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Abstract

Electronically scannable antennas are advanced electronic systems with a unique feature
set. One of their most prominent capabilities is the ability to change the beam direction
without physically moving the antenna. Since the limitations of mechanical drive systems
do not apply, instantaneous direction changes are possible. Additionally, an array antenna
allows for the adjustment of critical beam properties, such as sidelobes, beamwidth, or null
positions, during operation. It is even possible to excite multiple beams simultaneously
from a single aperture. Arrays typically form the basis for electronic beam scanning.

The high scanning performance and wide functional range of these systems are un-
matched, but they ultimately lead to complex circuits and high costs. As a result, phased ar-
rays are primarily used in military (radar) applications. However, technological progress
and new concepts may change the status quo, leading to broader use.

This thesis discusses various aspects of electronically scannable antennas, beginning
with the basics and concluding with innovative solutions. Satellite communication in
Geostationary Earth Orbit (GEO) and Low Earth Orbit (LEO) is used as reference applica-
tion scenario. An overview of current technology, recent advances, and new concepts
focusing on efficient designs to reduce cost and complexity is presented. These concepts
include 3D-printed waveguides and reconfigurable antennas.

In addition to technology and components, two beamforming arrays are presented.
Arrays often utilize planar apertures with a wide scanning range to offer flat, high-
performance, but expensive solutions. In many applications, the system’s build size is
not a significant issue, and the occurring angular changes are minor. For these use cases,
hybrid solutions can be an ideal fit. Therefore, a high-gain reflector is combined with an
electronically controllable array to enable fast scanning with a limited field of view. A
comprehensive study of various rotationally symmetric reflectors allows for determining
an optimal reflector shape based on the required beam properties. The feed consists of
a custom-designed 30 GHz transmit array with 49 elements, enabling two-dimensional
scanning in a +6° conical sector. It includes a wideband signal distribution network and
frontend electronics.

Another challenge in phased array designs is the phase shifters or RFICs (core chips)
needed to control the excitation of the array elements. These components are often un-
available, bulky, or expensive across many frequency bands. Therefore, the development
of a different type of phase-shifting network is of paramount importance. The proposed
“heterodyne beamforming” solution combines the frequency-dependent phase response
of components with a simple network of mixers. An 8-element dual-polarized linear
array based on Substrate Integrated Waveguide (SIW)-technology is developed to validate
the concept. Distributed and lumped components form the core of the beamformer at
20 GHz. The heterodyne principle provides an effortless way to scan the beam without
high requirements on components or digital circuitry. Finally, an advanced heterodyne
beam scanning concept is proposed to extend the principle from linear arrays to planar
arrays.
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Chapter 1
Introduction

Technological progress has steadily impacted our way ofliving in the past decades. Marked
by the invention of the computer, the mobile phone, and the internet, the so-called
digital revolution has significantly changed our way of learning, working, and, most
notably, communicating. Data transmission has become a cornerstone of the global
community, illustrated by the yearly global internet traffic development. Data traffic
has increased from 1TB (terabyte, 10'2 bytes) per month in the year 1990 to roughly
122 EB (exabyte, 10'® bytes) per month in 2017 [1], [2]. Cisco projected a growth of up to
396 EB per month in 2022. The so-called Nielsen’s Law of Internet Bandwidth reflects this
continuous growth by predicting a high-end user’s connection speed to grow by 50% per
year (similar to Moore’s Law for semiconductors). This rapid development is confirmed
by the International Telecommunication Union (ITU) [3]. The estimated percentage of the
world population using the internet has risen from 20% in 2005 to 70% in 2022. The ITU
states that “Unrelenting global consumption of Internet data continues to drive demand
for international bandwidth usage”, which is underlined by an increase of the available
bandwidth from 300 Thit/s in 2017 to 1200 Thit/s in 2022.

Such rapid development is only possible due to technological advances such as faster
fiber optical communication backbones and high-speed solutions for the "Last Mile" from
the Internet Service Provider (ISP) to the end-user such as Digital Subscriber Line (DSL)
or Fiber to the Home (FTTH) in a fixed-broadband scenario.

Starting around 2005, the availability of smartphones and tablet computers in combina-
tion with new high-speed wireless technologies caused a rapid increase in global mobile
internet subscriptions from less than 5 per 100 inhabitants in 2007 to more than 80 in 2022
[3]. Today, Wi-Fi, 4G, and the upcoming 5G networks are omnipresent in urban areas and
offer steadily increasing data rates during all phases of urban lives. Daily routines rely on
internet services such as communication (e-mail, messaging), information (news, search-
ing), cloud storage, navigation, and social networks. Staying connected to the internet
has become so essential that a lack of high-speed coverage is more than an annoyance for
many. However, no or only sparse terrestrial communication infrastructure is available
in many areas of our planet, such as in war and conflict zones, the oceans, polar regions,
deserts, and other remotely located or undeveloped areas.

From an engineering point of view, the rapidly increasing demand for wireless access
poses an enormous challenge: the available bandwidth is scarce, and technology needs
constant updates every few years. Spectrally more efficient higher-order modulation
schemes help enable higher data rates, but the achievable Signal-to-Noise Ratio (SNR)
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limits the approach. It is hence primarily useful for short-range communication. Higher
bandwidth, on the other hand, requires the exploitation of new frequency bands to
avoid interference with existing services or a change of priorities of spectral allocations.
Most wireless services today rely on frequencies below 6 GHz, which do not require a
Line-of-Sight (LOS) for short ranges (e.g., indoors or in street canyons). A move to higher
frequencies causes higher losses and more blockage, which results in a greater sensitivity
to propagation path obstruction, necessitating the development of new higher power and
lower noise components for base stations and mobile devices.

Another approach to increasing the average available data rate is spatial multiplexing.
Decreasing the cell size of a terrestrial network or the spot beam size of a satellite reduces
the number of users per cell and thus maximizes the available data rate per user. Directive
antennas allow for segmenting the area surrounding a base station in many sectors.
Additionally, beamforming reshapes the sectors according to current demands adaptively.
Beamforming is achieved mechanically by moving a directive antenna or electronically
utilizing an array of antennas. Such an Electronically Scanned Antenna (ESA) or phased
array requires some control at each element to adaptively shape the radiation pattern
according to current need, e.g., to point the antenna beam in the desired direction and
suppress unwanted signals.

1.1 Brief History of Phased Arrays

The basic principle of phased arrays is well known in physics: If propagating waves
superimpose, they either constructively or destructively interfere, thus forming maxima
and minima. This phenomenon applies to all types of waves, including water, acoustic,
and electromagnetic waves, such as light and radio waves. If the wave sources are
coherent, i.e., they have the same frequency and a constant phase relation, the interference
pattern is constant and depends only on the phase and amplitude relation of the wave
sources. Changing the phase relation between sources changes the position of maximal
and minimal interference, hence their “direction”. This direction change is exploited in
phased arrays to scan antenna beams.

The first antenna arrays date back to the early 20 century, when multiple antennas
were combined to enhance the gain [4]. Karl Ferdinand Braun learned from such experi-
ments conducted by Marconi [5] and built the first phased array [6]. Braun was the first
to use the signal phase to scan the beam and is thus often considered the inventor of the
phased array [4].

Phased arrays have developed rapidly from the early days, mainly for direction find-
ing and Radio Detection and Ranging (Radar). In 1927 the famous binomial taper was
patented in [7]. Starting with World War II, the military requirement to detect aircraft
became a driving force in the development. Many countries deployed arrays such as the
Wullenweber type shown in Fig. 1.1b, which is still used today [8]. In 1946 the Dolph-
Chebychev amplitude taper was developed and allowed an efficient reduction of the
sidelobes [9].

The development of computers enabled the design of more complex planar arrays,
which allow scanning in both azimuth and elevation. Such arrays were experimentally
shown in 1966 [10]. At the same time, solid-state components were also successfully used
in phased arrays [4], starting the transformation from a powerful central transmitter to a
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(b)

Figure 1.1: (a) Three monopole antennas constitute the basis of the first phased array by
Ferdinand Braun in 1905 on [6]. (b) Modern Wullenweber array antenna in
Gablingen [8].

distributed system. Planar arrays based on patch antennas [11], and Wilkinson dividers
[12], became popular from the early 1970s [13]. Patch antennas can be mass-produced
and are very flat. Developments are ongoing, and phased arrays are steadily becoming
faster and more powerful.

1.2 State of the Art

The main driver behind the historical development of phased arrays was the military.
Phased arrays have always been very sophisticated, complex, and extremely expensive.
For high-gain applications, reflector antennas are a widely used low-cost alternative.
However, high-speed scanning without mechanically moving the antenna, generating
multiple beams, graceful degradation, and adaptive beamforming are capabilities that
are unique to arrays. Hence, they have attracted wide attention beyond the military
community or even electromagnetics.

In acoustics, beamforming techniques are used for loudspeaker and microphone
arrays to obtain directive characteristics. These are particularly useful in cars to focus a
microphone on passengers and reduce the surrounding noise.

Electronic beam scanning even benefits medical ultrasound. A single ultrasonic probe
only provides depth information. A steering mechanism of the ultrasonic beam allows for
obtaining a 2D image. Ultrasound steering conventionally relies on a mechanically mov-
able lens-based system. Modern systems use phased arrays and beamforming techniques
to change the beam direction and depth of focus. Using planar arrangements enables the
acquisition of 3D images, e.g., from organs.

An enormous phased array is the Atacama Large Millimeter/submillimeter Array
(ALMA) [14] for radio astronomy. It is a prime example of the civil use of a phased
array. However, other lower-cost applications exist as well. Some base stations of cellular
networks utilize arrays to adjust cells adaptively based on current requirements. Even
some consumer electronics such as Wi-Fi routers operate similar so-called Multiple-Input
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and Multiple-Output (MIMO) techniques. However, due to the high cost, larger phased
arrays with high gain and fast scanning requirements did not have breakthroughs in the
communication industry yet.

Many institutes are working on reducing the required technology (primarily electron-
ics) cost to allow broader use of phased array technology. In the industry, some new
ideas are also under development by Kymeta Corporation, Hanwha Phasor, and others
[15]. The technically more advanced concept of Digital Beam Forming (DBF) has recently
attracted considerable attention even for communication at Ka-band frequencies, and
various solutions have been proposed [16]. In DBF, software functions as the beamformer,
which allows even greater flexibility.

1.3 Overview of Thesis

The thesis focuses on the ongoing challenge of electronic beam scanning technology.
It aims to contribute to the rich history of designs and specifically investigates how to
adapt beam scanning with array technology to enable a broader range of (civil/consumer)
applications. High system cost has hampered the development of solutions even in
the communication industry. However, mobile communications are one of the prime
potential use cases for phased array systems. Providing terrestrial internet access gets
increasingly complex in rural and remote areas and ultimately fails on the oceans. Here,
satellite communication or long-distance microwave links are an alternative to a dense
base station network. High-gain antennas are required when communicating with such
systems. However, operating high-gain antennas on mobile platforms such as airplanes,
ships, or cars requires constant beam adjustments to maintain the communication link.
Electronically scannable antennas could be a well-suited solution for such cases.

The thesis is organized as follows. First, Chapter 2 introduces beam scanning and array
technology basics. The array principle, beam scanning, its limitations, and different archi-
tectures are discussed and analyzed in this chapter, which concludes with an introduction
to using phased arrays for (satellite) communications. Chapter 3 focuses on concepts to
allow more efficient phased array designs. It includes some technological advancements
but also component designs and architectures.

Chapter 4 introduces a hybrid beamforming approach, which combines a high-gain
reflector and a planar array for electronic beam scanning. The approach offers a practical
solution for applications with limited scanning requirements. The chapter comprehen-
sively analyzes the reflector shape and the necessary tradeoffs. Next, the feed design,
including innovative components such as a wideband radial divider, is presented. The
feed has to be customized for the reflector to maintain beam properties when scanning.
The chapter concludes with simulation and measurement results from the integrated
hybrid system.

The required components for phased arrays, such as phase shifters or T/R-modules,
are unavailable in many frequency bands. Thus, an innovative heterodyne beamformer
concept constitutes the core of Chapter 5. This 2D-beamforming concept uses mixers
in combination with adjustable signal sources to scan the beam. No electric or digital
control is required, which allows a relatively simple array design. A manufactured linear
8-element array design allows for validating the concept. The thesis concludes in Chapter 6
with a summary of the results and an outlook.



Chapter 2
Phased Array Design Aspects

2.1 Antenna Fundamentals

Antenna theory is a broad field, and a significant amount literature exists on the topic
[17]-[20] with partially deviating definitions and notations of essential parameters. This
section briefly introduces and defines important antenna parameters used in this work.

2.1.1 Directivity and Gain

Directivity D is an important property for describing antennas. “The ratio of the radiation
intensity in a given direction from the antenna to the radiation intensity averaged over
all directions” [21] defines the directivity. It compares the radiation intensity in a certain
direction to an isotropic radiator:

_ Amx U, o)
Prad

where U is the radiant intensity (power per unit solid angle), P,,q is the total radiated
power, and ¢ and ¢ refer to angles in spherical coordinates [22] as illustrated in Fig. 2.1a.
D refers to the maximum observed directivity if no angles are specified.

D(0,¢) , 2.1)

((T))ao,N ((T))a1,N ((T))aM,N

Z
/—t
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Figure 2.1: (a) Spherical coordinate systems 6, ¢ and elevation (FL), azimuth (A7) for
antenna pattern. (b) Linear array with four elements along the x-axis. (c)
Planar array along the x- and y-axis.

To include conductor and dielectric losses occurring in the antenna, an efficiency 7 is
defined. The antenna gain G includes these losses and is thus defined as:
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AmnxU(0, )
=5
Py, is the incident power at the antenna terminals. An efficiency definition including

the mismatch 7y = n(1 — |I'|?) is useful if significant input reflections occur at the ports.
Using this expression, the realized gain Gy can be defined:

G(8,9) =nD(0, ) (2.2)

Gr(6,9) = (1 —|T*) « G(6,¢) = noD(6,9) . 2.3)

The realized gain is beneficial for characterizing an antenna since it includes all oc-
curring losses. It is the standard definition of gain in this work. Boresight refers to the
direction with the maximal gain. A high gain implies a narrow beam required to obtain
a high angular resolution to differentiate between closely spaced sources or minimize
interference. The Half-Power Beamwidth (HPBW) [17, pp 15-16] is the standard metric to
characterize the width of the beam.

2.1.2 Polarization

The time-varying direction of the magnetic and electric field vectors of a Transverse
ElctroMagnetic (TEM) wave is an important property called polarization. To measure
polarization, the direction of the electric field vectors is tracked over time in a plane
perpendicular to the propagation direction. In the most general case, the direction will
vary and form an ellipse. Fig. 2.2a depicts such a polarization ellipse. An ellipse is well-
defined using the major and minor axes and the tilt angle . Two special cases can occur. If
the ellipse is only a straight line (minor axis = 0), the field oscillates in a single plane along
the propagation direction (linear polarization). Horizontal linear polarization occurs
when the major axis is aligned with the x-axis (= = 90°) and vertical polarization occurs
if 7 is 0°. If both axes are equal, the ellipse turns into a circle, and the polarization is
circular.

40

150 35
30
25 2
< 100 20-8
s e
153
50 10 <

5

0 0

=20 -15 -10 -5 0
|AA| (dB)

€)) )

Figure 2.2: (a) Polarization ellipse and (b) axial ratio of two linear sources with varying
relative phase and amplitude.
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The polarization of a plane wave can be decomposed into two orthogonal components,
e.g., two linear polarizations or two circular ones. Often only one of those components
is wanted at a time. This component is said to be the co-polarization, whereas the un-
wanted part is the cross-polarization. Two orthogonal polarizations can be transmitted
simultaneously without interference. Thus, doubling the channel capacity is possible
using polarization multiplexing. To make use of this technique, the Transmit (Tx)- and
Receive (Rx)-antennas must be able to separate the components, i.e., they must have two
channels, each with a high Cross-polar Discrimination (XPD):

| Ecol
‘ECTOSS‘

Circular polarization is particularly useful for mobile applications since it does not
require an alignment between the Tx- and Rx-antennas. Circular polarization is either
Right-Handed Circular Polarization (RHCP) (clockwise rotating in the propagation di-
rection) or Left-Handed Circular Polarization (LHCP) (counterclockwise rotating) based
on the orientation of the field vectors. A good figure of merit for the quality of circular
polarization is the axial ratio:

XPD =

(2.4

AR = Emax - | Eruce| + | Evuce| _ XPD +1
Ewin  |Eruce| — |Eruce] XPD-1°

where Fnax and En, are the field components in the direction of the major and
minor polarization ellipse axes, respectively. The axial ratio is commonly expressed in
decibels: 0dB represents ideal circular polarization. In this work, an AR of less than
3dB is considered circular, and an AR of less than 6 dB is quasi-circular. These values
correspond to an XPD of about-15 dB and -10 dB, respectively. Circular polarization can be
excited using two orthogonal linearly polarized sources F; and F; using equal amplitudes
and a 90° phase shift. Realistic sources cannot fulfill this requirement (or at least not
for a wide frequency range) since amplitude variation (A A) and phase errors (A¢) occur
(Ey = |AA|E1e7*29). Fig. 2.2b shows the influence of such errors on the axial ratio and
hence the polarization purity.

(2.5)

2.1.3 Bandwidth

According to [17, p. 26], antenna bandwidth is “the range of frequencies within which the
performance of the antenna, with respect to some characteristic, conforms to a specified
standard.” This definition is helpful for a wide variety of application requirements.

The focus here is on two major parameters: the antenna input impedance and the
polarization. The impedance bandwidth is defined as the frequency range within which
the return loss is better than 10 dB (Voltage Standing Wave Ratio (VSWR) > 2). The polar-
ization bandwidth is harder to define since polarization is direction-dependent in the
antenna pattern. Assessing the axial ratio in only the boresight direction helps to calculate
a good figure of merit. The frequency range where the boresight axial ratio is below 6 dB
defines the polarization bandwidth.
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2.2 Array Principle

An array consists of antenna elements specifically arranged and excited to obtain a
predefined radiation pattern. In the simplest case, all elements are purely passive. While
single antennas typically have relatively wide beams, the array allows to focus the element
patterns and creates a more directive beam.

This principle helps to form large, very directive antennas based on simple elementary
radiators, thus reducing complexity and build size. The array pattern can be actively
modified using control circuitry at each element. Phase adjustments, for example, allow
scanning of the focused beam to a desired angle. In this thesis, the transmit and receive
case are not separately evaluated since reciprocity applies as long as no active circuitry is
involved.

2.2.1 Array Fundamentals

The working principle is best understood using a linear array of isotropic antennas as
depicted in Fig. 2.1b. The emitted plane waves from each element superimpose, causing
maxima (constructive interference) and minima (destructive interference) in the resulting
pattern. A global maximum (i.e., a main lobe) occurs if the path length difference Al
between adjacent elements is a multiple of the wavelength \. Usually, only a single
main lobe is desired. Other occurring main lobes are unwanted grating lobes. All other
(nonglobal) maxima in the pattern are called sidelobes.

If the antenna elements are not only placed along one but along two axes, the array is
called planar (Fig. 2.1c). The same principle applies, but a focused beam in elevation and
azimuth is possible. The pattern of the array

E(0,¢) = R(0,¢) * F(0, ¢)
= R(0, ¢) Z |amn| exp(j2m(mdx(sin(f) cos(¢p) — sin(y) cos(dg))+ (2.6)

ndy(sin(f) sin(¢) — sin(fp) sin(¢y))))

can be determined using the element pattern R(6, ¢) and the so-called Array Factor F (6, ¢).
The element weighting coefficient amn = |amn| exp(—j(mA¢dx + nAgy)) shapes the pattern.
Scanning the beam to the desired direction (6, ¢g) is possible by adjusting the progressive
phase A¢x, Agy between adjacent antennas along the principal axes of the array:

27 fdy 27 fdy

€o

A(st ==

sin(fg) cos(do),  Ady =

sin(fp) sin(¢yp) - 2.7

From Eq. (2.7), it is evident that the phase and beam direction depend on the signal
frequency f. Typical phase shifters exhibit a constant, frequency-independent phase,
inducing a frequency-dependent scan angle. The severity of this so-called beam squint
depends on the maximal scanning angle 6y yax and the bandwidth A f. If a 3 dB reduction
in the desired beam direction is acceptable, the maximal tolerable fractional bandwidth

is
Af _ _Osw
f sin HO,max ’
where 6y denotes the half power beamwidth. It is not critical for systems with a low
fractional bandwidth A f, broad beams, or without scanning requirements. Simple delay

(2.8)
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lines of length / are one option to prevent beam squint. Their phase changes constantly

with frequency

A¢:iﬁzijL 2.9)

Hence, if Eq. (2.7) is applied, the scan angle depends on / only.

fgw depends on the total array size: A large array generates a narrow pencil shape
beam. A large linear array with N, elements has a broadside beamwidth of

A

where By, is a beam broadening factor [18, p. 19]. In the case of a planar array, the
effective area, i.e., the observed array surface size from a non-broadside angle, is reduced
for higher scanning angles causing a beam broadening. For a large array, the projection
of the area allows one to estimate the beam widening [18, p. 22]:

Osw (o) = bew(f = 0)

Adjusting the amplitude of the weighting coefficients |am|, helps to suppress unwanted
sidelobes. The Sidelobe Level (SLL) describes the gain ratio of the main lobe and the
highest sidelobe. A uniform amplitude taper leads to a minimal SLL of 13 dB, whereas a
binomial taper can completely suppress side lobes for d = A\/2 [17, p. 540]. In contrast, a
uniform amplitude taper leads to the narrowest beam (B;, = 1) and the binomial taper to
a high beam broadening and hence a low directivity. A Dolph-Chebychev taper yields the
minimal achievable beamwidth for a given SLL. All three amplitude distributions and
resulting array factors of a 16-element linear array are shown in Fig. 2.3a and Fig. 2.3b,
respectively.
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Figure 2.3: (a) Amplitude distribution for different tapers and (b) resulting patterns of a
16-element linear array.

Grating lobes may significantly deteriorate the array pattern since their gain is similar
to that of the main beam. Based on Eq. (2.6) grating lobes in the upper hemisphere
(0 € [-7/2,7/2]) can be avoided, if the element spacing d and the maximal scanning angle
6o.max are chosen such that
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a1
A 14 sin(fomax)

is fulfilled. Another way to reduce grating lobes is to adapt the element pattern f (6, ¢)
to minimize radiation in potential grating lobe ranges.

(2.12)

2.2.2 Array Gain

The directivity of a planar array depends on the wavelength and the total array area A,
which in turn depends on the element area A, and the number of elements N,;. From
Eq. (2.11), it is evident that a scanned beam reduces the directivity:

47 A 4w A
D= SVE cos(6y) = DsNgj cos(g) = TelNel cos(bp) , (2.13)
where Dy is the directivity of a single array element. According to Eq. (2.3), the realized
gain depends on the directivity, the input reflection, and the efficiency. In contrast to
a single antenna, the input matching of an array is scan-angle-dependent due to the
interelement coupling of neighboring antennas. Nevertheless, the gain still improves

directly with the number of elements.

2.2.3 EIRP and G/T

The properties Equivalent Isotropic Radiated Power (EIRP) for the transmitter and An-
tenna Gain-to-Noise-Temperature (G/T) for the receiver are often used to compare the
performance of antenna systems.

The EIRP is a measure of the power density an antenna system radiates in the direction
of the main lobe. It is the product of the antenna gain and the incident power and is hence
valuable for system-level analysis:

EIRP = Gy + Py, . (2.14)

The G/T is an important figure of merit for an Rx antenna. It relates the antenna gain
G (usually in dB) to the receiver system’s noise temperature 7sys. Tsys is the sum of the
antenna noise temperature 7, originating from the (atmospheric) background and the
additional noise introduced in the RF signal path Tgy. Noise temperature depends on the
received noise power N:

N
Toys = —— 2.1
Sys B+ kB ) ( 5)
where B is the receiver bandwidth and kg the Boltzmann constant. It can be converted
to a noise figure F = T"%OTSYS, where Tj is the environment temperature [18, pp 6-7]. For

practicality, a "standard" environment temperature close to the typical room temperature
is often assumed (7; = 290K). For the receiver, the transmission line losses between
the antenna and the first amplifier (so-called Low Noise Amplifier (LNA)) and the LNA
performance are crucial. Indeed, in well-designed Rx systems, the noise temperature 7Tgx
is close to the equivalent temperature of the LNA’s noise figure.
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2.2.4 Number of Controls

The number of controls in an array significantly influences the total cost and complexity. A
control in this context is a means to adjust a signal, such as a phase shifter or a controllable
attenuator. In the case of suppressed grating lobes, the desired beamwidth #gy and the
maximal scanning angle 6y yax determine the minimal number of required controls Nej min
[18, p. 42]:
Sin(eo,max)

Sn(Opw) (2.16)

The equation is valid for large arrays with scanning in one direction. For 2D scanning,

Nngmle controls are necessary. The realization of such a minimal array is complex.
Indeed, the minimal number of controls does not mean the smallest size or simplest
design. However, Ngj nin is @ good figure of merit to compare designs. If a planar array is
considered, Eq. (2.10) and Eq. (2.11) can be used to determine the number of elements:

N, elmin = 2 *

A By,
Nelmin = 0.866 % = : 7
el,min 1" Opw cos (6o max) i

Grating lobes are suppressed if the element spacing d is smaller than /2 or the maximal
scan angle is limited (cf. Eq. (2.12)). The plot in Fig. 2.4 shows the number of controls
for a desired beamwidth of 6gy = 2°. Due to the grating lobe suppression, the planar
array with d = \/2 requires a high number of elements and controls, even for small scan
angles. The planar array with variable element spacing is closer to the ideal minimum
for scan angles 6y max < 50°. The results are inaccurate for a low element count since
the approximation in Eq. (2.10) is only valid for larger arrays. Both planar arrays show
an asymptotic behavior for scan angles above 60° since the effective aperture decreases
significantly. Furthermore, amplitude tapering is necessary for practical use, decreasing
aperture efficiency and widening the beam. In Fig. 2.4, the results for an exemplary beam
broadening of By, = 1.2 are also included. All these planar designs are not well suited for
applications with high scan angle requirements.
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Figure 2.4: The minimal number of controls to obtain a phased array with scanning
capability up to pmax at a given beamwidth (here: 6w = 2°). The beam
broadening factor is By, = 1, except for the cases marked —e—, where By = 1.2.

The significant deviation between the ideal minimum and the actual number of controls
for the plotted planar arrays at high scan angles exposes the inherent problems. Several
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design approaches exist to reduce the gap, including planar arrays consisting of larger
sub-arrays or 3D-conformal arrays.

2.2.5 Performance Limitations

Several effects limit the performance of array antennas. One very critical factor is inter-
element or mutual coupling. Many simplifications, such as the array factor F, are only
valid in the case of independent or weakly coupled array elements. Coupling leads to
a change in the reflection coefficient for scanned beams. In the worst case, all incident
power is reflected. This effect is called scanning blindness and must be avoided in the
desired scanning range.

Another significant limitation is the accuracy of the phase shifters. They are commonly
digital and thus have a “stepped” phase response limiting the accuracy and increasing the
SLL. Furthermore, amplitude and phase variations might occur in the feed networks, the
phase shifters, or the amplitude controls due to production or environmental changes. If
not fully calibrated, these effects can deteriorate the beam pattern as well.

2.3 Architectures

A phased array generally consists of the antenna elements, the feed network to distribute
signals to the antennas, and the control circuitry to adjust each element’s phase and
amplitude. The interconnection of these three building blocks is fundamental to the
design of the array. A great variety of different topologies are possible and are chosen
according to the application requirements. This section presents important beamforming
architectures for later reference.

2.3.1 Feed Network

The feed network is required to distribute a signal to or collect it from each antenna. The
two most common designs are the serial and the parallel feeds as depicted in Fig. 2.5a
and Fig. 2.5Db, respectively.

() () () () ) G () )

B ®

(a) )

Figure 2.5: Array topologies using (a) a serial (b) a parallel feed design.

In the serial feed design, all array elements are connected in series, and the signal
progresses along the elements from the feed point. As illustrated in Fig. 2.5a, this can be
realized using couplers. Phase shifters can be either placed in the signal path, leading to
accumulating losses, or at each antenna element.
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In contrast, the parallel feed uses a cascading design to split the signal evenly to all
elements. Ideally, the amplitude and phase response of each branch are equal. Typical
designs are symmetric and use power dividers to split the signal as shown in Fig. 2.5b.
Hence, such designs often use 2/ elements.

The main advantage of the serial feed is a very compact feed network with low losses
in the transmission lines. The required total phase shift between elements is also low in a
design such as in Fig. 2.5a, where the phase shifters are positioned between elements. Due
to the accumulating losses and inaccuracies along the network, this design is challenging
for larger arrays. Furthermore, the electrical length of the transmission lines between
elements is crucial since the resulting phase shift is frequency-dependent. Hence, the
beam direction of serial feed arrays depends strongly on the operating frequency. Com-
pensation is possible using the phase shifters if the signal’s fractional bandwidth is low.
On the other hand, this effect allows the design of so-called frequency-scanned arrays.

2.3.2 Phase Shifting Networks

Phased arrays are also categorized based on the placement of the phase shift stage. This
section presents different approaches and discusses their usage scenarios. The focus here
is only on parallel feed networks since they suit a more extensive range of applications.

RF Beamforming

In the Radio Frequency (RF) beamforming architecture, signal control and combination
occur in the RF domain. Thus, the phase and amplitude control circuitry must be able to
work up to the highest frequencies. This architecture is prevalent since it requires the
fewest components and yields the most compact arrays. Ideally, a single Intermediate
Frequency (IF) channel suffices without mixers or Local Oscillator (LO) distribution
networks. The two cases shown in Fig. 2.5 use RF beamforming.

The main disadvantage of RF beamformers is the control circuits at higher frequencies
(e.g., at millimeter wave). If available, they tend to be expensive, inaccurate, or suffer
from high losses limiting receiver performance. The phase and amplitude response can
also present further challenges.

IF Beamforming

As an alternative, IF beamforming reduces the operating frequency for the phase shifters
and combination network. Thus, the available higher-performance components help to
improve the array’s overall functionality. However, a mixer is required at each antenna
element to convert between RF and IF. The mixers require an LO signal demanding an
additional distribution network.

Fig. 2.6a shows the topology. The high component count increases system complexity,
energy consumption, size, and cost.

LO Beamforming

A mixer is a three-port device that converts an RF signal to IF based on an LO and vice
versa. The phase of the RF signal is determined through the summation of LO and IF
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Figure 2.6: Array architecture using (a) IF and (b) LO beamforming. The RF part is marked
in ==, the IF partin =, and the LO in =—.

phase. Unlike IF beamforming, the phase change occurs in the LO path. The signal is
combined at IF. This architecture is shown in Fig. 2.6h.

The component count is similar to IF beamforming, but since the L.O frequency is
usually higher than IF, the phase shifters must operate at a higher frequency close to the
RF. Subharmonic mixers can reduce the operating frequency for some use cases. The
main advantage of LO beamforming is the absence of the phase shifter from the signal
path, reducing loss, noise, and nonlinearities. Furthermore, the requirements on the
performance characteristics, such as bandwidth, linearity, and losses of the used phase
shifters, are less stringent.

Digital Beamforming

Digital beamforming uses software signal combination in the baseband. Hence, all an-
tenna channels carry a complete processing chain from the RF to the digital domain. In
addition to components used in the IF beamformer, a DBF-system must implement a com-
plete IF processing chain including Analog-to-Digital Converter (ADC)/Digital-to-Analog
Converter (DAC) in each channel. The concept is illustrated in Fig. 2.7a.

RF (() () () (1) RF (1) () () ()
IF IF IF IF % ng
/A /A /A /A IF IF
/A /A
LO

@ ' (b)

Figure 2.7: Array architecture using (a) Digital and (b) Hybrid beamforming. The RF part
is marked in ==, the IF part in =, the LO in =, and the digital domain in
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This topology is the most advanced and complex, suffering from the high cost of
extensive circuitry, size requirements, and power consumption. Furthermore, processing
and speed requirements on digital hardware can be extreme and require special solutions.
In turn, digital beamforming provides unique features and excellent flexibility: It enables
an indefinite number of beams, an adaptively generated pattern, flexible nulls to suppress
interference, and an instantaneous Direction of Arrival (DOA) estimation.

Hybrid Beamforming

The introduced beamforming approaches can be mixed and combined to obtain hybrid
networks. Such hybrid approaches are beneficial for specific applications. Fig. 2.7b
illustrates a mixed RF and digital beamforming network, combining (limited) digital
beamforming capabilities with fewer components.

2.3.3 Active and Passive Arrays

Although technically sufficient, phased arrays have more active components than just
phase shifters. Receiver arrays use LNAs to maximize the SNR. Transmitter arrays require
Power Amplifier (PA)s to boost the output signal.

A passive array only uses one central LNA or PA. If, on the other hand, amplifiers
are placed at each antenna element, the array is active [18, p. 35]. Passive arrays have
significantly lower complexity and require fewer components and less electrical power.
One significant advantage of active arrays is reliability since a single failing amplifier
does not prevent array operation, but the performance “gracefully degrades”. Hybrid
approaches are also possible, combining multiple passive subarrays to form a better-
performing large array.

Depending on the number of array elements N, the performance difference between
both approaches can be significant. Here, we consider the properties EIRP and G/T and
assume an array with an exemplary element spacing of d = A\/2. PAs with an output
power of Pyyp = 1W and LNAs with a noise figure of Fiya = 2dB are investigated for
the Tx case and Rx case, respectively. The total network losses L are estimated, including
power combiner and transmission line losses without the phase shifters. The length of
transmission lines in a planar parallel fed array is approximately I = (v/Ng — 1)A/2. A
good measure for microstrip lines on low-loss substrates at K,-band is 0.3dB/\. For an
array with N elements, a total number of Npq = log,(Ve1) power dividers are required,
each assumed to have a loss of 0.3 dB.

Using Eq. (2.1) and assuming ideally matched components the EIRP is:

EIRP = Ngj * 7 * L * Pamp (passive case) (2.18)
EIRP = N§ * 7 * Pamp (active case) . (2.19)

The EIRP in the active case increases with N2, whereas the passive case has only a
linear relationship. Although an external PA can generate a much higher output power,
the benefits are apparent. Furthermore, the loss term L is omitted in the active case since
the individual amplifier gain can compensate for circuit losses. The investigation results

are plotted in Fig. 2.8a. Including transmission line losses, the EIRP does not monotonically
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increase with the number of elements but reaches a maximum. The maximum defines
the largest sensible size of a passive array.
A similar investigation can be made for the G/T assuming an antenna noise temperature

of Tant = 100K:

Ne *m* L .
G/T = = (passive case) (2.20)
/ Tant + (Fina * L — 1)Tp P
NI*TF .
G/T = = (active case) . (2.21)
/ Tant + (Fina — 1)To
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Figure 2.8: The (a) EIRP and (b) G/T of a square array with element spacing A\/2. The active
array is plotted in —. The passive array excluding losses is displayed as - - -,
with combiner losses as -, with combiner and 0.1dB/ line losses as - -, and
with combiner and 0.3 dB/\ line losses as

In contrast to the Tx case, the G/T initially increases linearly for both the active and
passive cases (cf. Fig. 2.8b). Indeed, the passive lossless and the active cases are quasi-
equal. However, due to the additional noise generated in the lossy passive network, the
maximum is reached at a smaller element number, and the dropoff is much steeper.
Hence, reducing (transmission line) losses is vital for Rx arrays.

2.3.4 Frontend

This work refers to the frontend as the analog part of the signal processing chain, excluding
the antennas. The RF frontend includes the mixer and LO distribution network and
contains passives (filters, couplers) and active components (amplifiers, phase shifters,
Integrated Circuit (IC)s). The frontend design fundamentally influences the overall array
size and performance limitations. Organizing frontends in Line Replaceable Unit (LRU)s
allows for efficient replacement of malfunctioning ones. Such a LRU or module consists
of one or multiple channels.

The main challenge in the frontend design process is the integration of active com-
ponents. They require space, electrical power, cooling, and supply networks [23]. The
integration becomes more difficult at higher frequencies because IC packages do not
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shrink as much as the available area in the array grid. Moreover, the efficiency of am-
plifiers decreases, causing even higher power consumption. The resulting high thermal
power densities require elaborate cooling solutions.

The two main integration approaches are the so-called “brick” and “tile” architectures
[24], [25]. They relate only to “the way the array is assembled, not the organization of the
aperture” [18, p. 47].

Control
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Figure 2.9: 4x4 array in (a) brick and (b) tile architecture.

Examples of both architectures, including the array antennas and the frontends, are
depicted in Fig. 2.9. Both arrays are aligned to radiate in the z-direction and are realized in
Printed Circuit Board (PCB) technology. The brick construction in Fig. 2.9a is well proven
and widely used [26, pp. 161-163]. The available surface for component integration is
longitudinally aligned with the radiation direction. It can be easily adjusted by changing
the module’s overall depth. In the brick architecture, it is common to integrate only one
channel per module [27, p. 26], although multiple channels per module have been demon-
strated [28] at millimeter wave frequencies. Besides the scalability, cooling, interconnect
design, and maintainability are further advantages of a brick module. Furthermore, many
well-known antennas are easily integrable. Examples include waveguide horns, dipoles,
and the depicted Substrate Integrated Waveguide (SIW) antennas. The biggest drawback
of the brick architecture is the overall module size.

The tile approach is superior for compact designs. Components are integrated into a
plane transverse to the radiation direction. Often, patch antennas are used (cf. Fig. 2.9h).
Several challenges are involved with tile architectures. A high number of components
lead to very dense packaging since the array grid spacing confines the available space.
Additional layers can mitigate this problem but require (complex) vertical interconnects
[29] and decrease the cooling capability. Furthermore, coupling between components
and tightly integrated feed networks decreases performance. Innovative solutions, such
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as folded modules [30] or hybrid brick-tile designs [31], are options to overcome these
limitations.

2.4 Design for Communications

The focus of this work is on the design of electronically scanned antennas for mobile
communications. The underlying requirements differ significantly from radar or other
imaging applications. Multiple simultaneous beams and high isolation between Rx and
Tx are less critical, whereas low-cost, continuous operation, interference minimization,
and high gain are more important. In this section, exemplary satellite communication
scenarios are introduced, and their implications on phased array design are discussed.
The presented scenarios serve as a reference for the solutions presented in this thesis.

2.4.1 Communication Scenario

Satellite communications have become essential to today’s worldwide data networks
[32, p. 16]. Particularly in remote areas, satellites are often the only means of commu-
nication. The Geostationary Earth Orbit (GEO), located 35,786 km above the equator, is
currently the preferred location for communication satellites, as the direction between a
satellite and a point on the Earth’s surface does not change. GEO communication allows
a relatively simple network of fixed earth stations as gateways. In addition, the user
terminals for such Fixed Satellite Service (FSS) do not need tracking capabilities. There-
fore, many satellites operate in the GEO. The resulting dense orbital spacing requires
strict regulation for satellites and terminals alike by organizations such as the ITU and
European Telecommunications Standards Institute (ETSI). Consequently, GEO satellites
have become increasingly powerful and expensive. Some satellites, such as VIASAT 1,
allow total throughputs of more than 100 Gbit/s from a single orbital position.

The available spectrum must be spatially reused to enable such high data rates. Multi-
beam antennas onboard the satellite generate hundreds of optimally non-overlapping
spot beams on the Earth’s surface. As shown on the left side of Fig. 2.10, one of four colors
is dedicated to each spot beam using the four-color theorem [33]. If each color corresponds
to an orthogonal signal, interference is minimal. For Satellite Communications (SatCom),
two polarizations (e.g., RHCP and LHCP) along with two frequency bands (e.g., low and
high band) represent the four colors. One-quarter of the total achievable data rate is
available to users in each spot beam. The total throughput is maximized using many small
spot beams on the Earth’s surface. As shown on the right side of Fig. 2.10, the spot beams
are often shaped to cover populated areas only. To further maximize the throughput,
the two-color scheme could be used [34]. The total achievable bandwidth increases to
one-half at the expense of more interference problems in beam overlaps.

GEO satellites also have some drawbacks. Due to the significant altitude and dense
orbit spacing, the satellites must be very powerful and therefore big and heavy, which
increases production and launch costs. Furthermore, the long distance between Earth
and the satellite results in a high Free Space Loss (FSL) and a long round trip delay of
more than 500 ms. In the polar regions, GEO satellites are below the horizon, making
reception impossible. As alternatives, lower orbits such as the Medium Earth Orbit (MEO)
or Low Earth Orbit (LEO) illustrated in Fig. 2.11a can be utilized.
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Figure 2.10: Reuse of available resources with minimal interference using the four-color
scheme for satellite communications.
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Figure 2.11: (a) Three satellites in geostationary orbit and different low Earth orbits. (b)
Coverage of an exemplary LEO satellite constellation using polar orbits.

Satellites not in the GEO orbit move relative to the Earth’s surface. Depending on the
inclination (the angle between the orbital and equatorial plane [32, p. 28]), different orbits,
such as equatorial and polar, are possible. In particular, the polar orbit is pivotal, as it
enables true worldwide satellite coverage [32, 392ff]. Disadvantages of these orbits include
the tracking necessity of ground equipment and many satellites to allow permanent
global coverage. Another drawback of polar orbits is the required high number of ground
stations throughout the desired coverage area. In remote areas, the need for more
infrastructure further complicates worldwide operations. A data relay using Inter-Satellite
Links (ISL)s can be a solution. Fig. 2.11b shows a constellation of several LEO satellites in
a polar orbit.
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Constellations with high numbers of LEO satellites have recently attracted significant
attention as alternatives to the existing GEO networks. These so-called mega-constellations
are currently in development by private companies such as SpaceX (Starklink), OneWeb,
and Telesat to participate in the so-called New Space Economy. Current network plans
include K,-band-, K,-band- and even V-band usage with about 100 (Telesat) to more than
10000 (Starlink) satellites in orbits between 500 km and 1500 km. Since 2020 the Starlink
constellation has been operational with 3376 satellites in orbit at the end of 2022.

The high number of satellites required for a mega-constellation must be produced
and launched on an industrial scale, significantly reducing the build and launch cost
compared to a GEO satellite. A LEO satellite can significantly reduce the round trip delay
and free space loss, allowing for new applications and compact ground antennas. Smaller
spot beams and an improved link budget can increase the available data rate. With
reduced network costs, satellite service providers can compete with cable-based ISPs
and a ground-independent communication channel. Two main application scenarios are
offered: The terminal can directly communicate with the satellite or use a nearby earth
station as a gateway. O3B-network, which operates in a MEO, uses the gateway scenario.
It provides satellite coverage to cheap mobile terminals or smartphones but requires a
dense base station network. Therefore, this approach is mostly suitable for populated
areas without a proper backbone infrastructure, e.g., in developing countries.

Terminals for LEO communications are ideally inexpensive and compact and must
have tracking capability. This work presents such solutions based on electronically
scannable antennas. The presented technological innovations are, in principle, applicable
to both the mobile user communicating with a GEO satellite and the mobile or fixed user
communicating with a moving LEO satellite.

2.4.2 Satellite Constellations

The satellite constellation significantly influences the terminal design and the possi-
ble communication scenario. The required number of satellites for continuous global
coverage can be estimated using Fig. 2.12. The area a single satellite can illuminate in-
stantaneously depends on the Earth’s surface coverage arc +. This coverage arc depends
on the satellite altitude » and the maximal acceptable look angle 6y max 0f the terminal
towards the satellite. 6y 5« is specified at the Edge of Coverage (EOC) of the satellite
beam (typically at the HPBW). If the satellite generates a single beam only, the angle § is
equivalent to the beamwidth of the satellite antenna. e is the radius of the Earth. The
link length is the distance between the satellite and the terminal. It varies from 4 in the
center of the beam to d at the EOC.

In the case of a GEO satellite with a look angle oriented downward towards the horizon
(Bo.max = 90°), the coverage arc is 162.6°. Therefore, three satellites are required for
full coverage of the equator, whereas the polar regions cannot be covered at all. Such a
constellation is used in INMARSAT-5 to provide almost worldwide internet access, focusing
on the oceans. The minimal look angles to one of the three satellites are plotted in Fig. 2.13.

The three satellites are positioned above the Pacific, Atlantic, and Indian oceans. The
look angle remains below 75° on the equator but rises quickly towards the poles. Some
regions in Central Europe reach look angles of more than 80°, which are very low above
the horizon and are critical for many antenna systems. The satellites are consistently
below the horizon in the far North and South. The link distance d also increases for
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Figure 2.13: Minimal look angles of antenna terminals on the Earth’s surface towards the
three INMARSAT-5 geostationary satellites at 63° East, 55° West, and 179°
East. The map uses a Mercator projection.

regions further away from the sub-satellite point. At 6, = 90° the distance is 41679 km,
which is roughly 6000 km more than the shortest path. At K;-band, this increases the FSL
by 1.3dB.

The satellite position can be altered to improve coverage in Europe. Eutelsat’s KA-SAT
is positioned at 9° East, which is ideal for covering Europe. As shown in Fig. 2.14 the
maximal look angles improve somewhat to less than 70°. Nevertheless, significant parts
of Germany and the UK still require angles greater than 60°.

Satellite constellations in a LEO polar orbit can improve the look angle everywhere
on Earth. In Fig. 2.11b, not the entire Earth’s surface is permanently covered by satellite
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Figure 2.14: Required look angles for satellites communication with the geostationary
Eutelsat KA-SAT satellite at 9° East in Europe.

beams. The required number of satellites for continuous coverage can also be estimated
using the coverage arc from Fig. 2.12. It is listed in Table 2.1 for LEO satellites operating at
500 km, 750 km, and 1200 km altitude with maximal look angles of 30°, 60°, and 80°. The
coverage arc increases significantly for higher orbits and wider satellite beams from 48°
with 32 required satellites (h = 1200 km, § = 112°) to 4.8° with 2888 required satellites
(h = 500 km, § = 55.2°).

Table 2.1: Analysis of the minimal number of low Earth orbit satellites in varying altitudes

for global coverage and three maximal look angle 6 max.

Altitude 60 00 FSL BW§ Gain Coverage Arc~ # Sat.
500km  80.0° 172.4dB 131.9° 2.8dB 28.1° 91
500km  60.0° 172.4dB 106.8° 4.6dB 13.2° 392
500km  30.0° 172.4dB 55.2° 10.3dB 4.8° 2888
750km  80.0° 176.0dB 123.6° 3.3dB 36.4° 50
750km  60.0° 176.0dB 101.6° 5.0dB 18.4° 200
750km  30.0° 176.0dB 53.2° 10.7dB 6.8° 1431
1200km  80.0° 180.0dB 112.0° 4.2dB 48.0° 32
1200km  60.0° 180.0dB 93.6° 5.8dB 26.4° 98
1200km  30.0° 180.0dB 49.8° 11.2dB 10.2° 648

The results represent only a minimal constellation without any overlaps. If more than
one satellite should be visible at any given time and spare satellites must be available,
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more satellites are needed. The OneWeb constellation is scheduled to begin service with an
initial number of 648 satellites at an altitude of 1200 km. Hence, a fixed terminal scanning
up to 30° is sufficient to keep one satellite in view. If more satellites are in orbit later
in the project, scanning requirements are reduced, and multiple satellites can be used
simultaneously.

2.4.3 Scanning Considerations

Section 2.4.2 illustrates the effect of the satellite constellation on the required look angles
from the ground terminal to the satellite. While LEO-constellations allow relatively
low look angles, they quickly reach more than 60° for GEO-satellite constellations in
significant parts of the densely populated and traveled Northern Hemisphere. According
to Section 2.2.4, this value is already above the reasonable threshold for a single planar
array design, and other solutions are needed.

In addition, mobile terminals further increase the scanning requirement because the
orientation between the antenna and the satellite may change through the movements
of the mobile platform. Thus, an assessment of typical angular changes is required to
determine sensible array designs. Here, we will consider three cases: a ground vehicle, a
ship, and an airplane. In principle, the three axes of rotation pitch (nose up and down),
roll (circular movement around the forward axis), and yaw (nose moving to the side)
must be considered. In many cases, the array boresight coincides with the yaw-axis. In
that case, the yaw movement is negligible.

In [35], a car’s typical roll and pitch movements in different driving and road conditions
are analyzed. During normal driving, roll angles of less than 5° and pitch angles of less
than 1° are observed even during spins or on bumpy roads. These values are exceeded
for banked or inclined road surfaces. Similar results are reported in [36], where changes
in yaw are also investigated.

For maritime applications, roll and pitch angles significantly depend on the vessel size
and weather conditions. [37] reports pitch angles of up to 1.9° and roll angles of up to
6.3°. More general considerations are given in [38, Section 2.3.3], reporting pitch angles
up to 8° for small and 3° for large container ships. Furthermore, roll angles of up to 10°
are reported even for a larger ship, which may reach 45° in extreme conditions.

For planes, available data is somewhat scarce and confidential. An FAA statistical
analysis of the Boeing 747-400 airplane provides pitch angles during different flight
phases [39]. The pitch angle remains below 15° and 7° for most of the flights during
departure and approach, respectively. During cruise flights, only minor (negligible) pitch
angles are observed. These results are generally confirmed for a non-commercial plane
in [40], where bank (roll) angles of up to 50° are registered. However, the Airplane Upset
Recovery Training Aid advises maximal banking angles of 45°, nose up pitch angles of 25°,
and nose down pitch angles of 10° for a passenger flight to be considered “normal” [41].
Furthermore, bank angles of less than 10-15° are recommended during the cruise phase.

2.4.4 Satellite Links

Historically, the GEO has been widely used for many satellites operating in various fre-
quency bands. GEO satellites operate at a defined altitude above the equator in tightly
spaced orbits, sometimes even in the same frequency band. Consequently, satellite ter-
minals undergo strict regulation to minimize interference with neighboring satellites
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or services. At K;-band, ETSI standard EN 303 978 defines such a set of requirements
[42]. A significant one is the limitation of the EIRP for in-band off-axis signals emitted by
the terminal. Fig. 2.15a shows these limitations for co-polar and cross-polar signals for
any 40 kHz band. Since a typical satellite spacing is 2°, no on-axis EIRP limits exist within
0 = +1°.
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Figure 2.15: (a) In-band off-axis EIRP requirements for Ka-band satellite terminals accord-
ing to ETSI standard EN 303 978. (b) Spectral efficiency of satellite links using
DVB-S2X.

The achievable data rate is of the greatest importance in evaluating the performance
of the radio link. According to the Shannon-Hartley theorem, the channel capacity C of
an analog channel with bandwidth B depends only on the SNR:

S
= Bl 1+—=. 2.22
C=Blog, (1+3) (2.22)

The channel capacity is the maximal possible error-free data rate of that channel.
Practical systems must use high-order modulations and efficient channel coding to maxi-
mize the data rate and get close to this upper bound. The improved computing power
has enabled the usage of very efficient Low-Density Parity-Check (LDPC) codes [43], [44].
Modern satellite communications use these LDPC codes in standards such as DVB-S2X
to maximize the data rate [45]. Since the bandwidth may vary, the spectral efficiency
S/ B is better suited to compare the effectiveness of coding and modulation. In Fig. 2.15b,
the spectral efficiency of DVB-S2X (—) is compared to the modulation used in the older
DVB-S2 standard and the Shannon limit. DVB-S2X is very close to the bound and extends
DVB-S2 significantly for signal-to-noise ratios S/N below -2 dB and above +16 dB.

To estimate the received carrier power S, the EIRP, the Rx antenna gain, and propaga-
tion losses must be determined. Free space loss is the main issue for satellite links. In
addition, absorption and scattering in the atmosphere and ionosphere further degrade
signal power. These influences are often minor unless precipitation occurs in the propaga-
tion path. In particular, liquid water attenuation is crucial. Fig. 2.16a shows the geometry
to estimate the influence of rain. The zero-degree isotherm is the melting layer. The water
above is frozen and is therefore neglected in the analysis. The altitude of the melting layer
changes during the year and depends on the latitude. A worst-case scenario is considered
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in Fig. 2.16b to estimate the attenuation [32], [46, p. 509], which depends on the rain rate
and the frequency. The rain is light at rates below 2.5 mm/h, whereas convective rain
starts at 10 mm/h.
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Figure 2.16: (a) Propagation model of radio waves in rain conditions. (b) Rain rate depen-
dent attenuation.

For frequencies below 10 GHz, the attenuation is generally low but rises quickly with
frequency. At a rain rate of 20 mm/h, the rain attenuation is approximately 20 dB at 30 GHz,
9dB at 20 GHz, and only 3dB at 1.5 GHz. For high scan angles 6, the propagation path
through the rain becomes longer, and the attenuation rises further.

An analysis of the receiver system allows to determine the noise power N. Fig. 2.17a
shows the schematic of a heterodyne receiver used for many applications. First, the
antenna receives an incoming RF signal, which is boosted by an LNA and downconverted
to IF in the RF frontend. The IF stage includes filters and amplifiers. The receiver chain
ends in the Digital Signal Processor (DSP). Three main causes influence receiver noise
performance: background noise, losses, and the LNA. The antenna receives background
noise from the ground and also from the sky/space. Background sky noise changes with
the scanning angles and strongly depends on the antenna pattern. Ideally, the antenna
pattern suppresses noise from the ground, and the antenna does not point toward the
sun. Losses in the antenna and RF network at the LNA decrease the SNR further. The LNA
increases signal and noise power, but the overall SNR decreases by its noise figure F. If
designed correctly, the SNR in the receiver chain stays nearly constant for the rest of the
Rx chain.

The noise performance of the Rx frontend mainly depends on the losses and the LNA
noise figure. To specify the G/T (c.f. Section 2.2.3), the equivalent Rx noise temperature
of the Rx system must be determined. Fig. 2.17b illustrates the influence of the noise
figure and losses on the noise temperature. Limits for the noise figure and losses must be
carefully observed to keep the noise below the ambient temperature.

All these results are combined to determine the link SNR

S EIRP*G/T
N ~ BxLink Losses ’ (2.23)

which can be used in combination with Fig. 2.15b to determine the data rate.
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Figure 2.17: (a) Typical receiver schematic including major noise sources. (b) Influence of
RF losses (L) and LNA noise figure on the receiver noise temperature (Tyx.).

2.4.5 Link Budget

Based on the results from Section 2.4.2 and Section 2.4.4, so-called link budgets are
calculated for two exemplary cases, a LEO and a GEO constellation at Ka-Band. At Ka-
band, the widely used frequency band for the uplink (terminal Tx, satellite Rx) ranges
from 29.5 GHz to 30.0 GHz, and for the downlink (terminal Rx, satellite Tx) from 19.7 GHz
to 20.2 GHz. The analysis also considers an L-Band LEO uplink as a lower frequency
reference. Table 2.2 lists the results.

The uplink bandwidth is smaller than the downlink bandwidth for user terminal links.
Typical values are 3 MHz for the uplink and 236 MHz for the downlink. These values are
often further reduced for single users by Frequency-Division Multiple Access (FDMA) or
Time-Division Multiple Access (TDMA) schemes. The terminal’s scanning requirement
depends on the constellation. Realistic values are 30° for the LEO and 60° for the GEO.

The FSL of about 210 dB for a K;-band GEO is the major contributor to the total link loss.
For LEO constellations, the FSL is reduced to 180dB and 160 dB for K,-band or L-Band
links, respectively. Slightly larger values are possible for earth stations located away from
the sub-satellite point on the equator.

To determine EIRP and G/T, antenna diameters of 60 cm and 110 cm are assumed for
the terminal and satellite, respectively. The satellite transmitter power is 50 W compared
to 1 W for the terminal. The assumed system noise temperature of the terminal is 300 K,
which is 100 K less than that of the satellite. The satellite’s background noise temperature
is higher since its antenna points towards the hot Earth. Using this setup with DVB-S2X
yields optimal data rates of 18 Mbit/s for the uplink and 1416 Mbit/s for the downlink in
all five considered scenarios.

However, actual links have to include margins for precipitation and other effects. In
Central Europe, rain rates remain below 22 mm/h for 99.9% of the year [47]. This rain
rate results in additional losses of 3.0, 9.3dB, and 19.8 dB at 1.5 GHz, 20 GHz, and 30 GHz,
respectively. In addition, the background temperature of the terminal antenna rises due
to the rain. Atmospheric losses (L,) are of less importance but can reach about 1dB for
high scanning angles at K,-band. Antennas located at the EOC suffer from about 1dB
higher path loss (AFSL) and 3 dB lower EIRP from the satellite (AEIRP). In addition, scan
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Table 2.2: Link budget calculation of three satellite scenario including LEO and GEO
satellites at L- and Ka-Band. EIRP and G/T of the satellites are noted at the edge

of coverage.

Scenario L-Band (LEO) Ka-Band (LEO) Ka-Band (GEO)
Terminal Uplink Downlink Uplink Downlink Uplink
Frequency (GHz) 1.5 20.0 30.0 20.0 30.0
Bandwidth (MHz) 3.0 236.0 3.0 236.0 3.0
00 max (°) 30.0 30.0 30.0 60.0 60.0
Link Distance 1200 - 1351 km 35778 — 41671 km
FSL (dB) 157.6 180.1 183.6 209.5 213.1
Tx Ant. Diameter (m) 0.6 1.6 0.6 1.6 0.6
Tx Gant (dBi) 19.5 50.6 45.5 50.6 45.5
Pout (W) 1.0 50.0 1.0 50.0 1.0
EIRP (dBW) 19.5 67.6 45.5 67.6 45.5
Rx Ant. Diameter (m) 1.1 0.6 1.1 0.6 1.1
RX Gap¢ (dBi) 24.6 42.0 50.6 42.0 50.6
Rx Tgys (K) 400.0 300.0 400.0 300.0 400.0
G/T (dB/K) -1.5 17.2 24.6 17.2 24.6
S/N (dB) 24.3 49.6 50.3 20.2 20.8
Spectral Efficiency 6.0 6.0 6.0 6.0 6.0
Date Rate (Mbit/s) 18.0 1416.0 18.0 1416.0 18.0
AEIRP at EOC (dB) 3.0 3.0 3.0 3.0 3.0
AFSL at EOC (dB) 1.0 1.0 1.0 1.3 1.3
La (dB) 0.1 1.0 1.0 1.0 1.0
Rain(dB) 3.0 9.3 19.8 9.3 19.8
Scan Loss (dB) 1.0 1.0 1.0 3.0 3.0
S/N w. margins (dB) 16.2 34.3 24.5 2.5 -7.3
Spectral Efficiency 4.8 6.0 6.0 1.1 0.1
Date Rate (Mbit/s) 14.4 1416.0 18.0 259.6 0.4

angle-dependent gain reduction and scan loss occur in a planar array. All of these effects
combined necessitate a margin of 8 dB for L-band (LEO), 15dB for K,-band-band (LEO),
and 17 dB at K,-band GEO.

A reduced SNR leads to a drop in data rate. The K,-band LEO satellites are least
influenced since their antenna gain and SNR are highest. They can still achieve optimal
data rates in the uplink and downlink. In contrast, the K;-band GEO uplink data rate
is reduced to 0.4 Mbit/s. The L-Band data rate is only reduced to 14.4 Mbit/s, since this
frequency is robust in rain conditions. Starlink satellites operating at an even lower
orbital position further enhance the link budget, thereby increasing the advantage over
GEO-satellites.

A link budget analysis for differently sized arrays using the approximation from
Eq. (2.13) yields a reasonable estimate of the array performance. The G/T is calculated for
an active array with equidistant \/2 spacing. The results are shown in Fig. 2.18a for the
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GEO Ky-band scenario from Table 2.2. As expected, data rate and G/T rise steadily until
the data rate reaches the maximum possible with DVB-S2X. For a noise temperature of
200 K, about 3000 elements suffice.
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Figure 2.18: (a) Dependence of the G/T — and data rate - -- of a planar array on the
number of elements and noise temperature. (b) Dependence of the EIRP —
and data rate - - - of a planar array on the number of elements and amplitude
taper.

For transmit arrays, the EIRP for off-axis in-band signals must comply with ETSI stan-
dard EN 303 978. Thus, the maximum possible EIRP depends on the array pattern, es-
pecially the beamwidth and sidelobes. The results from the analysis are depicted in
Fig. 2.18Db for four different amplitude tapers. The uniform taper is most beneficial for a
small number of elements since the beamwidth is most critical in this regime. For more
than 3000 elements the sidelobes are more critical, and the Chebychev tapers are better
suited. However, their performance is also limited since their SLL never decreases below
the predefined value. 5000 elements and a 50 dB Chebychev taper are required to achieve
optimal performance.

2.5 Challenges

Phased arrays are a technological concept to obtain electronic beam scanning, enabling
flexibility and adaptability to various applications. Phased arrays can be based on a
variety of architectures and designs, allowing for a multitude of solutions.

The prior sections illustrate the challenges in the design process, including the per-
formance, size, number of elements, and cost. However, there are still more issues, like
thermal and power requirements, technology availability, and competition with existing
solutions.

In the case of mobile satellite communication, mechanically steered reflector anten-
nas are the prominent alternative. In a GEO scenario, these antennas have significant
advantages, most notably their lower cost. In addition, they can be relatively easily scaled
to a larger size to compensate for the high free space losses and steer the beam without
pattern degradation. As shown in Section 2.4.2, the required scanning range is extensive
and not suitable for conventional planar arrays. In a LEO constellation, on the other hand,
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the antenna can be much smaller, and scanning requirements are lower. Additionally,
constant tracking is necessary. Simultaneous communication with multiple satellites
offers a clear benefit by allowing phased arrays to demonstrate their full potential.
Ultimately, the decision remains whether the benefits are worth the extra cost - both in
development and production. This work aims to address the issue and provide solutions
of lower complexity that allow the use of phased arrays in a broader range of applications.



Chapter 3
Efficient Phased Array Designs

Chapter 2 introduced phased array design principles and the associated challenges. This
chapter focuses on technological solutions to efficiently implement such array designs. It
begins with an overview of currently available antenna, network, and frontend design
technologies and introduces recent developments such as multi-use and reconfigurable
designs. Furthermore, an integrated calibration concept for planar patch antenna arrays
is discussed.

3.1 Current Fabrication Technologies

Historically, high-performance scanning has been the main driver in phased array design.
As explained in Section 2.3.3 and Section 2.4.4, losses in the antennas and distribution
networks are significant bottlenecks for high performance. Hence, waveguides are still
widely used for phased arrays since they exhibit low losses and yield robust assemblies.
Many precision machined components such as antennas, splitters, and phase shifters are
available for high power and high sensitivity applications. Their main disadvantages are
cost (due to the elaborate fabrication) and size (due to their bulky nature). Over the years,
other technologies such as PCBs and ICs have emerged in phased array designs to either
complement or replace waveguides. These are briefly introduced in this section.

3.1.1 Printed Circuit Boards

At wavelengths in the low ¢cm and mm range, PCB technology is a viable alternative
to waveguides because the dimensions of the electrical structures are in the optimal
range limited by process resolution and maximum feature size. PCB can be fabricated
in large-scale industrial processes at relatively low cost. A typical substrate panel size
for a standard PCB process is 12 by 18 inches and would hence allow producing a 61 x91
array (5500 elements) at 30 GHz with a \/2 element spacing on a single substrate sheet.
Multiple panels can be stacked for more complex systems to form multilayer boards. The
layer thickness is typically in the range of 0.1 mm to about 1 mm, with thinner and thicker
panels available for particular purposes at higher prices. The number of inner layers
can be customized according to application requirements. For RF signals, interconnects
to and between these inner layers are problematic and limit usability. An RF multilayer
with 16 layers and an overall thickness of about 4.8 mm is illustrated in Fig. A.1.

30
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Compared to waveguides for array designs, the benefits of PCB technology are the
available (standard) fabrication processes and the overall compactness of good designs.
In addition, the integration of electronics is typically straightforward: Packaged ICs are
soldered to the top and bottom layer of the PCB in automated processes. Hence, no
additional transitions are required, and critical losses such as between LNA and antenna
can be avoided. A well-designed large-scale fabricated medium-complex 12x 18-inch
multilayer PCB using high performance RF substrates can be fabricated for less than
1000 EUR per piece. On the downside, the losses of PCB substrates are relatively high, the
feature resolution is low (about 100 pm), and fabrication tolerances limit usability.

3.1.2 Integrated Circuits

In addition to the passive components such as antennas and RF networks, phased arrays
also require the element control circuitry, often realized using ICs. Thus, the quickly
advancing semiconductor technology significantly influences phased arrays’ current and
future developments. On the one hand, Moore’s law has enabled extremely high-speed
digital circuits such as Field-Programmable Gate Array (FPGA) and DSPs. These, in turn,
enable parallel processing of many channels as required for DBF or MIMO arrays. On the
other hand, analog ICs for millimeter wave, so-called Radio Frequency Integrated Circuit
(RFIC)s, have significantly gained in performance and thus open new opportunities for
array designs.

Typical for all RFICs is that performance (i.e., low losses, gain, and output power)
decreases with frequency. Better/advanced technologies with much higher costs are re-
quired at higher frequencies. At K;-band, for example, Gallium Arsenide (GaAs) has been
the dominant technology for almost all RFICs such as LNAs, PAs, and phase shifters. GaAs
processes are smaller scale, with small wafers, expensive materials, and low-volume
production. The fabricated chips are expensive but feature a relatively good perfor-
mance. More recently, Gallium Nitride (GaN) has been introduced, which is expensive
but enables higher power and efficiency [48]. Meanwhile, inexpensive silicon processes
also gained performance, and chips are getting ready for the market. Components in
Silicon-Germanium (SiGe), which is a bridge process between the mass market Comple-
mentary Metal-Oxide-Semiconductor (CMOS) and high performance GaAs, are already
commercially available.

A primary advantage of silicon processes is that they are well controlled and hence very
replicable since big foundries such as TSMC and Global Foundries constantly invest and
improve their products. Process resolutions are very high, allowing for small and low-cost
discrete components. With their large wafers, CMOS processes can yield very low-cost
ICs. Furthermore, logic from digital circuits can be integrated with analog hardware to
design smart components. A digital bus, control circuits, and processing capability can be
merged in an RFIC, allowing easier integration and better system management. Mixed
signal ICs are realizable in GaAs processes, but the high cost per unit makes this less
feasible.

Today, a variety of RF components in CMOS technology at K;-band have been intro-
duced, such as high performance LNA [49], phase shifter [50], and T/R-modules for radars
[51]. Furthermore, commercial SiGe components specifically for phased arrays are avail-
able by Anokiwave. These core chips include phase and amplitude control for multiple
channels and a digital control interface in a standard solderable Quad Flat No Leads
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Package (QFN) package. However, PA and LNA must still be externally connected as
proposed in [52]. Even if performance permits its usage, the high initial setup costs of
CMOS processes remain. They can easily surpass 1 million euros for a single design
run. However, mass fabrication prices of less than one euro per chip are possible when
production starts.

3.2 Advanced Technological Approaches

The previously introduced fabrication technologies are well understood and explored
for phased array designs. Their achievable performance, limitations, and cost, which
are well known, have prevented the development and use of phased arrays in typical
consumer products. This section explains new technologies with the potential to reduce
cost and thus help to introduce phased arrays in these new markets.

Two main issues require solutions to obtain a low-cost phased array: losses and (phase)
tuning. Antenna and transmission line losses severely hamper performance and must be
kept minimal. Losses are typically reduced by using traditional waveguides, which are
expensive, bulky, and prevent flexible network designs. Hence, two alternative solutions
are investigated. In Section 3.2.1, a quasi-air-filled SIW and in Section 3.2.2, a low-cost
3D-printed waveguide are introduced. Section 3.2.3 briefly explains using liquid crystals
for (phase) tuning.

3.2.1 Air-filled SIW

SIW technology has attracted much attention in recent decades. It enables the integration
of waveguide components in a PCB. PCB designs reduce the cost compared to classical
waveguides and enable the design of high-performance components such as filters, com-
biners, and antennas in a mass fabrication technology. Due to the dielectric core, losses
in SIW are higher than in a waveguide. A significant reduction is possible if the SIW is
filled with air.

In [53] and [54] air-filled STW were introduced. The presented approaches use PCB
materials but cannot be fabricated using standard PCB processes. [54] does not discuss
the bonding process; others rely on soldering. A possible solution is to allow a thin layer of
dielectric bonding material inside the waveguide. As shown in Fig. 3.1a, a 25 pm thin sheet
of Liquid Crystal Polymer (LCP) available as Rogers 3850 could be used as the bonding
agent, enabling a multilayer construction. L.CP features relatively low losses and has seen
usage as a quasi-hermetic sealant material in packaging application [55], [56]. It is hence
well suited to bond an air-filled cavity in a bonding cycle.

For fabrication, cavities must be milled in the central layer, which will later form the
waveguide Fig. 3.1b. The multilayer, including the LCP, is stacked and bonded in the next
step. Now, Vertical Interconnect Access (via)s must be drilled and electroplated to create
the metallic wall confining the waveguide. A transition similar to [53] can be used to
excite the waveguide. Using the proposed process, more complex waveguide structures,
such as filters, could be fabricated inside a PCB with low loss (cf.Fig. 3.1Db).
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Figure 3.1: (a) PCB stack with LCP layers to construct and air-filled STW. (b) Milled and
etched PCB substrate to construct the SIW.

3.2.2 3D-Printing

The major drawback of rectangular waveguides is the complex and expensive manu-
facturing that commonly involves milling and brazing solid metal parts. An alternative
waveguide fabrication method is a metal coating of plastic parts, thus reducing the weight
and production effort [57]. Among different methods of forming plastics, 3D printing is
well suited for the cost-efficient fabrication of microwave components on a prototyping
or small production scale. Several 3D printed waveguide components were proposed [58],
[59] with frequencies reaching W-Band [60] and beyond [61].

Technological advances of Fused Deposition Modeling (FDM) and low-cost Stereolithog-
raphy (SLA) 3D printers have reduced prices and significantly improved quality. These
advances have led to a rapid development of the consumer 3D printer market and a steep
decrease in production cost. SLA 3D printers can produce layers as thin as 25 pm, reach
build volumes of 15x15x15 cm® and cost less than 5000 EUR. FDM printers, on the other
hand, can process standard plastics such as ABS, have even larger build volumes and are
available for less than 1000 EUR.

Fabrication

In the following, an antenna array is designed at K,-band using a low-cost consumer SLA
printer (Formlabs Form1+) and a standard plating procedure for printed circuit boards
(PCB) as described in [62]. The fabrication of 3D printed waveguide components, as shown
in Fig. 3.2, can be subdivided into three steps. First, a component model is designed for
easy manufacturing. This model is printed and subsequently metalized (cf. Fig. 3.2).

3D Supports Sand- Electro-
Printed  Removed blasted plated

Figure 3.2: Fabrication steps from a 3D printed model to a waveguide horn antenna.
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For many 3D prints, a solid support structure stabilizes the part during production.
These supports can be seen in the left photo below the horn antenna in Fig. 3.2. After
removing the supports, the component’s surface is roughened by sandblasting. This step is
crucial to improve the adhesion of the metal in the subsequent electroless plating process.

Printing and plating a waveguide component requires careful consideration of the
model. High aspect ratios, such as long narrow channels, cannot be fully plated. A split
block approach along the E-plane allows fabricating conventional waveguides. Fig. 3.3a
depicts manufacturing a 40 mm long waveguide in a split block approach. The assembled
component uses a WR-28 flange and operates between 26.5 and 40 GHz.

Measurements of the manufactured waveguide are compared to simulation and a
conventional waveguide in Fig. 3.3b. The simulation model includes tolerances of the
E-plane cut similar to a 3D print process. All three cases are very similar. The insertion
loss of the 3D printed waveguide is only 0.1 dB higher than the reference at K,-band.
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Figure 3.3: (a) Fabrication steps of a 40 mm long waveguide using 3D printing. (b) —
Return loss and - - - insertion loss comparison of conventional and 3D printed
waveguides.

Antenna Array

3D printing is a relatively straightforward way to fabricate microwave components. The
main limitation is the build volume of the used printer. A Ka-band array with an operating
band from 26 to 40 GHz is designed as an example of the possibilities. The array consists
of a two-stage E-plane power divider that feeds four horn antennas (cf. Fig. 3.4a). The
split-block approach allows fabrication and plating. The internal structure alongside the
waveguides is hollow to reduce the weight to about 150 g, including the bolts. Fig. 3.4b
shows the complete assembly.

The measured input reflection is shown in Fig. 3.5a and compared to the simulation.
The return loss is better than 20 dB and correlates well with the results expected from
the simulation. Additionally, two possible assembly methods are compared: In one case,
the array is only fixed by bolts, and in the other conductive epoxy adhesive is added
between the split-block parts. The minor improvement indicates that no extra adhesive is
necessary.
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Figure 3.4: (a) Split-block Ka-band power divider and horn antenna integrated into a
single component using 3D printing. (b) Fully assembled 4-element array with
a coaxial transition for measurements.
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Figure 3.5: (a) Simulated and measured input return loss of the array. (b) Frequency
dependence of the array gain in boresight direction.

The losses in the 3D printed array are estimated by comparing the measured gain to
the simulated directivity in boresight direction (cf. Fig. 3.5b). The results agree over the
entire frequency range and differ by about 1.5 dB on average. This deviation is mainly
attributed to the component’s losses and the used coaxial waveguide feed.

The measured normalized radiation pattern of the array in the E-plane at 26.5 GHz
is plotted in Fig. 3.6. The beamwidth and the nulls of the simulation and measurement
results are in good agreement up to higher elevation angles 6. This validates the high
accuracy of the print and the usefulness of this relatively low-cost technology for the
design of passive arrays at K;-band.

3.2.3 Tunable Media

Traditional phased arrays rely on switches to tune the phase and passive tapering for the
amplitude. These functionalities were recently joined in a core chip (cf. Section 3.1.2). As
an alternative, tunable materials are under active research. Liquid crystals have such
tuning properties that enable their usage as a transparent tunable medium mainly used



3.3 Multi-Use and Reconfigurable Designs 36

0
o)
S 10  REREEY BN PUEREE PR PR
C .
E —20F-------- I N\
‘g -30 'lllﬁi’-%‘\\ln
cC Ll
S _a0 Co. (Meas.)
© -- Co. (Sim.)
® —50 X. (Meas.) : :
m . .
_601II
-50 0 50
Frequency (GHz)

Figure 3.6: Pattern of the horn array at 26.5 GHz.

in displays. As high production capacities are available at a low cost, they have also
attracted attention at microwave frequencies. As an alternative to a solid-state phased
shifter, liquid crystal-based solutions have been demonstrated [63]. Such solutions can
be subsequently used for array designs with integrated tunable liquid crystal layers [64].
Recently, commercial interest in the technology manifested in the startup’s foundation
ALCAN Systems.

The American company Kymeta use what they call a holographic array [65]. Compared
to a classical phased array, the surface is greatly oversampled with many sub-wavelength
elements. These use a tunable metamaterial instead of RF electronics such as amplifiers
and phase shifters. The amplitude of these elements can be tuned to modulate the ex-
citation of the entire antenna surface (holographic array). All elements are software
controlled and can synthesize a beam with variable direction and polarization. A signifi-
cant advantage of this approach is that a central feeding point with a single PA and LNA
can be used, thus allowing a more straightforward design without power management
issues. On the downside, losses introduced in the metamaterial and networks directly
impair array performance. One main challenge involved is the realization of the meta-
material antenna surface, which Kymeta claims to have solved by using a liquid crystal
matrix comparable to a display.

3.3 Multi-Use and Reconfigurable Designs

Technological solutions operating in an ever-growing number of microwave and millime-
ter wave frequency bands sustain the rapid development of wireless systems. A device
operating in as many bands as possible helps to conceal the technological complexity
from the user. For example, a modern mobile phone is a single, compact device that
can use different services at various frequency bands. In applications such as radar,
performance (range, resolution) greatly depends on the chosen frequency band. Bigger
maritime vessels operate radar in both S- and X-Band. For weather radars, simultaneous
use of a wide range of frequencies from S- to W-band is of interest to optimally detect
and classify precipitation based on different scattering characteristics.

Another example of the diversity of wireless systems is modern aviation. Aircraft are
equipped with multiple antennas, one for each application (e.g., radar, Global Position-
ing System (GPS), Aircraft Communications Addressing and Reporting System (ACARS),
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SatCom). A multipurpose antenna system would reduce the requirement to integrate
multiple separate systems into the fuselage. Although satellite communications links are
relatively standardized, a great diversity exists. For optimal coverage, links with a low
FSL are often used at L-band frequencies, whereas high throughput services operate with
the higher bandwidth available in K,-band and K;-band. Different frequencies are in use
for up- and downlinks, and the polarization can be either dual circular (RHCP, LHCP) or
linear. Additionally, bandwidth specifications can vary depending on the network.

In all these cases, the additional hardware required to operate in multiple bands
increases size, weight, and cost. One way to counteract this is to reuse the available
resources. Such multipurpose systems can be divided into two groups: Multiplex systems
and reconfigurable systems. Multiplex systems operate multiple services simultaneously.
Reconfigurable systems use alterable hardware states to adapt to defined applications.
Generally, multiplex systems are more flexible but also more complex and costly. Typical
multiplex examples include wideband systems and polarization multiplexing, enabling
simultaneous reception and processing of different polarizations. A dual polarization
multiplex effectively doubles the required circuit complexity, and a wideband design
necessitates a high IF and fast sampling. If a single band, single polarization link is
sufficient at any given time, multiplex systems represent a significant system overhead. On
the other hand, a reconfigurable system also enables dual polarization and multiple band
operation but not simultaneously. Multiplexing and reconfigurability can be combined,
e.g., by means of a wideband design with a polarization switch.

Since the main scope of this work is to develop efficient designs and reduce the cost
of an array system, reconfigurable designs are generally favorable. Since some satellite
communication services require dual-band solutions, suitable antenna architectures are
introduced as well.

3.3.1 Dual-Band Antennas: Concepts and Challenges

A multi-band antenna can be operated at (greatly) differing frequencies to support multi-
ple applications. Such an antenna can possess a wideband response or operate at multiple
discrete bands. Wideband designs can be obtained using dipoles [66], but they are com-
paratively large and may suffer from a (significantly) frequency-dependent characteristic.

For K,-band satellite communications, two distinct, relatively widespread frequency
bands are used at 20 GHz and 30 GHz. A dual-band design is favorable for a shared Tx
and Rx architecture with similar requirements in both bands. Although such a combined
antenna is quite rewarding regarding the overall system size, many challenges are in-
volved. One major issue is the array grid which strongly influences the overall pattern.
The maximal grid spacing is limited by the wavelength at the highest operating frequency,
whereas the individual element size depends on the wavelength at the lowest frequency.
Even in optimized grids [67], sufficient space for wideband antennas is unavailable, and
inter-element coupling is critical. Since Rx and Tx share the same antenna element, the
signals must be split right behind the antenna to prevent overloading the LNA input
with the transmit signal and operating the PA with optimal efficiency. The widely spread
frequencies allow using diplexers/multiplexers as splitters [68]. A multiplexer is a filter
structure with one shared and multiple frequency selective ports. Its intrinsic losses are
critical to the overall system’s performance since the diplexer is located between the RF
frontend and the antenna (cf. Section 2.4.4).
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The challenges involved with the high integration density of a dual-band antenna
can be mitigated if a larger arrangement is tolerable and a brick design can be used
(Section 2.3.4). A brick array layout enables the integration of high-performance (low-loss)
waveguide components. From a technological viewpoint, SIW enables the adaption of
many well-known waveguide concepts to PCB with the main benefit of size reduction,
and an industrial production process [28], [69], [70]. A significant issue of dual-band
waveguide design arises for widely spread operating frequencies. The cutoff dictates the
lower frequency limit, whereas higher-order modes complicate operation at the upper
end.

In principle, a dual-band circularly polarized SIW antenna can be adapted from a
standard square horn with a septum polarizer [69]. The polarizer interfaces two linear
polarized full-height STWs and a square circular polarized waveguide. The excitation
of the two full-height waveguides from a microstrip or Coplanar Waveguide (CPW) is
challenging in SIW technology and requires complex transitions [71].

As an alternative approach, dielectric lens antennas [72] can be used in combination
with an SIW to design wideband [73] or dual-band [74] characteristics. The dielectric lens
adds a new degree of freedom in the design process, which helps to improve the antenna
patterns at the desired frequencies. The resulting antenna element is quite elaborate and
challenging to fabricate but can provide good performance even in densely spaced grids.

Another strength of SIW is the easy integration of performant filters. Such filters are
a sound basis for the diplexer required to split Rx and Tx [75]. A filter can be realized
very compactly using a multilayer STW approach, enabling the integration of usually very
bulky filters in an array with half-wavelength element spacing.

3.3.2 Dual-Band Patch Array Design

Patch antennas are relatively thin compared to SIW and are very beneficial for compact
and flat tile arrays. They are often fabricated in PCB-technology and hence allow a
high-volume production of relatively large panels containing multiple elements.

However, constructing a dual-band shared transmit and receive array based on dual-
polarized microstrip antennas is challenging. The limited element spacing prevents the
usage of large antenna elements, and the feed network (2 polarizations per Tx- and Rx-
channel) adds complexity. Dual-polarized dual-band antennas have been reported for L-
and X-Band in [76] and as a concept for Ka-band in [77]. [78] uses dipole antennas, which
are not ideally suited when an extensive scanning range is required [79].

Conventional microstrip patches exhibit a relatively small fractional bandwidth of
about 5%-20%. However, a larger bandwidth is needed for wideband designs ranging
from 20 GHz to 30 GHz. Specifically designed patch shapes in combination with cutouts
permit to influence higher-order TM-modes for an adjustable dual frequency behavior
[80], [81]. The excitation of the TM3o-mode must be avoided, as this would result in a null
in boresight direction. Often, however, this is impossible, yields very narrow bandwidth,
or results in geometries not realizable with the resolution available through standard
PCB processes.

For this reason, a dual-band and dual-polarized patch array at Ka-Band has been
developed and reported in [82], [83] based on the stacked patch approach from [84]. An
upper square patch antenna is used for the upper-frequency band, and a square ring is
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placed in the layer below, yielding a second resonant frequency lower than an equally
sized conventional patch. Fig. 3.7a depicts the arrangement.
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Figure 3.7: (a) Geometry of the stacked dual-band patch antenna. (b) Dependence of the
resonant frequency and 10 dB-bandwidth on antenna dimensions at the lower
(—) and the upper band (---).

Design Procedure of the Radiating Element

The frequency bands of the dual-band stacked patch must be carefully adjusted to obtain
optimal results since the available bandwidth of the design limits the overall performance.
The main tuning parameters are the dimensions of the two patches (i.e., the lengths of the
top patch, the bottom square ring, and the cutout). The fields are mainly concentrated
between the ring and the ground plane in the lower band and between the upper patch and
the lower ring/ground at the upper frequency. Changing the cutout thus affects both bands.
Fig. 3.7b illustrates how the resonant frequency and the 10 dB-bandwidth are affected
by changes Al of the patch dimensions. Changing the size of the top patch influences
the upper resonant frequency only, while the lower resonance remains unchanged. The
opposite applies to a change in the size of the square ring. Changing the cutout is more
complex, and the bandwidth of the resonance must also be considered. A larger cutout
reduces the lower resonant frequency and thus allows a reduction in the antenna size. At
the same time, the bandwidth is decreased as the square ring behaves more and more
like a ring resonator. The top patch can be easily excited through the bigger opening in
the middle, and its bandwidth increases. Thus, a compromise for sufficient bandwidth
and low return loss is needed.

The designed radiating element is symmetric and can thus support two linearly po-
larized modes. Two perpendicular feeds below an appropriate aperture excite both
independently. Here, the multilayer feed structure from [85] is adapted to meet the
alignment challenges at higher frequencies. The feed lines traverse in the middle of a
cross-shaped aperture separated by a thin layer. The ends of the feed are fanned out like
a tuning fork to minimize blockage. The arrangement is illustrated in Fig. 3.8a.

In total, five metal layers are required to realize the complete antenna (cf. Fig. 3.8D).
The two uppermost contain the patch antennas, the middle one a ground plane with an
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Figure 3.8: (a) Geometry of the stacked dual-band patch antenna with a crossed-feed
aperture for dual-polarized operation and (b) the used PCB-stack.

aperture, and the bottom two a crossed-feed structure to excite two orthogonal polariza-
tions. The relatively thick upper substrates help to satisfy the bandwidth requirements.
A 50 pm thin sheet of RO3850 Ultralam material provides adequate isolation of the feed
lines and still ensures an almost equal coupling of both feeds to the patch.

Antenna Characteristics

The complete antenna’s measured and simulated input reflection coefficient is plotted in
Fig. 3.9a. Both operational bands can be clearly distinguished, and the input return loss is
better than 10 dB throughout the operational bands. Only minor deviations between the
two feeds are observed. At the upper band, there is a slight frequency shift between the
ports, and the bandwidth is also slightly larger.

A single antenna element in an array setup with surrounding terminated elements is
used to assess the radiation characteristics. The far-field measurements are conducted
in an anechoic environment with the antenna mounted on a rotatable positioner. The
measured data is evaluated through a transmission model containing the free-space loss,
cable losses, amplifier gain, and a model of the reference antenna obtained experimentally
(three-antenna-method).

Simulation and measurement results of the realized gain are plotted in Fig. 3.9b versus
frequency. The simulation results include dielectric and conductor losses occurring in
the antenna and losses due to reflections. Simulated and measured data are generally in
good agreement. They confirm that the antenna operates in the two specified bands. The
realized gain reaches 2 dBi at 20 GHz and 4 dBi at 30 GHz.
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Figure 3.9: (a) Simulated (—) and measured (- - -) reflection coefficients. (b) Simulated
(—) and measured (- - -) frequency dependence of the realized gain in 6 = 0°
direction..

Dual-Band Patch Array

An array of patch antennas is required to increase antenna gain and enable beam scan-
ning. Since the overall size of the dual-band element is smaller than half the free-space
wavelength at 30 GHz, a rectangular array design is possible without grating lobes in the
visible range. However, due to the proximity of the elements, coupling effects between
neighboring antennas may occur.

A 4x4 array with a fixed beam is realized to demonstrate the proposed arrangement’s
functionality. Single polarization is considered only. Dual polarization networks require
additional PCB layers, thus increasing the circuit complexity without adding much insight.
Twelve elements are placed around a 4x4 array to minimize edge effects. A cascaded
wideband power combiner excites the central sixteen elements. The combiner consists
of T-junctions with a stepped matching network and exhibits an input reflection below
-20dB from 15 GHz to 35 GHz. Two of the three wideband combiners are asymmetric to
tilt the main beam to § = —30° at both operating frequencies by introducing a time delay .
The fabricated array is shown in Fig. 3.10a.

A measured far-field pattern in the yz-cutting plane is plotted in Fig. 3.10b. The array
beams are tilted as designed and feature approximately 10dB gain in both bands. As
expected, the sidelobe level increases when the array is scanned. Generally, the simulated
and measured patterns are in good agreement, thus demonstrating the suitability of the
design for integrating transmit and receive terminals in larger Ka-band communication
arrays.

3.3.3 Reconfigurable Antennas

Reconfigurable hardware allows for application-specific adaptions of the system utilizing
adjustable or switchable circuits. It allows for greater operational flexibility and reduces
subsequent circuits’ complexity. On the other hand, switchable elements and their control
networks add to the complexity of the reconfigurable hardware itself.
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Figure 3.10: (a) Feed network on the backside of the 4x4 antenna arrays with the main
beam in 6 = —30° direction. (b) Simulated (—) and measured (- - -) realized
gain at 20 GHz (—) and 30 GHz (—=-) in the yz-cutting plane with the beam
pointed to 6 = —30°.

In the case of a dual-polarized antenna, two simultaneously active polarization chan-
nels double the required circuitry. In many applications, a single but changeable po-
larization channel is sufficient. This section describes a reconfigurable patch antenna
element suitable for an array configuration. It allows switching between polarization
states and two neighboring frequency bands [86]. The designed reconfigurable patch
antenna element in Fig. 3.11a is based on [87] but substantially modified to better suit an
array setup with more compact, aperture-coupled elements.

The antenna is based on a circular patch with a U-shaped slot. A central disc and an
outer annular ring constitute the circular patch. Four PIN diodes between the ring and the
disc enable frequency agility. When switched off (i.e., the diodes can be ideally replaced
by an open), the ring and the disc are not connected. The circumference of the outer ring
mainly determines the resonant frequency in this case. When the four diodes are switched
on (i.e., the diodes can ideally be replaced by a short), the radiating element behaves
like a circular patch, increasing the resonant frequency. The polarization is switched
through the two PIN diodes attached to the severed section of the ring. It supports linear
polarization (both diodes on or off) and circular polarization (single diode on).

Five carefully placed vias are used to bias and thus control the PIN diodes. As shown
in Fig. 3.12h, each via is connected to a simple bias network to ensure decoupling of the
Direct Current (DC) network. The antenna element requires only three metal layers (cf.
Fig. 3.12a). The uppermost layer contains the antenna, the middle one a ground (GND)
plane with the aperture to excite the patch, and the bottom one the radio frequency (RF)
and direct current (DC) circuits.

M/A-COM pin diodes MA4AGBLP912 [88] are used for switching. A lumped element
model is used in the design procedure to account for losses and parasitic capacitance at
the design frequency of 20 GHz. The return loss of the antenna is plotted in Fig. 3.12b. The
simulated antenna’s upper and lower operating bands cover the desired frequency range
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Figure 3.11: (a) Circular antenna element of the reconfigurable patch antenna with inner
disc and outer annular ring. The positions of the PIN diodes and vias are
marked. (b) Design of all PCB structures of the reconfigurable patch, including
the bias network for the PIN diodes.
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Figure 3.12: (a) Cut through the multilayer PCB stack of the reconfigurable antenna, in-
cluding the vias and PIN diodes. (b) Simulated (—) and measured (- - -) return
loss of the antenna in the high and low state.

for K;-band SatCom. The measured antenna exhibits more resonances and a frequency
shift. The polarization-switching pin diodes function as expected. Additional information
about the antenna pattern and polarization performance is available in [86].
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3.3.4 Reconfigurable Filter

The frequency-reconfigurable antenna from Section 3.3.3 can be extended by a switchable
image-reject filter for frequency conversion. Such a compact microstrip filter is proposed
in [89] based on the well-performing dual-mode meander loop [90]. Four MA4AGBLP912
PIN diodes can switch the filter’s frequency response.

Fig. 3.13a shows the design of the proposed switchable meander loop resonator. Two
meanders in the loop can be shortcircuited to reduce the circumference. For the realiza-
tion, two DC control lines connect the loop to a DC bias (not shown in Fig. 3.13a).
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Figure 3.13: (a) Layout of the switchable meander loop filter. (b) Measured S-parameters
in both switching states of the reconfigurable meander loop filter.

Fig. 3.13b shows a plot of the measured S-parameters for both the lower and the upper
band state. Similar to the original meander loop [90], this filter features an elliptic filter
response with a steep roll-off and distinct nulls. The results validate that frequency tuning
of the two closely spaced bands is possible. The observed bandwidth is about 1 GHz in each
band. The return loss is better than 10 dB. However, due to the additional ohmic loss and
the parasitic capacitance of the diode in the resonant circuit, the insertion loss of about
10dB is relatively high. Losses are the main disadvantage in many RF reconfigurable
circuits. Their use cases are typically limited to applications where losses are less critical.

3.4 Calibration

Tolerances in fabrication and variations during operation lead to deviations in phase and
amplitude between channels in a phased array. Especially active arrays with environmen-
tally sensitive electronics can suffer from short and long-term drifts. Uncorrected errors
may lead to a rise of sidelobes and even pointing errors. Hence, compensation through
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calibration is necessary unless fabrication tolerances are low and the environment and
aging influence are well controlled.

3.4.1 Online Calibration

Active arrays can include many RFICs, which may exhibit significant changes in phase
and amplitude during operation. Hence, continuous monitoring of channel changes can
improve overall performance. Monitoring is not feasible with a conventional offline
calibration, where external setups are required. Online calibration, on the other hand, is
based on permanently integrated circuitry and allows for permanent monitoring.

Several online calibration techniques are well-studied. An external approach using
probe antennas outside the array system is introduced in [91]. The coupling between
the probes and each array element is measured, and the calibration coefficients are
calculated using a propagation model of the system. Internal networks such as couplers
can be used [92] to reduce the size of the calibration network. Though well suited to
compensate effects in the active circuitry, they cannot account for antenna array effects
such as mutual coupling. The concept of integrated calibration probes for linear patch
antennas is thus introduced in [93], [94], which combines the benefits from both methods
for linear polarized antennas. This concept can also be used for circularly polarized
arrays [95].

3.4.2 Patch with Calibration Probes

The designed 20 GHz antenna is illustrated in Fig. 3.14a from a top view and in Fig. 3.14b
from a side view that clarifies the PCB stack. The elementary radiator is chosen as a
conventional circularly polarized square patch antenna with truncated corners. It is
excited by a microstrip feed line using aperture coupling to allow for easier integration
into an array.

Two probes inserted below and beside the microstrip patch symmetrically excite a
field pattern that closely replicates the antenna’s fundamental mode of operation. The
probes are placed at those patch edges, not above the RF feed line, to avoid interference
with the antenna feed port. The presented antenna and probe network supports single
polarization only:.

For the fabrication, a multilayer based on the Rogers 4000 material system is chosen
(cf. Fig. 3.14b). Six layers are required, leading to a total height of ~ 0.6 mm. Each
probe consists of two via posts interconnected by a small transmission line section. The
calibration signal is fed into one via. The other is terminated with a 502 resistor on the
bottom layer (L6). A large distance and bent probe lines are chosen for a low coupling
between the patch and probes. (Fig. 3.14a).

The simulated S-parameters are depicted in Fig. 3.15. The antenna feed is well matched
in the operating frequency range from 19.7 GHz to 20.2 GHz (S11). Due to the inductive
characteristic, the probe suffers from increasing reflections at higher frequencies (Ss3).
The isolation between probes and antenna is higher than 15 dB (Ss1).

3.4.3 Array with Calibration Probes

Fig. 3.16a illustrates linear four-element arrays designed using the patch antenna with
calibration probes as the elementary cell. All four antenna ports are accessible through
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Figure 3.14: (a) Geometry of the circularly polarized patch antenna with integrated cali-
bration probes viewed from the top. (b) Cut through the multilayer PCB stack
of the antenna including the probes.
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Figure 3.15: Simulated S-Parameters of the circularly polarized antenna with probes.

microstrip lines (Ports 1-4), while the fifth port excites the probes. One probe is placed at
each side of the antenna. The red and green colors denote an excitation with opposite
phases.

Fig. 3.16b shows the manufactured array from the bottom side. Wilkinson Power
Dividers split the calibration signal. Delay lines introduce the required 180° phase shift.

A two-port network analyzer connected to the onboard Sub-Miniature Push-On (Micro)
Connector (SMPM) is used for the measurements. All unused ports are terminated with
500 (cf. Fig. 3.16). The coupling between probe and antenna ports is investigated in
Fig. 3.17a. All antennas are equally coupled to the probes at about —27 dB. These results
coincide well with simulation results, including the distribution network.

The amplitude calibration coefficients are determined using internal probes and an
offline calibration as a reference. This approach allows for analyzing the precision of
the concept. For the offline calibration, the element amplitudes are equalized based on
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Figure 3.16: (a) Schematic of the 4x1 antenna array with integrated probes. (b) Bottom
view of the manufactured 4x1 antenna array.
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Figure 3.17: (a) Measured Coupling between probe and the antenna ports. (b) Measured
amplitude deviation between far-field and probe calibration.

a far-field measurements in boresight direction. In the case of the probes, the coupling
results from Fig. 3.17a are used to calculate calibration coefficients. The deviation between
the probe and the reference offline calibration is depicted in Fig. 3.17b. The error varies
by +1dB in the operating band and +2dB from 19 GHz to 21 GHz. A one-time offline
calibration can be combined with the continuous monitoring capabilities of the probes to
obtain higher accuracy.

3.5 Summary

Fabrication technology is the foundation of all ESA designs. Therefore, PCBs and the
fast-evolving RFICs are important tools in today’s antenna designs. However, innovative
technological approaches may quickly change the state-of-the-art. Air-filled SIW or 3D-
printed waveguides offer low-cost, high-performance techniques for future array designs.
Furthermore, tunable media may replace the classical phase shifter.



3.5 Summary 48

Besides technology, components are also vital for array designs. Reconfigurable and
dual-band designs provide more flexibility for applications and allow more compact
overall designs. Hence, patch antennas and a filter are realized and validated to demon-
strate the approach’s feasibility. The promising performance enables to use the designed
components for larger arrays. The chapter concludes with an online calibration approach
for patch antennas using internal probes.



Chapter 4

Electronically Scanned Reflector
Antenna

The solutions discussed in Chapter 3 involve novel technological approaches and architec-
tures to reduce cost and complexity. These concepts are relatively general and adaptable
to many use cases. An application-specific design of the electronically scanned array may
provide more design freedom for better-suited solutions. Such solutions can drastically
improve the economic aspects of the whole system. According to Section 2.2.4, the number
of required controls can be drastically reduced, e.g., from about 2500 to 25 if the maximum
scanning range is reduced from +60° to +5°. A hybrid electronic-mechanical scanning
scheme could be a very beneficial solution for such requirements.

4.1 Application Scenario

Today, satellite communications rely on reflector antennas for satellites and Earth sta-
tions. Their focusing properties and relatively simple mechanical construction allow for
a wide range of applications from very high gain, precision antennas to low-cost con-
sumer terminals for satellite TV. Beam steering is necessary for many operation scenarios,
including low Earth orbit satellites or mobile communications. The simplest solution
for the terminal is a mechanically rotatable antenna assembly, maintaining similar an-
tenna characteristics throughout the steering range. A typical example is the Intellian
GX60 terminal antenna for K,-band satellite communication [96]. However, depending
on angular velocity, acceleration, and antenna size requirements, the pedestal becomes
mechanically complex and bulky. Some systems, such as the KNS C4 VSAT, feature up to
four axes [97]. A moving feed is an alternative solution. Although this solution might be
mechanically less complex, the beam pattern typically deteriorates significantly when
the feed is radially offset, thus limiting the available field of view.

In mobile applications like motorized traffic or boating, angular changes are relatively
small, and a limited field of view suffices (cf. Section 2.4.3). For these scenarios, the
favorable properties of fixed-beam antennas, namely high gain, low-cost, and simplicity,
can be combined with agile array antennas to form hybrid electronic/mechanical solutions.
The results presented in this chapter are based on the work published in [98] but include
more in-depth analysis and greater detail.

One way to realize a hybrid electromechanical antenna is to combine an azimuth
positioner with a tilted phased array for electronic scanning in elevation [99]. For low

49
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elevation angles, the effective aperture of the arrays decreases significantly, thus deterio-
rating both the gain and the SLL. A similar design with an additional elevation positioner
is available on the commercial market as so-called RaySat antennas by Gilat Satellite
Networks [100].

Alternatively, an array can also be used as a feed to illuminate a reflector, a so-called
AFR. To enable two-dimensional electronic scanning, focal plane arrays are used. Such
arrays are positioned in the focal plane of the reflector [101], [102] and offer a relatively
wide scanning range [103]. In principle, no mechanics are required for beam scanning,
which reduces the cost and complexity of the beamformer. Additionally, the array can
generate multiple beams using a single reflector.

Array-Fed-Reflector (AFR) in combination with focal plane arrays are widely used
today, especially in radio astronomy [104], [105]. Multiple-feed-per-beam systems on-
board satellites rely on the same principle for dense beam spacing and spatial power
combining [106]. Furthermore, a focal plane array was successfully used for bistatic radar
applications in [107]. A relatively small reflector antenna combined with a circularly
polarized array for consumer applications is reported in [108]. Focal plane arrays can
also be used for beam scanning in satellite communications [98], [109].

4.2 Hybrid Beamforming Concept

Several applications with limited scanning requirements, such as maritime or land-
mobile, exist in mobile communications. For most of the operational time, the pitch and
roll movement is relatively low, and a small scanning range of about +5° suffices (cf.
Section 2.4.3). According to Section 2.2.4, an electronically scannable antenna with a
low number of control elements can fulfill such scanning requirements. One possible
solution is to combine the advantageous properties of reflectors with the agility of array
antennas to form an AFR with a limited field of view. Relatively simple and inexpensive
mechanical positioners allow for extending the scanning range and accommodating
slow movements. The electronic scanning capabilities take care of fast movements and
vibrations, stabilizing the beam and tracking directional changes.

The AFR-concept can be differentiated by the position of the feed array. The feed can
be in front of, behind, or in the focal plane. A position in or relatively close to the focal
plane is most suitable for keeping the overall array size small and the element control
requirements simple. In this case, neighboring array elements generate independent,
closely spaced antenna beams in the reflector far field. Placing an array in front of the
plane requires larger arrays to capture the entire incident field in combination with
precise phase and amplitude control. One of the main benefits of such a design is a more
effective use of the hardware: the power amplifiers could be used simultaneously instead
of only one at a time.

The position of the focus relative to the reflector is also critical in the antenna design.
It can either be centrally positioned on the optical axis of the reflector (prime focus or
front feed) or radially offset. In the offset geometry, neither the feed nor its supporting
struts block the reflector aperture. However, the asymmetric setup of an offset reflector
results in higher linear cross-polarization or beam squint in case of circular polarization
[17, pp 234]. Therefore, compensation techniques such as dual-offset reflector designs or
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special arrays ([109]) are necessary for dual-pol applications. A prime focus design helps
to simplify the design and minimize blockage effects.

The general operating principle of the investigated AFR is illustrated in Fig. 4.1. A prime
focus feed is mounted in the focal plane of a reflector with (rim) radius R and rim height
d;. The array features three elements positioned on the left (—), center (--), and right
(- - -). Raytracing the beams to the reflector surface and the far field indicates a beam shift
for radially offset elements along the r-axis, i.e., perpendicular to the z-axis by distance dy.

Spillover

r <

Figure 4.1: Raytracing from a central three-element focal plane array feeding a reflector.

The feed has to incorporate all the electronic circuitry since it functions as the ac-
tual beamformer and provides the scanning capability. The resulting circuit complexity
and the required compactness pose a significant design challenge. Here, a Tx architec-
ture at 30 GHz is investigated. However, an extension of the Tx-approach is possible to
accommodate both Rx and Tx [67].

4.3 Reflector Design

A rotationally symmetric reflector oriented about the principal z-axis (cf. Fig. 4.1) main-
tains equal beam properties while scanning in different ¢-directions. The paraboloid of
revolution possesses ideal beam collimation properties. Hence, it is the most commonly
used shape for reflector antennas. It yields a high gain and features a distinct focal point.

For other applications, spheroids or circular hyperboloids are also in use. The basis of
all these shapes are bodies of revolution of conic sections. Various reflector shapes can
hence be described and analyzed using a set of parameters governing the characteristics
of conic sections.

The reflector diameter is set to 2 x R = 60 cm for analysis and design since this size
represents a good compromise between performance and size for mobile applications at
30 GHz.

4.3.1 Conical Sections

The shape of conical sections can be distinguished by the so-called eccentricity e. It is a
measure of the section’s deviation from a circle and depends on the length of the section’s
semi-major axis a and semi-minor axis b. All conical sections have two focus points, and
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Table 4.1: Geometrical properties of different conical cuts used in the reflector design.

Eccentricity (e) Values (e) Focal Length (f)

Ellipse (major axis cut) — 2—2 je<0 N/A
Circle - 0 a/2
Ellipse -8 (0<e<1) a(l —e)
Parabola - 1 =
Hyperbola 1+ 5 e>1 VaZ b2

the sum of the distances between each focus point and every point on the shape is always
equal. The focus points are important since an electromagnetic wave emitted in one focal
point are collimated at the other. The distance between a focus and the shape center is
called linear eccentricity ¢ = ¢ - a.

The simplest conical section is the circle. Its eccentricity is e = 0, and both focus points
coincide at a focal length of f = ¢/2. Eccentricities 0 < e < 1 describe ellipses and e > 1
hyperbolas. The focal lengths are f = a(1 — ¢) and f = va? + b? for ellipse and hyperbola,
respectively. Parabolas constitue a special case. They have only one distinct focal point
at f = /1a, whereas the second is located at infinity. This unique property leads to their
optimal far-field focusing capability. Table 4.1 summarizes the properties of conical
sections.

For practical reflector designs, not complete conical sections but cuts from them are
considered. Ellipses cut along the major axis (a < b) lose their focus points, and their
eccentricity formally turns imaginary. Ellipse cuts with varying eccentricity are depicted
in Fig. 4.2a. The z-axis corresponds with the reflector’s center axis, whereas the r-axis is
oriented from the center radially outwards. All values are normalized to the rim radius R.
Hyperbolas are neglected from further analysis since they are typically used to defocus
or spread incoming beams as in the Cassegrain reflector. A more comprehensive range of
shapes is “superellipses” with even steeper surfaces. An example of a superellipse is a
rhombus.

A second important parameter is the rim height d., i.e., the z-distance between the
rim and the vertex. The height can be normalized to the reflector radius dag = d./R. The
following analysis proves that the parameters e, dag, and r are sufficient to fully qualify
an ellipse. They are hence also sufficient to describe a practical reflector design. As shown
in Fig. 4.2 the vortex is placed in the origin. The semi-major and semi-minor axes are
oriented along z and r, respectively. In this case, the ellipse can be described by:

(z—a)? r2-0
a? + b2
N2 2

& za) + = . 2
a a?(1—e?)

=1 4.1)

—1. 4.2)

Inserting the rim height z = d, = dagR at the rim radius » = R in Eq. (4.2), yields an
expression for a:
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Figure 4.2: Influence of the parameters aspect ratio dag and eccentricity e on the ellipse
shape for (a) dar = 0.8 and (b) e = 0.0.

R+ Rdjg(1—€?)
© 2dar(1—-€2)

Since the ellipse semi-major axis « only depends on the rim radius R, the aspect ratio
dar, and the eccentricity e, the ellipse is fully described. However, care must be taken for
ellipse cuts along the major axis since the maximal possible rim height depends on the
eccentricity. Indeed, only ellipses with aspect ratios dar < ﬁ exist for these cuts.

Changes in the aspect ratio effectively flatten the conical section to obtain a broader
range of usable reflector geometries. Fig. 4.2b illustrates these cropped sections of an
initially bulkier ellipse.

dar € (0, 1]. 4.3)

4.3.2 Focal Length and Efficiency

The following sections present the results of a systematic study on elliptical 60 cm-reflectors
simulated at 30 GHz with the physical optics software GRASP from TICRA [110]. The reflec-
tor surface is modeled as a perfect electric conductor. The feed pattern is approximated
using a Gaussian beam with a taper of 6 dB at an angle of 70°. The cross-polarized field
components are zero at boresight without any back radiation. These pattern charac-
teristics stem from approximating a full-wave simulated patch antenna model on an
infinite ground plane. This simple model provides realistic results and leads to general
conclusions about the reflector without being specific to the feed antenna. Furthermore,
the simulation time in GRASP for such a model is significantly lower compared to a
pattern obtained through simulation or measurements. Field patterns are calculated
in elevation-over-azimuth coordinate systems from -15° to 15° and 241 points per axis
(58081 total).

The feed antenna is oriented paraxial to the z-axis to radiate toward the reflector
vertex. The values for the eccentricity e are set between 1.55 to 1.0 to include spheroids
and paraboloids. The normalized rim height d,g is varied between 0.2 and 1.0. Lower
values correspond to very flat reflectors with long focal lengths f and hence very bulky
unpractical strut assemblies. Such designs are not suitable for mobile deployment.
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In Section 4.3.1, the geometrical focal length is defined for conical sections. However,
this merely geometrical definition is impractical for many reflector setups since a distinct
focal point may not necessarily exist. If it does, it depends on the feed and operating
frequency. Hence, this work defines the optimal focal length f as the distance between
the reflector vertex and the feed aperture, where the boresight gain exhibits a global
maximum. This definition applies to all reflector shapes and can include influences from
other sources, such as the feed field distribution.

The contour plot in Fig. 4.3 reports the optimal focal length for different reflector ge-
ometries. The hatched area (top left) is marked as invalid because in the region dag < ﬁ,
the achievable rim height cannot reach the desired value of d, = dagrr (cf. Section 4.3.1).
Along the white line labeled “Focus Inside” the rim height d, equals the focal length. Above
the line, the feed’s aperture plane is inside the reflector; which leads to an overall compact
antenna. However, the aperture is not fully illuminated, and similar results could be
potentially achieved with a reflector of smaller diameter and different d,g. Below the
white line, f is larger than d,. The resulting spillover degrades the efficiency and, more
importantly, collects more ambient noise in the Rx case.

1.0 - 500
. 0.9 ‘ Invalid
< —
o 0.8 : : 400 g
s : : £
g 07k b N s
) : : . Q@
<< 0.5 PO+ R R -
2 : ' : 200 8
% 04 : : : : 2
T 03 F

0.2 L 75

1.5 1.0 05 00 05 1.0
Eccentricity e

Figure 4.3: Analysis of the optimal focal length f of various elliptical 60 cm-reflectors at
30 GHz illuminated with a Gaussian beam.

The following steps assist in determining the focal length from simulation results. First,
the reflector’s far-field pattern is simulated at several axial offsets around the geometrical
focal length. From the results, the position with a maximal gain is determined and used
for a second-stage optimization using a downhill simplex algorithm.

For a given reflector height, parabolic reflectors have the shortest focal length. The
focal length generally increases when lowering the eccentricity leading to a bulkier overall
arrangement. The eccentricity has less influence for lower dug, i.e., in flatter reflectors.
The reason is that the differences between ellipsoids also vanish for very flat designs.
However, very flat reflectors require a longer focal length of more than 300 mm. For
dar < 0.2, the focal length quickly reaches 1000 mm and more.

A different feed antenna may have a displaced phase center, resulting in an optimal
distance different from the focal length. For a 30 GHz patch antenna, changes in the order
of a few mm are expected and can be taken into account with subsequent simulation. Mi-
nor fluctuations are not critical since the reflector radiation pattern does not significantly
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change. Hence, the results obtained for the Gaussian beam feed are valid for a relatively
general characterization of the reflector shape. The feed aperture is positioned at the
optimal focal length from Fig. 4.3 for subsequent investigations.

Alonger focal length with a reflector of the same height causes more unwanted spillover
from the feed pattern. The spillover efficiency 7y is shown in Fig. 4.4a. As expected, an
ideal efficiency of 100% is obtained if the feed aperture is below the reflector rim. Once
the feed element is above the reflector; spillover degrades efficiency. At an aspect ratio
dar = 0.3, the spillover efficiency has dropped to less than 75%, the lower bound for the
tolerable spillover. At this value, 1.25dB Tx power is lost, and a significant part of the
noisy background is in the visible range of the receiver. A feed antenna with a narrower
beam would be required to counteract the high spillover.
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Figure 4.4: (a) Spillover and (b) aperture efficiency of various elliptical 60 cm-reflectors at
30 GHz.

Fig. 4.4b depicts the simulated aperture efficiency, i.e., the ratio of effective and physical
antenna size [17, p. 58]. The aperture efficiency is a good measure of how effective the
antenna surface is used for beam focusing. Feed and strut blockage is not included in the
simulation. As expected, the paraboloid reflectors feature the highest efficiencies (> 50%),
whereas most spherical and elliptical reflectors reach between 20% and 30%.

4.3.3 Scanning

For mobile applications, the possible scanning range is crucial. The feed is radially
displaced from its central position to change the beam direction. Investigations on the
scanning capability of paraboloids by moving the feeds are also investigated in [111],
[112]. A radial displacement reduces the gain and causes comatic aberrations, which
increase the sidelobes. Similar effects are expected for other reflector shapes and are
investigated in the following sections.

The feed is radially shifted in the focal plane, i.e., at a constant distance in the z-direction
from the reflector’s vertex, to evaluate the scanning performance. The scan-angle 6, for a
radial feed offset of d, = 25 mm is plotted in Fig. 4.5a. From ray optics, it is evident that
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for this case, 6y depends mainly on the focal length f and the resulting incidence angle.
Reducing the focal length in the setup of Fig. 4.1 results in a larger scan angle. The results
in Fig. 4.5a confirm these findings: The high dar parabolic reflectors scan the beam to
about +10°, whereas only +4° are achievable using flat reflectors with high focal lengths.
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Figure 4.5: (a) Scan angle 6, and (b) beam deviation factor using a radial feed offset of
d, = 25mm and various elliptical 60 cm-reflectors at 30 GHz

Another import figure of merit is the Beam Deviation Factor (BDF) [111], [113]:

to

BDF = —
Or

(4.4)

where 0 is the angle of incidence. It is helpful to determine the influence of the actual
reflector shape only and eliminate the effect of the focal distance on the scan angle. As
shown in Fig. 4.1, the BDF corresponds to the angle between the feed antenna and the
reflector’s optical axis and depends on f and the radial feed offset d,: 6p = arctan(df).
The BDF is depicted in Fig. 4.5b. The factor varies between 0.75 and 0.9 for the different
reflector shapes and mainly depends on the eccentricity. A low eccentricity yields a higher
factor and hence a larger scan angle at a given feed offset and focal length. Indeed, the
reflectors with low eccentricity are less curved in the center (cf. Fig. 4.2a) and are hence
very similar to a flat mirror, which has a BDF of 1. In contrast to their high scanning
angles found in Fig. 4.5a, the BDF of paraboloids is relatively low.

4.3.4 Gain, Beamwidth, and Sidelobes

The most important performance characteristic of a reflector antenna is its gain. Only the
parabolic reflector features a distinct focal point and optimal beam collimation, which
result in a high gain. This relation is observable in Fig. 4.6a, where the boresight gain is
plotted for various reflector shapes. As expected, the gain is maximal for the parabola and
exceeds 43 dBi for dag < 0.6. The elliptical reflectors suffer from aberrations: the waves
originating from a point source in the focus are scattered on the reflector and do not form
plane waves in the far field. As a result, the beam slightly widens, and sidelobes rise. In
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Figure 4.6: Investigation of different beam parameters for various elliptical 60cm-
reflectors at 30 GHz: gain with a radial offset of (a) d, = Omm and (b)
d, = 25mm, 10 dB-beamwidth with a radial offset of (c) d, = O0mm and (d)
d, = 25mm, SLL with a radial offset of (e) d, = Omm and (f) d, = 25 mm.
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the case of spheroids, this effect is known as spherical aberration. Different techniques
are used in optical systems to minimize the effect [114, pp. 401-409].

The resulting decrease in gain with lower eccentricities is also visible in Fig. 4.6a. Most
elliptical reflectors exhibit a gain in the range of 39-40 dBi. Higher values can be reached
for flat shapes with a dag < 0.3, but spillover rises as well. If the focus is inside the reflector,
the effective aperture is reduced, resulting in a drop in gain.

These results change significantly if the feed is radially or laterally moved away from
the center axis to scan the beam. The simulated gain at a radial offset of 25 mm is depicted
in Fig. 4.6b. The most significant difference is visible for reflectors with an eccentricity
close to 1, where the gain can drop below 35 dBi. This effect is smaller for flat reflectors
since the longer focal length leads to an almost paraxial beam. For reflectors with dag > 0.4,
a maximum occurs at e ~ 0.7. Reflectors with a low eccentricity show almost no change in
gain when the feed is displaced, making them particularly useful for scanning applications.

The beamwidth is another critical parameter. In SatCom, narrow pencil beams are
required to cope with strict ETSI regulation. The beamwidth is inverse to the gain and can
be approximated for standard reflectors [115, p. 78]. The most commonly used measure
is the HPBW or 3 dB-beamwidth. Determining the 3 dB-beamwidth is problematic here
because the angular resolution of the simulation is set to 0.15° to keep simulation times
reasonable. Since the expected HPBW is close to 1°, inaccuracies would lead to unreliable
results. Therefore, the 10 dB-beamwidth is used, which is more robust to slight angular
uncertainties.

The paraxial and radially displaced feed results are plotted in Fig. 4.6c and Fig. 4.6d,
respectively. The beamwidth is the smallest for the parabolic reflector, low dag, and no
radial feed offset. For reflectors with the feed aperture above the reflector rim, a 10 dB-
beamwidth below 3° is achieved. The beam is only slightly widened for the scanned case
and elliptical reflectors. For paraboloids, the beamwidth increases to more than 4°, which
is not tolerable for many use cases.

The SLL is a good measure of how much field is radiated outside the wanted main
beam. For SatCom, strict regulation applies to minimize interference. In the case of the
unscanned beam, the simulated SLL is shown in Fig. 4.6e. Itis generally between-15 dB and
-20 dB, with slightly better results for flatter reflectors. The parabolic reflectors suppress
sidelobes to levels below -25 dB. This good result reverses when the feed antenna is moved
off-axis (cf. Fig. 4.61). Due to the comatic aberrations, the sidelobes of the paraboloids
increase to values of more than -10 dB. On the contrary, SLL of the more spherical-shaped
reflectors remains almost unchanged.

4.3.5 EIRP, and G/T

The radiation characteristics of Tx-antennas are subject to strict regulations (cf. Sec-
tion 2.4.4). At Ky-band, ETSI defines restrictions in EN 301 459 [116]. The EIRP, which
includes many pattern effects discussed in Section 4.3.4 such as beam widening, higher
sidelobes, and gain reduction, is a good indicator of antenna performance in this respect.

The maximal achievable EIRP for an on-axis and a 25 mm radially displaced feed is
depicted in Fig. 4.7a and Fig. 4.7b, respectively. In the former case, a parabolic reflector
enables the highest EIRP at about 40 dBW. Low dag-values are also beneficial since they
result in maximal gain and generally low sidelobes. For paraboloid reflectors, a radially
offset feed causes a rise in sidelobes and a reduced ETSI-compliant output power. As
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shown in Fig. 4.7b, the EIRP drops to 15 dBW, whereas it remains almost unchanged at
about 20 to 25 dBW for most elliptical reflectors.
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Figure 4.7: Contour plots of the maximal permissible EIRP in compliance with ETST EN
301 459 in a 40kHz-band using a radial feed offset of (a) d, = O0mm and (b)
d, = 25 mm for various elliptical 60 cm-reflectors at 30 GHz

The required total amplifier output power depends on the tolerable EIRP and the gain.
If the entire 3 MHz uplink bandwidth of KA-SAT is considered (instead of the 40 kHz used
in ETSI regulation), the total permissible EIRP is increased by about 3 MHz/40kHz = 19dB
compared to Fig. 4.7. Fig. 4.8 shows the calculated amplifier power. A power amplifier
with more than 10 dBW is required to fully use the maximal EIRP for an axially centered
feed and a parabolic reflector (cf. Fig. 4.8a). In many applications, amplifiers operate in
back-off to guarantee linearity. Amplifiers with sufficiently high output powers are cur-
rently not commercially available in small packages and would require complex thermal
management. For an elliptical reflector, the maximal allowable power is decreased to
about 0 to 5dBW. As shown in Fig. 4.8b, these power levels are slightly lower for scanned
beams. For a parabolic reflector, a power level of 0-5dBW suffices in the scanned case.

For an Rx-antenna, antenna gain over system noise temperature G/T is the most crucial
figure of merit. The G/T calculation includes spillover as it affects the Rx-antenna noise
temperature 7. In the worst case, i.e., when the spillover is entirely directed towards the
Earth, T, is approximately:

Tp = nspillTA,O +(1- nspill)Teartha (4.5)

where ng,; is the spillover efficiency, Tearm = 290 K the earth surface temperature, and Ty o
the background brightness temperature [117]. T o is the noise temperature the antenna
would see if no spillover would occur (nspiy = 1)

A typical brightness temperature at Ka-band Ty is 15K [118]. For ngm = 75%, Ta
increases to 85 K. The G/T for the case T' = T,, including the noise temperature rise due
to spillover, is plotted in Fig. 4.9a. The reflector is tilted to # = 30° for the analysis, which
results in a brightness temperature 7 o ~ 30 K. These values do not include antenna losses
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Figure 4.8: Contour plots of the maximal allowable amplifier power using a radial feed
offset of (a) d, = 0mm and (b) d, = 25 mm and various elliptical 60 cm-reflectors

at 30 GHz

or further degradation in the array network due to mismatch or electronic components.

However, they provide means to investigate the influence of the reflector shape.

The highest G/T of 25 dB/K occurs if the feed is just about inside an ellipsoid reflec-
tor with high eccentricity. If the focal distance increases, spillover occurs and the G/T
decreases. Hence, dag should be close to the “Focus Inside” line to obtain a good Rx an-
tenna. Flat reflectors with high gain and EIRP are ideally suited for transmitters and not
particularly good for the receiver. Thus, a well-considered compromise is essential for a
combined transmit and receive antenna. Here, dag = 0.38 is chosen.
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Figure 4.9: (a) G/T at # = 30° and (b) boresight Axial Ratio (AR) using a radial feed offset
of d, = 25 mm and various elliptical 60 cm-reflectors at 30 GHz
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Fig. 4.9b shows the axial ratio in the boresight direction of an off-axis feed antenna.
The deviance from 0 in the plot stems from the reflector since the Gaussian beam used for
the feed features a very high XPD. The most extensive degradation in polarization occurs
for reflectors with an eccentricity higher than 0.5. The reason is the so-called beam squint
that occurs if circular polarization is used with paraboloid reflectors and off-axis feeds
[17, pp 234].

4.3.6 Final Design Considerations

The scanning performance is further investigated to determine the optimal reflector
eccentricity for the desired application. In the simulation setup, the reflector rim height
remains fixed at d, = 11.4cm in combination with four eccentricities at 1.0j, 0.0, 0.5, and
1.0. The feed is radially offset by up to 50 mm. The achieved scan angles are reported in
Fig. 4.10a. All four reflectors exhibit a very similar scan range, the maximum difference
of 1° occurring between the cases with e = 1.0 and e = 1.05 for 50 mm offset.

The directivity is substantially different (Fig. 4.10a). For low radial offsets, it varies
between 44 dBi (e = 1) and 38 dBi (e = 1.05). However, a higher eccentricity also leads to
a fast drop-off. At about 25 mm offset, the spheroid (e = 0) has the maximal directivity,
which starts to drop at about 40 mm offset.
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Figure 4.10: (a) Dependence of the scan angle (—) and directivity (- - -) on the radial feed
offset. (b) Dependence of the EIRP (—) and G/T (- - -) on the radial feed offset.

The influence of eccentricity and radial offset on EIRP and G/T is shown in Fig. 4.10b.
Due to the fast rise in side lobes, the paraboloid’s achievable EIRP decreases even faster
than its directivity. Hence, the spheroid performs best for radial offsets of more than
20 mm. This effect is not as pronounced for G/T, where the same happens at about 24 mm.
Generally, the spheroid and the major-axis-cut ellipsoid show the lowest changes through-
out the scanning range.

For the considered use-case, the required scanning range of +6° results in a feed offset
of about 25 mm. In this case, the spheroid performs best as it also features the smallest
dependence on offset. Hence, a spherical reflector design with a rim height d. of 11.4 mm
offers the best compromise.
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4.4 Feed design

Section 4.3 only focuses on the reflector design. The feed is considered a single ideal source
that has to be radially displaced to obtain scanning. Since the mechanical movement of
the feed is unwanted, an antenna array is proposed here as a solution. This setup is often
referred to as a focal plane array.

Several tasks are involved in designing such a reflector feed array. First, an element
spacing has to be selected such that the scanned pattern does not vary more than a
threshold value (cf. Section 4.4.1, Section 4.4.2). Second, a distribution network topology is
needed to allow control of each element (cf. Section 4.4.3). Third, the required components
must be designed (cf. Section 4.5). This thesis focuses on the design of a 30 GHz Tx array.
However, some insight is provided on implementing a dual-band Rx-/Tx-architecture.

4.4.1 Array Grid

Array elements can be arranged in different grids, most notably rectangular and triangular
ones [67]. This working principle is well known for traditional direct radiating arrays. In
a feed array, the design criteria are different and homogeneous scanning, low element
count, and power combining are most important. In [119], focal plane array grids and their
excitation are analyzed. A hexagonal structure is found to arrange “the elements space-
efficiently and evenly across the rotationally symmetric feed area”. Hence, a hexagonal
grid is immensely beneficial to obtain a relatively homogeneous power distribution of
the scanned beam.
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Figure 4.11: Proposed 49-element triangular array design using seven subgroups of seven
elements each. Also shown are the grid spacing, main axes, and analyzed
excitation groups of the array.

A grid of 61 elements provides good homogeneous scanning coverage and approximates
a circle [119]. The realization of such an array is challenging. Due to the hexagonal
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arrangement, ordering 61 elements in subgroups is complex, and the routing of the feed
network gets challenging. Hence, a different approach is used here: a 49-element array
on a triangular grid is arranged in 7 subgroups. As depicted in Fig. 4.11, each subgroup
consists of seven elements. This approach provides a relatively well-filled circular array
and simple network design with reusable subgroup designs.

Besides the grid arrangement, the power variation when scanning strongly depends on
the element density/spacing. Main grid axes can be defined, originating from the center
element of each subgroup. The distance between elements along these axes is called grid
spacing dgriq- Between main axes, the element distance increases to ¢/dgrig.

A larger grid spacing (cf. Fig. 4.11) reduces the number of elements required to achieve
the desired scanning range but increases the power variations. To analyze the effect of
the grid spacing, the reflector design from Section 4.3.6 is simulated in conjunction with
single discrete feed antennas positioned on the array grid. A two-step approach helps to
determine the achievable directivity in each spatial direction. First, the antenna element
providing the maximum contribution is determined. Second, the directivity is simulated,
and the results are plotted in Fig. 4.12.
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Figure 4.12: (a) Maximal achievable directivity using a single element along a cut in a
main array axis for different grid spacings. (b) Maximal achievable directivity
using a single element between two main axes for different grid spacings.

The maximum achievable directivity along one of the main axes is analyzed to deter-
mine the grid spacing. In the case of the 49-element array, up to seven elements are on
these axes. The resulting directivity is shown in Fig. 4.12a for three different grid spacing
(5 mm, 7mm, and 10 mm). Each element causes a single distinct maximum in the plot. The
minima are significantly reduced for denser grids at the expense of a lower achievable
angular coverage.

As expected, the directivity varies the least (about 2 dB) for the 5mm grid
spacing and the most (about 10 dB) for the 10 mm grid. It is lowest halfway
between two maxima. A cut along the main grid axis yields the best possible
results since the elements are exactly the grid spacing apart. If a 30° off-
axis cut is investigated, the element distance increases by /3 and hence also
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the amplitude variation. The resulting maximal difference for the 7 mm grid
increases from 4 dB to about 5.5 dB [c.f. Fig. 4.12Db].

[Fig. 4.12a] 13 also illustrates the maximal available scanning range, which
ranges from about +4° for the 5 mm grid to about £8° for the 10 mm grid. Here,
the 7mm grid is chosen, since it yields a reasonable scanning range and toler-
able directivity variations. The maximal available gain of such a 49-element
array on an angular elevation-over-azimuth grid is depicted in [Fig. 4.13b]. The
scan range and the directivity variations are clearly visible. They are less pro-
nounced along a grid main axis (e.g., azimuth=0°) compared to an off-axis-cut
(e.g., elevation=0°). [98]

As a reference, Fig. 4.13a also includes the results for the 5mm grid. The maximal
directivity is more evenly distributed for the same number of elements, but the achievable
scanning range is significantly reduced.
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Figure 4.13: (a) 2D-Plot of the maximal achievable directivity for a grid using a 5 mm- and
(b) 7 mm-grid spacing.

4.4.2 Array Excitation

The analysis in Section 4.4.1 is carried out with a single active element. Since the core of
the feed is an array, multiple elements can be switched on simultaneously. Furthermore,
the phase and amplitude of each element can be individually adjusted. These additional
degrees of freedom in the excitation of the array can be used to improve the radiation
pattern, such that an optimized excitation scheme mitigates the observed gain change of
5.5dB for the 7 mm grid spacing proposed in Section 4.4.1.

Fig. 4.14a shows the simulated results of a single active element, which is positioned
on the outside of the array (Group 7 ’blue’, Element 7, c.f.Fig. 4.11). The maximum is
visible and corresponds to a scan angle of § ~ 5.8° and ¢ = 330°-direction. The concentric
lines around the center are the sidelobes of the beam. A cut through the maximum in
¢ = 330°-direction is plotted in Fig. 4.15a (—). This scan angle represents the best possible
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Figure 4.14: Simulated far field patterns in elevation-over-azimuth coordinates. In (a), a
single element on the outside of the grid (Group 7 ’blue’, Element 7 in Fig. 4.11)
is switched on. In (b), three active elements with different amplitudes on the
outside of the grid (Group 7 ’blue’, Element 1, 2, and 7 in Fig. 4.11) are turned
on to mitigate a grid minimum.

case, whereas a beam scanned between two elements (e.g., in ¢ = 338°-direction) results
in the worst case (—— in Fig. 4.15a). The difference in the maxima between both curves
corresponds to the 5.5 dB calculated in Section 4.4.1.
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Figure 4.15: Simulated far-field cuts of different array excitation schemes to show (a) the
beam scanning and (b) the changes of the beam pattern.

The results can be significantly improved by switching on a second element (Group 7,
Element 2) with the same power as the first one (cf. in Fig. 4.15a). The directivity
improves, but the beam widens, and sidelobes increase. A further improvement in
the sidelobes is possible by switching on another element (Group 7, Element 1) at an
amplitude reduced by 7 dB. As shown in Fig. 4.15a (- - -), the beam widens more, but the
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inner sidelobe is reduced by about 5 dB. An azimuth-over-elevation plot of the resulting
far-field pattern is depicted in Fig. 4.14b. The beam is now broader but centered midway
between the main elements. Additionally, sidelobes are reduced in certain directions.

To estimate the effect of these results for practical use, the ETSI requirements (cf.
Section 2.4.4) are considered. The maximal tolerable EIRP values in a 25kHz band are
calculated for all three cases with the theoretical receiver positioned at § = 5.8°, ¢ = 338°.
For a single active element, the maximal tolerable EIRP is about 16.6 dBW, for two main
elements 18.7dBW and for the three-element excitation 19.9dBW - an improvement
of more than 3 dB. Further simulations indicate that similar results are feasible for all
positions.

So far, the benefit of exciting multiple elements is the increased performance for
beams scanned in insufficiently covered directions. The pattern of an ideal, unscanned
beam is analyzed in the next step. Fig. 4.16a shows the far field pattern of the array
element in the very center of the array (Group 1 ’green’, Element 1). If the surrounding
elements (Elements 2-7) are excited with a reduced amplitude (7 dB), the pattern changes
(cf. Fig. 4.16b). The shape of the main beam and its beamwidth are altered. Furthermore,
large black areas are visible in the plot indicating reduced sidelobes.
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Figure 4.16: Simulated far field patterns in elevation-over-azimuth coordinates for ele-
ments in Group 1°’green’. (a) only the center element (Element 1 in Fig. 4.11)
is activated and (b) all surrounding elements (Element 2-7) are activated with
an ampltitude reduced by 7 dB.

A far field cut in Fig. 4.15b along the ¢ = 0°-direction delivers further insight. The
beam is indeed widened, and far-end sidelobes are reduced. Only a slight improvement
is possible within 6 + 4°. Thus, the amplitude of the excited ring elements is reduced
to -14 dB. As expected, the beamwidth decreases while the far-end sidelobes remain at
low values. Some marginal improvements can be made if the phase of the ring elements
is adjusted. Again, the ETSI requirements are considered, and the EIRP is calculated.
However, improvements are only marginal (=~ 0.1 dB), and the main benefit is the reduced
power requirement for the PA due to spatially combined power from multiple elements.



4.4 Feed design 67

4.4.3 Distribution Networks

Different array excitations that improve the radiation pattern are analyzed in Section 4.4.2.
Multiple beams have to be excited simultaneously to enable such schemes. Thus, some
sort of signal distribution network is necessary.

Similar to classical phased arrays, different network topologies are possible. Advanced
architectures like DBF or phase shifting networks are unnecessary since simulations
indicate only marginal improvements using phase-adjusted excitations. Hence, a network
with amplitude control elements suffices.

A typical realization of such a distribution network is a switch matrix. As illustrated
in Fig. 4.17a a Single Pole, Double Throw (SPDT)-switch connects a central source to all
antenna elements. A significant difference from direct radiating arrays is that transmitter
and receiver have to be colocated at the same array element to scan the beam in the
same direction. Therefore, every array element is equipped with a combined Rx/Tx-
frontend, separating input and output signals through diplexers. To connect more than
two antenna elements SPDT-switches have to be cascaded, which increases circuit and
control complexity. For the proposed 49-element array, a six-stage network (with 64
output ports) would be required, which would cause significant losses at microwave
frequencies (=~ 2 dB per cascaded switch).
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Figure 4.17: Schematics of the array distribution network, enabling the proposed excita-
tion scheme using (a) SPDT-switches and (b) a combination of power dividers
and attenuators.

A complex switching matrix is required if multiple beams must be excited simultane-
ously, posing a significant design challenge. Hence, a different solution is proposed: A
power divider network distributes the signal from a central source with equal phase and
amplitude to all antenna elements. Each element has a tunable attenuator that provides
amplitude control and the ability to “switch off” individual channels. A schematic of this
approach is shown in Fig. 4.17h. Due to its relatively simple topology and high flexibility,
the feed is based on this network topology. Phase control is also feasible by inserting an
additional phase shifter.
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4.4.4 Final Design Considerations

The main goal of the initial design is to verify the AFR-concept and to demonstrate the
proposed beam scanning schemes. Integration of a dual-band Rx/Tx frontend would
add unnecessary complexity. Hence, a 30 GHz Tx frontend is designed for the proposed
49-element feed. The input signal is distributed to the antennas using two cascaded 7-way
radial dividers ([120], cf. Section 4.5.3). A schematic is depicted in Fig. 4.18. Tunable
attenuators and switchable amplifiers (driver and PA) are placed in the frontends to switch
the beams on and off. The attenuator also provides the required matching for the radial
dividers in the off-state. An output amplifier boosts the input signal and compensates for
losses in the network and attenuator.
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Figure 4.18: Schematic drawing of a 49-element feed array including transmitter fron-
tends with variable attenuator and PA. The input signal is distributed through
cascaded 7-way radial dividers.

The realization is carried out in PCB technology using a ten-layer multilayer approach
(cf. Fig. 4.19). The Rogers 4003 material system is chosen because of its relatively good
performance in the Ka-band and mostly FR4-compatible fabrication process.
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Figure 4.19: Multilayer PCB-stack for the active reflector feed network.
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The bottommost layer (L7) accommodates the antennas illuminating the reflector.
Patch antennas are used since they are efficiently designed and manufactured on a PCB.
Layers L4-L6 contain a stripline routing network. So-called radial dividers are integrated
between L3 and L4 to connect all elements to a single input. The remaining two topmost
layers, L1 and L2, are used for coplanar transmission lines and component placement.
All active circuitry (attenuators and amplifiers), as well as DC- and RF-interconnects, are
positioned on L1.

The design of all individual components of the frontend is described in Section 4.5.

4.5 Feed Components

The feed consists of different interconnected microwave components. The design proce-
dures of the individual PCB-components are discussed in this section. These are

 vertical via transitions (Section 4.5.1),

* patch antenna (Section 4.5.2),

» radial power divider (Section 4.5.3), and

* subgroup design including the active circuitry (Section 4.5.4).

The section concludes with a discussion of the complete feed design in Section 4.5.5.

4.5.1 Vertical Transitions

Vertical Transitions are essential to realizing RF interconnects between circuits on differ-
ent layers of a PCB, e.g., to access the 50 Q -stripline on Layer 5 from the CPW on the top
layer containing all the components (cf. Fig. 4.19). Such a transition based on vias is illus-
trated in Fig. 4.20. The design parameters are listed in Table 4.2 and a 3D-cross-sectional
view is depicted in Fig. 4.21a.

Par. Value Par. Value

dyia 0.150mm  dgpgvia 0.500 mm
dpaa 0.350mm  Wgpgyia 1.120mm

=7 dapaa  0.550mm  wg 0.120 mm
dcutout 0.816 mm chw 0.180 mim
dshiela 0.892mm  Scpw 0.120 mm

Figure 4.20: Top view of the vertical transi- Table 4.2: Geometrical properties of the
tion from CPW to stripline. vertical transition using a via.

A major challenge in the design of the transitions is the via. Due to the production
process, the via extends from L1 to L6, resulting in a parasitic via stub and pad on L6. The
via pad diameter dp,q has to be kept as small as possible to minimize the capacitance and
excitation of waves in the lower layers of the dielectric. The Ground (GND)-cutout deytout
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on L6 and GND-shield around the via on L5 can also be adjusted to improve the matching.
Additional vias are placed around the signal via to minimize the excitation of parallel
plate modes on crossed layers.

To measure the S-parameters of the transitions, standard Vector Network Analyzer
(VNA) calibration techniques such as Short Open Load Through (SOLT) are not suitable
[121]. They are mainly used for coaxial cables since they require precise well-known cali-
bration standards not easily and reliably realized in PCB-technology. A back-to-back tran-
sition can be measured using SOLT with limited validity for a single transition. Through
Reflect Line (TRL) calibration offers an alternative [122], [123] using more flexible stan-
dards. Furthermore, on some VNA, a so-called Unkown Open Short Match (UOSM) cal-
ibration is implemented [124]. It is relatively easy to use and allows for shifting the
reference plane using suitable calibration standards. However, care must always be
taken when using these calibration techniques, since unreliable calibration standards
may cause unexpected errors. Fig. 4.22a shows the fabricated standards for a TRL- and
UOSM-calibration of the vertical transition.

In addition to a suitable calibration approach, a coaxial connection between PCB and
measurement equipment is needed. Most laboratory equipment uses coaxial cables with
2.92 mm connectors for frequencies of up to 40 GHz. The Rosenberger 02K80A-40ML5
connects the PCBs to the equipment. It is solderless, precision-aligned, and fixed by a pair
of screws. However, the connector is rather bulky and requires a counterpart for the
screws on the backside of the PCB. Thus, an SMPM connector is a compact alternative for
some components.
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Figure 4.21: (a) 3D-cross-sectional view of the designed vertical transitions between top
layer CPW and burried stripline. (b) Measured (—) and simulated (---)
S-Parameters of the vertical transition.

The S-parameters of the vertical transition are plotted in Fig. 4.21b. In the simulation,
the reflection is less than -15 dB up to a frequency of 35 GHz, and the insertion loss remains
below 0.5 dB. The transition is measured using UOSM calibration. Reflections are higher
than in simulation, especially below 20 GHz. The image of a fabricated transition in
Fig. 4.22b shows the main reason for these reflections: The drilled via and the pad on
the top layer are misaligned. The via and surrounding ground were initially connected,
and manual removal was required to get some separation. Such misalignments are a
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problem for all feed components since they have all been fabricated in a single production
run. The measured insertion loss agrees with the simulation, with the most significant
deviation occurring due to the parasitic reflections at about 20 GHz. The transition is
relatively wideband and would allow dual-band operation at 20 and 30 GHz.

Line 3x Reflect

Catch Pad _

Through Connector

Fixture
(a) ()

Figure 4.22: (a) Fabricated PCB TRL and UOSM calibration standards for the vertical tran-
sition and Rosenberger 02K80A-40MLS5 connectors. (b) Fabricated transitions
with visible defects in the fabricated PCB.

4.5.2 Patch Antennas

To illuminate the reflector, PCB-antennas are needed. The main requirements for the
antenna are the center frequency (29.75 GHz), bandwidth (500 MHz), circular polarization,
and space requirements on the PCB. All requirements allow a standard patch design.
Since the antenna is connected directly to the frontend on the opposite side of the PCB, a
“via-feed” patch design is chosen. Truncated patch corners generate circular polarization.
The overall design is shown in Fig. 4.23, and the design parameters are listed in Table 4.3.
The patch antenna is fed by a grounded CPW-transmission line with ground vias on the
top layer (L1). The via connecting the CPW and patch crosses the complete PCB stack.

A single patch antenna is fabricated on a finite substrate to evaluate the performance.
The simulated and measured directivity in the ¢ = 0°-cutting plane is shown in Fig. 4.24a.
The measurement results are in good agreement with the simulation. The additional
ripples are mainly due to finite ground plane effects.

A densely spaced patch array is required to use the excitation schemes proposed in
Section 4.4.2. For such arrays, mutual coupling between adjacent array elements can
significantly reduce the performance. Hence, the active reflection coefficient [125] is
calculated using simulation and measurement results of a 7-element subgroup. The
results are depicted in Fig. 4.24b. If only a single element is excited (I"), matching in both
simulation and measurements is better than -15 dB in the operating frequency band. Due
to the high tolerances in the manufacturing process, the simulated results are about 10 dB
lower. The active reflection coefficient (I';¢t) strongly depends on the desired excitation
scheme. If three elements on the outside are used (“blue” scheme from Fig. 4.11), a3
does not deviate significantly from the single element case. If all surrounding elements
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Circular patch

Parameter Value
g dyia 0.200 mm
@3 dapaa 0.636 mm
S5 Lhatch 2.540 mm
Wpatch 2.406 mm

y Liranc 0.367 mm
. Logr 0.788 mm

Figure 4.23: Top view of the patch antenna  Table 4.3: Geometrical properties of the cir-
with CPW port. cularly polarized patch with via
feed.
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Figure 4.24: Measurement (—) and simulation (- - -) results of the via-feed patch antenna.
(a) Directivity in the ¢ = 0°-cutting plane of a single element. (b) Active
reflection coefficients of a 7-element subgroup.

(Element 2-7) are activated (“green” scheme from Fig. 4.11), the simulated and measured
Iact,7 degrades to about 15 dB, which is still sufficient for operation.

4.5.3 Power Divider

Power dividers (or combiners) are a central design element of the feed’s distribution
network (cf. Section 4.4.3). A divider connects one common port to multiple ports. The
most straightforward power divider is the T-junction [126, pp. 316-317], which connects
a single input with two outputs. The T-junction is not matched/isolated at all ports. The
Wilkinson divider (also known as the resistive divider) [12] is a matched but lossy alter-
native. It is widely used at microwave frequencies but requires discrete resistors, which
occupy space on the PCB and are increasingly difficult to fabricate at higher frequencies.
Planar microwave dividers can be extended from 2-way to N-way dividers [127].
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Recently the reflective radial power divider known from waveguide technology [120],
[128] has been adapted to PCB-technology using SIW [129]-[131]. In [132], a 7-port radial
divider is developed for applications at 20 GHz. The presented divider features low loss
and is very compact.

These properties match the requirements set by the array grid and distribution network.
Each subgroup can be designed around a radial divider with a single input and seven
output ports. Since a single compact divider suffices per subgroup, the much-needed
surface area is freed on the PCB. Two cascaded radial dividers distribute the input signal
to all 49 elements. The dividers are referred to as the first-stage (at the input of the feed)
and second-stage (subgroup divider).

The following discusses the design of both the first- and second-stage dividers. They
differ since they are engineered to be a divider and vertical transition simultaneously,
meaning that inputs and outputs are on different PCB-layers. The input of the first-stage
design is on the top layer (L1) since the input coaxial connector is mounted here (cf.
Fig. 4.19). The output is located on the stripline layer (L5) to allow easier routing between
the cascaded dividers. The second-stage dividers are reversed to connect a stripline input
to a CPW output to feed the patch antennas.

A radial divider generally consists of a cylindrical cavity excited by a central input feed.
The outputs are symmetrically placed around this feed. In planar technology, the cavity
can be realized using two adjacent GND layers and a circular via fence. In the utilized
multilayer (Fig. 4.19), the cavity is integrated between L3 and L4. The via fence is realized
using buried vias with a diameter of d;,, and the spacing is adapted to minimize field
leakage. A top view of such a divider is visible in Fig. 4.25. The resonator radius rres must
be adjusted to change the cavity’s resonant frequency.

Par. Value Par. Value

dvia 0.200 mm dshield 1.894 mm
dinpaa 0.468mm  dgyia  0.350mm
doutpaa  0.604mm  dyesvia 0.400 mm
dapaa 0.600mm rout 1.734 mm
Aeatout  1.066 MM Tres 2.981 mm

CPW Outputs
&)

Figure 4.25: Top view of the radial divider  Table 4.4: Geometrical properties of the ra-
with the stripline input port dial divider with CPW outputs.
and CPW output ports.

Radial Divider with CPW Output Ports - Subgroup Divider

The radial divider from Fig. 4.25 is for the second stage in the subgroup since the input
transmission line (D is routed as a stripline on L5. The stripline ends in a via. The via
starts on L6 and goes up centrally through the circular cavity, where it is grounded on L3.
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The via functions as a simple current probe to excite the resonator. The used design is
similar to the transition from Section 4.5.1 and suffers from its drawbacks.

Seven current probes (outputs) are placed symmetrically on a circle around the input
feed to couple energy out of the cavity. The radius of this circle ro, must be adjusted
depending on the cavity diameter and required bandwidth. The output vias start on L1
and are grounded on L4. On the top layer (L1), a CPW is used as a transmission line at
the output ports (2)-8®). Antipads of diameter dapaq are placed between the input/output
vias and all crossing ground planes. The diameter is set to the technological minimum.
The diameter of the input and output via pads dinpag and dourpaq 1S adjusted to reduce
reflections at the port. The parameters used for the divider (Fig. 4.25) are listed in Table 4.4.

A cross-sectional view of the stripline to 7-port CPW divider is depicted in Fig. 4.26a.
The dielectric between the layers is removed for a better view. The input stripline starts
on the right and leads to the input via. The output CPW lines are on the top layer and
reach into the cylindrical cavity, bounded by a fence of buried vias. The fabricated test
circuit is shown in Fig. 4.26b. The connectors are not attached yet, so the footprint and
mounting holes remain visible. The input CPW starts on the right side and leads to a
curve and a stripline transition (cf. Section 4.5.1). The radial divider is a tiny part in the
center, only noticeable by the seven CPW outputs.
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Figure 4.26: (a) Cross-section of radial divider with CPW outputs and (b) fabricated divider
without attached connectors.

The simulated and measured S-parameters are shown in Fig. 4.27. As the divider is a
reflective, non-isolating component, only the reflection coefficient of the input port and the
transmission coefficients between the input and output ports are shown. Power inserted
into a single output port is strongly reflected and transmitted to the input and all other
outputs. Achieving matching requires equal excitation of all ports (phase and amplitude,
even mode). This behavior is uncritical for the chosen design approach because reflections
are absorbed in the next stage attenuators, and additional amplifiers can compensate for
power loss (cf. Section 4.4.4).

Fig. 4.27a shows the magnitude of the measured and simulated S-parameters. The input
reflection is minimal in the frequency band of interest at about 30 GHz and does not exceed
-30dB in simulation. In the measurements, ripples occur that remain below -15 dB. These
can be mainly attributed to the additional vertical transitions (Section 4.5.1) that are not
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de-embedded in the measurement results. Furthermore, inaccuracies and a misalignment
in the fabrication process as well as a non-ideal transition to the coaxial connectors cause
additional reflections at the output ports. The 10 dB-band, which reaches from 23 to
39 GHz in simulation, is widened and shifted to lower frequencies in the measurements.
One reason is uncertainties in the effective permittivity of the used substrate Rogers 4000
material, but higher losses, as visible in the transmission coefficients S,,;, are also a factor.
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Figure 4.27: (a) Magnitude of the measured (—) and simulated (- - -) S-parameters of the
radial divider with CPW outputs. (b) Measured phase and phase differences
at the output ports of the divider.

In simulation, the transmission coefficient of the seven-port divider is close to the
theoretical optimum of 8.5 dB. The amplitude differences are less than 1 dB in simulation
and reach 2.5 dB in the measurements. Both results can be calibrated using the attenuator.

To equally excite all subgroup elements, the output phase is also essential. The phase is
measured sequentially with only two ports at a time, while the other six ports terminate
in matched loads. This measurement technique causes some uncertainties since the
test set cable is operated at different bend angles, and different PCB-connectors are
involved in the measurements. The test setup is similar to the first-stage design shown
in Fig. 4.29b. The measured results are plotted in Fig. 4.27b. The phases of all six S,,;-
transmission coefficients vary linearly with frequency and are quite similar. The maximal
error between the seven measurements is plotted as well to provide further insight. As
expected, the phase error increases with frequency. In the frequency band of interest, the
maximal phase error is about 10°, which is in the range of the measurement uncertainty
of the setup and tolerable without requiring a phase shifter.

Radial Divider with Stripline Output Ports - Input Divider

The first-stage divider uses a reversed design, where the input is CPW, and the outputs
are stripline. A schematic drawing is shown in Fig. 4.28, and the parametric values of the
design are listed in Table 4.5. A miniaturized version of the transition from Section 4.5.1
is used at the output ports. The design procedure and size are similar to those of the
second-stage divider.
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£ g Par. Value Par. Value
o
Se 5 dya  0.200mm dgpieq  0.700 mm
S v doutpad 0.492mm dyesyia 0.400 mm
dapad 0.600mm rout 1.976 mm
dcutout 0.700 mm rres 2.732 mm
Table 4.5: Geometrical properties of the ra-
Figure 4.28: Top view of the radial divider dial divider with stripline out-
with CPW input and stripline puts.

output ports.

A cross-sectional view of the divider is shown in Fig. 4.29a. The input Grounded Copla-
nar Waveguide (GCPW) (port 1) starts on the right and leads to the input via. The output
vias lead from the resonator cavity to the stripline. Fig. 4.29b shows the measurement
setup. CPW-transitions (cf. Section 4.5.1) are needed to access the transmission line on

the lower layer.

CPW GND Shield

Matched
Loads g
ﬁ &

(a)

(b)

CPW-Stripline
Transitions

Figure 4.29: (a) Cross-section of radial divider with stripline outputs and (b) fabricated
divider with matched load and Network Analyzer (NWA) connected for mea-

surements.

The measured S-parameters are plotted in Fig. 4.30a and are very similar to those
of the second-stage divider. Due to the transitions at the outputs, the measured input
reflection in Fig. 4.30a is slightly higher. It remains below -15 dB in the operational band.
The magnitude of the transmission coefficients is comparable to the results in Fig. 4.27a.
The maximal difference is about 2dB and 10° in phase (cf. Fig. 4.30D).
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Figure 4.30: (a) Magnitude of the measured (—) and simulated (---) S-parameters of
the radial divider with stripline outputs. (b) Measured phase and phase
differences at the output ports of the divider.

Wideband Radial Divider

The presented first- and second-stage dividers perform well but do not provide enough
bandwidth for a combined Rx and Tx design. The main limiting factor is the vertical via
transition embedded into the design. Thus, a wideband design is developed as a proof of
concept. As shown in Fig. 4.31, a CPW is used for both input and output.

Wideband Dual-Band

Par. Value Par. Value
o » dyia 0.400mm dy; 0.400 mm
§_ 3 dinpaa  0.957mm  djzpag 0.900 mm
3® S doutpaa  0.953mm  doyepag  0.-900 mm
. = dapaa 0.800mm  dapaq  0.800 mm
6 v dcutout 1.257 mm dcutout 1.200 mim
Tout 1.894mm rout 2.495 mm
Ires 3.868mm Ires 4.010 mm

Aresvia 0.400mm  dpesyia 0.400 mm

Figure 4.31: Top view of the wideband ra- Table 4.6: Geometrical properties of dual-
dial divider with CPW input band/wideband radial divider
and output ports. with CPW ports.

The cavity size is increased by 1.5 to shift the frequency response to lower frequen-
cies. Tuning the via diameters and pads allows a flexible frequency response adjustment
based on application-specific requirements, such as a dual-band or wideband character-
istic. Table 4.6 lists the geometrical parameters for such designs. The following presents
the wideband design with an input matching of more than 10 dB from 14-34 GHz (83%
fractional bandwidth).
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Fig. 4.32 depicts the simulated and measured S-parameters of the wideband design.
The magnitude of the S;; and S,,; parameters is plotted in Fig. 4.32a. Simulation and
measurement results are generally in good agreement. Input matching is better than
10dB at both 20 and 30 GHz. The losses are about 2 dB higher in the measurements, and
the amplitude variation increases for frequencies above 25 GHz. Due to the removed
stripline port, the results are significantly more consistent than the other presented
dividers. The measured phase deviation between channels remains below 20° throughout
the frequency bands of interest (cf. Fig. 4.32D).
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Figure 4.32: (a) Magnitude of the measured (—) and simulated (- - -) S-parameters of the
wideband radial divider with CPW outputs. (b) Measured phase and phase
differences at the output ports of the divider.

4.5.4 Subgroup Design

The 7-element subgroups are designed around the second-stage radial power divider in
the center. The outputs of the divider are connected to the active frontend. The length of
the CPW transmission lines is carefully adjusted using curves and meanders to ensure an
equal phase at each element. Due to the small available area, it is not feasible to design
lines with an equal total length. Hence, an electrical length difference of multiples of 27
at the center frequency of 29.75 GHz is used. The active components are placed at the
end of the CPW, followed by the via-fed patch antenna from Section 4.5.2. The complete
arrangement is illustrated in Fig. 4.33, and the top-view of the manufactured subgroup is
shown in Fig. 4.37h.

The active frontend from Section 4.3.6 consists solely of an attenuator and an amplifier.
Here, Monolithic Microwave Integrated Circuit (MMIC)s are used since they are very
compact. For the attenuator, a UMS CHT4694 is utilized. It offers an adjustable attenuation
range of about 20 dB and requires an analog control voltage. Since 14 dB suffices for the
desired excitation schemes (Section 4.4.2), enough buffer remains for channel calibration.
The attenuator offers a relatively good matching, which minimizes unwanted reflections
back into the divider. The output amplifier is a relatively low-cost AMMC-6232 by Avago.
It features about 30 dB gain and about 20 dBm output power. Switching it off adds another
30 dB of isolation between input and output. In principle, a more expensive, higher-output
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Figure 4.33: Schematic drawing of a 7-element subgroup including the central radial
divider and active components.

power amplifier could be integrated to increase the EIRP. The integration requires an
adapted network topology to allow for the larger amplifiers and place additional strain
on the thermal management.

Wideband Subgroup Design

The subgroup is well suited for the proposed single band Tx antenna. However, for an
integrated Rx and Tx antenna, the different electrical lengths of the CPWs would lead to
unequal phases for the 20 GHz signal. Feasible solutions include integrating phase shifters
or choosing a different network design. Since a phase shifter is a significant challenge
at Ky-band, the network is reworked. The phase equalization CPWs are replaced with
striplines buried on Layer 5. The designed (passive) dual-band network is depicted in
Fig. 4.34a.

The input CPW is routed to the wideband radial divider in the center of the layout. Its
output lines lead radially outward, providing equal space for each channel’s electronic
circuitry. Following the transmission line, a vertical transition (Section 4.5.1) leads to the
stripline layer. Enough space is available to design a network with equal electrical length.
The stripline feeds a (single band) patch antenna using aperture coupling. This design
frees up valuable space on the top layer, allowing for integrating the bulkier wideband
divider from Section 4.5.3 and additional components.

As a proof of concept, a dual-band subgroup design is used to integrate larger active
components. Fig. 4.34b shows a photograph of the fabricated Tx module, which includes
packaged 4 W High Power Amplifier (HPA)s. The module is not further investigated, since
the thermal management of the HPA proved challenging. However, it demonstrates that
the simultaneous integration of Rx and Tx components is feasible for a dual-band feed
using the patch antennas from Section 3.3.2.
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Figure 4.34: (a) Illustration of a passive 7-element subgroup design for dual-band opera-
tion. (b) Realized Dual-Band subgroup.

4.5.5 Complete Feed Design

The complete 49-element feed design is illustrated in Fig. 4.35. The PCB material is
removed in the figure to allow a view of all relevant layers. On the bottom, the input CPW
transmission line leads to the first-stage radial divider (cf. Section 4.5.3) with stripline
output ports on L5. The output signals are subsequently routed to the seven subgroups
(cf. Section 4.5.4). The meandering stripline is designed to excite the second-stage radial
dividers with equal phases. Vias (not shown in the illustration) are placed around the
stripline to minimize the excitation of parallel plate modes at discontinuities.

Fig. 4.36 shows the fabricated Tx-feed. Fig. 4.36a shows the topside, including all the
electronics. The seven subgroups are also clearly visible in the photograph. A compact
SMPM-connector is used to connect an external RF source to the input of the feed. The 49
antenna elements are placed on the backside of the feed in Fig. 4.36b.

Spring-loaded pins supply the voltages for the active array (cf. Fig. 4.37a). The con-
nection with these pins is non-permanent and assured only by the mechanical pressure
applied to the pins — no soldering or gluing is involved. Connected components can thus
be easily separated. The springs are required to compensate for an uneven surface of
the PCB. The relatively small footprint is a significant benefit of the spring-loaded pins
compared to other DC connectors. As visible in Fig. 4.37b, small DC pads close to the
MMICs suffice for the required biasing.

All feed electronics fit into an aluminum cylinder with a total height of 90 mm, which
serves as housing and thermal reservoir for the power amplifier management. The
housing is shown in Fig. 4.37a. The interposer board is integrated into the housing. Six
equally spaced pairs of pins are used to ensure a precise alignment between the spring-
loaded pins and the RF electronics on the array PCB. The M3 threads are needed to fix
the array to the housing and apply the mechanical pressure required to ensure reliable
connections of the spring-loaded pins.
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Figure 4.35: Illustration of the full 49-element array setup without active components. It
consists of seven subgroups with seven elements each.
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Figure 4.36: (a) Topside of the fabricated 49-element array with mounted electronics and
connector. (b) Backside of the array with the patch antennas.

To digitally control the beam scanning, additional circuitry is required to set the
attenuators’ analog control voltage and the amplifiers’ bias. Here, DACs and DC switches
are used. As shown in Fig. 4.38a, a small control board is designed for each subgroup.

The boards consist of an 8-channel DAC to supply the analog control voltage for the
attenuators and an 8-bit shift register. The registers are connected to an integrated gate
voltage controller to switch off unused amplifiers. If the proposed excitation schemes
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Figure 4.37: (a) Interposer with springloaded pins in feed housing. (b) Top-view of a
manufactured subgroup equipped with attenuators and amplifiers.
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Figure 4.38: (a) DC control board for the attenuators and amplifiers. (b) Mounted Arduino
Micro used as the controller for the beam forming.

are used, up to seven elements are switched on simultaneously. Switching all others
off significantly reduces power consumption and eases thermal power management. If
high-speed beam scanning is required, additional elements may have to be enabled to
ensure the amplifiers are ready when needed.

A compact Arduino Micro microcontroller suffices to digitally control the DACs and shift
registers. It is connected to a host computer by a USB interface, providing the required
electrical power. This simple setup allows controlling the complete beam-scanning of the
design. Fig. 4.38b shows the mounted controller on the backside of the feed alongside the
pins for the amplifier bias. All feed components are integrated within a solid aluminum
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housing. Drilled holes inside the housing allow inserting heat pipes to transfer excess
heat to a heat spreader and fans on the backside of the feed.

The assembled feed without the housing is shown in Fig. 4.39. On the bottom, the
PCB with the microcontroller is connected to seven DC control boards. The interposer
with the spring-loaded pins is mounted on top of the control boards. At the very top, the
49-element array is visible. The holes in the array PCB are required to insert alignment
pins and screws to fix the board to the housing around the interposer (cf. Fig. 4.37a).

49-Element &
Array —s -

Interposer
with Spring-
Loaded Pins

DC Control
Boards

PCB with §
Controller—

Figure 4.39: Complete setup of the feed network, including the active array and control
circuitry without the feed housing.

4.6 System Performance

The AFR consists of the two main functional components, the reflector (Section 4.3) and
the array feed (Section 4.4). In addition, the overall design also includes a mechanical
fixture to join both components. The fixture must be sufficiently stable and ensure precise
alignment between the feed and reflector. This complete setup is shown in Fig. 4.40.

The reflector is precision machined from solid aluminum. For the mechanical feed
fixture, aluminum struts are used. Mechanical simulation using Autocad Inventor in-
dicates that a single 10 mm cylindrical strut can significantly deform if a heavy feed is
attached. A weight of 1kg can displace the feed up to 1 mm, which results in a deviating
beam direction and deteriorating beam properties. Hence, three equally spaced rectangu-
lar aluminum struts are attached to the reflector rim and connected to the backside of
the feed. Simulations indicate that the expected maximal displacement of the setup is
negligible.

The struts are attached to the backside of the reflector. This arrangement allows a
simple distance adjustment between the feed and reflector. In Fig. 4.40, the feed housing
is transparent to visualize the electronics inside. Additionally, three fans are attached to
the back for cooling.
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Figure 4.40: Illustration of the designed electronically scanned reflector antenna. The
49-element array feed is attached to the spherical reflector by three struts.
Reflector with feed attached

4.6.1 Blockage

The feed and struts of a prime focus reflector always cover part of the aperture. Rays
emanating from the feed are absorbed or reflected/scattered in an unwanted direction.
The effect is twofold: the gain is reduced, and sidelobes are increased. Both effects
are frequently subsumed as blockage. The influence of blockage is analyzed using a
simulation model that includes blockage effects due to feed and strut. The results are
depicted in Fig. 4.41, for an ideal (unblocked) antenna (—), a reflector with a feed only
(), and a reflector with struts only (- - -).

The feed blockage mainly increases sidelobes close to the main beam. Due to the
circular shape of the feed, they are concentric around the center. On the other hand,
strut blockage has a more significant influence for higher -angles, where the sidelobes
significantly increase. A 2D pattern analysis indicates that the sidelobes are highest at the
¢-angles aligned with the struts. Since blockage is unavoidable, a minimal feed and struts
size are desirable. If a more extensive scanning range is required, the feed diameter must
also be increased, which deteriorates the overall performance.

4.6.2 Measurement Setup

The university’s antenna test facility is used to evaluate the reflector system’s far-field
characteristics and scanning capability. As shown in Fig. 4.42a, the AFR is mounted to a roll-
azimuth positioner in an anechoic chamber. The spherical near-field measurements are
conducted on a 0.4° grid to collect enough data for a near-field-to-far-field transformation.
Measurements at 0 and 90° probe antenna polarization allow calculating the reflector’s
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Figure 4.41: Influence of blockage on the antenna pattern.

circular polarization properties. In the final post-processing step, the measured data is
time-gated to reduce parasitic reflections from the chamber, and the far field is calculated.
Currently, absolute gain measurements cannot be carried out. The measured data is
hence normalized to the simulated one.

Spherical
Reflector

Reference
Antenna

»)

Figure 4.42: (a) AFR in antenna test facility. (b) Assembled passive AFR on positioner.

4.6.3 Central Beam

Three scenarios are investigated. First, the setup is simulated in GRASP using a
full-wave simulated feed model and including blockage effects from the feed
and struts. Next, a passive array is measured, where all array elements are
accessible through coaxial connectors [cf. Fig. 4.42b]. Finally, the active array
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is investigated, where the array element is selected through the attenuator and
amplifier voltage. For a good comparison, the central element is excited, which
generates a beam along the reflector’s main axis. A one-element-per-beam
excitation is used for all measurements and simulations. The obtained 6-cuts
are depicted for an angular range of 6 = +10° in [Fig. 4.43a] and 6 = +30°
[Fig. 4.43b]. The 6-direction of the active array is compensated by 0.4° since
the array center is slightly displaced by 1.5 mm on the feed fixture.
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Figure 4.43: Simulated and measured far-field 6-cuts close to the main beam at ¢ = 0°,
when the central element is excited for an angular range of (a) # = +£10° and

(b) # = £30° to the main beam. —— shows the cross-polarization.

The results in [Fig. 4.43a] show a good agreement between all plotted patterns
with respect to beamwidth and directivity, but significant deviations in the level
of the first side lobe. Passive (#1) and active array measurements, however,
behave very similar for all angles, which validates the proposed beamforming
approach. A closer investigation of the possible causes for the higher side lobe
level [SLL] revealed that the focal length was inaccurately set in the mechanical
setup. An adjustment in the passive setup (#2) yields much improved results.
The remaining differences can be attributed to the inaccurate feed model and
blockage effects such as multiple reflections that were not taken into account
[133]. [Fig. 4.43a] also shows the cross-polarization, which is almost 20 dB
below the co-polarization in the main beam.

The agreement between simulation and measurements is also good for higher
6—angles [see Fig. 4.43b]. From the active measurements|, it] can be clearly seen
that the focal length must be correctly set for optimal results. The measured
far-field contour of the passive [and active] array using the adjusted focal
length is plotted in [Fig. 4.44a and Fig. 4.44Db, respectively]. [98]

4.6.4 Scanned Beam

To demonstrate the beam scanning, an off-center element (element 4 in group 3
from [Fig. 4.11] at the edge of the array is excited. The results for the simulated
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Figure 4.44: Measured far field in elevation-over-azimuth coordinates if the central ele-
ment is excited in (a) the passive and (b) the active array.

and adjusted passive setup are shown in [Fig. 4.45a]. The #-direction of the
measured data is again compensated by 0.4°, since the array center is displaced
by 1.5 mm on the feed fixture.
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Figure 4.45: (a) Simulated and measured far-field (6-cuts at ¢ = 0°), when an offset element
is excited to obtain a scanned beam. (b) Measured far field in elevation-over-
azimuth coordinates if an outer element is excited in the passive array.

The main beam pattern, scan angle, and SLL show good agreement between
simulation and measurements. The measured data exhibit significantly more
ripple. One reason is that the used GRASP-model for the scanned beam did
not include any blockage effects. Cross-polarization levels are more than
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15 dB lower in the main lobe. In comparison to the unscanned case plotted in
[Fig. 4.43a], the directivity [remains] almost constant.

A contour plot of the measured array is shown in [Fig. 4.45b]. It can be seen
that the beam is scanned to an azimuth of -6°, which is as expected from the
simulation. The calculated directivity is 38 dBi is close to the expected value
of 39dBi for a spherical reflector [...]. Beamwidth and SLL are also in the
expected range and similar to the results in [Fig. 4.44a] of the central beam.
[98]

The maximal EIRP in compliance with ETSI [42] allows estimating the performance of
such an antenna. In the case of the scanned beam, an EIRP of up to 36 dBW is possible.
Using the calculated link budget of a geostationary satellite from Section 2.4.5 and Table 2.2,
an uplink data rate of about 6.4 Mbit/s can be achieved if a 30 dBm output amplifier is
used.

4.7 Summary

The array-fed reflector presented in this chapter demonstrates that electronic beam
scanning with a limited field of view is possible with a relatively low number of control
elements. Indeed, the presented electronically scannable reflector system utilizes only
49 active elements to achieve a scanning range of +6°, which is sufficient for many
applications. Combining the setup with a simple mechanical positioning system enables a
wide field of view. The implementation of such a combined electromechanical scanning
system has yet to be further investigated.

The AFR uses a spherical reflector combined with a customized feed system to main-
tain consistent performance throughout the scanning range. An innovative distribution
network approach is implemented, which enables multiple beams using a simple archi-
tecture. These extra beams allow for reduced sidelobes and compensate minima between
adjacent beams.

The measurement results prove the feasibility of the approach, but some technical
limitations remain. For instance, the output power of the currently used amplifiers is
not optimal, and amplifiers with an output power of 1 W or more are necessary to boost
uplink performance. These would require more sophisticated thermal management,
which is challenging to implement using the proposed planar patch array.

Switching from tile to brick architecture (cf. Section 2.3.4) would yield more design
freedoms to facilitate the extra components. A brick design is possible without reduced
performance since a larger size is not an issue for a reflector design as long as the blockage
is not increased. A brick design also helps to implement a dual-band integrated Rx/Tx
frontend. Indeed, many of the required components have already been designed using
SIW-technology [73], [75], [134]-[137]. Instead of SIW, the usage of 3D-printed components
could also reduce loss and increase system performance (cf. Section 3.2.2).



Chapter 5

Heterodyne Frequency-Controlled
Phased Array

Electronically scannable arrays rely on the means of phase and amplitude control of
the elements to point the antenna beam in a desired direction. Realizing these controls
is one of the most challenging tasks in the array design process. The available surface
area is scarce, whereas the components and circuitry are relatively complex, bulky, and
potentially expensive. In the case of phased arrays, vector modulators or phase shifters
are used as control elements. To minimize cost and size, they are available as an IC or
“core chip” (cf. Section 3.1.2). Low-cost, mass-market semiconductor processes such as
standard CMOS or higher-performance GaAs are used depending on the frequency band
and performance requirements. In many frequency bands, core chips or phase shifters
are not commercially available but require a custom design, which is only feasible for
large markets or very high-priced systems.

To protect the fragile semiconductor die and improve the handling, ICs are commonly
packaged. A typical commercial package is an 8x8 QFN measuring 5x5 mm? and, thus, it
complies with the wavelength constraints in 30 GHz antenna arrays. In addition, circuitry
for biasing, analog or digital control, and the RF input and output transmission lines
are required. Hence, such a packaged IC is too large for tile architectures at frequencies
beyond 30 GHz. To use such a large chip, a brick architecture could be used or active
circuitry for multiple channels incorporated into a single package. Nevertheless, the
packaging density and the circuit complexity remain very high.

Alternative approaches without the need for core chips or phase shifters could enable
novel or extensively improved solutions for applications where electronic beamforming is
desirable, but the required components are not available, too expensive, or too challenging
to integrate. In this chapter, a heterodyne technique is introduced. It does not require
active phase shifters and allows for effortless beam-pointing control.

5.1 Frequency-Controlled Scanning

A straightforward and efficient way to scan an antenna beam is so-called frequency
scanning, as shown in Fig. 5.1. A mixer minimizes the tuning requirements in the data
source frequency (which commonly operates at a predefined constant frequency). A serial
feed architecture realizes the actual frequency scanning with a constant transmission
delay r between adjacent elements. 7 is chosen such that the phase difference A¢ = wr

89
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between elements is a multiple of 27 at the center frequency f,. For this case (and
frequency multiples), the beam is directed in boresight direction (fy = 0 deg).

n %F %F ?/fw %RF ?{RF

: - (97 () (97 (97 (1) LO Paths
IF Ad,=21fReT J J J Data Paths
(A A A A
o, ) ), U, (D
i
fio X

Figure 5.1: Serial array topology for frequency scanning.

If the operating frequency frx is tuned away from fj, A¢ and the beam direction 6,
change. Increasing and decreasing the frequency allows for scanning in both directions.
The frequency sensitivity of the beam direction is proportional to 7. A high sensitivity
decreases the necessary frequency band for a full scan but requires longer delays which,
in turn, result in larger and lossier electrical circuits. Since the data signal is serially fed
to the antennas, losses are critical, and amplification might be needed to compensate for
losses through the delay lines and coupler.

Although this approach is simple and effective, the direct relationship between operat-
ing frequency frx and beam direction is a major drawback. In most wireless scenarios,
strict frequency limits are imposed through regulation, network design, and current usage
by other services or users. Indeed, frequency is a highly scarce resource, and efficient
use is of paramount importance. Hence, the beam direction must be independent of
the carrier frequency in a wireless communication system, which is impossible using
classical frequency scanning. Furthermore, changing the frequency frx allows only beam
scanning in one dimension. There is no means to independently scan the beam of a planar
array in two dimensions, with only one degree of freedom.

Fortunately, the concept of frequency scanning is extendable to enable an independent
frequency-direction relationship and 2D-scanning. In the next Sections, a different concept
called Heterodyne BeamForming (HBF) is introduced [138]-[142]. As the name suggests,
the concept is based on mixers and frequency conversion to introduce more degrees of
freedom. In principle, such a heterodyne beamforming network can be implemented up
to very high frequencies since mixers based on Schottky diodes are available up to the
Terahertz range.

5.1.1 Heterodyne Beam Scanning

The heterodyne scanning technique is illustrated in Fig. 5.2. Compared to Fig. 5.1, each
antenna element is connected to a mixer. The LO-signal is now serially fed through the
delay lines, whereas a divider-based parallel feed architecture is used for the data signal
(denoted by a “+”). Losses in the delay line circuits are now less critical since the data
signal is only attenuated by a single mixer instead of multiple delay lines, significantly
improving the link budget.
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Figure 5.2: Basic HBF array architecture with a single mixer per element using a serial
feed for the LO and parallel feed for IF.

Beam scanning in the xz-plane is performed by changing the frequency of the LO
source (fLox, X for scanning in the xz-plane). The basic principle stays the same as in the
introduced frequency scanning concept. However, the frequency at the antenna fgx can
now be kept constant by adjusting fir to counteract changes in fiox.
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Figure 5.3: Extended HBF array architecture with two mixers per element with constant
IF frequency.

Changing the IF as in [138]-[142] is, however, less than ideal since the required changes
of the IF-frequency might be substantial and a wideband data source is much more
challenging. The introduction of an additional L.O-source (f1,os, S for stabilizing) in com-
bination with another mixer allows to keep the IF-frequency constant. It introduces
a second degree of freedom to independently set fir and fiox. Path losses increase if
the second mixer stage is placed in the IF. Thus, the architecture illustrated in Fig. 5.3
is proposed. One mixer is added to each antenna element. Although the component
count increases, the data signal still undergoes only one mixer stage. Furthermore, this
specific architecture allows greater flexibility to choose the intermediate frequencies in
the LO-channels.
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The proposed architecture is essentially an extension of the L.O-beamforming net-
work from Fig. 2.6b. Indeed, the signal path for the data signal is equal to classical
LO-beamforming and so are the link budget implications. The modifications occur only
in the LO-signal path, where the phase shifter is replaced with a second mixer driven by
both LO-sources. The LO-signal at f;ox is used to set the phase difference A¢x between
adjacent antenna elements by means of the delay r:

Apx = 27 froxT - (5.1)

A serial feed architecture keeps the circuitry simple by eliminating the need for long
delay lines. Since the RF frequency fgr = fLo + fir Iust remain constant, f;o must
not change during beam scanning. This can be achieved by adjusting f;os when f;ox is
changed for scanning such that f1.0s = fLo — fLox-

This relatively simple approach does not require any active control circuitry on the
array and no additional components apart from the mixers. The scanning is entirely
controlled by changing the frequency of the (external) LO-sources. The only requirement
is a phase-lock of the LO-signals, realized by a common reference clock.

5.1.2 Mixers for Phase Shifting

The fundamental component of the heterodyne beamformer is the mixer. A phase shift
in one of the mixer’s input signals must be preserved and propagated to the output for
the heterodyne principle to work. It is well understood that a mixer operates linearly for
small signals in the presence of a large signal. However, two general signals (at least one
large signal) and their relationship must be considered here.

For a brief analysis, two harmonic signals v1(¢) = V; cos(wit+¢1) and v2(t) = V; cos(wat +
¢2) are considered. Superimposing and applying them to a nonlinear device (e.g., a mixer)
yields mixing products at n - f1 + m - fo, where n and m are integers.

A mixer can be described through its nonlinear current-voltage relationship. For the
analysis, this relationship is expanded into a Taylor series:

i(v) = a1v + asv® + asv® + ..., where q; € R. (5.2)

First-order terms i; (v) = ayv are not of interest and can be filtered along all higher-order
harmonics. Investigation of the second order terms is(v) = azv? yields:

i2(vl 4+ v2) = ag(Vi cos(wit + ¢1) + Va cos(wat + ¢2))2 (5.3)
= ap (V) cos?(wit + 1) + V5 cos®(wat + ¢2) (5.4)
+ ViVa cos(wit + ¢1) cos(wit + ¢1)) - '
Using trigonometric identities Eq. (5.4) can be simplified:
V2 V2
ia(vl +v2) = ag (21(1 + cos(2wit + 2¢1)) + 72(1 + cos(2wat + 2¢3))
(5.5

+ ViVa cos((w1 + w2)t + (01 + ¢2))
+ ViVacos((w1 — wo)t + (01 — ¢2))) -
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If the harmonics from Eq. (5.5) are filtered, only the sum and difference frequencies
remain. Furthermore, the original phase from each of the input signals is preserved.
Phases are added in the case of the sum signal and subtracted for the difference signals.
This relationship holds even for two large signals. As a result, an ideal mixer with
a maximal rejection of higher-order harmonics is the perfect building block for the
heterodyne beamformer.

5.2 Array Design

The design of an HBF array requires careful planning. Frequencies for the local oscillator
need to be specified, a technology for the array chosen, and the essential components
must be designed. Some of the designs used for the HBF array are based on results from
[143].

Here, a linear array with N elements is designed as depicted in Fig. 5.3. The beam-
former requires at least 2NV mixers, N couplers for the LOx signal, N — 1 delay networks,
and two power combiners with N ports (one for each LO and IF). K;-band Rx satellite
communication is chosen as the reference scenario, with a center RF frequency of 20 GHz
and 500 MHz of bandwidth. The IF is centered at 1 GHz to provide sufficient bandwidth
and reasonable component cost and performance.

A )\o/2-element spacing avoids visible grating lobes when scanning the beam. In
consequence, the high component count strongly limits the available space. A custom RFIC
design could significantly reduce these limitations but is neither feasible nor instrumental
to demonstrate the HBF principle. As a low-cost alternative, a brick architecture (cf.
Section 2.3) offers enough flexibility to house high component counts.

The realization of a linear array using PCB technology in a brick architecture at 30 GHz
is proposed in [70], [144] using SIW. This approach is adopted here since it provides
exceptional flexibility to incorporate components and dual-polarization capability. At
20 GHz, the required thickness of the PCB for dual-polarized SIW horn antennas is critical
and very close to the maximum typically available in commercial processes.

A linear array size with eight elements is chosen to demonstrate the beamforming and
scanning principle. The top side of the designed 8-element array module is illustrated in
Fig. 5.4. The interconnects for the L.O and IF signals are visible at the top of the image.
Below are the distribution networks for IF and LOg. The center part of the module contains
the frontend, including the HBF beamformer and all its required components. At the
bottom of the image are the dual-polarized SIW antennas. The underside of the module
contains a mirror image of the top. These extra eight channels are required for the second
polarization and are independently controllable. The component and frontend design is
further explained in Section 5.3 and Section 5.4, respectively.

The module is based on the PCB multilayer stack shown in Fig. A.1 using Rogers 4000
as substrate material. The total thickness of the PCB is about 4.8 mm, and it incorporates
16 metal layers, primarily included for the SIW. Layer 8 contains the quasi-symmetry
plane and separates the topside and the underside. The outer layers are used for signal
routing and contain microstrip and CPW transmission lines. An additional signal layer is
available (top: Layer 3, bottom: Layer 14) for stripline circuits used for LOg signal. DC bias
lines are also routed on this layer. Top layer metal surfaces are coated with Immersion
Silver/Immersion Gold (ISIG) for low losses and relatively high robustness.



5.2 Array Design 94

00 00 00
00 00 00 C] PCB
oo oo oo
3 3 3
0o 0o 00
& & &3 D Top Layer
LOX—x . Stripline
DC La
3
XXX}
0 e ) smp
-~ o o
O p =1 o g g
T ko e B3 () smp Pads
(@) = $ ¥ O
= 2 .
5 G o D Vias
c o o
5 N iy
O e= % — /
( E) e i gl 5527 el Uf gess ! fee O
£ @ R R RN SBEEL BB NG EL 5
M e Mixer > ofl\e oo oo
™ = B B B B 3 3
22 22 22 B 22 22 22 22} R ;
O imic : r r r r Mixer Gate Bias
Amplifier Bias
ofjo |l mm = ofjo ofjc . ofjo ofl|lo o||lo offflo Mlxer Gate Blas
of|o of|o of o O(Fllterao ofllo ofllo o;
o||o o||o o||o o||C oo’ oo Le]li(= o||o
o|lo o|lo o|lo ol|o offo offlo offlo offo o
o|lo o|lo o|lo olo offo offo offo oflo U
o|lo o|lo ollo olfo offo offlo offlo offlo
go00ff000g000|000g000fl000g000|000g000|[000g000|l000go00|l000g000|l000g
8 : . : 8 CPW-SIW Transition
O. O O O O O O O o
E 000 00000 00000 00000 00000 00000 00000 00000 000
Q) fo} O fo} O O O O fo} O O fo} O O O O fo}
=3 00 00 00 00 00 00 00 [ :
£ Oo 000 000 000 000 000 000 000 50 Tmm Mounting Hole
L wn_o o0 o0 00 00 00 00 00 o
o o o o Jo o Jo o Jo o Jo o Jo o Jo o
T o o lo o lo o |o o |o o |o o |o d o = o
c o 9 fo o lo o |o o |o o |o o |o o o = o
g o o lo o lo o |o o |o o |o o |o o o L 9
o o o lo o lo o Jo o |o o |o o |o o |o o
o o o lo o lo o Jo o |o o |o o |o o |o o
c o 9|l ||© 9| |l© 9|l || 9|l |[© 9|l |[© 9|l |[© 9|l |[© Lo/ y X
<< o q llo d llo d llo d llo d llo d lle d llo o (f—>
a— - SIW Antennas |U H H H z

Figure 5.4: Dual-polarized 8-element array module for heterodyne beamforming using
an SIW antenna concept.

Another critical design criterion is the operating frequency of the L.Ox tuning network
containing the delay elements. To ensure maximum design flexibility, the progressive
phase shift A¢ between elements must be adjustable from —180° to +180°. An untilted
beam requires a progressive phase shift of integer multiples M of 27 between elements to
ensure constructive interference. Consequently, the necessary delay between elements 7,
can be expressed as a function of the center frequency of LOx using Eq. (5.1): 7, = M/ fr.ox,0-

Increasing M results in a higher phase slope and hence a lower required tuning
bandwidth for the L.O to achieve the same phase change. At M = 1, the required bandwidth
BW for a +£180° phase change is BW = fiox0, Which decreases linearly to, e.g.,, BW =
frox,0/4 for M = 4. On the downside, circuit complexity, size, and losses increase similarly,
so M = 2 is a good compromise for the desired application.

frox should be lower than fgr to minimize losses and reduce the mixer operating
frequency. Since the space for the delay networks is limited, the frequency fox is set
significantly lower to allow for lumped network elements. The center frequency is at
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2 GHz, resulting in a tuning band from 1.5 GHz- 2.5 GHz. Table 5.1 in Section 5.7.2 provides
an overview of all used frequency ranges.

5.3 Components

Several components and circuits must be designed to construct an array based on the
specifications from Section 5.2. This section introduces the major components involved
and their performance.

5.3.1 Passive Delay Networks

The delay lines are one of the fundamental building blocks for the heterodyne beamformer
since the frequency-dependent phase characteristic is exploited to scan the beam. The
realization of delay lines depends on the frequency, the available technology, and space.
Here, the primary goal is to obtain passive and compact delay elements for integration
on a PCB at the chosen center frequency of 2 GHz.

The simplest form of a delay element is a simple transmission line. A higher permittivity
yields a shorter line but requires specific materials. Furthermore, a transmission line
can be meandered, although parasitic effects such as cross-coupling or reflections in the
turns limit this approach. For decades, such slow wave structures have been researched
to obtain compact designs or to match beam velocity in vacuum electronics [145], [146].

Compared to the array spacing, the resulting wavelengths at the operating frequencies
of the delay network are long. A distributed transmission line-based delay network is
hence not feasible in standard PCB technology. As an alternative, lumped elements are
usable for the chosen frequency band. In general, a lossless delay line can be considered
as a type of all-pass circuit. It features a constant group delay and a constant gain transfer
function for all frequencies:

H(jw) = |Ale™79W) = 77, (5.6)

This exponential characteristic cannot be realized by an RLC-network but can be ap-
proximated [147, pp. 267-268]. Since the LO signals are Continuous Wave (CW), dispersion
is not an issue, and components do not have to exhibit a constant group delay. Thus, so-
called Zobel-networks' can be used. In a Zobel-network, the input and output impedances
are independent of the transfer function, allowing for an easy cascade of multiple such
sections (so-called constant-impedance lattices).

The most widely used implementation of a Zobel network is a bridged-T as shown
in Fig. 5.5a. The bridged-T network is symmetrical if input and output impedance are
equal and purely reactive in the case of an all-pass filter, as shown in the figure. A design
procedure is presented in [147, pp. 263-265].

A microstrip implementation of two cascaded bridged-T all-pass sections is illustrated
in Fig. 5.5b. Each section exhibits a 180° phase shift between the two designed corner
frequencies, here set to 1.5 GHz and 2.5 GHz. Hence, two sections have to be used to
achieve full 360°.

1Zobel-networks are named after Otto Zobel, who published a fundamental paper on filter theory in 1923
[148]
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Figure 5.5: (a) Schematic of a second order Bridged-T all-pass filter with matched in- and
output ports and (b) illustration of a 2-element filter using lumped Surface
Mounted Device (SMD)-elements in microstrip technology.

The fabricated filter is shown in Fig. 5.6a and manifests outer dimensions of 7 mm x
5mm, only about 1/30 of the wavelength at 2 GHz. Table A.1 lists all used components.
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Figure 5.6: (a) Fabricated all-pass filter consisting of two second-order bridged-T networks
and (b) measured S-Parameters of the the allpass filter.

The filter relies on lumped SMD capacitors and inductors. Particularly the inductors
must be chosen carefully to minimize parasitic effects at 2 GHz. Still, the filter’s perfor-
mance is impaired by intrinsic losses and element tolerances. The measured S-Parameters
are depicted in Fig. 5.6b. The input and output matching is almost symmetrical and better
than 12 dB. However, a significant resonance occurs in the center, increasing the insertion
loss from 0.5 dB to about 1 dB.

The measured transmission phase ¢(S2;) is plotted in Fig. 5.7a. The total phase change
between 1.5 and 2.5 GHz is close to 360°. The filter works as expected, successfully verify-
ing the design.
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Figure 5.7: (a) Measured phase delay of the all-pass filter, coupler, and the sum of both
components. (b) Measured S-parameter of the meandered microstrip coupler.

5.3.2 Coupler

For the serial LO feed network, couplers allow diverting only a fraction of the total signal
power. The design is based on a simple backward-wave microstrip coupler, requiring two
closely spaced quarter-wave sections. It is illustrated in Fig. 5.8a. The coupler is folded to
fit the quarter-wave sections in the tight array spacing.
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Figure 5.8: (a) Illustrated and (b) realized L.O-coupler for the serial feed.

The PCB process limits the line spacing to a minimum of 100 ym. Nevertheless, this
meander line design amounts to a total width of only 2.4 mm. The fabricated coupler is
shown in Fig. 5.8b. Several two-port S-parameter measurements are combined to assess
the performance. TRL-calibration and 502 terminations at unused ports ensure reliable
results. The measured S-parameters are plotted in Fig. 5.7a and Fig. 5.7b, for phase and
magnitude, respectively.

The coupling varies between -14 and -13 dB in the operating band. The insertion loss is
lower than 0.5 dB, and input matching is better than 20 dB. Isolation is unimportant since
the isolated port is unused and can be terminated in the design. As plotted in Fig. 5.7a, the
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coupler thru signal exhibits a phase change of about 90° in the operating band (observed
at the reference planes). As shown in the figure, this can be added to the result from the
all-pass filter to get the total combined phase shift of the delay network.

5.3.3 Bandpass Filter

The proposed heterodyne beamformer uses a two-stage mixer design. In the first mixer
stage, two large signals (LOx, LOs) are superimposed, potentially generating many un-
wanted spurious mixing signals (cf. Fig. 5.3). These, in turn, could cause unwanted signal
content at the RF due to the second mixing stage.

Since the sum frequency fiox + fLos 1S constant (at 19.0 GHz), a band-pass filter sup-
presses unwanted signals. The relatively high frequency enables a microstrip filter design.
A very compact, second-order design is the meander loop [90]. This type of filter uses a
dual-mode ring resonator to obtain a second-order elliptic filter response. The fabricated
filter with an edge length of only 2.5 mm is shown in Fig. 5.9a.
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Figure 5.9: (a) Fabricated meander loop band-pass filter and (b) simulated and measured
magnitude of the input reflection (S;;, —) and transmission (Ssy, - - -).

The simulated and measured S-parameters are plotted in Fig. 5.9b. The dual-mode
characteristics can be seen in the input reflection coefficient, whereas the elliptic filter
response with its distinct nulls is observable in the transmission. In general, simulation
and measurements are in good agreement. However, the measured filter response is
slightly shifted to higher frequencies, and the input reflection is higher. One cause is the
significant underetching from the fabrication, which is also visible in Fig. 5.9a.

5.3.4 Vertical Transition

To implement the heterodyne beamformer, three signal distribution networks (IF, LOx,
and LO;s) have to be routed to the two mixers. Unfortunately, these networks require
much space and also need some crossings. Hence, not all signal paths can be routed on
outer layers, and, as mentioned in Section 5.2, some networks have to be designed on an
inner layer as a stripline. Since connectors and SMD components have to be placed on
outer layers, vertical signal transitions are required. These are particularly problematic at
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higher frequencies. The designed vertical transition is depicted in Fig. 5.10 and Fig. 5.11a
from a cross-sectional and top view, respectively.

' {GND Via Shield

Blind Via

Figure 5.10: Cross-sectional view of a vertical transition from microstrip to stripline.

The microstrip line on the outer (Top) layer leads to a via, which connects the microstrip
to the stripline. The via diameter is set to the process minimum of 200 pym to minimize
the parasitic inductance. Antipads are present in each GND-layer. Due to the stack (cf.
Fig. A.1), the via cannot terminate on the stripline layer but continues to the next GND
layer, where a pad and antipad are placed around it. This parasitic via-stub significantly
hampers higher frequency performance. GND-vias are placed around the stripline and
the via to minimize the excitation of parallel plate modes. Since the via transition works
better for CPW than microstrip, a short taper at the via functions as microstrip-CPW
transition.
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Figure 5.11: (a) Illustrated top and (b) de-embedded measurement results of the vertical
transition.

The simulated and measured results are depicted in Fig. 5.11b. Data below 10 GHz is
omitted since the higher frequencies are the limitation for this transition. The simulated
input reflection is lower than -20dB up to 20 GHz. Simultaneously, the insertion loss
remains below 0.5 dB. The degradation at higher frequencies is mainly caused by the
unwanted via stub, which increases the mismatch and leaks energy into lower layers.
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The measured results are obtained by de-embedding measurement data from three
stripline shorts of varying lengths. Calibration standards similar to those in Fig. A.2 are
used. The spikes in the data are caused by this de-embedding technique. The advantage
is, however, that no back-to-back transition measurements are necessary. The results
verify the vertical transition obtained from the simulation.

5.3.5 CPW-SIW Transition

Substrate integrated waveguides are a method to implement a waveguide in a standard
PCB process. The substrate fills the waveguide, while the outer metallization forms the top
and bottom walls. The conductive sidewalls of the waveguide are formed by a periodic via
fence [149]. For a specific frequency range, SIW can be modeled as a standard waveguide
using an equivalent width [150] mainly depending on the periodic via structure.

Here, SIW is used to design a dual-polarized horn antenna. Thus, the waveguide
requires square cross-sectional dimensions. In the first step, it is sufficient to consider a
full-height waveguide, i.e., one where the ratio between width and height is 2:1. Such SIW
can be considered electrically thick. Typically used wideband transitions from microstrip
or CPW to SIW [151] do not work correctly for this configuration since a significant part
of the CPW fields is concentrated close to the conductors on the substrate surface.

In [152], a via based transition from CPW to SIW is proposed. This design is illustrated
in Fig. 5.12a and adapted to the 20 GHz full-height design required here. It requires a
central via in the CPW, which effectively works as a current probe exciting the waveguide.
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Figure 5.12: Transition from CPW to SIW using (a) a GND-via pertubation and (b) a cavity
design.

Alternatively, a cavity-based transition from [153] is depicted in Fig. 5.12b. This design
uses a simple SIW resonator cavity with an adjustable iris to couple into the waveguide.
Since this significantly wider design requires the full width of the array grid, via fences
between neighboring elements have to be shared. On the upside, the overall length is
shortened from 21 mm to 8.8 mm from the via to the cavity transition.
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Both designs start with a compact GCPW, which is subsequently tapered to CPW. For
the via-transition, the inner CPW conductor has to be wider to incorporate the via. Hence
a second taper to widen the CPW must be included.
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Figure 5.13: Simulated S-Parameters for the two designed transitions from CPW to SIW.

Simulation results for both CPW-SIW-transitions are plotted in Fig. 5.13. In general,
the via transition is better matched and offers a broader 10 dB-bandwidth reaching from
18.0 to 21.3 GHz compared to 19 to 21 GHz for the cavity transition. In the operating band
around 20 GHz both work well, but the cavity design’s insertion loss is significantly lower.
The higher losses can be attributed to the much longer transmission line in the via-case.

5.3.6 Circular Polarized SIW Antenna

The central building block of every array are the antenna elements. Here, SIW antennas
are used, since they are well suited for a brick architecture and can be fabricated in a
PCB process. The design is based on the 30 GHz array design from [69], [70].

The antenna is illustrated in Fig. 5.14. The cross-section shown in Fig. 5.14a represents
a cut along the symmetry plane of the multilayer on Layer 8 (cf. Fig. A.1). Above and
below are two full-height substrate-integrated waveguides separated by a metal plane on
the layer. These SIWs form the two polarization ports of the antenna. In the central part,
a stepped transition (septum) removes the metal plane and forms a square-SIW capable
of supporting two polarization [154]. If properly designed, the two input SIW ports are
well decoupled, generating 90° phase shifted TE(;- and TE;o-modes, respectively, in the
square section for circular polarization.

The square SIW is not fully symmetric for both TE-modes since the used dielectric
is often anisotropic, and the waveguide wall is a solid metal shield for two sides and a
periodic via fence on the others. The asymmetry results in slightly different propagation
constants of the two modes. The square section behind the polarizer is kept short to
maintain good circular polarization. It ends in a square dielectric slab. As shown in
Fig. 5.14b, a metallic choke is placed around the structure to improve matching and
minimize backward radiation (and subsequently coupling in an array setup) [155, 185ff].
The choke is an externally mounted component. Fig. 5.15a shows the fabricated antenna.

The antenna consists of an RF connector, followed by a short CPW section. The via
based CPW-SIW-transition is included in the design. The externally mounted, centrally
split choke can be seen on the right side of the image. It is aligned with precision pins and
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Figure 5.14: (a) llustrated cross-sectional top and (b) three-dimensional view of the used
dual-polarized SIW-horn-antenna including a septum polarizer and a metallic
shield.
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Figure 5.15: (a) Fabricated SIW-antenna including the external choke. (b) Simulated and
measured reflection coefficient (— includes the transition and —e— is the
antenna only).

fixed with two screws. The PCB dielectric slightly protrudes from the choke. The backside
of the antenna reproduces the visible front side and excites the other polarization.

The simulated and measured reflection coefficient is plotted in Fig. 5.15b. Two simula-
tions are conducted, one with and one without the transition. The results are relatively
close for lower frequencies but diverge, starting at about 20.5 GHz, when the transition
fails to work. The antenna itself is intrinsically more wideband. The measurements verify
the results, which correspond well with the simulated data. The input matching is better
than 20 dB in the desired operating band, around 20 GHz.

Far-field measurements allow for evaluating the antenna performance. The simulated
and measured results for one polarization in two different cuts, the xz-plane (¢ = 0°) and
the yz-plane (¢ = 90°), are shown in Fig. 5.16a and Fig. 5.16b, respectively. The simulated
and measured directivity are in relatively good agreement in both cases.
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Figure 5.16: Simulated and measured SIW-antenna pattern cuts for a single polarization
in (a) the xz-plane (¢ = 0°) and (b) the yz-plane (¢ = 90°).

5.4 Frontend

The beamformer is the central part of the designed HBF frontend. Additional compo-
nents required for practically usable frontends, such as LNAs or image-reject filters,
are neglected since they are not required for a proof of concept. Their integration is
straightforward in brick architecture.

In Section 5.3, essential components such as the all-pass filters and the couplers are
examined. In the worst case, the insertion losses from both components add up to 1.5 dB.
Since these components are repeatedly used in a serial feed architecture, the subsequent
power loss quickly becomes critical. A significant, unwanted L.O amplitude taper would
result. Hence, countermeasures must be taken to avoid influencing the RF power level.

One possible solution is to operate the second (RF) mixer stage with a high input power
so that a change of LO power has only a minor influence on the conversion loss. However,
for an 8-element array, about 10dB of dynamic range would have to be covered. In
addition, the output power of the first mixer stage (LOx+LOgs) is relatively low. Hence,
an equalization of LOx-signal is proposed. Equalization is attainable through a simple,
low-cost gain block amplifier (AVAGO AVT-51663). The test circuit in Fig. 5.17a shows the
designed 4-channel evaluation board.

The input LOy signal is fed into port (1) at the first coupler. Most of the signal continues
along the microstrip to the first all-pass filter, and only a fraction is coupled to the newly
introduced LO-amplifier. The output of the amplifier forms port (2). This setup is repeated
for port 3 through (5. The last coupler is terminated by 502 .

The amplifiers are operated in saturation to equalize the output power of all channels.
For the S-parameter measurements in Fig. 5.17b, an LOx drive level of 15 dBm is used. The
input matching deteriorates when compared to the results from Fig. 5.17b and Fig. 5.7b
of the all-pass filter and coupler, respectively. The additional input reflection also results
in ripples of the transmission parameters Sy;. However, all four channels’ gain closely
matches at about -1 dB in the frequency band of interest. Thus, the equalization charac-
teristic of the circuit is successfully demonstrated. The results correspond well with the
expected datasheet value for the saturated output power of slightly more than 13 dBm.
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Figure 5.17: (a) Fabricated, active LO delay line circuit for the HBF array including the
coupler and an LO-amplifier. (b) Measured S-Parameters at an input LO drive
level of 15 dBm.

Operating an amplifier in saturation results in nonlinear effects. Since phase stability
is critical for the design, conducted power sweeps help to validate the approach. The
results shown in Fig. 5.18 are obtained by sweeping the input power of the evaluation
board from -10 to 20 dBm at a constant frequency of 1.5 GHz.

All four channels’ gain change is plotted in Fig. 5.18a. At a low input power level, all
four amplifiers operate in the linear regime, and the gain is constant. The gain differences
between the channels are mainly due to delay network losses and varying amplifiers.
These are the deviations needing equalization. At about 5 dBm the amplifier’s compression
point is reached, and at about 12 dBm all are saturated at maximum output power. As
desired, all four channels’ gain and output power are equal.
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Figure 5.18: Measured results from a power sweep of the input LO drive level at 1.5 GHz.
(a) shows the gain characteristics and (b) the differential phase change at the
four output ports.
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Fig. 5.18b depicts the differential phase change (§¢/§P) with varying input power.
d¢ /4P remains constant until the amplifiers reach saturation and changes start to occur.
These are relatively small with less than 1° phase change per dB power change and have
a similar trend in all four channels up to about 15 dBm input power.

The input power is set to a constant 15 dBm, and the phase is measured to investigate
the influence in realistic operation. The results are plotted in Fig. 5.19a. As expected, all
four channels have a negative phase slope, which increases with every delay section.
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Figure 5.19: (a) Measured phase of the active LO delay line network at an input LO drive
level of 15 dBm. (b) Progressive phase differences (Ayp) of adjacent channels.

Since the absolute phase value is not of importance for the HBF-principle, the relative
phase change between adjacent channels is plotted in Fig. 5.19b. All three difference
curves exhibit almost equal characteristics, with a maximal deviation of less than +5°
in the operating band. These results prove the approach’s feasibility, including both the
delay network and the equalization amplifier.

The complete frontend design is illustrated in Fig. 5.20. Its central part is the active
delay network which occupies about 2/, of the total surface area. Two full channels
are shown in the image. The first mixer directly follows the LO amplifier. The LO; also
connects to this mixer through the vertical transition from Section 5.3.4. Capacitors on
the microstrip line block rectified DC currents from the mixers.

The output of the first-stage mixer is routed to the meander loop band-pass filter
to block unwanted mixing products. The second mixer stage follows next. The RF is
converted to the desired IF. The IF is routed through the inner stripline layer. Due to
the relatively low intermediate frequency, a very compact and straightforward vertical
transition close to the mixer is used. A gate bias is applied to both mixers to reduce the
required LO drive level for optimal conversion loss. The RF port of the second stage
mixer constitutes the input of the frontend. The following CPW connects directly to the
antennas.

The IF distribution networks on the left-hand side of Fig. 5.20 are not part of the
frontend but are also visible in the image. The IF power combiner network is designed
using CPW transmission lines and lumped SMD power dividers on the top layer. A vertical
transition connects the top CPW to the stripline on an inner layer.
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Figure 5.20: Closeup of the heterodyne beamformer’s frontend circuitry.

5.5 Module

The designed modules each contain a dual-polarized linear 8-element array. As illustrated
in Fig. 5.21, the center part of the module is the heterodyne beamformer design from
Section 5.4. The RF port of the frontend is followed by a via-based CPW-SIW transition
(cf. Section 5.3.5). The actual radiator is the circularly polarized SIW-antenna design
explained in Section 5.3.6. The design is fully scalable as long as the power levels of LOx
suffice.
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Figure 5.21: Structural design of two channels/elements of the HBF-array .
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The left side of the module is reserved for interconnects. Here, Sub-Miniature Push-
On Connector (SMP) connectors are used for the high-frequency signals IF, LOy, and
LO;. These connectors perform sufficiently well up to 20 GHz, and provide flexibility
for fabrication and soldering tolerances. A total of six SMP-connectors are required per
module to feed independent signals for both polarizations. LOx and LOs on the top and
bottom could be joined if both polarizations were to be scanned in the same direction.

The IF combiner lies between the connectors and the beamformer. It is a simple
cascaded design, which would result in a slightly longer brick if more elements were
integrated into the same module. Also visible in the lower part of the IF combiner section
of Fig. 5.21 is the routing of the LOs-signal. Behind the connector, a vertical transition
changes the microstrip to a stripline. The LO signal is subsequently split for the eight
channels utilizing simple T-section stripline dividers (not visible).

A fabricated module is shown in Fig. 5.22 without mounted antenna chokes. The outer
dimensions are 113.0 mm by 80.5 mm with a total thickness of 4.8 mm. With mounted
chokes, the total module thickness would increase to 7.5 mm, corresponding to x,/,. Thus,
in y-direction, multiple such modules could be placed next to each other and maintain
the array grid spacing.

113 mm

‘ Ny ¥ 8§ | SIW Antennas
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Beamforming
Network
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IF Combiner

o8 svp
% RF Connectors
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DC  Pol2 LOy IF Pol2(Back) LOs  DC (Back)

Figure 5.22: 8-element HBF-array module with all electronic components but without the
SIW-antenna chokes.

In addition to the RF interconnects, three DC pins are also placed on the side of the

module. These provide the gate voltages for the mixers and the bias for the LO-amplifiers.
The SMP connectors function as the DC return path.

5.6 Array Performance

Far-field measurements are conducted to assess the scanning performance of the designed
linear HBF array. Fig. 5.23 shows a fully equipped module mounted to the positioning
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system in the anechoic chamber at TUHH. The positioner allows for a module rotation in
- and ¢-direction, allowing measurements of the entire antenna pattern.

Positioner

plers &
for Phase Locked Antenna

Measurement

AN
RF and DC Cables ¢ ® >}

Figure 5.23: Heterodyne beamforming array undergoing antenna measurements.

The measurement setup is rather complex, including external mixers, multipliers,
and couplers to enable phase-locked measurements (not only phase locked L.O-signals).
The required three high frequency and DC signals prevent the usage of the available
rotary joint and require a careful rotation in ¢-direction. Fortunately, a module rotation
in ¢-direction suffices to analyze the beam scanning.

The frequency f1ox is changed for every measurement and compensated through f;og
to keep frr— fir constant. The transmitted RF frequency is swept during each measurement
between 19.7 and 20.3 GHz. The IF is evaluated on a VNA.

The measured array patterns at 20 GHz in the xz-plane (¢ = 0°) are plotted in Fig. 5.24.
For a better comparison, the gain for each curve is normalized to the maximum value.
Seven distinct LOx frequencies between 1.7 and 2.3 GHz are shown. As desired, the beam 6-
direction changes from about -30 to +30°. At the center frequency of 2.0 GHz, the boresight
direction is very close to the z-axis (# = 0°), which coincides well with the design goal
of the delay network explained in Section 5.3.1. At about 12 dB, the central beam’s SLL
agrees well with the expectations. However, the SLL rises significantly for scanned beams.
Hence, scanning angles of more than +30° are not feasible with the designed antennas
and are not shown in the plot.

Fig. 5.25 highlights the HBF-scanning principle. The boresight direction of the array
beam (6,) is evaluated for different frequencies fiox at three constant RF frequencies 19.7,
20.0, and 20.3 GHz. The results verify the concept by demonstrating a continuously rising,
almost linear relationship between the scan angle and the LO-frequency. Furthermore,
the beam directions for all three plotted RF frequencies are almost equal, proving that
the scan angle is independent of fgg.
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Figure 5.24: Scanned array patterns at 20 GHz for various LOx-frequency in ¢ = 0°-plane.
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Figure 5.25: Dependence of the array pointing direction at 19.7 GHz, 20.0 GHz, and
20.3 GHz on the LO-frequency.

5.7 2D-HBF-Beamforming

The heterodyne beamformer proposed in Section 5.1.1 has many upsides but lacks the
ability to scan the beam along the second principal direction. 2D-beam scanning is a
fundamental requirement in many applications and must be implemented. This section
develops a concept for such a planar HBF array.

5.7.1 2D-Heterodyne Beam Scanning

Generally, 2D-beam scanning with the linear array from Section 5.5 could be achieved by
aligning multiple modules in a serial feed architecture and interconnecting each with
a phase shifter in any one of the three signal paths LOx, LOs, or IF. The phase shifters
could then set a progressive phase shift between the modules, resulting in a tilted beam.
Though feasible, this approach conflicts with the general goal of an HBF system to work
without phase shifters and their required control circuitry.
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In [156], a general but complex architecture is presented to obtain a 2D-scannable HBF
phased array. It is based on the less advantageous single mixer architecture discussed in
Section 5.1.1. Thus, the proposed linear array from Section 5.5 is used to develop a 2D
scanning concept.

LO Paths
Data Paths
@) 2D-HBF
fLox \[/ﬂ; fLox flo. |Backplane
ﬂ_ﬂ/\, _ Aq)y:ZT[fLoyty _

Z), X
@ fLoxo yJ

Figure 5.26: 2D-HBF architecture for independent beam scanning in two principal direc-
tions.

Fig. 5.26 depicts the proposed architecture. The linear arrays are placed adjacent to
each other and are used to scan the beam in the xz-plane. The required input signals
for the beamformer are the same as before: the data signal IF, the LOx for the scanning
in xz-direction, and the LOs for compensating the introduced frequency changes and to
keep the RF frequency constant. The subsequent phase shift between elements in the
x-direction is Aypx = 27 fLoxTx-

The linear arrays are connected to a backplane, which incorporates distribution net-
works and a second independent heterodyne beamformer. This beamformer is oriented
in the y-direction and is responsible for beam scanning in the yz-plane. It requires an
additional independent signal source LOy, a serial delay network with delays of length y,
and one additional mixer per linear array. The frequency-dependent phase shift in the
y-direction is Apy = 27 fi,0y7y.
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The output signal from the mixers on the backplane is connected to the linear array’s
LOx channel. Changing foy to scan in the y-direction would also affect f;ox and the
scanning in the x-direction. To compensate, the signal source LOy, must take this effect
into account. The frequencies required to scan the beam in a desired direction with phase
progressions Agy and Ayy can be calculated as follows:

A(py
= 7
Jroy 2y (5.7)
fLoxo = fLox £ fLoy
1 (Apx, Awy (5.8)
Cor Tx Ty )

The sign in Eq. (5.8) depends on whether an up- or downconversion mixer is used. The
selection should be based on the desired frequency range for the delay lines and mixers.
As explained in Section 5.2, lower frequencies might yield some advantages.

5.7.2 Heterodyne 2D-Beam Forming Array

A backplane board with the novel beamformer has to be designed to realize a 2D-array
based on the module from Section 5.5. In the first step, the frequencies fioy and fioxo
have to be determined. To design a lumped component delay line circuit as presented in
Section 5.3.1, an operating frequency below f;ox is necessary for f;oy. For a single all-pass
filter section design, a frequency range from 250 — 2250 MHz is appropriate.

180 2.2
. 2.0
Name | Tuning Range % 19 =
IF 1.0 GHz > 125
>~ 0 =
RF 20.0 GHz S 14
fiox | 1.5GHz-2.5CHz 90 138
flos | 16.5GHz-17.5GHz 1.0
flLoxo | 750 MHZz-2250 MHz Ly (°)

Table 5.1: Frequencies used in the pro- Figure 5.27: Tuning of fiox, In dependence
posed heterodyne beamformer. of Apx and Agyy.

Using Eq. (5.8), the required tuning range of fiox, is calculated to be between 750
and 2250 MHz. The required frequencies for all signals in the 2D-HBF-array are listed in
Table 5.1.

To evaluate realistic tuning requirements of the additional LOx,, its frequency de-
pendence on the phase shift settings Aypx and Ayy is evaluated. The phase-frequency
relationship from Fig. 5.19 is included as a reference. The results are shown in Fig. 5.27
and highlight the dependence of f;0x, On both scan directions. However, the results are
very smooth, and no problems are expected.

Multiple linear array modules would be placed next to each other to realize such an
array. The total thickness of one module, including the choke, is 7.5 mm, allowing such a



5.8 Summary 112

module placement even with the x,/,-constraints of the array grid. A concept for an 8x8
element planar HBF-array is illustrated in Fig. 5.28.

SIW Antennas

SIW-Shield ————

Modules——

HBF-Backplane
(2D-Scanning)

SMP
Interconnect

Figure 5.28: Concept for a 2D-HBF-array setup with 8x8 elements based on the introduced
8-element modules.

The eight modules are attached to a backplane using the same SMP-connectors as
before. The backplane contains the heterodyne beamformer for the scanning in the
y-direction. LOy is an output signal from the backplane and must be routed to each
linear module. Furthermore, distribution networks for LOs and IF must be designed to
ensure equal signal phase at all modules. Phase variations are critical since they directly
influence the scanning in the y-direction. Low frequencies are again desirable to keep
the influence of PCB fabrication tolerances on the phase at a minimal level.

5.8 Summary

Efficient and simple beam scanning is a necessity for low-cost systems. The heterodyne
beamforming technique presented in this chapter enables such phased array designs
without the need for phase shifters or complex control circuitry. Instead, mixers and
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simple delay lines are used and beam control is possible through frequency changes of a
local oscillator or another signal source.

The presented dual-polarized linear phased array demonstrates the principle at 20 GHz
in a standard PCB-process. Application-specificimprovements, including LNAs or different
antenna elements, are possible without voiding the concept.

As an outlook, a planar array design for two-dimensional beam scanning is presented
based on the designed modules. A significant size reduction of the delay line circuits
would be required to obtain smaller, more compact modules in a tile architecture. One
possible approach could be to exploit waveguides’ dispersive characteristics close to the
cutoff. Another way would be to design custom RFICs for the beamformer. Such an RFIC
would, however, contradict the taken low-cost approach.



Chapter 6
Conclusions

Electronically scannable antennas are advanced electronic systems with a unique feature
set. One of their most prominent abilities is to change the beam direction without physi-
cally moving the antenna. Since the limitations of mechanical drive systems do not apply,
instantaneous direction changes are possible. Additionally, an array antenna allows the
adjustment of critical beam properties such as the sidelobes, beamwidth, or null positions
during operation. It is even possible to excite multiple beams simultaneously from a
single aperture.

Arrays typically constitute the basis for electronic beam scanning. They consist of
multiple combined elements to form a shared aperture. Depending on the application
requirements, these elements can be (widely) separated or densely packed. Such arrays
enable more reliable operation since they commonly do not have a single point of failure
and gracefully degrade over time. Additionally, very flat or conformal array designs
enable low-profile systems with high gain.

The high scanning performance and wide functional range are unmatched but ulti-
mately lead to complex circuits and high costs. A standard reflector often presents a much
more economical solution in most high-gain applications. Thus, phased arrays are mainly
used in military (radar) applications. However, technological progress and new concepts
might change the status quo towards a broader use.

This thesis discusses various aspects of electronically scannable antennas, starting
with the basics and ending with innovative solutions. In Chapter 2, essential properties
of arrays are presented, such as the number of required control elements to achieve
the desired scanning range. This fundamental relationship is vital to understanding the
complexity of many arrays while illustrating that unique solutions are possible with
reduced requirements. Planar arrays are particularly problematic if high scan angles are
required. Other topics discussed in this chapter include various beamforming topologies
and their specific advantages and disadvantages. Classical beamforming relies on the
signal combination in RF-stage, but IF-, LO-, or even DBF-combining are other options.
DBF is a prime example of the flexibility and power of electronic scanning but also of
the complexity and challenges involved. Besides the beamformer, the choice of an active
or passive array also significantly influences the system’s performance. The presented
satellite communication scenarios in GEO and LEO orbit are ideal for understanding the
requirements of antenna systems. Hence, key performance figures for a communication
scenario such as EIRP, G/T, and data rates are analyzed.
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Chapter 3 focused on technology and essential components for phased arrays. It
includes a summary of current technology, an outlook on recent advances, and new
concepts/ideas. The main emphasis of the chapter is on efficient designs to reduce cost
and complexity. Air-filled SIWs and 3D-printed waveguides are technological concepts
that allow manufacturing low-loss components. Such components could help facilitate
passive arrays with good performance. In addition, 3D-printing technology enables new
degrees of freedom in design and production. Low-cost waveguide components can be
designed and integrated into a multilayer architecture. Another promising idea is dual-
band arrays, which integrate a receiver and transmitter operating at different frequencies
into a single aperture. However, dual-band designs lead to a very high integration density.
In applications that do not require a simultaneous operation, reconfigurable designs
can be a viable alternative. The presented reconfigurable components use switches to
change characteristics such as the frequency response or polarization, but other methods,
such as tunable materials, also exist. Another critical issue in phased array operation is
calibration. Sufficiently accurate calibration of the elements is necessary to guarantee and
maintain performance. Here, a microstrip patch design with integrated probes allows
for online calibration. A reference signal is injected into the array and enables constant
monitoring of array changes.

Besides technology and components, beamforming array systems are the main focus of
the thesis. These systems often utilize planar arrays with a wide scanning range to offer
flat, high-performance, but also expensive solutions. In many applications, the physical
size of the system is not a significant issue, and the occurring angular changes are minor.
For these use cases, hybrid solutions can be an ideal fit. Chapter 4 discusses a high-gain
reflector combined with an electronically controllable array to enable fast scanning with
a limited field of view. The reflector shape and the resulting beam and system properties
are comprehensively analyzed. These results allow obtaining a reflector geometry based
on application requirements. This thesis considers a satellite communication scenario
requiring constantly high gain, EIRP, and G/T over a limited scanning range. In this case,
a spherical reflector constitutes the best compromise. A custom-designed transmitter
feed for the reflector maximizes system performance. A custom array grid spacing and a
specialized excitation scheme are central to the feed architecture. This grid and excitation
combination helps to keep the number of elements low and maintains a satisfactory per-
formance for scanned beams. Simple microstrip patch antennas function as radiators. The
beamformer utilizes a relatively simple design based on attenuators and radial dividers.
It allows great flexibility to excite advanced schemes and even multiple simultaneous
beams. Measurement results of the manufactured array feed and reflector verify the
concept. The antenna system highlights that application-specific designs can significantly
reduce complexity and cost.

Chapter 5 discusses another challenge in phased array designs. To control the excita-
tion of the array elements, phase shifters or RFICs (core chips) are needed. These essential
building blocks must be small, efficient, and ideally low-cost. However, new IC designs
are involved, time-consuming, and extremely expensive. They are often only available at
frequencies with significant enough commercial interest. In other bands, phase shifters
are either not available at all or only as bulky, expensive general-purpose components.
Thus, the development of a different type of phase-shifting network is crucial. The pro-
posed “heterodyne beamforming” solution combines the frequency-dependent phase
response of components with a network of simple mixers. The name heterodyne stems
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from signal mixing and emphasizes its importance. The explanation of the underlying
principle provides essential insight into designing an 8-element dual-polarized linear
array based on SIW-technology. Distributed and lumped components form the core of
the beamformer at 20 GHz. An introduction to the individual component’s functionality
provides an understanding to assess their simulated and measured performance. Finally,
an SIW-array module is manufactured and tested. The result demonstrates that hetero-
dyne beamforming does indeed work as expected. It allows for an effortless way to scan
the beam without high requirements on components or digital circuitry. The chapter
concludes by proposing an advanced heterodyne beam scanning concept. It extends the
principle used for the linear array to planar arrays to enable 2D scanning.

This thesis introduces several components and concepts that can significantly benefit
electronic beam scanning systems. Concepts such as the array-fed reflector are already
quite sophisticated. However, the hybrid reflector system, e.g., suffers from relatively high
sidelobes caused by beam blockage. To improve performance, a better blockage model
can help to understand and mitigate the problem. Redesigning the reflector with an offset
feed is a possibility as a last resort. Additionally, the current scanning range of the system
is limited, and an extension to complete hemispherical scanning is possible through a
simple mechanical drive. Software is the greatest challenge in such a combined electrical
and mechanical solution. However, integrating the receiver into the feed is critical for
practically using the reflector system. Dual-band components and additional electronics
require costly real estate on the PCB. Furthermore, integrating higher power amplifiers is
necessary to use the design’s reserves fully. Thus, a switch from tile to brick architecture
is advisable. Many good SIW components are already available or are adaptable for this
purpose. Alternatively, a 3D-printed feed using high-performance waveguides is an ideal
fit for the reflector.

The heterodyne beamformer is an innovative scanning architecture requiring further
effort to exploit its potential fully. An extension to planar arrays has been presented
but requires practical validation. In addition, the used arrays are relatively small, and a
full-scale adaptation might cause unexpected problems. Although the front end includes
electronics, the presented array is passive without a signal LNA or PA. An active design,
including a calibration option, is desirable to increase performance.

Overall, electronic beam scanning remains an advanced, high-performance technique
with many benefits. New technologies and concepts have steadily advanced the state of
the art in electronic beam scanning for over 100 years. For now, the military and scientific
communities are still the primary users, but subsequent development steps may provide
the final breakthrough of this exciting technology.
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Table A.1: Electronic components used in the frontend of the heterodyne beamformer.

Name Type Value Package
SMP Molex 0734153591 Coaxial connector SMP
Amplifier Avago AVT-51663 20 dB amplifier SOT-363
Mixer MACOM MAMX-011021 Mixer (5-35 GHz) TDEN 6-lead
Divider Anaren PD0409]J5050S2HF IF Divider 0805
Ry ur Vishay FC0603E1000BST1 100 RF resistor 0603
Ry 1r Vishay FC0402E50R0BST1 50Q RF resistor 0402
Rs Panasonic ERJ-2RKF30R0X 300 0402
F, Murata BLM15GG471SN1D 470 Q) Ferrite Bead 0402
G Murata GJM1555C1HR90WBO01 0.9 pF RF capacitor 0402
Cy Murata GJM1555C1H2ROWB01 2.0 pF RF capacitor 0402
Cs Kemet CBR04C101F3GAC 100.0 pF DC block 0402
Cy Murata GJM1555C1H1R0BB01D 1.0 pF DC block 0402
Cs Murata GRM155R71C104KA88] 100 nF bypass capacitor 0402
L Murata LQW15AN2N5B00 2.5nH RF inductor 0402
Lo Murata LQP15MN1NOWO02 1.0 nH RF inductor 0402
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Glossary

4G Short form for fourth generation of mobile telecommunications technology, with
standards Mobile Worldwide Interoperability for Microwave Access (WiMAX) and
Long Term Evolution (LTE) data rates up to 1 Gbit/s. 1

5G Short form for the fifth generation of mobile telecommunications technology, which
provides data rates up to 10 Gbit/s. 1

Ka-band Frequencyrange from 26.5 to 40 GHz; For satellite communications 17.7-21.2 GHz
(downlink) and 27.5-31 GHz (uplink). 15, 20, 21, 24, 26-28, 31, 33-35, 37, 43, 49, 58,
79,93

Ky-band Frequency range from 12 to 18 GHz; For satellite communications 10.7-12.7 GHz
(downlink) and 12.75-17.8 GHz (uplink). 20, 37

L-band Frequency range from 1 to 2 GHz. 37

W-band Frequency range from 75 to 110 GHz. 36

Wi-Fi Term for local wireless networks originally used by the Wi-Fi foundation for IEEE
802.11b networks. 1, 3
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ACARS Aircraft Communications Addressing and Reporting System. 36
ADC Analog-to-Digital Converter. 14

AFR Array-Fed-Reflector. 50, 51, 68, 83-85, 88

ALMA Atacama Large Millimeter/submillimeter Array. 3

AR Axial Ratio. 60

BDF Beam Deviation Factor. 56

CMOS Complementary Metal-Oxide-Semiconductor. 31, 32
CPW Coplanar Waveguide. 38, 69-80, 93, 99-101, 105, 106

CW Continuous Wave. 95

DAC Digital-to-Analog Converter. 14, 81, 82

DBF Digital Beam Forming. 4, 14, 31, 67, 114

DC Direct Current. 42, 44, 80-83, 93, 105, 107, 108
DOA Direction of Arrival. 15

DSL Digital Subscriber Line. 1

DSP Digital Signal Processor. 25, 31

EIRP Equivalent Isotropic Radiated Power. 10, 15, 16, 24, 26-28, 58-61, 66, 79, 88, 114, 115
EOC Edge of Coverage. 20, 26, 27
ESA Electronically Scanned Antenna. 2, 47

ETSI European Telecommunications Standards Institute. 18, 24, 58, 59, 66, 88

FDM Fused Deposition Modeling. 33
FDMA Frequency-Division Multiple Access. 26
FPGA Field-Programmable Gate Array. 31
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FSL Free Space Loss. 18, 21, 26, 27, 37
FSS Fixed Satellite Service. 18
FTTH Fiber to the Home. 1

G/T Antenna Gain-to-Noise-Temperature. 10, 15, 16, 25-28, 59-61, 114, 115
GaAs Gallium Arsenide. 31

GaN Gallium Nitride. 31

GCPW Grounded Coplanar Waveguide. 76, 101

GEO Geostationary Earth Orbit. 2, 18-20, 23, 26-28, 114

GND Ground. 69, 70, 73, 99, 100

GPS Global Positioning System. 36

HBF Heterodyne BeamForming. 90, 91, 93, 103-112
HPA High Power Amplifier. 79
HPBW Half-Power Beamwidth. 6, 20, 58

IC Integrated Circuit. 16, 30, 31, 89, 115

IF Intermediate Frequency. 13, 14, 25, 37, 91, 93, 98, 105, 107, 108, 110, 112, 114
ISIG Immersion Silver/Immersion Gold. 93

ISL Inter-Satellite Links. 19

ISP Internet Service Provider. 1, 20

ITU International Telecommunication Union. 1, 18

LCP Liquid Crystal Polymer. 32, 33

LDPC Low-Density Parity-Check. 24

LEO Low Earth Orbit. 2, 18-23, 26-28, 114

LHCP Left-Handed Circular Polarization. 7, 18, 37

LNA Low Noise Amplifier. 10, 15, 25, 26, 31, 32, 36, 37, 103, 113, 116
LO Local Oscillator. 13, 14, 16, 90-95, 97, 103-105, 107-109, 114
LOS Line-of-Sight. 2

LRU Line Replaceable Unit. 16

LTE Long Term Evolution. 133



Acronyms 136

MEO Medium Earth Orbit. 18, 20
MIMO Multiple-Input and Multiple-Output. 3, 31
MMIC Monolithic Microwave Integrated Circuit. 78, 80

NWA Network Analyzer. 76

PA Power Amplifier. 15, 31, 32, 36, 37, 66, 68, 116

PCB Printed Circuit Board. 17, 30-33, 38, 40, 43, 45-47, 68-73, 75, 80, 83, 93, 95, 97, 100-102,
112,113,116

QFN Quad Flat No Leads Package. 31

Radar Radio Detection and Ranging. 2

RF Radio Frequency. 13, 14, 25, 26, 30, 31, 36, 37, 44, 80, 92, 93, 98, 101, 103, 105-108, 114
RFIC Radio Frequency Integrated Circuit. 31, 45, 47, 93, 113, 115

RHCP Right-Handed Circular Polarization. 7, 18, 37

Rx Receive. 7, 10, 15, 16, 18, 24-27, 37, 38, 51, 59, 60, 62, 67, 68, 77,79, 93

SatCom Satellite Communications. 18, 37, 43, 58
SiGe Silicon-Germanium. 31

SIW Substrate Integrated Waveguide. 2, 17, 32, 33, 38, 47, 73, 88, 93, 94, 100-103, 106, 107,
115,116, 118

SLA Stereolithography. 33

SLL Sidelobe Level. 9, 12, 28, 50, 57, 58, 86-88, 108

SMD Surface Mounted Device. 96, 98, 105

SMP Sub-Miniature Push-On Connector. 107, 112

SMPM Sub-Miniature Push-On (Micro) Connector. 46, 70, 80
SNR Signal-to-Noise Ratio. 1, 15, 24, 25, 27

SOLT Short Open Load Through. 70

SPDT Single Pole, Double Throw. 67

TDMA Time-Division Multiple Access. 26
TEM Transverse ElctroMagnetic. 6
TRL Through Reflect Line. 70, 71, 97
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Tx Transmit. 7, 15, 16, 18, 26, 27, 37, 38, 51, 55, 58, 62, 67, 68, 77, 79, 80
UOSM Unkown Open Short Match. 70, 71

via Vertical Interconnect Access. 32, 45, 69-71, 73, 76, 77, 99-101
VNA Vector Network Analyzer. 70, 108, 118
VSWR Voltage Standing Wave Ratio. 7

WiMAX Worldwide Interoperability for Microwave Access. 133

XPD Cross-polar Discrimination. 7, 61
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