as well as more performant planar substrate materials where de-
veloped, allowing the implementation of planar circuitry in always higher
frequency ranges. The outstanding performance of waveguide transmission
lines has never been reached, but several applications started to benefit from
the planar, compact form factor of this new technique.

Due to the recent progress in material technology and manufacturing pro-
cesses the Six-Port receiver can be successfully implemented nowadays in
planar microstrip circuits to efficiently operate at higher microwave fre-
quencies. Furthermore, planar microstrip circuits are suitable for low-cost
mass production, enabling the implementation of microwave circuitry. The
reader is addressed to reference textbooks "Microstrip Lines and Slot-lines”
R. Garg, P. Bhartia, K. C. Gupta [50] and "Foundations of Interconnect and
Microstrip Design” from T. C. Edwards and M. B. Steer [51] for detailed in-
formation about microstrip technology and transmission line theory.

4.2 Planar Microstrip Technology

There are several planar transmission line structures. The most common
transmission lines are microstrip, coplanar waveguide, slot-line, and copla-
nar strips. Though,the microstrip line is the most popular of these trans-
mission structures, with several variations such as the inverted microstrip,
suspended microstrip, microstrip with overlay, strip dielectric waveguide,
and inverted strip dielectric waveguide [50]. The popularity of this trans-
mission line is primarily because it can be fabricated by photolithographic
process and also the fact that the mode of propagation in a microstrip is
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quasi TEM [u]. This allows an easy approximate analysis as well as wide
band circuits to be implemented [51].

microstrip

Ground Plane/ Dielectric Substrate

Figure 4.4: Geometry of a microstrip transmission line.

A microstrip structure is a two-conductor single-ended transmission line.
The configuration is obtained by inserting a dielectric slab with thickness
h between two conductors, one being a large reference ground plane and
the other a metallic strip with a smaller width w as the ground plane. The
described structure can be observed in Fig. 4.4. Microstrip lines differ con-
siderably from other transmission lines. For instance, the microstrip struc-
ture is open at the top. The structure is therefore asymmetrical [50]. As a
consequence, the dielectric medium of the transmission line is inhomoge-
neous, consisting of the dielectric plate and the air volume above the con-
ductor strip. This open configuration makes a microstrip very convenient
for use in RF PCBs where discrete lumped devices must be mounted on the
circuit. Furthermore, small adjustments or tuning can be performed after
fabrication. However, the open structure of a microstrip causes some com-
plications in microstrip analysis and design [11]. This is due to the presence
of the dielectric-air interface. An equivalent dielectric constant €., can be
therefore calculated for a microstrip line according to [11]:

€r+1+6r—1 1 (4.23)
€ = . .
e 2 2 1+ 12h/w 423

This value can be used to calculate the line impedance Z for a desired signal
frequency together with the geometrical parameters as follows [11]:

00 (8h 4 ) forw/h <1,
Z = {ﬁ Y oom oo (4.24)
e h L3934 0667 n(w/Re ) for w/h > 1.

Furthermore, the length of the transmission line can be used to perform
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phase shifts on a signal with a frequency f. The relationship between the
length L of the transmission line and the phase shift ¢ is expressed by

s

Lrv—"— ¢
" 2nf\ffreqg 180 DEG’

(4.25)

With the help of eq. (4.23), (4.24) and (4.25) it is possible to design micro-
strip circuit components with distributed elements properties. The metal
thickness my;, can be ignored for a first approximate evaluation of micro-
strips. However, for a detailed analysis, the metallization thickness has a
non-neglectable influence on the line impedance for higher frequencies,
when my;, is compared to the wavelength.

The so called "side-wall” effect [50] influences the equivalent width of the
microstrip conductor due to fringing fields that further couple the vertical
metal walls of the strip to the ground-plane through the substrate. There-
fore, this decreases the line impedance. This is one of the non-ideal effects
that take place in a real-world microstrip line. These effects cannot be ne-
glected at higher microwave frequencies and need particularly accurate, ma-
terial dependent nonlinear analytical models to be described correctly [52].
However, such complex analytical equation systems soon reach limitations
in the description of the model behavior. That is why numerical methods
are nowadays commonly used to correctly estimate the parameters of a mi-
crostrip at higher frequencies [53].

In the following, different circuit components will be discussed, aiming at
implementing the complete Six-Port receiver in microstrip technology. Sev-
eral different circuit topologies have been developed to implement a Six-
Port receiver. In this work, a well known circuit architecture will be pre-
sented, similar to the one introduced in [47, 54].

As mentioned before, a Six-Port network provides altogether two input and
four output ports. Fig. 4.5 shows the circuit schematic of the proposed Six-
Port architecture. The two inputs are denoted as P, and P» while the four
output signals in baseband are Bs, By, B; and Bg. A power divider (PD) and
three quadrature hybrid couplers (H) generate the mentioned phaseshifts
and superimpose the signals additively. The four output signals P, P, Ps,
Ps are therefore result of an additive combination of the two input signals
Py and P, according to eq. (4.3), (4.4), (4.5) and (4.6).

Diode-based power detectors are used as nonlinear devices for the down-
conversion to baseband as described by eq. (4.7), (4.8), (4.9) and (4.10).
One port of a quadrature hybrid coupler is terminated with a 50 {2 matched
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Figure 4.5: Implementation of the Six-Port receiver with circuit compo-
nents.

load (assuming that the reference microstrip line impedance is set to the
standard value of 50 2). A Wilkinson power divider is hereby introduced in
the PD circuit component, nevertheless, other types of power dividers can
be implemented as well. In the following sections, these microstrip compo-
nents will be presented and discussed, explaining the signal relationships
leading to the core function of the overall Six-Port receiver.

4.2.2 Wilkinson Power Divider

Power dividers are passive microwave components used for power division
or power combining. For power division, an input signal is divided into
at least two signals [11]. In case of a two-signal power splitting the divider
is a common three-port component. The introduced power divider is of
equal-division type (input signal power is equally splitted to the two out-
puts) nevertheless, unequal power division can also be reached, according
to the weighting of the different impedances in the circuit.

The increasing diffusion of microstrip circuits led to the development of
planar dividers such as the Wilkinson power divider (Fig. 4.6) which splits
the input power from port 1 to the output ports 2 and 3, keeping ports 2 and 3
isolated from each other [55]. The circuit can be conveniently analyzed with
an "even-odd” mode analysis as described in [11]. However, in this section,
only a brief overview will be given. Its behavior can be summarized with the
complex scattering parameter matrix of a three-port device as [11]:
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(@

Figure 4.6: Schematic three-port network representation of the Wilkinson
power divider (a) and its implementation in microstrip tech-

nology (b).
[Spp] = 7‘% 0 01. (4.26)
7% 0 O

Essentially, the power divider is made of an input port represented by a mi-
crostrip line with reference line impedance Zy = 50 {2 connected to the two
output ports (microstrip lines with Zy = 50 2 as well) through two quarter-
wave transformers (\/4 length) with /27, line impedance. Furthermore,
between the two output ports a lumped impedance match of 27 is present.

The Wilkinson power divider requires a lumped component to be placed on
the microstrip circuit as an impedance match for the output ports [50]. Nev-
ertheless, as discussed earlier, since in microstrip technology the transmis-
sion lines are directly exposed on the dielectric/air interface, the placement
of lumped components on the surface of the microstrip line is not a prob-
lem. That is the reason why the Wilkinson power divider is so widespread
in microstrip technology and is hereby chosen as a power divider for the
Six-Port receiver.

4.2.3 Quadrature Hybrid Coupler

Directional couplers are modeled as four-port networks. Generally, any re-
ciprocal, lossless, matched four-port network is a directional coupler [u].
Signal power at port 1 is delivered to port 2 and partially coupled to port 3
(Fig. 4.7). In an ideal directional coupler, no power is delivered to port 4,
that means, port 4 is isolated [11].
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Figure 4.7: Schematic four-port network representation of the quadrature
hybrid coupler (a) and its implementation in microstrip tech-
nology (b).

To describe a directional coupler, Coupling (C'), Directivity (D) and Iso-
lation (7) are hereby introduced. The C relates the power coupled to the
output port 3 with the input power at port 1. The D indicates the coupler’s
ability to separate forward and reverse waves and is therefore related to
describing the ratio between parasitic signal power coupling on port 4 and
input power at port 1 [11]. Coupling, directivity and isolation are related as
follows:

I =D+ CdB. (4.27)

Hybrid couplers are special cases of directional couplers, where the coupling
factoris C' = 3 dB. Hybrid junctions have either a 9o DEG or a 180 DEG phase
shift between the output ports 2 and 3. The quadrature hybrid has a 9o DEG
phase shift between ports 2 and 3. This behavior can be summarized with
the complex scattering parameter matrix of a four-port device as [11]:

. :
0 % 5 0
L 0o L
Syl = f 0 0 f (4.28)
vz V2
J
0 VARG 0

The quadrature hybrid coupler features four ports matched at the reference
line impedance Zy = 50€). Quarter-wave transmission lines connect port
1 and port 4, as well as port 2 to port 3, while quarter-wave branches with
Zy/+/2 line impedance are placed between ports 1and 2 as well as between
port 4 and 3 (Fig. 4.7). This symmetric construction leads to the 3dB cou-
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pling factor. The isolation of port 4 is due to destructive superposition of
wave components deriving from port 1.

Of course, this implies that the coupler is accurately designed to match the
quarter-wave dimensions. In a real-world design this is not a trivial task,
since (as explained in section 4.2.1) the wavelength depends on the substrate
material on which the microstrips are build. The dielectric constant ¢, of
the substrate is often not exactly known or is not constant over all the sub-
strate. Thus, the equivalent wavelength of the signal propagating through
the microstrip line is not precisely known. Therefore, a perfect isolation on
port 4 is never reached and small portions of the signal coupled on port 1
leak through port 4, leading to a finite isolation value (7).

4.2.4 Diode-Based Power Detector

A power detector is a two port device (Fig. 4.8). The two ports of a detector
are the RF port 1 (input) and the so called "video™ port 2 (output). The de-
tector rectifies an input RF signal at port 1, converting it to baseband at port
2 by using the transfer function of a nonlinear device. Common nonlinear
devices used in detectors are diodes such as Schottky or tunnel diodes [20].
Beside the down-converted amplitude modulation, the output signal at the
video port will contain also a DC offset because of the rectifying process [25].

As already mentioned, the most relevant component of the detector cir-
cuit is the nonlinear device, in this case, a Schottky diode. The nonlin-
ear voltage-current transfer function enables a power-to-current conversion
that is needed for the power detection process. An RF signal with a certain
voltage amplitude is rectified by the diode as a unipolar current flow through
the device (Fig. 4.9). In other words, the diode rectifies the incident power
(interpreted as the square of the RF signal voltage amplitude) into an output
current signal of one polarity with an amplitude proportional to the input
power level [20]. The proportionality is given due to the so called "square-
law” behavior of the nonlinear transfer function in the ideal case (this will
be explained later on). This current is then transformed in a voltage signal
by a resistor (the so called "video” resistor) taking advantage of the linearity
of Ohm’s law. Therefore, a positive voltage is generated as an output.

A capacitor, called video capacitance of the detector circuit, is placed after
the diode to serve as an RF ground and a low-pass filter for the output cur-

3 The term "video” has a historic origin, deriving from the development of television signal
reception.



48 CHAPTER 4: THE S1X-PORT RECEIVER

7 L1 D [ | [
1 Tp 2 1_0.E;§:§L2EC+R[,[] 2
/@
Lk p 00, o g
Lo cT IR l@@@@@@@@@@
(a) (b)

Figure 4.8: Two-port network representation of a detector (transfer func-
tion Tp) with a lumped element circuit schematic (a) and
its implementation in microstrip technology (b). The ground
symbols on the microstrip picture (b) represent ground vias
that connect to the lower ground plane of the PCB. Lumped
components, such as D, R and C are marked with their pack-

ages.

Figure 4.9: Voltage-current transfer function (Tp) of the detector diode
(a) and of the video resistor (Tr) (b). The input RF signal
(RF},) is rectified into a unipolar current signal (Ip) which is
"smoothed” by the video capacitor (Ip ¢). The current flows
through the video resistor generating the output baseband
voltage (BB,:) then returning to the diode through the DC
return path (inductive RF choke).
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rent signal from the diode. This capacitor determines the upper frequency
limit of the video signal’s bandwidth which is related to the minimum rise
and fall time of the detector circuit (thus, how short a detectable RF pulse
can be). A detector’s output voltage is proportional to its incident power at
port 1. This is valid for a certain range of power levels, if it is assumed that
the transfer function of the diode is purely quadratic. This is normally not
the case for real-world diodes.

However, this condition can be fairly approximated for a certain working-
point region of the detector diode, where the quadratic term of the non-
linear transfer function dominates over higher order terms*. As explained
in section 3.2, all terms of the nonlinear transformation from the input to
the output are generally present and weighted by appropriate coefficients py,
that can be seen in eq. (3.5). The quadratic term (k = 2) is hereby assumed
to dominate over the other terms. The working-point region for which this
condition is assumed is called "square-law” region. Furthermore, the ratio
of output voltage to incident power

Vout ( I‘IlV)

K =2
P;,(mW)

(4.29)
is called open circuit voltage sensitivity (output of the detector diode is not
loaded). For the square-law region K is therefore constant.

The diode usually does not feature a good input impedance match at the
reference line impedance (Z;, = 502), therefore, a matching network has
to be implemented (inductive matching L; and Lj3). Furthermore, in or-
der for a detector to generate a DC voltage as an output, a DC return path
must be implemented (Fig. 4.9). This is done by placing an RF choke (in
form of an inductor L) in the input impedance match of the detector. At
RF frequencies the inductor acts in worst case as an open circuit and has
no effect, but at baseband frequencies it provides a low-impedance path to
ground, allowing DC components to return to the reference potential.

The sensitivity of a diode can be improved by biasing the structure. This
consists in adding a small DC voltage over the diode to drift the working-
point slightly closer to forward conduction. This is useful for diodes with a

4 An interesting description of detectors can be found in [55] at chapter 14, page 923. Erik L.
Kollberg describes some common detectors explaining the basic semiconductor physics
behind the phenomenon of power detection. Construction and packaging of detector
devices are also described. Furthermore, at page 937, an optimization of diode detec-
tors is also addressed, explaining low-level power detection as well as saturation of the
detector device.
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higher forward conduction voltage barrier. However, most detector diodes
do not need to be biased. They are referred to as "zero-bias diodes” as
through special semiconductor manufacturing processes the forward con-
duction voltage barrier is brought to a very low value near o V°.

In this work, a detector configuration with inductive stub matching has
been investigated. As previously mentioned, the matching network before
the diode is formed by two inductive components realized by microstrip
stubs. The MZBD-9161 zero-bias Gallium-Arsenide (GaAs) beam lead Schot-
tky diode from Aeroflex Metelics has been chosen for the hardware demon-
strator working at a frequency of 24 GHz. The burn-out power of the diode
is +20 dBm. A 1 pF capacitor and a 1 M(2 resistor have been chosen as video
components. At low input signal power levels, the detector acts in the men-
tioned square-law region. At higher signal levels, the detector will become
linear, and at even higher levels the detector saturates (Fig. 4.10). Due to the
optimal inductive stub matching structure and to the high performance of
the GaAs semiconductor device the proposed detector circuit offers a good
detection performance for low input power signals down to -50 dBm and a
good square-law or linear behavior up to approximately o dBm (Fig. 4.10). A
silicon diode solution based on the MSS20141-0402 zero-bias P-type Schot-
tky diode (Aeroflex Metelics) has also been investigated, showing though
low detection performance for low-power input signals. Nevertheless, the
silicon diode shows excellent linearity.

4.2.5 The Six-Port Receiver Network in Microstrip Technology

With the circuit components introduces above, the complete Six-Port re-
ceiver network can be implemented. In Fig. 4.1 the resulting architecture
in microstrip technology is shown. A pure Six-Port junction featuring a
Wilkinson power divider and three quadrature hybrid couplers is shown
in Fig. 4.11 (a). It delivers the phase-shifted superpositions P3, P;, P5 and
Ps of the input signals P, and P». In Fig. 4.1 (b) an optimized, compact
receiver form with power detectors at the junctions’ outputs is presented.

The latter one delivers the baseband signals B3, By, Bs, and Bg directly from
the input signals P, and P5. A complex I/Q) receiver is thus implemented.
I and @ are delivered as differential pairs as described in eq. (4.11), (4.12)
and (4.13). This implies that one of the input signals is treated as reference
source (LO). To obtain a correct phase shift relationship between the signals

> The reader is addressed again to chapter 14, page 939 of [55] for a complete description
of zero-bias detectors.
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Figure 4.10: Measured detector transfer function for the MZBD-9161 zero-
bias Gallium-Arsenide (GaAs) beam lead Schottky diode and
the MSS20141-0402 zero-bias P-type Schottky diode from
Aeroflex Metelics .

P, and P, at all four output ports it is important that the microstrip lines
connecting the Wilkinson power divider and the three quadrature hybrid
couplers feature the same electrical length.

For circuits where the microstrip components are fairly apart from each
other, therefore making parasitic mutual coupling between the passive struc-
tures neglectable, this condition can be satisfied by using the same geomet-
rical length for the interconnections. However, for compact designs such
as the one presented in Fig. 4.11 (b) the phase of the signals at the output
ports need to be verified by means of numerical simulations.

As mentioned in section 4.2, one port of a quadrature hybrid coupler is
matched with a Zy = 509 load. This port is usually referred as the 7t*
port [47]. Theoretically, no signal should pass through this port, as if seen
from port 2 it should be perfectly isolated. Nevertheless, since in real-world
components a perfect isolation is never reached, possible signal compo-
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Figure 4.11: The Six-Port receiver network in microstrip technology as a
simple combination of a Wilkinson power divider and three
quadrature hybrid couplers (a) to generate the phase-shifted
superposition P3, P;, P; and P of the input signals P, and
P, and a compact, optimized format featuring the detector
circuits 1, 2, 3 and 4 (b) for a direct conversion to baseband

(B3) B4, B5y and BG)

nents that leak to port 7 are absorbed by the matched load avoiding a further
propagation through the coupler to the rest of the circuit.

The introduced Six-Port receiver can be used to demodulate a complex sig-
nal and to perform DOA estimation as well as ranging. The application of
DOA estimation for the Six-Port receiver will be presented in the next chap-

ter.



5 Six-Port Based DOA Detection

Direction finding techniques have been addressed and illustrated in chapter
2. It has been mentioned, that a complex receiver is needed to receive two
complex signals Sy, and Sp x5 to perform a DOA detection. A brief sum-
mary is hereby given, aiming at introducing the Six-Port receiver to perform
DOA angle detection.

1%
.\‘ %
Ca

\ Antenna Reference Plane

Antenna 1 B Py Py B Antenna 2
3 —i— | | —p—— D4

Py J \_ =
L ‘QBOQ

———|—Bs

Bt | —ia—|—

Figure 5.1: Six-Port based direction-of-arrival detector system.

5.1 The Direction-of-Arrival Detector System

Two complex valued signals Spy; and S, are received by two antennas.
By performing a phase difference measurement between the two receiving
antennas aligned on a reference axis, the DOA angle of an incident wave
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with respect to the reference axis can be calculated [6]. This result is ex-
pressed by eq. (2.26) derived throughout section 2.4.3. The phase differ-
ence between the two complex signals Sy and Sy can be measured by
a complex receiver. For this purpose, the Six-Port, introduced in chapter 4,
can be successfully implemented. In section 4.1 with eq. (4.14) and (4.22) it
has been shown, that the phase difference between the two input signals P,
and P, of the Six-Port receiver can be easily calculated from the four base-
band signals Bs, B4, Bs and Bg at the output ports of the detectors. It is
therefore possible to perform DOA detection by using a Six-Port receiver.

A (norm)

Figure 5.2: Phase difference A¢ and baseband signals B3, B4, Bs and Bg
in function of the incident angle .

The concept is illustrated in Fig. 5.1. The two antennas needed for the
DOA estimation are connected to the two input ports of the Six-Port re-
ceiver. The phase fronts of the incident wave are highlighted in red. The
two received signals interfere with each other in the Six-Port network gen-
erating the four phase-shifted superpositions at the Six-Port’s outputs and
are subsequently down-converted to baseband by power detectors, as ex-
plained in chapter 4. For this configuration, no reference source such as an
LOis needed. The system is completely passive in the RF and extremely sen-
sitive to phase variations, being based on the Six-Port interferometer prin-
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ciple (additive mixing). Since the received signals are combined together to
down-mix themselves to baseband without the need of a reference LO, the
phase difference results only from a different incident angle of the detected
wave on the reference plane and cannot be caused by phase noise of a ref-
erence LO. This implies a very high angular resolution. By combining eq.
(2.26) in chapter 2 with eq. (4.14) in chapter 4 it is possible to calculate the
DOA angle. The relationship between the incident angle « and the detected
DOA angle from the baseband signals B3, By, B; and Bg of the Six-Port re-
ceiver, through the phase difference A¢ expressed by eq. (4.22), is therefore
given by

B3 — B A
a =sin ! [tan_l (Bz—Bé> 27rL:| , (5.1)

where ) is the wavelength of the signal and L is the distance between the
two receiving antennas as explained in section 2.4.3. The detected phase
A is

(5.2)

A¢ =tan~! (BS — B4> .

Bs — Bg

A¢ and the baseband signals B3 to Bg are plotted in Fig. 5.2 for a DOA de-
tector operating at a frequency of 24 GHz (A ~ 12.5mm) and L = 50 mm.
The DOA range is limited to a half plane, that is from -9o to +9o DEG. This
range is give due to the limits of the arc-sine function that is defined only
between -go to +9o DEG. Nevertheless, this is not a limitation for the ad-
dressed applications, as explained in [47] (at page 57-59).

5.2 The Ambiguity Issue

The sinusoidal dependency of A¢ on the incident angle « can be easily no-
ticed in Fig. 5.2. Another important phenomenon can be seen as well. The
phase difference and the baseband signals feature an irregular periodicity
over the incident angle. This "phase wrap” effect is due to the nature of the
phase difference of the signals received by the system and depends on the
ratio between the wavelength A of the detected signal and the distance L
between the receiving antennas. This effect has major consequences on the
DOA detection technique hereby addressed. For L/A < 0.5, A¢ will not
wrap, thus, the complete half-plane DOA range is covered by the range of
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Figure 5.3: A¢ and baseband signals B3, By, Bs and Bg in function of the
incident angle o for L/A = 0.5 and for L/ = 1.

A¢. This leads to a non-ambiguous DOA detection. For L/A > 0.5, the
phase will wrap within the chosen DOA range thus, leading to an ambigu-
ity in the detection. In Fig. 5.3 this dependency is shown for L/A = 0.5 and
for L/\ = 1.

At a first glance, this effect appears easily avoidable by simply choosing L =

A/2. Practically though, this condition is not easy to be satisfied. First of all,

the placement of two antennas at a distance of \ /2 implies a strong coupling

between the two structures and is in some cases not feasible. Furthermore,

by mapping the complete DOA range of £90 DEG on the phase difference
range from —= to +7 RAD the detection accuracy decreases because of the
limited phase resolution of the receiver, expressed in chapter 2 as Ay, in
eq. (2.28).

Of course, if for the addressed application the DOA detection range of in-
terest is smaller than +90 DEG, L has to be chosen according to eq. (2.27).
Nevertheless, the angular resolution (that is the smallest detectable DOA an-
gle) described by iy, in eq. (2.28) will be limited by Ly, and Agy,,. It
is therefore usually a question of trade-off when choosing L between a sys-
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Figure 5.4: Phase difference A¢ caused by an incident angle a and phase
difference A¢y, s of a system affected by ambiguity with errors
€, €, and €.

tem that features a large non-ambiguous DOA detection range with limited
angular resolution, or a system with high resolution DOA detection and a
limited non-ambiguous range.

This problem is referred to as the ambiguity issue and affects generally all
DOA detection systems. As a solution to this problem, the dual Six-Port re-
ceiver will be proposed, in chapter 6. In case of a system affected by the
ambiguity issue, the detected DOA for incident angles « larger than the
non-ambiguous range will feature an error

A

— ain— 1 _ A
€q = Sin (Ap — Adsys) 5T

=€, + €5 (5.3)

that is characterized by an offset error €} ; with amplitude steps equal to
multiples of the half of the non-ambiguous range and a nonlinear error com-
ponent €} ,. This can be observed in Fig. 5.4. The wraps due to €} , are easy
to compensate in digital signal processing with unwrap functions, but the
nonlinear error component €, , cannot be compensated since the DOA de-
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tector system inherently makes use of the A¢,,s transfer function instead
of the real phase difference A¢ to calculate the DOA angle.

It has to be underlined, that even A¢, is not a linear sawtooth-like func-
tion but it features sinusoidal nonlinearity within the non-ambiguous range.
For small non-ambiguous ranges due to aratio L/ >> 0.5 this nonlinearity
becomes negligible.

5.3 DOA Detection and Tracking

As illustrated in Fig. 5.2, 5.3 and expressed by eq. (2.26) in chapter 2 the
phase difference A¢ has a sinusoidal dependency on the incident angle a. A
fair linear approximation can be done for DOA angles around zero (DOA or-
thogonal to the reference axis where the receiving antennas are aligned).
This can be useful for certain application scenarios, for instance, in case
of tracking applications that need to constantly perform a zero alignment
of the DOA detection system with the incident angle, for example systems
which track and follow radiating sources or passive scatterers.

A detection of the absolute DOA angle is needed for an initial estimate. The
detection system is mechanically rotated, therefore, the reference plane for
the estimation of the DOA angle can be adjusted. A feedback loop continu-
ously evaluates the DOA angle calculated from the baseband signals of the
Six-Port receiver and rotates the reference plane in order to minimize the
DOA angle of the incoming signal. The feedback loop is implemented to
work in real time. By doing so a transmitting source or a reflecting target
can be continuously tracked by DOA estimation and by rotating the refer-
ence plane with the goal to reach a DOA angle of zero (zero alignment).
This special implementation of the proposed DOA detector system takes
therefore an advantage of the linear approximation of the transfer function.

The DOA detection is bound to a nonlinear function dependent on the four
output voltage values delivered from the Six-Port receiver and on the dis-
tance L between the two receiving antennas as can be seen in eq. 5.1. The
arc tangent defining the phase difference A¢ delivers a linear phase differ-
ence defined from —7 to m RAD as expressed in eq. 5.2.

Although the DOA angle is nonlinearly dependent on the phase difference
A¢, within a small range around A¢ = 0 RAD the DOA angle « expressed
in eq. 5.1 can be assumed to be linear (small signal approximation of a sinu-
soidal function). This range (that can be linearly approximated) can be then
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expanded to match the whole phase difference by increasing the distance L
between the receiving antennas. In this way, the arc-sine function expressed
in eq. 5.1 can be neglected. This simplification is beneficial for systems that
perform zero alignments on a reference axis. Furthermore, for DOA detec-
tors with a variable antenna distance L, the DOA detection can start with
a coarse approximation when the antennas are close to each other, then an
exact detection can take place when the antenna distance L is increased. An
exact detection can be performed even ignoring the sinusoidal dependency
between A¢ and the DOA angle a.

5.4 Demonstrator Technology Overview

As hardware demonstrators two Six-Port based DOA detectors are hereby
presented, addressing different technology implementations as well as dif-
ferent application scenarios. A first demonstrator has been implemented
in microstrip technology on an RF substrate, for a detection of microwave
signals at 24 GHz. This demonstrator will be presented in section 5.5. Fur-
thermore, a second demonstrator has been built to detect signals at a higher
frequency of 77 GHz, featuring an integrated Six-Port receiver in Silicon-
Germanium (SiGe) bipolar technology (section 5.6). This integrated re-
ceiver has been developed by Dr.-Ing. B. Limmle during research work for
his doctoral thesis and is presented in [56-58].

5.5 Six-Port Demonstrator at 24 GHz

The DOA detection demonstrator has been designed with a variable an-
tenna distance L, to verify the detection and tracking capabilities as descri-
bed in section 5.3. A System concept overview can be seen in Fig. 5.5. As
introduced above, the system transfer function relates the incident angle
with the detected phase difference between the receiving antennas on the
reference plane.

For a small DOA angle around zero, the sinusoidal transfer function can be
assumed to be linear. As soon as a minor difference between the detected
DOA angle and the rotation of the reference plane is present, the system
counteracts by correcting the position of the reference plane. Within a small
range around zero, the DOA detection system features very low nonlinear-
ity, therefore, a very accurate tracking of a target can be performed, even
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when implementing a linear approximation of the sinusoidal transfer func-
tion expressed by eq. (2.26).

Figure 5.5: Six-Port DOA detection demonstrator system setup at 24 GHz
[59]. (Copyright 2010, IEEE)

A system simulation in the Advanced Design System (ADS) software en-
vironment verifies the conclusions stated above. A detection starts with a
small value of L (Fig. 5.6 (a)). The detection range for the angle of incidence
is thus large easing the localization of the incoming signal direction with an
initially low accuracy. Once a first estimation of the direction of arrival has
been done, L can be increased thus decreasing the operational range of the
detection system within which no ambiguity occurs (Fig. 5.6 (b)) and in-
creasing the detection accuracy. This step can be successively repeated to
reach the desired angular resolution.

In the ADS system simulation model the distance L between the two an-
tennas is set initially to 5cm (Fig. 5.6 (a)). As a next step L is increased
to 20 cm increasing the accuracy of the system (Fig. 5.6 (b)). Ambiguities
in the calculation of the DOA angle are evident and delimit the detection
range. Measurements (Fig. 5.7 (a) and (b)) have been performed with the
presented system showing excellent agreements to the system simulations
in ADS (Fig. 5.6 (a)). The plots do not include a measurement offset and
show the raw measurement results. The measured angle is compared to the
incident angle. A good linearity can be noticed when comparing the curve
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Figure 5.6: Simulation result (ADS) of the detected vs. incident angle with
(@) L =5cm and (b) L = 20 cm according to [59].
(Copyright 2010, IEEE)

to an ideal linear function. A description of the measurement setup is pre-
sented in section 5.5.4.

P1, P2, P3,P4 V]

Detected Angle [DEG]

15

w

[N)
[

1 B2
B1
B3

-
o
wn
\
\

-0.5 0 0.5
Angle of Incidence [DEG]

Detected Angle [DEG]
S
w o
\
\
1
X
\
\
\

-

5 1 0.5 0 0.5 -0.5 0 0.5
Angle of Incidence [DEG] Angle of Incidence [DEG)

@ | ®)

Figure 5.7: Measured output voltages vs. incident angle (a) and measured
vs. incident angle (b) as presented in [59].
(Copyright 2010, IEEE)

5.5.1 Six-Port Network and Front-End Design

As can be seen in Fig. 5.5, apart from the Six-Port network the proposed
DOA detection demonstrator consists of other important components. The
two input signals arriving from the antennas need to be amplified or atten-
uated before entering the Six-Port network. Assuming a very low incom-

ing

signal power, a proper Low-Noise Amplifier (LNA) stage is required to

guarantee an overall good dynamic range. In the demonstrator two Hittite
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HM(C341LC3B LNAs are used with a gain of 13 dB and a noise figure of 2.5 dB.

The signals on the other hand sometimes also need to be attenuated. If the
input power is too high, the GaAs zero-bias detector diodes at the output
of the Six-Port receiver are driven in a non-quadratic region of the charac-
teristic transfer function adding higher order terms to the output voltage
signals Bs ... Bg. This leads to a distortion of the arc tangent function thus
increasing the detection error. Therefore, to avoid over-driving the diodes,
two variable attenuators have been introduced (Hittite HMC812LC4).

At the four outputs of the Six-Port network, coupled line band-pass filters
are introduced before entering the detector stage to avoid the detection of
potentially present interferences and to isolate at baseband frequencies the
detector network from the Six-Port structure (DC decoupling). Further in-
vestigations showed that the band-pass filters are not needed to guarantee
good working conditions, therefore, newer Six-Port front-end designs do not
include them.

BP Filter

Figure 5.8: PCB layout of the DOA detection system as in [59)].
(Copyright 2010, IEEE)

5.5.2 Baseband Signal Conditioning

To calculate the incident angle, the four baseband voltage signals need to
be properly processed. For this purpose, the very low voltages present at
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the detector diodes are amplified with the LMP7707MA rail-to-rail opera-
tional amplifiers from National Semiconductor in non-inverting configura-
tion. From a voltage range of some milli-volts the signals are amplified to a
range between o and 2 V. The analog voltage signals are then brought to the
digital domain by four Analog-to-Digital Converters (ADC) with a resolu-
tion of 12 bit. The four ADCs are triggered simultaneously by a synchronous
signal and deliver the digitized values at the same time on four 12 bit Se-
rial Peripheral Interface (SPI) bus connections to a central Digital Signal
Processing (DSP) board. A feedback from the digital domain to the analog
world is provided by a Digital-to-Analog Converter (DAC) that delivers the
proper voltages for the RF gain control stage (voltages at the variable atten-
uators) and positioning information for the antenna stage control to adjust
the distance L. Fig. 5.8 shows the analog PCB layout with the RF inputs,
RF gain control stages, Six-Port network, BP filters, detector networks and
baseband amplification stages. The manufactured PCB can be seen in Fig.

5-9-

Figure 5.9: Picture of the manufactured PCB as in [59].
(Copyright 2010, IEEE)
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5.5.3 Analog - Digital Interface

For the demonstrator setup a dedicated analog-to-digital interface has been
developed!. The four outputs of the Six-Port receiver are connected to ADCs
with 12 bit resolution and 200 KSps sampling rate. The acquisition and the
data manipulation is done by a signal processing board based on the Al-
tera Cyclone II (2C35) Field Programmable Gate Array (FPGA). The four
ADCs are sampling synchronously delivering the data via a parallel bus to
the FPGA. A Nios II softcore processor implemented inside the FPGA calcu-
lates the DOA angle and the misalignment angle. The processor also com-
pensates the calculated values with a 5t order polynomial function based
on previous calibration procedures. The calibration coefficients are stored
inside the board and can be updated remotely via an RS-232 port connected
to a computer running Matlab which also acquires the data and plots the
results.

5.5.4 Measurement Setup

Following the theory presented in chapter 2, especially the techniques de-
scribed in section 2.4, both DOA as well as misalignment angles have been
measured. Two main scenarios have been investigated. The signal can be
radiated from an unknown source that has to be detected and tracked (DOA
measurement) or from a reference transmitter where its orientation needs
to be determined (misalignment detection).

An evaluation of the detection performances requires a high-precision me-
chanical setup for coherent results. The setup consist of a dummy trans-
mitter sending a continuous wave at a frequency of 24 GHz and a power
level at the antenna connector of o dBm as well as a test receiver both po-
sitionable with high-precision mechanical rotation and translation stages.
The distance between the two systems (transmitter and receiver) is fixed at
2.2m. The receiver is based on a two-constraints system, that allows to ro-
tate the reference axis on which the two receiving antennas are mounted
and to adjust the distance between the receiving antennas.

The dummy transmitter is also based on a two-constraints system. The first
degree of freedom is the rotation of the transmitting antenna and the sec-
ond constraint is the linear translation of the dummy transmitter with two
linear stages: a large stage for long translations with moderate accuracy and

! The analog-to-digital interface has been designed and build with a joint cooperation
project between Stefan Lindner, Francesco Barbon and the author.
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Figure 5.10: Direction-Of-Arrival measurement setup [60].
(Copyright 2011, IEEE)

a small stage for short but accurate translations. As introduced in the previ-
ous paragraph, the system under test can be used for two different measure-
ments: DOA detection and misalignment angle measurement. The setup
therefore has two different configurations. The two receiving antennas are
connected to the Six-Port receiver which compares the phase of the two in-
coming signals.

5.5.5 Measurement Results for DOA Detection

The first measurement results are based on the DOA detection setup where
the transmitter antenna is moved with the long and short linear stages. This
linear shift introduces an equivalent DOA angle.

Since the transmitting antenna is directional and strongly focused, a ro-
tation offset has been implemented to keep the receiver within the main
radiation lobe of the transmitter. As shown in Fig. 5.11 and Fig. 5.12 the de-
tection system is very accurate for angles of incidence within 2.5 DEG and
a good linearity can be noticed also for very small angles within 0.025 DEG.
The plots in Fig. 5.11 and Fig. 5.12 are based on raw acquisition data without
calibration.

The excellent linearity of the results demonstrate the high accuracy and reli-
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ability of the proposed detection system. The maximum measurement rate
of the calculated DOA angle is 500 Sps. The dramatic decay in the mea-
surement frequency from 200 KSps delivered by the ADCs to only 500 angle
values per second is due to the delay introduced by the digital signal pro-
cessing. Nevertheless, the system is still quick enough for a fast feedback
and response since 500 Hz is a good refresh rate for most applications.

5.5.6 Measurement Results for Misalignment Angle Detection

Other measurements (Fig. 5.14 and Fig. 5.15) are based on the misalign-
ment angle detection as shown in Fig. 5.13. In this case, the transmitter is
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Figure 5.13: Misalignment angle measurement setup [60].
(Copyright 201, IEEE)

aligned with the receiver’s reference axis and the transmitting antenna is ro-
tated introducing a misalignment angle between the reference axis and the
transmitter beam direction. In Fig. 5.14 a misalignment angle between -3
and +3 DEG is plotted showing excellent linearity. The measurement curves
have been compensated using a 5th order polynomial approximation gen-
erated during the calibration procedure. In Fig. 5.15 a misalignment angle
from -1 to +1 DEG is shown. The response is still highly linear with some
superimposed noise due to environmental influences of the surroundings
in the measurement room.
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5.6 Six-Port Demonstrator at 77 GHz

In this chapter the design of a 77 GHz direction-of-arrival detector system
with an integrated Silicon-Germanium (SiGe) Six-Port receiver and a passive
microstrip antenna network is presented. A typical problem of millimeter-
wave integration is the interface between the on-chip circuitry and the off-
chip system electronics or passives. The antenna design aspects and in-
terconnections are presented with a layouting analysis as well as a system
overview of the DOA detector for a flexible, low-complexity and low-cost
solution in microstrip technology.

The integrated SiGe Six-Port receiver is embedded in a microstrip-based
passive circuit including a chip sink, RF bonding, patch antennas and feed-
ing networks for optimal performance at the system frequency. A set of ge-
ometrical constraints due to the desired observation range of the detector
and the physical size of the components and microstrip structures drive the
design strategy for the complete system. This device is intended to be used
as a misalignment angle detector for long-range automotive radar calibra-
tion operating at 77 GHz. This application is explained in detail in chapter
10 section 10.1.

5.6.1 The Integrated Six-Port Network

The integrated Six-Port receiver front-end? (Fig. 5.16) has two input LNAs,
a broadband passive Six-Port network, and four high responsiveness power
detectors [58]. The whole integrated circuit has a power consumption of
95 mW from a 5V supply and is fabricated in a 200 GHz transit frequency
SiGe bipolar technology. Total size is 1028 x 1128 pum? [61]. The system does
not include an oscillator source since the Six-Port is based on the additive
self-mixing effect [41] of the two input signals. The fabricated circuit in SiGe
technology is not perfectly matched to 50 €2, but the return loss is lower than
-7dB from 70 to 9o GHz and nearly identical for the two ports (verified by
measurements). Therefore, the circuit has to be matched to the antennas
having a 50 2 normalized impedance.

2 The integrated Six-Port receiver front-end has been developed by Dr.-Ing. B. Limmle
during research work for his doctoral thesis [58] and realized in Silicon-Germanium
(SiGe) bipolar technology by Infineon Technologies AG. Further information can be
found in [56,57]. The author would like to thank Dr.-Ing. B. Limmle for the joint project
cooperation and the design of the SiGe chip, Christoph Wagner from DICE GmbH & Co
KG, for the bonding of the chip and technical assistance. Furthermore, the author thanks
Infineon Technologies AG for the fabrication of the SiGe chip.
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Figure 5.16: The integrated Six-Port receiver (chip) [62].
(Copyright 2012, IEEE)

5.6.2 System Design

The Six-Port receiver is fixed in a chip cavity fabricated on RF substrate with
a thickness of 127 pm, the Rogers RT Duroid 5880 glass microfiber rein-
forced PTFE composite laminate (¢, = 2.2, tand = 0.0009). This specific
substrate has been chosen because of its exceptionally low loss and due to
its availability in thin laminates. The connecting pads are then bonded with
25 um wedge/wedge bond wires having a typical bond-arc height of 100 pm.
From the bond pads microstrip lines lead to the patch antennas fabricated

with same duroid substrate on the 9 pum metallization.

o Li L3 z
£ o= T AN —o 73 Taper TLjp TLo
(@] ]
ol L3 L L E 4 = ] |
I C2 3-_|__ 4 | Chip RF Chamfer
= = = = = ] Bond E.g Radial Curve
TL1 ShortedStub 7Lz Radial Stub 25 ; u's
(a) (b)

Figure 5.17: Matching network (a) and geometry (b).
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A mismatch can be found between the chip pads and the antennas due to the
unmatched chip contacts and the strong inductive component of the bond
wires. To compensate these effects a modified ‘7’ match is introduced (Fig.
5.17). A brass shielding covers the chip and the feeding networks to prevent
unwanted coupling of the incoming signal on the microstrip structures.

The brass shield is coated with an Eccosorb BSR-U magnetically loaded, sili-
cone rubber film that effectively dampens resonances due to its high permit-
tivity and permeability. The patch antennas have been tuned to perform ata
center frequency of 77 GHz with 2 GHz of bandwidth and less than -10 dB of
return loss (Fig. 5.23). The impedance of 502 is reached with the slot-in
match on the microstrip patches. The shielding structure has a relevant
influence on the antenna radiation characteristic. Therefore, it is manda-
tory to coat also the external surfaces of the brass shielding structure with
Eccosorb BSR-U rubber. In this way a regular and symmetrical radiation
characteristic can be obtained for both antennas (Fig. 5.21).

5.6.3 Geometrical Constraints and Layout

A typical misalignment angle of an automotive radar device installed on a
vehicle deviates a maximum of 10 DEG from the geometrical reference axis to
which it should be calibrated. It is therefore optimal to limit the observation
range of the DOA detector to £10 DEG.

The antennas feature a radiation characteristic with a -3 dB main lobe width

Figure 5.18: CAD model of the fabricated PCB. Top view (a), bottom view
(b) and the integrated Six-Port receiver (c).
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of 30 DEG (Fig. 5.21), therefore, covering the above mentioned observation
range of £10 DEG. For this purpose a distance of L = 11.2 mm between the
two receiving antennas [60] can be set:

A360  3.98 mm 360
or L 27 11.2 mm

Oobs = ~ 20 DEG. (5-4)
This geometrical constraint leads to design considerations for the antenna
feed network. As evidenced in Fig. 5.19 the distance between the two an-
tennas limits the tuning possibilities on the modified ‘7" match. The fixed
distance of 11.2 mm imposes a fixed length for TL2. The width of the bonded
chip with RF-bonds and an adequate microstrip tapering is technologically
fixed at 2888 pm. Input transmission lines in front of the shorted stub are
also fixed at 80o um length. Considering an optimal radius of 1000 pm for
the chamfer curves the length of the transmission lines Tz is therefore lim-
ited to 1576 um.
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Figure 5.20: Layout of the DOA detector board.

5.6.4 Simulation Results

A CAD model (Fig. 5.20) has been parametrized and simulated with a full 3D
electromagnetic solver software CST Microwave Studio using the transient
solver covering the frequency range from 60 to go GHz. All lossy materials
have been modeled with their respective properties. The matching is done
by tuning the radius Rps and angle arg of the radial stub as well as length
L rg of the shorted stub.

The return loss measurement data from the integrated Six-Port receiver has
been imported as a scattering parameter matrix and connected to the pas-
sive structure in the 3D model. The overall analysis and the final results have
been obtained with a co-simulation process within the CST Design Studio
environment, merging the 3D simulation data and the chip measurements.
The results are shown in Fig. 5.23.

A critical part of the manufacturing process is the bonding of the chip. The
control over the bonding procedure allows a tolerance of the bond height.
As introduced before, a typical RF-bond wire has a height of &~ = 100 pm as
can be seen in Fig. 5.22. A variation of the height within +50 pm has to be
taken into account when designing the microstrip path to the antennas.
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Figure 5.21: Directivity pattern and reference geometry [62].
(Copyright 2012, IEEE)

By means of a yield analysis, the bond height tolerance can be taken into
account in the simulation flow. The results show an acceptable variation in
the transmission loss as well as tolerable change in the reflection coefficient
at the antennas with a variation from 50 pm to 150 pm (Fig. 5.24). The trans-
mission loss, for instance, changes from -5dB for a bond height of 50 um to
approximately -7 dB for 150 pm.

Figure 5.22: Side cut view of the SiGe Six-Port receiver chip in the cavity
on the PCB.
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5.6.5 Measurement Results

The SiGe chip has been bonded on the PCB which has been covered with a
thick-gold metallization to ease the wedge-wedge bond placement. Bonds
have been positioned with a semi-automatic bonder, keeping the bond-
height within the tolerance range from 50 um to 150 pm. Minor baseband-
processing circuitry has been implemented on the backside of the PCB (Fig.
5.27) in order to differentially amplify the output signals from the chip (in
respect to the reference voltages provided on the chip pads).

The amplified differential signals have been sent to a custom-made digital
signal processing board. The acquired signals have been recorded and ana-
lyzed in a post-processing phase through MATLAB. The results are plotted
in Fig. 5.25 where the four signals can be seen as well as the calculated DOA
angle (lower part of Fig. 5.25).
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Figure 5.25: Measured voltages at the six-port and detected angle [62].
(Copyright 2012, IEEE)

The setup has been tested with a dummy radiating source formed by a WRi1o0
waveguide horn antenna (W band) with 23 dBi gain connected to a passive
frequency trippler fed at IF by the PNA-X vector network analyzer from Ag-
ilent (f;p = 25.66 GHz@ +16 dBm). The maximum output power from the
trippler at 77 GHz is approximately -10 dBm.
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A slight measurement error can be noticed for negative DOA angles smaller
than -4 DEG. This is due to the drop of the four differential signal volt-
ages for those negative angles. Since the dummy reference source features
a highly focused radiation pattern (23 dBi gain horn antenna) the measure-
ment presents errors as soon as the DOA detector setup is not within the
-3dB main radiation lobe (thus, explaining the differential voltage drop of
all chip outputs).
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Figure 5.26: Detected DOA angle and measurement error [62].
(Copyright 2012, IEEE)

To better show the accuracy of the presented system a plot of the DOA angle
from o to 2 DEG is shown in Fig. 5.26. The system response is extremely
linear even without any nonlinear calibration procedure. In fact, it has to
be underlined that all measurement results presented are calibrated with a
simple linear offset and scale factor correction. This ensures that the raw
data can be properly evaluated.

The error plotted in the lower part of Fig. 5.26 shows the reproducible non-
linearity of the measurement. As can be noticed from Fig. 5.26, the uncali-
brated system error reaches a maximum of 0.025 DEG.
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Figure 5.27: Photo of the manufactured hardware prototype [62].
(Copyright 2012, IEEE)



6 The Dual Six-Port Concept

As mentioned in chapter 5, section 5.2 the Six-Port based DOA detector
presents ambiguity issues. Depending on the distance between the two re-
ceiving antennas at which the phase difference is measured, a quasi-periodi-
cal repetition of the detected angle is present as an output. The system is
not able to distinguish different angles of arrival whenever the correspond-
ing phase difference exceeds +7 RAD. By reducing the distance between the
receiving antennas it is possible to increase the ambiguity-free period and
increase the observable angle of incidence. Though, by doing so the detec-
tion accuracy decreases since the whole phase difference is mapped onto
a wider angle range. On the other hand, increasing the distance between
the two antennas shrinks the angle detection range in which no ambiguity
occurs and increases the detection accuracy.

The dual Six-Port concept merges these two design strategies keeping the
positive side of each configuration and compensating the disadvantages of
each other [63-65]. Two parallel Six-Port systems, Six-Port 1 and Six-Port 2,
with two input antenna pairs having different relative distance d; and ds
(such that dy = ¢ - dy with ¢ € R) are connected to one central signal
processing unit that analyzes the angles ¢; and 6, detected by Six-Port 1
and Six-Port 2

(91' = SiIli1 (pi Aqﬁl) , (61)

pi = fdj% with i € {1,2}, (6.2)

where A¢; and A¢s are the phase differences detected by the Six-Port re-
ceivers between the signals at the antenna pairs and p;, p3 are normalizing
coefficients that depend on the speed of light ¢, the distances d; and d be-
tween the antennas and the frequency f of the detected signal. By making
use of the difference function
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A = 0y — 04, (6.3)

between the two detected angles #; and 6, it is possible to map the complete
angle of incidence range without ambiguity. A6 leads to the cancellation of
the ambiguity in phase with the help of an initial calibration procedure.
This calibration will be explained in the next paragraphs. Within a small
range around an incident angle of zero, the two detected angles have a quasi-
linear period P[f;] (with i € {1,2}) determined by the ratio between the
wavelength )\ and the distances d; and ds respectively (6.4).

HM_Aﬁgﬁ}wﬁﬁuﬂ (6.4)
For large incident angles the detected values ¢; and 62 become highly non-
linear changing the periodicity ratio. The nonlinear behavior derives from
the trigonometric dependency of the detected phase difference to the DOA
angle (sinusoidal dependency). For every incident angle the system calcu-
lates the difference function Af between the two detected angles. Af is a
function with a period P[A#)] that depends on the ratio between d; and ds.
By choosing an appropriate factor ¢ such that the period is P[A#] > 6,,
(0, is the observation angle range) the function Af can be used to map the
angle of incidence range that needs to be monitored with no ambiguity.

An example will illustrate the above introduced concept. A DOA detection
of a Continuous Wave (CW) signal with a frequency of 24 GHz has to be
performed (A = 12.49 mm). By having d; = 18 mm and using a factor ¢ =
3.33, results in do = 59.94 mm. With these values non-ambiguous periods
P[6,] and P[6s] for the detected angles #; and 6, can be calculated as:

12.5 mm 360 DEG

Pl = ~40DEG —20 < 0; < +20, (6.5)
27 18 mm
12.5 mm 360 DEG
Plo = ~ 12 DE - 0 . 6.6
02] 27 59.94 mm G —6<0 <46 (6.6)

The non-ambiguous period of the difference function is larger than the one
of the detected angles alone. Referring to the above stated example, since
for a wider range of incident angles periodicity changes due to sinusoidal
distortion of #; and 62, the wanted condition P[Af] > 6,, is reached. In
this case to monitor an incident angle from —80 to 80 DEG (6,, = 160 DEG)
the ratio ¢ = 3.33 satisfies the above stated condition (P[A6] > 160 DEG).
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In the observation range the difference function A6 defines sectors in which
the value of the function is constant. These sectors offer the possibility to
uniquely identify a subsection of the observation range. In these sectors a
known offset can be added to the measured value of 6, to determine the ac-
tual DOA angle. In other words, by analyzing Aé the actual period can be
determined leading to the cancellation of the ambiguity in phase by a com-
pensating offset. The offset can be mapped “a-priori” in the system during
a calibration procedure.

To prove the above described theory two dual Six-Port receiver demonstra-
tors have been developed: the first working at a frequency of 24 GHz based
on microstrip technology on an RF PCB and the second one working at a
frequency of 77 GHz featuring a chip integrated Six-Port receiver in Silicon-
Germanium (SiGe) semiconductor technology.
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Figure 6.1: Simulation results for the dual Six-Port receiver at 24 GHz [64].
(Copyright 2012, IEEE)
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6.1 24 GHz Dual Six-Port DOA Detector

A functional block overview of the complete hardware system is given in
Fig. 6.2. The proposed DOA detector is based on two Six-Port receivers with
one antenna pair for each receiver (a total of four receiving antennas for the
complete system). Since the Six-Port receiver is a purely passive device, a
poor dynamic range is a downturn of this concept. Therefore, a double LNA
stage is used to amplify the signals coming from the four input antennas for
an overall gain of 50dB with a maximum input power of -5dBm. These
amplified signals are then fed to the Six-Port networks where the additive
superposition occurs.

The used power detector is based on the GaAs Schottky diode (MZBD-9161)
with a dynamic range from -55 dBm to +20 dBm as the one presented in sec-
tion 4.2.4. Following the link budget table in Fig. 6.3, it is possible to derive
the input dynamic range. The system has a dynamic range of 89 dB from
-94 dBm up to -5dBm.

The four outputs of each Six-Port circuit are connected to power detec-
tors that deliver a voltage linearly related to the power of the RF signal
at the monitored output port. The detector voltages are amplified by low-
noise rail-to-rail baseband amplifiers and fed to ADCs. The ADCs are syn-
chronously triggered to acquire the eight voltages simultaneously. In this
way a correct proportionality between the signals is guaranteed, even if the
phase difference between the two input signals is rapidly changing.

A feedback from the digital domain to the analog front-end is also provided.
DACs serve as an interface to calibrate the RF power at the LNA stages to
avoid an overdrive of the RF components and detectors. The DACs also
control the gain of the baseband amplifiers to deliver voltage signals at the
ADCs within a proper input scale. The data is then processed by an AL-
TERA Cyclone II (2C35) FPGA board and sent to a computer via an Ethernet
connection. Data is finally processed and analyzed by a MATLAB based soft-
ware that delivers the angle of incidence of the incoming signal with respect
to the axis on which the receiving antennas are aligned. Baseband signal
conditioning as well as the analog-to-digital conversion (and vice-versa) is
described in chapter 5 throughout sections 5.5.2 and 5.5.3.

The demonstrator is built on a stack of multilayer PCB. A total of two main
boards have been designed to integrate the whole subsystems. The first
board comprises a 3-layer stack RF PCB structure. The top-layer integrates
the microwave passive structures, antennas as well as RF front-ends. A CNC-
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Figure 6.2: Dual Six-Port system overview [63].
(Copyright 2011, IEEE)

machined brass metal enclosure on the front serves as an RF shield to avoid
undesired coupling of the incoming signals to the microstrip circuit struc-
tures. The only non-shielded elements are the four patch antennas. The
box cavities are filled with graphite foam absorber material to avoid cav-
ity resonances. The second layer serves as an RF ground for the microstrip
structures. A third layer routes the analog signals coming from the base-
band amplifiers to a header connector. RF substrate used between the RF
layer and ground is a 0.2 mm thick Rogers 4003C hydrocarbon ceramic, with

a dielectric constant ¢, = 3.38.

On a second board the baseband signal processing and the digital circuitry,
bus connections and power supplies have been integrated.
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Figure 6.3: Link budget of the dual Six-Port DOA detector [64].
(Copyright 2012, IEEE)

6.1.1 Digital Signal Processing and Initial Calibration

Some considerations about the representation accuracy within the digital
domain have to be made. The eight output channels from the two Six-
Port receivers are digitized in a 12 bit format on a 5V scale. Thus, a resolu-
tion of 1.22mV on the Least Significant Bit (LSB) can be reached. The ideal
representation for the detected DOA angle values within the digital signal
processing unit is a fixed-point 20 bit format, with g bit signed integer and
11 bit decimal parts. This gives a maximum angle value of 256 DEG including
one bit for the sign for the integer part and a minimum representable value
of 0.5 DEG - 1073,

The initial calibration procedure works as follows: an automated setup,
formed by the DOA angle detector device and a dummy radiating source,
rotates the DOA detector around its axis while a reference signal is emitted
from the dummy source. In this way a full DOA angle sweep is given as an
input to the system which detects the incoming signal and records the mea-
sured values of 0, as well as the difference function A# as system-specific
calibration curves.

For this purpose two techniques have been implemented: Polynomial Func-
tion Approximation (PFA) and Direct Digital Sampling (DDS). The first tech-
nique acquires the whole 05 angle sweep and evaluates for each section, de-
scribed by a different value of A#, the function with a polynomial approx-
imation technique. Hence, 13 functions are fitted with polynomial coeffi-
cients with a 5" order approximation (6.7).
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Figure 6.4: Photo of the dual Six-Port front-end demonstrator at 24 GHz
[64]. (Copyright 2012, IEEE)

Figure 6.5: Photo of the complete system mounted on a high-precision po-
sitioning stage [64]. (Copyright 2012, IEEE)
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5
Odetect; = Z c[m]; 05 with i={1,...,13} (6.7)

m=0

After the fitting process only 6 polynomial coefficients c|0, ..., 5] per curve
and A6 step values need to be stored as a calibration result. This technique
is very efficient in terms of low memory requirements, but needs higher ef-
fort in the reconstruction technique during operation, since for each mea-
surement sample a 5¢" order polynomial fitting has to be executed. An even
bigger problem arises when storing the extracted coefficients in a digital
memory system. By quantizing the coefficients with g bits integer and 11 bits
decimal, a non-neglectable error is introduced in the reconstruction process
since all coefficients smaller than the allowed resolution are approximated
to zero. The reconstruction error is therefore as plotted in Fig. 6.6.

The second data processing strategy (DDS) requires the system to store the
acquired curves of ; and Af sample per sample into memory. In this case,
no polynomial evaluation is done. The angle functions are store as they are
into memory. This implies the system to sample the curves at least at the
same angle resolution as the one representable by the digital format chosen
(0.5DEG - 1073). For a calibration of a desired observation range from -
80 DEG to +80 DEG it is therefore necessary to store 320000 samples with a
depth of 20 bit each, resulting in a calibration matrix of 6.4 Mbit.

This solution requires much more memory for the calibration matrix if com-
pared to the first solution proposed. On the other hand, it delivers a much
smaller detection error that is three orders of magnitude lower compared to
that of the PFA method (Fig. 6.6) with the same bit-depth representation.
Furthermore, the memory requirement for this strategy is not a problem
for modern low-cost digital systems (less than one megabyte is required to
store the calibration data). The DDS strategy is therefore preferred due to
better results and lower complexity.

6.1.2 Measurement Results

After a calibration routine, a measurement of the DOA angle on the entire
observation range has been done (from -8o to 80 DEG). A reference Voltage
Controlled Oscillator (VCO) with a CW 24 GHz, +9 dBm output connected
to a standard 10 dBi gain horn antenna has been used as a radiating source.
Due to lower signal-to-noise ratio and different system nonidealities the de-
tected angles 0; and 6 present nonlinearities and superimposed noise.
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Figure 6.6: Angle detection error in the Polynomial Function Approxima-
tion technique and in the Direct Digital Sampling technique
[63]. (Copyright 201, IEEE)

Nevertheless, these measurement results show that the difference function
still delivers easily detectable and non-ambiguous step values that can be
used to eliminate the ambiguity problem. A direct comparison with the
simulation results in Fig. 6.1 demonstrates the correctness of the theory
and the capability of the proposed system.

6.2 77 GHz Dual Six-Port DOA Detector

As mentioned before at the beginning of this chapter also a dual Six-Port
DOA detector demonstrator at 77 GHz has been build and is hereby pre-
sented. For this system, two integrated Six-Port receivers as the ones de-
scribed in chapter 5 section 5.6 are implemented in one system with two an-
tenna pairs having different relative distances d; and da such that dy = ¢ - d;
(as can be seen in Fig. 6.8).

The two Six-Port receivers deliver the detected DOA angles 6; and 6y, re-
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Figure 6.7: Measurement results for the dual Six-Port receiver at 24 GHz
[64]. (Copyright 2012, IEEE)
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Figure 6.8: Complete hardware setup of the dual Six-Port at 77 GHz with
PCB stack assembly [65]. (Copyright 2012, IEEE)
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spectively. Having a distance d; = 11.2 mm between the first receiving an-
tenna pair and ¢ = 3.33 leads to d2 = 37.2 mm between the second receiving
antenna pair. Following eq. (6.4) the non-ambiguous observation ranges
can be calculated:

3.89 mm 360 DEG

Oops1 = ~20DEG —10< 67 < +10, (6.8)
27 11.2mm
3.89 mm 360 DEG

The difference function between the two detected angles is then Af =
05 — 61. If the ratio ¢ is chosen as a non-integer number (here ¢ = 3.33), the
resulting ambiguity free range of the difference function will be larger than
the ambiguity free observation ranges of the single Six-Port receivers. Af
can therefore be used to uniquely identify the DOA angle within a wide ob-
servation range, thus leading to the cancellation of the ambiguity in phase.
In Fig. 6.9 Ad is plotted defining non-ambiguous step-like sections within
the observation range. For each section, a static offset is defined and added
to 65 (or 61) to derive the final angle of arrival.
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Figure 6.9: Simulated dual Six-Port angle detection at 77 GHz [65].
(Copyright 2012, IEEE)
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Figure 6.10: Linearization effect on the detected angle for the demonstra-
tor at 77 GHz [65]. (Copyright 2012, IEEE)

The system consists of a stacked PCB assembly (Fig. 6.8). Each board rep-
resents a subsystem unit to detect, convert, acquire and process the signals.
Starting from the millimeter-wave receiver antennas, RF front-end and ana-
log baseband, the system processes the signals through a dedicated ADC
board (section 5.5.3). Finally, the digital signal processing is implemented
in an Altera Cyclone 2 FPGA. The data is then streamed to a computer.

The integrated receivers are presented in section 5.6.1, fabricated in SiGe
bipolar technology and include two input LNAs, a broadband passive Six-
Port network and four high-responsiveness power detectors. As mentioned
in section 5.6.1, since the Six-Port receivers are based on the additive self-
mixing effect of the two input signals, the chips do not include an oscillator.

An RF board hosts the two SiGe Six-Port receiver chips as well as the an-
tennas and matching networks. The Six-Port receivers are mounted in chip
cavities fabricated on a 127 pm thick Rogers RT Duroid 5880 glass microfiber
reinforced PTFE laminate (¢, = 2.2, tan 6 = 0.0009). Microstrip lines con-
nect the patch antennas fabricated on the same substrate. Matching struc-
tures have been implemented, as described in section 5.6. A CNC-machined
metal shielding covers the chips to prevent unwanted coupling. The shield
is coated with an Eccosorb BSR-U magnetically loaded silicone rubber film
to prevent cavity resonances.

The calibration of the system is essential to obtain feasible results. The Six-
Port receivers present phase measurement errors due to length difference
of the bond wires connecting the chips and non-idealities of the quadrature
hybrid couplers and microstrips in the SiGe chip interferometric structures.
Furthermore, the detectors present different responses to the same input
power, although they are integrated on the same chip die. All these effects
contribute to errors in the detected DOA angle. A calibration software code
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Figure 6.11: Measured dual Six-Port DOA detection with the demonstrator
at 77 GHz [65]. (Copyright 2012, IEEE)

has been implemented to initialize a calibration procedure by rotating the
detector setup with a high-precision rotary stage and extract the linear cal-
ibration parameters. The eight voltage signals from the dual Six-Port front-
end have then been corrected. The result of the calibration is plotted in Fig.
6.10.

6.2.1 Measurement Results

After a calibration routine, a measurement of the DOA angle on the en-
tire observation range has been performed (from -60 to 60 DEG). An LRR3
Automotive Radar from Bosch GmbH has been used as a radiating source,
featuring an ATLAS Radar chip from Infineon AG (Fig. 6.8). The results are
plotted in Fig. 6.11. Due to lower signal-to-noise ratio and different system
non-idealities the detected angles ¢, and 6, present nonlinearities and su-
perimposed noise. Nevertheless, these measurement results show that the
difference function still delivers easily detectable and non ambiguous step
values that can be used to eliminate the ambiguity problem.

A direct comparison with the simulation results in Fig. 6.9 demonstrates
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the correctness of the theory and the capability of the proposed system. The
overall setup is formed by a stack of subsystem boards offering a compact
form-factor and an easily controllable prototype suitable for high-resolution
misalignment angle detection.

6.3 Frequency Dependency on the DOA Detection

The dual Six-Port concept allows an ambiguity free DOA detection within
a wide observation range that is of great advantage for certain applications.
Nevertheless, results presented so far refer to a DOA detection of a sig-
nal source radiating a CW signal at a single frequency. For several appli-
cation scenarios this condition cannot always be satisfied. Detection and
tracking of sources with variable signal frequency is of great interest. For
instance, detection and calibration of misalignment angle of automotive
radars can be performed by evaluating the FMCW signal without forcing the
radar device to transmit a single frequency CW signal for calibration pur-
poses only. Another application scenario involves the detection and track-
ing of non-cooperative targets, for instance hostile radar detection with un-
known frequency of operation (at least within the frequency range of the
Six-Port based DOA detector). In the following, an overview of the dual
Six-Port DOA detector is given emphasizing the effect of the received signal
frequency on the DOA detection accuracy.

The detected DOA angles 6, and 6, are dependent on the frequency of the
incoming signal. The dependency is directly expressed by the normalizing
coefficients p; and ps as evidenced in eq. (6.2). Furthermore, for a con-
stant DOA angle even the detected phase differences A¢; and A¢s change
as the frequency of the detected signal changes. In other words, A¢; «x f
while p; o< 1/f for i € {1,2}. By knowing the detected signal frequency,
the DOA angles #; and 62 can always be exactly calculated and would be
therefore independent from f. Assuming that the frequency of the detected
signal varies and is not known to the DOA detector, a variation of the de-
tected DOA angles 6; and 0, will take place. The frequency variation will be
hereby defined as

Af = fr:c - f: (6-10)

with f,, as the actual frequency of the detected signal that deviates from the
expected system frequency f for which the detector has been calibrated. In
eq. (6.1) the normalizing coefficients p; and ps are therefore constant and
the variation of the DOA angles #; and 6, is due to the change in the phase
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differences A¢; and A¢,. This variation can be expressed relatively to the
frequency shift and leads to the calculation of the detected DOA angle errors
~1 and s as follows:

7 = T = 57,, (6.11)
v = sin!(p; 6;) withie {1,2}, (6.12)

where A¢;,, is the detected phase difference at the antenna pair for an in-
coming signal at the frequency f,,. The detected DOA angle errors ; and
~9 are not only dependent on the relative frequency variation but also on
the normalization factors p; and ps. Since p; < 1/d; for a large distance d
between the receiving antenna pair the detected DOA angle error v will be
small, whereas for a short distance d, v will be large. This drawback of a
short distance d between the receiving antennas is in contrast to the benefit
offered by a larger ambiguity free range. This explains why a shorter dis-
tance d between the receiving antennas is not necessarily an advantage for
a Six-Port based DOA detector. Therefore, the dual Six-Port concept offers
not only a solution to the ambiguity problem but also a robust detection of
signal sources with variable signal frequency. These conclusions are hereby
validated by measurement results (Fig. 6.13 and Fig. 6.14).

6.4 Dual Six-Port Calibration

To perform an accurate DOA detection, the system described above has to
be calibrated. The calibration procedure consists of three steps [66].

6.41 DOA Angle Sweep

First of all, given a reference CW signal with a stable single frequency of
operation and a stable output power, a reference DOA angle sweep is per-
formed with the dual Six-Port receiver. The setup is rotated with a high-
precision rotary stage while being illuminated by a radiating antenna. Dur-
ing this procedure, the baseband signals from the Six-Port receivers are nor-
malized and eventual DC offsets are removed. Furthermore, the detected
phase values A¢; and A¢ are calculated and recorded.
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Figure 6.12: Complete calibration routine for the dual Six-Port DOA de-
tector [66]. (Copyright 2013, IEEE)

6.4.2 Reference Zero Alignment

An inherent phase shift between the two Six-Port modules due to non-
idealities in the manufacturing process brings a shift in the measured phase
differences A¢; and A¢ps between the two systems. Therefore, the two Six-
Port receivers must be both aligned to a reference direction. This is done
by searching the symmetrical distance of the phase wraps from the refer-
ence zero position (automatic phase wrap search algorithm). During this
procedure the alignment values are stored.

6.4.3 Nonlinear Calibration

Furthermore, nonlinearities within the Six-Port receivers must be compen-
sated. An ideal phase function (perfectly linear sawtooth function) is sub-
tracted from the measured phase values generating a nonlinear calibration
vector which is saved together with the alignment values in a calibration
matrix (Fig. 6.12). The calibrated phase values are now used to calculate
the DOA angles #; and 6> which are used to generate the difference vector
Af = 05 — 0;. This vector enables the ambiguity free detection of the dual
Six-Port DOA receiver.
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6.4.4 Evaluation of the DOA Detection Error

To demonstrate the conclusions stated above, the detection of an FMCW ra-
diating source in the Industrial-Scientific-Medical (ISM) band at 24 GHz is
hereby presented. As a test object emulating an FMCW radar an Agilent
PSG E8267D vector signal generator has been used connected to a 20 dBi gain
horn antenna.

el 92 (DEG)
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Incident Angle (DEG)

Figure 6.13: Detected DOA angles 6; and 6, and angle difference A at
lower (L = 24.000 GHz), center (C = 24.125 GHz) and higher
(H = 24.250 GHz) frequency of the ISM band [66].
(Copyright 2013, IEEE)

The band has a center frequency of 24.125 GHz and a width of 250 MHz. The
output RF power has been set to -30 dBm and the radiating antenna has been
placed at 2 m from the dual Six-Port DOA detector. The DOA angle has been
mechanically swept from -45 to +45 DEG.

The dual Six-Port DOA detector has been calibrated at the center frequency.
DOA angle detection has then been performed by letting the source sweep
the complete 250 MHz band with an up-ramp time of 10 ms. The results
(01, 62 and Af) are plotted in Fig. 6.13. The step values of Af present no
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major changes due to the frequency sweep and can be still used to solve the
ambiguity issue. As for 6; and 3, the minor DOA angle variations resulting
from the frequency sweep are barely noticeable in Fig. 6.13.

Therefore, an error plot illustrating the detection errors y; and ~; is also pre-
sented. From Fig. 6.14 it can be noticed that the detection error ~; is larger
than 9 over the detection range, as described in eq. (6.12), thus confirming
the theory stated above. Despite the large bandwidth of 250 MHz the angle
detection error ~y; is smaller than +0.5 DEG.
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Figure 6.14: Detection errors y; and 7, at lower band (L = 24.000 GHz) and
higher band (H = 24.250 GHz) frequencies [66].
(Copyright 2013, IEEE)



7 Ranging Techniques

7.1 The Radar Principle

RADAR stands for "RAdio Detection And Ranging” and identifies a basic
ranging technique making use of the scattering and propagation proper-
ties of electromagnetic waves. Its function has been expanded since its first
introduction just before the Second World War to include several other in-
formation besides ranging (such as speed measurement).

For a generic radar system, a microwave transmitter sends out a signal which
is reflected by a target and then detected by a receiver. The reflection on
the target delivers the ranging information. The distance to the target is
determined in several ways, depending what type of radar technique is used.

Radars are nowadays used for civilian, military and scientific applications of
several kinds. Further information can be found in graduate level textbooks
[11] as well as in dedicated literature on the topic [67].

The field of radar technology has expanded tremendously in the last decades.
The information delivered in this chapter serves only as an overview for the
reader in order to better understand the ranging techniques that involve the
Six-Port receiver. There is an overwhelming amount of literature on radar
and generally the content is extensively specialized depending on the par-
ticular radar technique treated. A general overview will be hereby given.

7.2 Monostatic and Bistatic Radar

Radars can be grouped in two basic systems: the monostatic and the bistatic
radar. In the monostatic radar the same antenna is used for both transmit-
ting the signal and receiving the back-scattered wave from the target, while
the bistatic radar uses two separate antennas [11]. Beside this first differ-
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ence, several techniques have been implemented to perform many different
measurements. A short overview is presented in the following paragraphs.

7.3 Pulse Radar

Pulse radars emit a short microwave impulse signal that hits the target and
gets reflected back to the transmitter. The received signal is delayed with
respect to the transmitted one depending on the Round-trip Time of Flight
(RToF) of the signal to the target and back to the sensor. By measuring the
flight time of the signal the distance to the target can be derived. How-
ever, since the measurement principle is based on time detection, such a
technique cannot be used for short range measurements or high-precision
distance detection, due to the relatively low accuracy in very short time in-
terval measurements [11].

7.4 Doppler Radar

A Doppler radar makes use of the Doppler effect to determine the speed
of a monitored object. The target moves with a speed v causing a Doppler
frequency shift f; of the back-scattered signal frequency f,; depending on v
as described in eq. 7.1 [11]:

2fsv

Ja== (7.1)
By measuring f; it is possible to determine the speed of the target. This
gives highly accurate measurements of the target’s velocity along the line of
sight (LOS) of the radar (radial velocity with respect to the radar).

For an approaching target f; > 0 while for a target moving away f; < 0. This
kind of radar architecture is very simple since it makes use of a monotone
continuous wave signal. Furthermore, a high of isolation is not necessary
between transmitter and receiver paths relaxing the design requirements

[11].

It is important to state that the back-scattered signal of a pulse radar from
a moving target is also affected by the Doppler shift. By combining a RToF
measurement with a Doppler frequency shift measurement it is therefore
possible to determine both range and velocity of a target. Such radar is
known as a pulse-Doppler radar [u].
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7.5 FMCW Radar

FMCW radars feature at the output a continuous microwave signal that is
frequency-modulated, typically with a triangle shaped signal [68]. This in-
ternal reference signal is then mixed with the signal reflected from a target
resulting in a baseband signal called the beat signal. Different modulation
signals such as sine or sawtooth can also be implemented. Nevertheless,
the triangle modulation is preferred since both distance and velocity of the
target can be measured, taking advantage of the Doppler frequency shift
caused by the movement of the target itself. Due to the frequency modu-
lation, the time delay can be measured as a frequency difference between
the reference and the received frequency ramp [69]. Additionally, the speed
of the moving target causes a shift in frequency of the received signal due
to the Doppler effect. The baseband down-converted signal provides this
information that can be analyzed with the use of signal processing.

In order to reach a high spatial resolution on short distances, very steep
frequency ramps are generated [70] from the VCO source of the radar de-
vice. This allows the system to generate a larger frequency shift between the
reference signal and the reflected signal, even for very small distance detec-
tion. That is why the sweep bandwidth determines the spatial resolution of
FMCW radars [71].

Nevertheless, VCOs are either optimized for a CW output at a stable res-
onant frequency with a long time constant of the resonating circuit (so to
guarantee a precise carrier frequency generation), or for fast tuning through
the control voltage. For a very precise distance measurement with FMCW
radars a trade-off between these two design strategies has to be reached [72]
leading therefore to a non-stable output frequency and evidencing the out-
put nonlinearity of the oscillator source. A static calibration of the VCO
nonlinearity can be performed to compensate these effects [73], but this
method cannot correct dynamic nonlinearities of the VCO (for instance,
phase noise) [74,75]. These dynamic processes can influence the perfor-
mance of FMCW radar dramatically.

An additional phase evaluation has been proposed as an additional mea-
surement technique for FMCW radars in order to increase the measure-
ment accuracy. Being able to detect a phase shift of the back-scattered sig-
nal with respect to an internal reference can increase the spatial resolution
of the radar device. A coarse evaluation is performed with the standard
FMCW technique by means of a frequency shift measurement and conse-
quently, through the frequency ramp steepness. A phase shift evaluation al-
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lows a higher resolution measurement within the period of the wavelength
used for the phase shift measurement. Alternatively to the phase evalua-
tion, the centroid of the target peak in frequency domain can also enhance
the FMCW radar’s resolution to sub-wavelength accuracy.

=.6 The Six-Port Receiver as a Radar

Beside the just introduced radar techniques usually employed with multi-
plicative mixer based receivers, the Six-Port receiver can be used as an al-
ternative. The peculiarities of the Six-Port can be an advantage for certain
applications. Especially the excellent phase discrimination offered by this
alternative microwave receiver can lead to high accuracy distance measure-
ments [72]. In the next chapter, the Six-Port receiver is introduced for high
resolution radar applications.



8 Ranging with the Six-Port Receiver

In this chapter a Six-Port receiver based technique for a high resolution
radar applications is presented. This idea has been already used for simi-
lar purposes [76-92] although, a significantly different approach is hereby
proposed. The technique presented is based on a phase measurement in
the radio frequency domain with the additive homodyne receiver principle
of the Six-Port receiver (the reader is addressed to sections 3.2 and 3.3 as
well as chapter 4).

For common FMCW radar devices (as expressed in section 7.5) a sub-wave-
length resolution is realized by phase measurements in the baseband (at
low frequencies) leading to tolerances stimulated by noise, nonlinear ef-
fects of the mixing components and digitizing errors, like the quantization
error. Furthermore, the resolution of such radars is correlated with the used
bandwidth being limited by the standardization of the frequency spectrum.

The Six-Port receiver based technique presented in this work reduces these
tolerances by a phase analysis in the radio frequency domain and offers high
resolution for narrow-band signals. Normally this leads to ambiguities if
distances of more than half a wavelength are measured (same effect as the
ambiguity issue for DOA applications, presented in section 5.2). Further on
in this chapter a solution to this problem will be presented making use of
two or more signals with non-integer multiples of their carrier frequencies
and comparing the observed phase differences of these signals to each other
(section 8.2). This allows to measure distances of several wavelengths with
sub-wavelength accuracy and ultra-low tolerances.

As mentioned above, in literature about high-resolution ranging, several
valid techniques have been proposed. In [93-95] high-precision local posi-
tioning sensors and ranging methods are presented and in [96, 97] a high-
resolution ranging method by means of a Six-Port interferometer is descri-
bed to achieve sub-millimeter accuracy though leaving the ambiguity prob-
lem (see section 5.2 and 8.2) unsolved. Furthermore, [84] refers to a distance
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measurement sensor technique that uses a Six-Port interferometer. Never-
theless, the mentioned technique in [84] works with one fixed-frequency
reference signal whilst the hereby proposed solution works with CW signals
as well as FMCW signals or Stepped Frequency Continuous Wave (SFCW).

In the proposed Six-Port based distance measurement radar a reference sig-
nal generated from a source is sent to an antenna pointing towards a tar-
get. An electromagnetic wave propagates to the target and is then back-
scattered. The reflected wave is therefore received by the system and sent
to the Six-Port receiver that compares the relative phase difference between
the transmit signal generated by the source and the signal reflected by the
target. When the distance between the radar and the target does not vary,
the relative phase difference will also not change. As soon as the distance
changes a variation in the relative phase difference can by measured with
the Six-Port receiver. The concept works at arbitrary frequencies with dif-
ferent modulation schemes generated by the source since a CW signal can
be used as well as FMCW or SFCW.

8.1 The Six-Port Radar System

To perform distance measurements and ranging a CW monostatic radar
with interferometric evaluation is hereby introduced. The radar is based on
the Six-Port receiver network introduced in chapter 4 (homodyne receiver
with additive mixing). The Six-Port performs a relative phase measurement
between the received signal from the antenna and a reference signal derived
through a directional coupler from a VCO source generating a 24 GHz CW
signal. The RX and TX paths are separated through a circulator or a cou-
pler installed directly behind the antenna. In the demonstrator hereby pre-
sented, a 20 dBi gain rectangular horn antenna has been used. The received
signal is amplified by an LNA and a variable attenuator chain to guaran-
tee that the amplitude of the input signal P, at the second port of the Six-
Port receiver is comparable to the amplitude of the reference signal P; at
the first input port. This will ensure maximum phase resolution. In the
demonstrator an HMC751LC4 LNA and a HM(C812L.C4 attenuator by Hittite
have been used.

In the proposed radar system, the four microwave output signals P, Py,
Ps and FPs of the Six-Port interferometer structure are converted into base-
band voltages by diode-based power detectors, as described in chapter 4.
The detector structure is based on an input matching network, a Gallium-
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Figure 8.1: Schematic of the proposed Six-Port based monostatic radar
[98]. (Copyright 2012, IEEE)

Arsenide zero bias Schottky diode (Aeroflex Metelics MZBD-9161) and an
output low-pass filter, as described in section 4.2.4. The detector output
signals in baseband B3, By, Bs and Bg are subsequently amplified by pre-
cision low-noise operational amplifiers (LMP7718 from Texas Instruments)
with variable gain configuration for signal conditioning purposes.

Dynamic range measurements (section 4.2.4) show that the proposed detec-
tor structure works for input signals from -50 dBm (tangential signal sensi-
tivity) up to +10 dBm and features a voltage sensitivity of 2000 mV/mW at
-40dBm at 24 GHz [99].

The four baseband signals Bs, By, Bs and Bg are sent to an anti-aliasing
filter and then to an ADC (Maxim MAX1305ECM). The acquisition system
has been designed to acquire signals with an analog bandwidth up to 50 kHz
featuring 8" order Butterworth low-pass filter to avoid aliasing [100]. The
signals are then sampled with 12 bit resolution at 640 Ksps. A digital signal
processing board (Altera DE2) based on the Altera Cyclonez FPGA has been
used to control the signal acquisition and the signal conditioning as well as
to stream the acquired raw data via Ethernet to a computer. The transmitted
data is received with a dedicated software socket and then processed via
Matlab.

The control algorithm (see Fig. 8.2) monitors the four baseband signals (B3,
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Figure 8.2: Flow chart of the signal conditioning algorithm according to
[101]. (Copyright 2012, IEEE)

By, Bs, Bg) acquired by the ADCs. The first condition is to guarantee the
same amplitude of the two Six-Port input signals. This is done by changing
the RF amplification of the P signal. The amplitude of the reference sig-
nal (A;) can be computed by measuring the four output voltages when the
second input branch (P) is isolated (no received signal, A, = 0) with the
following:

Ay = \/Bs + By + Bs + Bs|ay—0- (8.)

When this first condition is satisfied, a second conditioning step based on
the control of the baseband amplifiers will be executed. Independent ampli-
fiers are used to fit the baseband signals (Bs, B4, Bs and Bg) to the ADCs in-
put dynamic range. The conditioning algorithm works in real-time in order
to avoid any possible signal saturation and to guarantee the best acquisition
condition.

8.2 Ambiguity Issue for Distance Measurements

The presented Six-Port receiver based ranging technique increases the mea-
surement accuracy by a phase analysis in the microwave frequency domain
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and offers high resolution for narrow-band signals. The basic Six-Port re-
ceiver phase evaluation for distance measurement exhibits some disadvan-
tages that have been already presented in different publications [3,59,84,96,
97,102]. The total dynamic range of the output signal is mapped to the rel-
ative phase relations of the two input signals at the Six-Port receiver within
half a wavelength. Since distance measurements with the Six-Port receiver
are based on a phase-difference evaluation, an ambiguity issue occurs if the
measured distance is larger than half a wavelength, in a way similar to the
issue described in section 5.2 for DOA detection. Since the system relies
on a normal phase measurement technique as soon as the phase difference
slips over 2 RAD the system is not able to distinguish between periodical
phase repetitions.

In other words, the distance to the target can only be measured with no am-
biguity when the target moves within a range of half a wavelength (\/2) of
the signal used to perform the measurement (/2 is the maximum allow-
able range with no ambiguity problems). Therefore, making use of a single
receiver and/or a single signal frequency does not allow an absolute mea-
sure of the target distance but only a relative measurement within a limited
range of \/2.

8.2.1 Phase Unwrap Solution

Nevertheless, there are possibilities to perform a distance measurement with-
in a wide range. The simplest approach is to count the discontinuities in
phase wraps between the periods and add an appropriate offset to the mea-
sured value. This approach is similar to the phase-unwrap function known
from electronic measurement instruments like vector network analyzers.
Unfortunately, this approach has some limitations. First, an initial position
has to be known as reference from where the periods can be counted. Fur-
thermore, the movements of the target in the measurement system have to
be slow and continuous.

8.2.2 Frequency Offset Solution

Another approach is to use not only a single frequency, but at least two
different frequencies with a spacing of f,, between them [103]. The mea-
surement is then done by calculating the phase difference between the ref-
erence signal and the back-scattered signal at both frequencies. Because of
the different wavelengths this leads to two different phases with a similar
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ambiguity. By subtracting these two phase-values the phase of the beat fre-
quency can be calculated. This beat frequency is the same as f,, and can
be in the range of a few MHz up to the bandwidth of the Six-Port receiver
at approximately a few GHz. A distance calculation can be also performed
with this phase difference and therefore based on the beat frequency [103].

The phase from o to 27 RAD is mapped to the wavelength of the beat fre-
quency leading to an unambiguous region of ¢/(2 f;,) being c the speed of
light. Nevertheless, this procedure does not influence the sub-wavelength
accuracy of the system, since the phase difference detection is still done at
the microwave frequency. In other words: sub-millimeter accuracy can be
reached over a measurement range of a few meters.

However, it has to be mentioned, that this method has a problem with fast
moving targets, because the oscillator generating the two frequencies needs
a settling time between the two measurements and in the meanwhile the
observed object should not move. Furthermore, for very long range mea-
surements, the calibration of the power detectors is essential since the re-
ceived back-scattered signal power may change heavily over the measure-
ment range. This has to be taken into account and the power detectors
have to be characterized over a wide dynamic range as well as over at least
two frequencies.

8.2.3 Difference Function Solution

A further solution hereby proposed makes use of two or more Six-Port re-
ceivers (Fig. 8.3). Assuming that the sources emit CW signals at different
frequencies, these are then combined and emitted simultaneously. The sig-
nals propagate up to the target and get reflected, thus received after the
round trip to the target. The signals are then splitted by a direction se-
lective structure like a diplexer architecture (or by band-pass filters tuned
to each emitted frequency followed by circulators) and sent to the related
Six-Port receiver where the phase condition is then verified for each single
frequency with each reference signal from the respective source.

As soon as the distance between the target and the DUT changes the phase
condition at the various Six-Port receivers will change with a degree depend-
ing on the wavelength of the signal. A higher frequency signal will have a
larger change in phase if compared to a lower frequency signal by means of
the same shift of the target in reference to the radar.

It is therefore possible to have different periodical phase shifts for each
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Figure 8.3: General concept schematic for an ambiguity-free Six-Port re-
ceiver based radar system.

single sub-system consisting of a VCO source and a Six-Port receiver (or
one single Six-Port receiver with multiple VCO sources or even one receiver
and a variable VCO source sequentially switching between different sig-
nals/frequencies as in the FSCW technique) when the distance to the target
changes. By combining the phase shift information from two or more Six-
Port receivers (also called correlators) it is possible to determine without
ambiguity the distance of the radar from the target even if for each single
sub-system several ambiguous periodical repetitions in the phase difference
occur.

There are different ways to combine the phase information from the single
receivers. By considering a dual Six-Port receiver system the two phase shifts
dependent on the mentioned distance from the target can be for example
subtracted, as explained in chapter 6. In this way a difference function is
generated which has a periodicity that depends on the ratio between the
periods of two phase shift functions.

If the frequency ratio between the two subsystems is chosen as a non-integer
number, the resulting period of the difference function will be larger than
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Figure 8.4: Concept schematic with two correlators

the periods of the phase shifts. Since the difference function is a step func-
tion with well defined steps within which a constant value can be found, it
can be used to directly identify the period superposition of interest within a
broad distance range and then consequently use the information provided
by one of the Six-Port receivers to determine the exact distance (Fig. 8.5).

In other words, by analyzing the difference function the actual period can
be determined leading to the cancellation of the ambiguity in phase by an
offset correction conditioning the results. The offset correction factor can
be mapped in the system during an initial calibration. For instance, each
section defines a static offset which is added to the phase information from
one Six-Port receiver (preferably the most accurate one with the highest op-
erating frequency).

By taking as an example a system based on two different frequency sources
with two corresponding Six-Port receivers, the periods of the standalone
modules 1 and 2 are the wavelengths A; and \s respectively. These quanti-
ties, expressed as integer numbers can be mathematically expressed as the
product of prime numbers as follows:

i = Hp’\ip; withi=1;2 forp={1,...,00} (8.2)
p

where the exponents )\;, are non-negative integers that form a unique rep-
resentation for each period quantity A; and A\y. The ambiguity free region
derived from the difference of the values from the two subsystems can be
therefore calculated as:

P[diff] = lem(M, Ag) = [ [ pm oo 22p) (8.3)
p
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Figure 8.5: Phase shift and difference function of a dual Six-Port receiver
with frequency ration = 5.2

where "lcm” is the Least Common Multiple of the two values A\; and \q. Fig.
8.5 depicts a possible scenario with a reasonable non-integer ratio of 5.2
between the two system frequencies (12 GHz and 2.31 GHz). The difference
function is shown in the lower part of Fig. 8.5. In this case the difference
function defines 31 steps within the ambiguity free range which can be used
to uniquely identify the region of interest. The larger the ambiguity-free
region with respect to the smallest wavelength of the system, the more steps
will the difference function present.

The concept works also with one variable signal source and one Six-Port re-
ceiver by changing the frequency or the signal generated by the source and
repeating the measurement sequentially instead of implementing a parallel
architecture.

To achieve a large measurement range with no ambiguities a proper fre-
quency ratio between the subsystems has to be chosen. Having as an ex-
ample a dual Six-Port receiver system as depicted in Fig. 8.4 the two signal
sources should be setup so that the ratio between their frequencies should
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Figure 8.6: Detailed hardware schematic of a dual Six-Port receiver based
radar.

be a non-integer irrational number, or a truncation of an irrational deci-
mal sequence. In other words, the ratio between the two signal frequencies
should have a non-periodic decimal sequence to guarantee a large period
of the difference function used to solve the ambiguity problem. The ratio
between the frequencies does not have to be necessarily large. The right
choice of the frequency ratio can be done by analyzing the non-ambiguous
range while changing the ratio between the two or more system frequencies.

As introduced in the paragraphs above, the proposed technique can be im-
plemented with several techniques and different hardware architectures. A
possible solution could be the one displayed in Fig. 8.6 where the system
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is based on two Six-Port receivers with two parallel sources working at two
different frequencies. The two sub-modules are connected to the same an-
tenna through a network that combines the signals from the source to be
delivered to the antenna and separates the received signals with band-pass
filtering.

8.3 Measurement Results

To verify the ranging technique with the Six-Port receiver, a measurement
setup has been prepared. A linear sweep of a metallic plate as a target has
been performed by means of a high-precision computer controlled linear
stage, the VT-80 with sub-micrometer resolution and optical encoder for a
positioning feedback (manufactured by PI-miCos GmbH).
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Figure 8.7: Linear movement detection and measurement error [98].
(Copyright 2012, IEEE)

Non-metallic shields and diverse dielectric slabs (polyurethane plastic foam
sheets and wooden panels) have also been inserted between the radar and
the target. A system response is plotted in Fig. 8.7. The system has in-
tentionally been hereby adjusted with a simple linear calibration step. It is
therefore possible to observe the nonlinear measurement error plotted at
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the bottom of Fig. 8.7. The error is sinusoidal, deterministic and it is possi-
ble to compensate it as a system specific calibration curve. Once this curve
is flattened in the system a fully calibrated measurement can be done. The
response is now nearly linear, even for setup scenarios different from the
one in which the nonlinear calibration has been performed. A measure-
ment result for micrometer range distances is plotted in Fig. 8.8. The plot
presents a measurement within the range of 10 um with a detection error
below 0.5 pm.
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Figure 8.8: High precision linear measurement and relative error [98].
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9 Displacementand Vibration Measurement

9.1 System Overview and Test Setup

Vibration measurement and detection is of great interest for many sensor
applications and stress diagnosis in diverse industrial environments. An in-
novative mechanical vibration analysis based on the Six-Port receiver as a
microwave interferometer radar is hereby proposed [104]. Due to the ex-
cellent phase discrimination properties of the Six-Port receiver a very high
accuracy in the vibration detection can be reached. Due to its peculiar char-
acteristics, the Six-Port receiver finds interesting applications in distance
and displacement measurements [98]. In particular, vibration detection is
an important task for automation and diagnosis in diverse industrial envi-
ronments. An accurate vibration analysis allows to detect mechanical stress
in complex industrial machinery.

Plastic Panel Metal Plate papN

Hom Antenna 145 mg weight

Six-Port
Radar

Metal Plate

Mechanical decoupler J DUT

Side View Front View

Figure 9.1: Test setup for the six-port interferometer radar with LOS and
NLOS according to [104]. (Copyright 2013, IEEE)

The most commonly used technique is laser interferometry [105]. Main ad-
vantages of this method are contact-less sensing, high resolution and ex-
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cellent frequency response. However, this optical based technique is not
suitable in harsh environments, for instance, with the presence of dust or
fog. The optical diffusion in a non-clear propagation media is the main dis-
advantage of this technique and introduces measurement errors since with
increasing suspended particle density, dampening and scattering effects in-
crease. The hereby presented Six-Port microwave interferometer radar does
not suffer from the above mentioned problems since the proposed tech-
nique works also when a direct optical line of sight to the object under in-
vestigation is not present. Even optically non transparent dielectric slabs or
non-metallic shields can be penetrated by the radar signal.

Other radar techniques such as pulse and FMCW radars are already in use
since decades for almost all possible industrial sensing applications where
optical systems cannot be used. Such techniques, being based either on a
time difference or frequency offset evaluation in baseband, suffer from un-
desired effects. For instance, in the FMCW technique, in order to reach
a high spacial resolution on short distance measurements (short-rage radar
for small displacement detection or vibration analysis), very steep frequency
ramps are generated. This leads to a nonlinear output frequency ramp from
the VCO of the FMCW radar device [106]. The dynamic nonlinearities caused
by the steep ramps of the VCOs can influence the performance of an FMCW
radar. Phase evaluation has already been proposed as an additional mea-
surement technique for FMCW radars in order to increase the measurement
accuracy [107-109]. Nevertheless, up to now, the phase evaluation has been
performed either directly in baseband or at the IF giving relatively low phase
resolution [110]. In contrast, the Six-Port receiver can easily discriminate a
phase difference directly at the microwave frequency.

The investigations and results hereby shown are based on the hardware pro-
totype presented in the previous chapters (section 5.5) which operates at a
frequency of 24 GHz. It has to be mentioned that the scope of the presented
technique is to detect mechanical vibrations, or in other words, relative dis-
tance variations of a target that are comparable to the wavelength of the
microwave signal. Therefore, the applications hereby addressed are not in-
fluenced by the ambiguity issue of the Six-Port receiver [63] as described in
section 8.2.
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9.2 Doppler Shift Effect

The Doppler effect has to be considered as a possible source of measurement
error [104]. The target under investigation vibrates typically within a small
range (< \/2) and with a mechanical vibration frequency f,. With these
premises, having a vibration amplitude A,,,, the maximum speed of the
vibrating target is [11]:

Umaz = Amaz 2T fv . (91)

The observed target moves, thus causing a Doppler frequency shift of the re-
ceived frequency as described in eq. 7.1. In this case the maximum Doppler
frequency shift can be described as [104]:

2f5 Umax
- .

fa== (9-2)
Due to this Doppler shift the wavelength of the reference signal A, and the
back-scattered signal wavelength )\, are therefore different [104]. This re-
sults in a wavelength difference of [104]:

C C

T ot fa’

where c is the propagation speed of the microwave signal, and f; is the CW
radar signal frequency. Since the Six-Port receiver performs the distance
evaluation only with a phase difference measurement, A\ is also the error
in the overall distance measurement (AX = Ad). The distance evaluation
error Ad is calculated directly from the speed of the target that is the time
derivative of the target’s displacement x(t¢) described as a sinusoidal func-
tion of time [104]:

AX= X — X (9:3)

2 29y
Ad =\ =) ot , :
(c+2v) (c+2 gx) (94)

z(t) = Apmaz sin(wt + @), (9.5)

where w = 27 f, and A\ = ¢/f;. Without loss of generality, it is hereby
assumed that the phase ¢ of the mechanical vibration z(¢) is constant. This
leads to [104]:
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2w Apaz cos(wt + @)
¢+ 2w Az cos(wt + @)

Ad = \ (9.6)

Since the speed v of the vibrating target is very low compared to the propa-
gation speed of the microwave signal ¢, the above formula can be simplified
to [104]:

Ad ~ 47 ? Apaz cos(wt + @) . (9.7)

s

The distance evaluation error Ad is therefore a sinusoidal function with a
m/2 RAD phase shift in comparison to x. The final detected vibration is
therefore [104]:

d = Apmaz |sin(wt + @) + 4 :};U cos(wt + )| . (9.8)

Eq. (9.7) evidences that since f, < fs, Ad presents an extremely small
amplitude compared to x. If f, becomes very high, an effect on d can be
noticed as a relative phase shift compared to x. Therefore, this does not in-
fluence the detected vibration frequency. Theoretically, for extremely high
vibration frequencies where the speed of the target reaches values above
¢/10, the detected vibration becomes highly nonlinear, presenting harmon-
ics in the spectrum. The main vibration frequency component is though
still present as a dominant component. Nevertheless, this effect is practi-
cally not noticeable in a measurement setup, since such target vibrations
are physically impossible. It is therefore evident, that a Doppler shift on
the microwave signal induced by the moving target does not influence the
detected distance accuracy in the Six-Port interferometer [104].

9.3 Oscillator Phase Noise Effect

Another possible source of measurement errors is the phase noise of the
VCO source used in a radar device [104]. Since the measurement concept
of the proposed technique is based on the phase modulation of the back-
scattered signal due to the mechanical movement of the target under ob-
servation, phase noise of the reference carrier can introduce additional un-
certainties in the evaluation. The significant value that has to be taken into
account for this analysis is the Single-Side-Band (SSB) phase noise profile
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L(f) of the VCO (expressed in dBc/Hz) versus the offset frequency (offset
frequency range defined from a lower frequency limit a to an upper fre-
quency limit b). This value can be derived from the definition of the inte-
grated phase noise A over a chosen frequency offset!:

b

A=2 / L(f)df . (9.9)

a

Following the calculations described in [111] by integrating the phase noise
profile L(f) over the frequency offset range (from a to b) and multiplying
with the square of the offset frequency (f? under the integral) it is possible
to define the RMS frequency error (residual FM, A fzy,) of the VCO?2:

b

Afpy = |2 /L(f) f2df. (9.10)

a

Typical VCO components on the market (for instance, the HMCy39LP4 VCO
from Hittite) present a A fr); between 10 kHz and 20 kHz. Since the resid-
ual FM causes in the Six-Port receiver a similar effect as the Doppler fre-
quency shift, by inserting A frj; in eq. (9.3) instead of fy, it is possible to
calculate the maximum distance evaluation error caused by the oscillator
phase noise as:

A =Ad=—+—— "
f s f s £ Af FM ’
It has to be underlined that such effects are neglectable for most appli-
cations since a frequency deviation between the reference and the back-
scattered signal of a few kHz opposed to microwave carrier frequencies causes
an evaluation error of only a few nanometers. This beneficial effect is di-
rectly related to the phase evaluation technique of the Six-Port with additive
mixing in the microwave domain.

(9.1)

! The choice of the offset frequency limits required for the calculation of the integrated
phase noise A is relevant. As described at page 112, chapter 15 in [111], the relevant value
for the calculation of the integral is the lower limit a, since the phase noise L( f) rolls off
with frequency and the upper limit b only slightly increases the result of the integrated
phase noise A.

2 The definition of residual FM (A frs, sometimes also noted as o) is reported in [111]
chapter 15, at page 122.
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9.4 Vibration Measurement Results

As Device Under Test (DUT) a common 12 cm diameter cooler fan has been
used. The fan has been attached to a metal plate that serves as a bracket
for the fan and is placed at a distance of two meters from the Six-Port radar
(Fig. 9.1). The fan is not directly visible for the radar since it is placed on
the backside of the metal plate. This setup emulates a scenario where an
arbitrary vibrating or moving machine needs to be monitored.

Under normal operation the fan rotates with a constant speed and induces
light vibrations on the metal plate that depend on the rotation speed and
on multiple resonant modes of the DUT’s mechanical structure. As soon
as a variation in the working condition of the DUT occurs (different rota-
tion speed or a mechanical malfunction) the vibrations on the structure will
change. These vibrations are recorded by the Six-Port radar.
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Figure 9.2: Vibration spectrum plot with DUT in LOS and NLOS under
normal operating conditions and with a malfunction. The plot
is normalized to the peak value in normal operation of the fun-
damental resonant frequency of 36 Hz (equivalent to the fan’s
rotation speed of 2160 RPM) [104]. (Copyright 2013, IEEE)
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Figure 9.3: Spectrogram of the vibrations caused on a test setup by a ro-
tating fan. The fan is first turned on, then the rotation speed
is changed. Harmonics of the fundamental rotation speed can
be noticed evidencing the different rotation speed levels [104].
(Copyright 2013, IEEE)

The power of the CW microwave signal at 24 GHz emitted from the radar is
-18.8 dBm radiated through a 20 dBi horn antenna. A malfunction of the ro-
tating fan has been introduced by gluing a small plastic weight (145 mg) on
one rotary blade at 47 mm distance from the rotation axis. This weight em-
ulates a foreign object that causes a slight mass eccentricity in the rotating
system, thus leading to different mechanical vibrations in the DUT that can
be monitored with a Fast Fourier Transform (FFT) analysis. The measure-
ment has been performed with the DUT in Line Of Sight (LOS) and in Non
Line Of Sight (NLOS) by placing a plastic panel (Polypropylene) between
the radar and the DUT (Fig. 9.1). The results are plotted in Fig. 9.2. The
emulated malfunction introduces major differences in the spectrum. For
instance, the peak amplitude of the fundamental mechanical resonance at
36 Hz increases in both LOS and NLOS scenarios.

Furthermore, another measurement has been done with the setup illus-
trated in Fig. 9.1. The vibration measurement has been performed for a
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duration of 60 seconds while the fan has been turned on and the rotation
speed was changed from normal mode, to high-speed and low-speed. Fi-
nally, the fan has been switched off again.

The different rotation speed levels of the fan cause variations in the vibra-
tions of the setup. The results are hereby plotted with a spectrogram of
these mechanical vibrations in a frequency range up to 3 kHz for the whole
duration of the measurement (Fig. 9.3). These variations can be easily de-
tected by the Six-Port radar. The high accuracy of the detection allows even
to see the speed ramp up and ramp down of the fan when changing the
rotation speed.

Six-Port technology is a promising new approach for vibration sensors. The
main advantage is high accuracy, high speed distance detection with rela-
tively low production costs. The complexity of the circuit is relaxed if com-
pared to traditional radar based systems. An interferometer based contact-
less vibration measurement radar can be therefore implemented with the
Six-Port technique. Unlike laser based optical interferometers the proposed
hardware also works when a direct optical line of sight is not present.
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10.1 Automotive Radar Calibration

Radar technology is today a key feature for the automotive industry and is
becoming of greater importance among most car-producers. Its applica-
tions range from cruise control, to pre-crash and parking aid systems, and
radar units are already being mounted on several automobiles. In particular,
long-range radars installed in front of today’s vehicles to scan the path ahead
and detect dangerous situations and obstacles have a major role in driving
assistance systems. The benefits of this innovative technology are directed
towards increasing the safety and enhancing the driving comfort, thus cov-
ering an important role in the driving experience. Great effort has been
done to develop and build functional, accurate, compact, robust but still
cost-effective automotive radars such that nowadays systems can be easily
implemented in many vehicles. Despite all the important results achieved
in the research, development and implementation of such devices, major
problems still exist in the correct installation, calibration and especially in
the alignment of automotive radars on the vehicles. It is important to re-
mark that a correct installation and consequent calibration of these devices
is essential for proper working conditions and exact interpretation of the in-
formation delivered from such sensors. Minor variations in the behavior of
such devices could lead to false alarms or misleading data adding more dan-
gerous situations while driving, especially when such systems automatically
control the dynamics of the vehicle with brake assistance.

10.1.1 The Problem of Automotive Radar Misalignment

During the quality inspection at the end of an automotive production line
radar systems are checked and calibrated so to align the narrow radar beam
to the thrust vector of the vehicle. This procedure is essential to ensure that
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the radar sight matches the actual environment setup in front of the vehicle.
Typical long-range cruise control radar has a foresight of 150 m. Alignment
problems during installation lead to a misalignment angle that brings to an
incorrect scanning of the path in front of the vehicle. Currently, these sys-
tems are calibrated by using optical alignment techniques, employing a laser
beam for a geometrical adjustment of the radar device housing with respect
to the vehicle thrust vector. Such a technique is not taking into account the
possible mismatch of the radar beam in respect to the device housing, since
it is not relying on a measurement of the real radiation pattern, but on a
mechanical reference. All these mismatches and tolerances result in mis-
alignment angles that cannot be predicted and that lead to problems for
the device during working conditions in the cruise control. The situation is
illustrated in Fig. 10.1.

: Rear wheel axis

Figure 10.1: Schematic picture of automotive radar misalignment accord-
ing to [112]. (Copyright 2009, IEEE)

Introducing an angle o between the radar beam direction and the thrust
vector of the vehicle (usually orthogonal to the rear wheel axis of the car)
having the radar device a detection range 74, a linear misalignment error
e can be derived with the following formula:

€ = rqe tan(a). (10.1)

For a misalignment angle o = £0.5 deg tolerated by currently available me-
chanical alignment systems, at the limit of the scanning range of the radar
(typically r4.; = 150 m) the error will be of ¢ = +1.30m. This brings to
an uncertainty of 2.60 m, definitely critical for standard automotive appli-
cations. With such an error, the radar cruise system would sense vehicles
coming in the opposite lane or rather obstacles present at the edge of the
path instead of cars or objects present on the driving lane.
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10.1.2 Misalignment Detection for Automotive Applications

Following the theory introduced in chapter 2, especially the misalignment
angle detection explained in sections 2.3 and 2.4, it is possible to detect the
misalignment of a highly focused radar antenna with respect to a reference
geometrical axis (thrust vector of the vehicle) [112,113]. Two phase measure-
ment antennas are aligned on an axis orthogonal to the thrust vector of the
vehicle. As introduced in section 2.4.3 the measured phase difference A¢
between the two antennas can be directly related to the radar beam direc-
tion. The relation between A¢ and the misalignment angle « (eq. (2.26)) is
hereby reported again:

a =sin”! <A¢27T)\L> , (10.2)

where ) is the wavelength of the radar signal and L is the distance between
the two antennas. A cost-effective, robust and compact solution is to use a
Six-Port based receiver, introduced in chapter 4. By implementing the Six-
Port receiver as described in chapter s, it is possible to set up a misalignment
angle detector for automotive radar calibration. Hardware implementations
of the proposed technique for automotive radars working at 77 GHz [62] as
well as measurement results are explained in detail in chapter 5, section
5.6 and chapter 6 section 6.2. L can be optimized for a specific automotive
radar alignment measurement following eq. (2.27) and (2.28) presented in
section 2.4.3 [60].

10.1.3 Relevance in the Industry

The proposed technique can be successfully used to perform an accurate
calibration of automotive radars at the end of the production line in auto-
motive industry. The Six-Port receiver ensures precision and measurement
repeatability with a robust and low cost solution. Furthermore, by being so
compact and by requiring only a few hardware components, the system can
be also used in service centers, where a low-cost and non-complex calibra-
tion and adjustment technique of the automotive radar is necessary. The
technique hereby described has been patented by the author together with
Dr.-Ing. A. Koelpin through Daimler AG [114].
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10.2 Industrial Positioning

Industrial automation is nowadays an essential technology underlying our
modern society. Advanced positioning and sensor feedback tasks in au-
tomation processes often require distance and displacement detection, for
example, to measure and track the movement of robots. Furthermore, the
detection of mechanical stress in complex industrial machinery through an
accurate vibration analysis is often a task of major interest.

Therefore, high-resolution distance measurements with short and long range
positioning are important for a large number of sensing applications and

can also be used as a precondition for vibrometer applications. Several au-

tomation technologies rely on high precision positioning sensors to track

linear as well as rotational movements of various machinery. The tracked

positioning information provided by the sensor interface determines the ac-

curacy of the positioning system, thus the quality of the overall industrial

automation process.

Moreover, the positioning sensor serves the control systems and algorithms
as an interface to the physical world, being therefore directly involved in
the physical properties of the environment and of the observed target. Sev-
eral approaches have been implemented up to now, making use of different
physical principles such as optical techniques as well as radar technology
showing different advantages and disadvantages. Nevertheless, the require-
ments imposed by industrial environments often cause big challenges to
traditional positioning sensors.

Laser interferometry and laser pulse time-difference measurements are the
most common optical high-resolution, contact-less distance measurement
techniques. Laser techniques feature high accuracy, high resolution as well
as a wide dynamic range and excellent frequency response. Concerning
these parameters optical systems are superior compared to all other com-
mon techniques.

The downturn of optical techniques is the difficulty to penetrate dust and
fog with the laser in harsh environments. These inconveniences of laser
based systems are the cause of an increasing interest in alternative non-
optical measurement techniques that are robust against such industrial en-
vironment conditions. One of the main non contact-based alternatives to
laser is the radar technique.

The main advantage of radar versus optical based systems is that the mea-
surement concept is based on the propagation of microwave signals that in-
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teract in a different way with the environment. Radar based measurement
techniques work also when a direct optical line of sight to the object under
investigation is not guaranteed since radar waves can propagate much bet-
ter through foggy or dusty air. Furthermore, even bulky and optically non
transparent dielectric slabs or non-metallic shields can be penetrated by the
radar signal.

Another advantage of radar based systems is that due to the technical ad-
vances in RF printed circuit board and Monolithic Microwave Integrated
Circuits (MMIC) production, the manufacturing costs of microwave circuits
dropped relevantly in the last decade. Therefore, nowadays radar is cheaper
than an equivalent optical measurement system. Many radar techniques
such as pulse and FMCW radars are already in use since decades for almost
all possible industrial sensing applications where optical systems cannot be
used. The measurement technique based on the Six-Port interferometer
radar principle provides excellent measurement properties, proving to be
immune to several undesired effects influencing common distance and ro-
tation measurements.

10.2.1 Angle Measurements

Six-Port based DOA detectors can be used to track the relative position of ra-
dio frequency sources, regardless if continuous wave, FMCW or pulse mod-
ulation is used. For instance, an active radar beacon positioned on a target
can be tracked to monitor the targets position [59]. Furthermore, even re-
flected signals can be analyzed with such a DOA detector.

For instance, the accurate angular orientation of a machine surface can
be monitored through a secondary radar concept. A continuous wave mi-
crowave signal is emitted from an antenna towards the target’s surface. The
reflected signal is then received by the DOA detector that performs an in-
coming angle detection of the reflected signal. The change in the orienta-
tion of the reflecting surface leads to a different angle of incidence of the
signal at the DOA detector. By using the techniques explained in section
2.4 a measurement of the incident angle can be done. In this way it is eas-
ily possible to monitor the rotation of industrial mechanical constructions,
such as planar moving platforms or any mechanical reference plane posi-
tion.

The main issues of Six-Port based DOA detection concerns the detection
of sources (DOA detection) in multi-path scenarios as well as multi-target
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detection, which at present generates ambiguities in the detection results.
These problems have been tackled recently and possible solutions that can
discriminate multiple targets as well as cancel multi-path interference are
being investigated.

10.2.2 Vibration Measurement and Modal Analysis

Particularly interesting is the analysis of small displacements of an observed
target, for instance vibration monitoring. Since the Six-Port based distance
measurement provides very high accuracy distance detection, even the small-
est vibrations (i.e. distance variations of the target surface with respect to
the sensor) can be accurately detected [115]. Performing a frequency domain
analysis (for instance with a Fast Fourier Transform) a spectrogram of the
mechanical vibrations of the observed target can be obtained. This leads to
useful information about the working conditions of diverse industrial ma-
chinery. Six-Port based DOA detectors can be used for modal analysis in
order to measure the dynamic response of mechanical structures and the
different vibration modes.

By observing for instance a rotating turbine, thus illuminating the com-
plete machine with the Six-Port distance measurement radar sensor, the
main mechanical resonances can be recorded and monitored. In case of a
mechanical malfunction or degradation, for instance a wearing of the axis
bearings, minor changes in the mechanical resonances will occur [115]. Such
effects can be therefore monitored without even applying sensors directly to
the surface of the machine. In other words, a contact-less vibration analysis
for diverse industrial machines can be easily performed by Six-Port tech-
nology based sensors. As the reconstruction algorithms feature low com-
plexity and can be calculated very fast, the maximum detectable vibration
frequency is only limited by the sampling frequency of the system [115].

10.3 Medical Applications

Heartbeat and breath rate monitoring is of primary interest for several medi-
cal applications that range from simple vital sign detection to accurate mon-
itoring of a patient’s health status. Several different diagnosis procedures
benefit from these vital sign monitoring techniques. For instance, the abil-
ity to observe the breath and heart beat of a patient over night allows to
detect sleep disorders or anomalies.



10.3. Medical Applications 127

A wide diffusion of Electro-Cardio-Graph (ECG) or Cardiopulmonary Di-
agnostic Devices (CPD) is taking place not only in hospitals and medical
care centers but also in domestic environments for home-care and tele-
medicine. For these kind of scenarios contact-less ECG and CPD techniques
are strongly preferred and have therefore been lately of great interest in the
medical and scientific community. The workaday life in clinical environ-
ments could benefit from such a system, since a patient will not have to be
connected by wires in order to be monitored.

10.3.1 State of the Art in Contactless Vital-Sign Monitoring

Several different concepts based on different physical principles have been
proposed, although most of the introduced contact-less concepts are based
on the detection of minor geometrical changes of the patients torso due to
heartbeat and breathing. In order to detect such minor variations several so-
lutions based on the radar principle with traditional heterodyne transceivers
were introduced in the past [16]. First Doppler radar experiments were
conducted in the early 1970s. Nevertheless, poor performance of the pro-
posed approaches led to the introduction of alternative systems [117]. Those
are based on pneumatic mattress sensors or carbon dioxide detectors for
breath monitoring, however, these techniques can only be considered as
semi-contact-less [118,119]. Thus, radar techniques are preferred due to sev-
eral advantages with respect to other solutions.

An improvement in performance of various radar techniques in the last
decade boosted the research oriented towards this particular application
scenario. Several approaches based on FMCW radar techniques attracted
the attention of the scientific community. However, only a few radar sys-
tems that have been presented reach the required accuracy. Most of FMCW
radars require an extremely wide frequency band of operation to reach the
required accuracy level. Some advanced FMCW systems perform measure-
ments with an accuracy in the micrometer range [120]. Though the perfor-
mance of such systems is strongly related to the linearity of the generated
frequency ramps. Non-idealities in the frequency sweep from the VCO of
the FMCW radar device introduce measurement errors.

Furthermore, another relevant aspect for the right choice of the frequency
of operation is the spectrum allocation with different bands and licensing
schemes. For the target applications, it is necessary that a radar based sen-
sor works within specified ISM bands. Therefore, such devices always need
to satisfy a trade-off between bandwidth, compliance within ISM bands and
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center frequency of operation. Other alternative radar techniques that sat-
isfy these criteria have also been introduced. CW radar technology has been
implemented showing excellent results [121]. Nevertheless, most accurate
measurements of minor distance variations can be performed by interfero-
metric methods.

10.3.2 Six-Port Based Heartbeat and Breath Rate Monitoring

Microwave interferometry offers the advantages of microwave propagation
and material interaction with high resolution and low complexity of the
radar device. The Six-Port interferometer can easily discriminate a minor
phase difference directly at the microwave frequency presenting therefore
excellent spatial detection accuracy. The heartbeat and breathing activities
affect the phase of the reflected signal which is compared with the refer-
ence signal source in the radar device, as described in chapter 8. A CW
radar signal is sent towards the patient under test to observe minor me-
chanical movements of the patients body. These movements are caused
by the respiration as well as heartbeat and can be tracked by analyzing the
phase modulation of the back-scattered signal.
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Figure 10.2: System concept of the proposed sensor device according to
[101]. (Copyright 2012, IEEE)

The penetration depth of the signal in the patients’ body is approximately
1.52 mm for a 24 GHz microwave signal. Furthermore, the maximum reflec-
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tivity of the patients’ skin is of approximately 39 %. Therefore, the radiated
signal will mainly be reflected at the patients upper skin layer. The patients
respiration will result in a significant and periodic extension of the torso,
which is in the range of several millimeters. Additionally, the heartbeat
will be superimposed to this movement, which is assumed to be in the sub-
millimeter range. The cardiac electrical impulse is followed by a contrac-
tion of the heart muscle. Subsequently, a variation of the ventricle volume
occurs. The mechanical pressure wave propagates through the thorax and
leads, together with the extension of the blood vessels due to the heart ex-
pansion, to minor skin movements in the sub-millimeter range. This peri-
odic movements and vibrations can subsequently be detected by extensive
signal post-processing.

The vital parameter monitoring is based on a continuous measurement of
the distance between the radar module and the person under test. It is
obvious, that this measurement leads to ambiguities if the target moves
more than halfa wavelength. But because of the continuous monitoring the
appearing phase wraps can easily be detected and corrected by commonly
known phase unwrap algorithms.

10.3.3 Demonstrator Description and Measurement Results

A standard measurement has been performed with the Patient Under Test
(PUT) lying on his back while the Six-Port based radar sensor was observing
the chest of the person at a distance of approximately 1 m.
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Figure 10.3: Time domain signal of the measured raw data and low-pass
filtered breathing signal extraction [101].
(Copyright 2012, IEEE)

The results are plotted in Fig. 10.3. In the raw time domain data of the
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modulated distance it is possible to recognize the breathing as well as mi-
nor heart activity. By properly filtering the raw signal a clear time domain
respiration monitoring can be performed. By subtracting the calculated res-
piration signal from the raw data, it is possible to extract the heart beat sig-
nal which is plotted in Fig. 10.4. For a direct comparison, the detected heart
beat signal is compared to a reference Electro-Cardio-Graph (ECG) from a
dedicated ECG measurement belt. The Six-Port measurement matches ex-
actly the reference ECG signal.
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Figure 10.4: Measured heart beat signal in time domain compared to a ref-
erence Electro-Cardio-Graph (ECG) [101].
(Copyright 2012, IEEE)

Furthermore, a frequency domain analysis has been performed. The Power
Spectral Density (PSD) of the signal has been calculated with an FFT leading
to the results plotted in Fig. 10.5. A peak for the respiration rate is evident
and the detected heart beat rate matches exactly the rate from the reference
ECG.
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Figure 10.5: Normalized Power Spectral Density (PSD) of the measured
breath and heart rate signals compared to the PSD of a ref-
erence Electro-Cardio-Graph (ECG) [101].
(Copyright 2012, IEEE)

To test the system under real conditions, the shown measurements have
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been also conducted under several different scenarios of patient under test
and radar positions. Two setups feature the patient in an upright sitting
position, measuring the vital signs from the front and the back of the pa-
tient. The other two scenarios have been acquired, while the patient was
lying on the back and in abdominal position, respectively. In this scenario
the radar sensor is positioned on a table over the patient at a distance of ap-
proximately 1 m. The transmitted power is -30 dBm at 24 GHz. These setups
are illustrated in Fig. 10.6.
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Figure 10.6: Measurement positions of the patient under test with direc-
tion of observation and position of the radar sensor marked
as a red arrow [101]. (Copyright 2012, IEEE)

As can be seen in Fig.10.7 and in Fig.10.8 the results show excellent per-
formance and detection accuracy in all test cases. Nevertheless, the heat
beat detection is more challenging when the PUT is in position IV since
the superimposed heartbeat signal is nearly neglectable if compared to the
amplitude of the respiration signal. Also the time dependent scaling of the
amplitude is a result of the breathing influence and filtering. Nevertheless,
the periodicity and the principle characteristics states accurate heart beat
detection. Excellent heart beat detection can be performed when the PUT
is monitored as in position II (PUT in seated position and is observed from
the back). These results lead to interesting conclusions for several monitor-
ing applications where the PUT is not necessarily monitorable in a standard
position.

This technique features several advantages with respect to classical radar
concepts. High accuracy in the micrometer scale as well as low system com-
plexity are some of the benefits of the Six-Port receiver. Simple digital sig-
nal processing algorythms allow a clear detection of the patients respiration
rate as well as heartbeat from the raw radar signal reflected from the person’s
torso.
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Figure 10.7: Time domain signals featuring the breathing process of low-
pass filtered raw data for different measurement scenarios ac-
cording to Fig. 10.6. Vertical Scaling is in (mm) [101].
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11 Conclusions and Outlook

The Six-Port receiver proves to be a promising technology for diverse indus-
trial positioning sensors, for both ranging or angle measurements. Several
applications can benefit from the positive aspects of the Six-Port DOA and
ranging concepts. Microwave circuit integration such as Monolithic Mi-
crowave Integrated Circuit (MMIC) technology can also contribute to a larger
scale distribution and to a shift of this technology to higher frequencies.
This can lead to even cheaper, more accurate and more compact sensor sys-
tems for diverse industrial as well as consumer implementations throughout
different application scenarios. First steps that can lead to the integration
in MMIC technology have been presented in chapter 5, section 5.6.

However, it must be noted that there are limitations of the Six-Port DOA and
ranging technique. Multi-path propagation can interfere with both distance
as well as angle measurements. Most noticeable effect of strong multi-path
interference (due to undesired reflections on surfaces other than the target
itself) is a measurement inaccuracy. To avoid this undesired effect, a highly
focused beam for the radiating antenna has to be used, in order to force the
system to only illuminate the target and observe only the object of interest
ignoring influences coming from the environment.

Another limitation of this technology is the relatively low dynamic range
offered by the Six-Port receiver. The poor performance of the passive diode-
based power detectors in the Six-Port structure as well as the nonlinear
power-voltage transfer characteristic of the Schottky diode detectors intro-
duce limitations for the detection performance. For most of the industrial
sensing applications, this is not an issue, but for some low-power applica-
tions this could be an important limitation. For instance, a long distance
measurement of a monitored target (for vibration or position detection)
could be critical due to attenuation in the propagation channel when the
power level of the reflected signal is lower than the noise floor of the power
detectors used in the Six-Port receiver.
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However, the Six-Port technology is a promising new approach for posi-
tioning sensors. The main advantage is high accuracy detection with rel-
atively low production costs. There is no need for a local oscillator to per-
form DOA detection. This is a major advantage for detection systems that
need to be untraceable. Furthermore, an accuracy in the micrometer range
can be achieved at relatively low microwave frequencies. The complexity of
the circuit is relaxed if compared to traditional radar systems. The mixer
structure is easy to implement (mainly passive microstrip structures on a
RF substrate). Moreover, the numerical effort for DOA angle calculation as
well as ranging is very low. The baseband signal processing is therefore re-
laxed and can be performed at high speed with low power digital hardware
such as small micro-controllers.

In this work, several milestones in Six-Port based direction finding and rang-
ing techniques have been reached. The theory, system concept and de-
tection performance of DOA detectors and distance measurement radars
based on the Six-Port technology have been investigated and verified by
hardware measurements. Furthermore, demonstrator systems have been
developed and built taking into account a complete system concept, from
the microwave antennas and receivers up to digital signal processing and
software. For the first time, it has been shown that Six-Port based DOA de-
tection is capable of detecting DOA angles of a few milli-degrees with rela-
tively low effort in hardware and software design. Furthermore, as a unique
feature in this work, the dual Six-Port concept has been introduced for the
first time ever as a solution to the ambiguity issue. As a highlight result of
this research, a patent on the Six-Port based DOA and misalignment detec-
tion of automotive radars has been registered in cooperation with Daimler
AG [114].

The Six-Port based ranging technique has been investigated and developed
with respective hardware demonstrators taking into account several appli-
cation scenarios. Outstanding results have been reached in the fields of
vibration and displacement analysis for industrial and medical applications
underlying the benefits of the Six-Port radar technique.

The research results presented by the author in this work recently raised the
interest of the radar industry. As a result, in a joint project involving the
University of Erlangen-Nuremberg and InnoSenT GmbH (Innovative Sen-
sor Technology), further research on the Six-Port radar technique has been
conducted. The first commercially available Six-Port radar sensor has been
developed [115]. This device works in the ISM band at 24 GHz, integrates
antenna structure, Six-Port receiver front-end and digital signal processing
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in a compact form factor and robust enclosure. It can be used in one-target
scenarios for distance and vibration measurements. Therefore, this work led
to foundations of Six-Port radar technology for the first successful industrial
implementation of this technique.

Currently, a lot of research is being conducted on this topic with further co-
operation between the University of Erlangen-Nuremberg and industry. As
next steps, absolute distance measurement, stability over a wide operation
temperature range, multi-target tracking as well as immunity to multi-path
interference are being addressed. These can be reached with the help of spe-
cial modulation schemes and particular calibration routines currently un-
der investigation. The fusion of continuous wave microwave interferometry
and modulation scheme based radar techniques can lead to several bene-
fits and is currently being implemented in the first industrial Six-Port radar
module. Early results have been reached at the time of writing and show
great potential for this hybrid technology based on the Six-Port receiver. As
a result, special measurement applications have already found for the Six-
Port positioning technology to be the proper solution to reach the desired
performance specifications.
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In this work, an innovative technique based on the Six-Port receiver principle
is presented together with hardware prototypes developed by the author.
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