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Abstract
Reflector-based radio telescopes are used as tools for observations in both
radio astronomy and space geodesy. To observe the weak sources in space,
highly sensitive receivers, fronted by optimized reflector feeds, are therefore
needed. Wideband and ultra-wideband (UWB) systems enable large continu-
ous frequency bandwidth and reduce the number of receivers that are needed
to cover the radio spectrum. Therefore, they are attractive for existing and
next generation of reflector arrays such as the Square Kilometre Array (SKA),
Allen Telescope Array (ATA), Deep Synoptic Array (DSA), and the Next
Generation Very Large Array (ngVLA). To achieve sensitive wideband and
UWB performance with reflector feeds, a near-constant beamwidth and good
impedance match are required over large frequency bands. The quad-ridge
flared horn (QRFH) is a robust and compact UWB feed technology for this
purpose, and is easily designed with single-ended excitation for 50-Ω ports.
The QRFH is dual-linear polarized and can typically achieve good perfor-
mance up to 6:1 bandwidth with high band-average aperture efficiency and
good impedance match. A drawback in existing state-of-the-art QRFH de-
signs, is that they suffer from gradually narrowing beamwidth and increasing
cross-polarization in the upper part of the frequency band. This is espe-
cially challenging for QRFHs that are designed to illuminate deep reflector
geometries. The narrowing beamwidth leads to reduced aperture efficiency,
and therefore also reduced sensitivity. To meet the demand for high sen-
sitivity observations over large bandwidths, these challenges need to be ad-
dressed. This thesis introduces and investigates low-loss, dielectric loading of
the QRFH design to achieve ultra-wideband performance that reaches beyond
decade bandwidth exemplified with 20:1 bandwidth in one single QRFH. The
dielectric load is homogeneous, with a small and non-intrusive footprint and
improves the beamwidth performance over the frequency band, while keeping
the complexity low and the QRFH footprint compact. Keeping the QRFH ro-
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bustness and compact footprint is favorable for practical receiver installation
in real-world applications for radio observations. Three quad-ridge designs
with dielectric loading are investigated, both for room temperature and cryo-
genic applications, and are shown to be highly suitable for wideband operation
in existing and future reflector arrays.

Keywords: quad-ridge flared horn (qrfh), radio astronomy, reflector an-
tenna feeds, ultra wideband antennas, broadband antennas, horn antennas,
dielectric materials, dielectric loaded antennas, radio receivers, aperture an-
tennas.
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CHAPTER 1

Introduction

This chapter briefly describes the main application areas (radio astronomy and
related space geodesy observations) to which the antenna research described
in this thesis is directed. An overview of design challenges in ultra-wideband
reflector feeds, with overwhelming focus on the quad-ridge flared horn, is
presented together with a summary of other state-of-the-art feed technologies.
Finally, contributions of this work and proposed solutions to the challenges
presented are summarized.

1.1 Background
In 1928, Bell Laboratories in Holmdel, New Jersey wanted to study transat-
lantic radio frequency interference (RFI) for short-wave communications. The
newly graduated engineer Karl G. Jansky, with a degree in physics, was hired
to do the job. Jansky designed an antenna for 20.5 MHz (λ=14.6 m) mounted
on a large rotational platform that used tires from a model T-ford to turn 360
degrees. Jansky studied the radio waves in all directions for quite some time
and found that the most common noise the antenna picked up was the elec-
tromagnetic waves generated from accelerating charges in thunderstorms [1].
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Chapter 1 Introduction

But he also found a weaker signal that came about and disappeared once a
day. Curious about its origin he continued to study it for several months.
A qualified guess was that the signal came from the Sun, however the time
period was slightly less than 24 hours. Could it be from something outside
our solar system? The conclusion was that the signal came from the center
of our Milky Way galaxy where the star constellation Sagittarius is located.
Jansky had, unintentionally, performed one of the first ever radio astronomical
observations and these results were published in 1932. Jansky was very keen
on continuing his work within this newly discovered field, however Bell Lab-
oratories had other plans for him. Sadly he was moved to other assignments
within the company, and died at the age of 44. The field of radio astronomy
did however live on and today, and the projects around the world involving ra-
dio telescopes no doubt reaches far beyond the wildest imagination of Jansky.
To honor Jansky, the flux density strength of observed radio sources has been

Figure 1.1: Jansky in ca 1930 with his giant 20.5 MHz radio receiver, unintention-
ally the world’s first radio telescope. Image credit: NRAO/AUI un-
der CC-BY-3.0.

given the unit with his name, also shortened as Jy. Radio sources in space
vary vastly in strength where a flux density above 1 Jy =10−26 W m−2 Hz−1

would be considered relatively strong but also quite uncommon. For compar-
ison, a cell-phone’s flux density measured from a distance of 1 km at 1.8 GHz
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1.1 Background

corresponds to roughly 1.1 · 108 Jy. Many astronomical sources of interest
to today’s astronomers are much weaker than 1 Jy and as low as micro-Jy
(µJy, 10−6). The sensitivity figure-of-merit (FoM) of radio receivers needed
to detect these sources is commonly given in the same unit and called system
equivalent flux density (SEFD). The signal-to-noise ratio (SNR) from observ-
ing a source with known flux density Sν has the following dependence on the
receiving SEFD

SNR = Sν
SEFD

√
t∆ν,

where t is the integration time and ∆ν is the available frequency bandwidth [2].
Simply put, to improve the SNR we can (i) improve sensitivity, (ii) increase
bandwidth, or (iii) increase observation time, where the last point is undesired
for several reasons. The SEFD is inversely proportional to the telescope’s
” G/T “ or more commonly expressed as the noise temperature over effective
aperture area, i.e. SEFD ∝ T

A . To improve sensitivity by decreasing SEFD,
we can therefore either increase the area i.e. make a larger telescope with
better optimized feed illumination, or reduce the system noise temperature
i.e. minimize feed and LNA loss, as well as reduce spill-over pick-up from the
ground.
Large ground-based radio telescopes (Fig. 1.2) operating in the radio-window

(Fig. 1.4) are most commonly in the form of a large mechanically steerable re-
flector with single-pixel feed receiver(s) (single feed with single beam) [1]. The
reflector collects incoming energy and focuses it in the single point where the
feed and adjacent receiver system are located. Another option is to instead of
the single-pixel system to use a phased array feed (PAF) or focal-plane array
for more custom beam properties (e.g. pattern shape, multi-beam) [3]. There
are other telescope concepts to maximize collecting area such as synthesized
aperture arrays for low frequencies [4] or fixed giant reflectors that can steer
the beam within a limited angle by suspended movable receiving systems [5],
[6]. Synthesized large apertures can be formed by telescopes through inter-
ferometry both over short and long distances with increased sensitivity and
observational resolution compared to each telescope on its own.

The possibility of reducing noise in the receiver has been greatly advanced
the last few decades. Today, the internal noise contribution of front-end com-
ponents, including the first stage LNA’s internal noise, is on the same level
or better than the sky brightness even for the centimeter and sub-centimeter
wavelengths, see Fig. 1.3. The LNA technology has matured immensely and
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(a) (b)

(c) (d)

Figure 1.2: (a) Onsala Twin Telescope’s two 13 m reflectors shown on the left,
and the 25 m telescope on the right, located in Onsala, Sweden. Im-
age credit: Roger Hammargren, OSO; (b) Three of the 64 offset Grego-
rian reflectors in the MeerKAT array, each 13.5 m in diameter, located
in the Karoo desert, South Africa. Image credit: Leif Helldner, OSO;
(c) The Owens Valley Long Wavelength Array (OVRO-LWA) con-
sists of 288 crossed dipoles, located in Owens Valley, CA, USA; (d)
Five-hundred-meter Aperture Spherical Telescope (FAST) located in
Guizhou province, China.

can deliver very low noise-performance even over wide bandwidths [9]–[11].
The development is not limited to the cryogenic regime, but includes room-
temperature advancements as well [12], [13].
To reap the rewards of the large physical area of a reflector telescope, while

minimizing the spill-over noise picked up from ground and achieving a good
match to the LNA inputs - a good low-loss feed is needed before the rest of
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Figure 1.3: Sky brightness from sub-meter to sub-centimeter overlayed with noise
of two wideband LNAs optimized for room temperature [7] and cryo-
genic temperature [8] operation.

Figure 1.4: The electromagnetic frequency spectrum, with the ground-observable
radio window seen to the right. Image credit: NASA(Original)/Mysid.

the receiver chain. If all these aspects are accounted for, the receiver system is
very likely to enable high-sensitivity observations. Properly designed octave
feeds (typically conical, axial-corrugated horns) will yield a very good feed
pattern-symmetry and cross-polarization, which results in low spill-over and
high aperture efficiency, even in unshaped reflectors [14]. The choice of octave
or instead a wideband system is dictated by the application and science goals
as well as the cost and system constraints. Each of these categories can be
divided further into multiple sub-categories where the benefits and trade-offs
must be assessed.
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The advantages of using a good wideband feed system in the sense of large
bandwidth ratio are several in the meter to sub-centimeter wavelengths. On
that note, this thesis treads lightly around mm-wave astronomy where very
different design techniques, receiver systems and environmental circumstances
apply. For millimeter wavelengths octave feed design in the form of corrugated
horns and quasi-optics together with Cassegrain reflector system is the com-
mon choice. The long effective focus of such dishes is more forgiving in phase
misalignment relative to the ”focal point“, which could be even more chal-
lenging to design otherwise at these wavelengths. The fact that the ∼ 1 GHz
absolute bandwidth available from an octave feed starting at 1 GHz, is 100
times larger for a feed starting at 100 GHz, makes the distinction between
”wideband and wideband“ quite important as well. Therefore, within the con-
text of this work wideband refers to bandwidth ratio > 2:1, i.e. the highest
frequency of operation is more than 2 times that of the lowest. The wideband
feed applications concerned in this thesis range from UHF-band, or perhaps
lower depending on the reflector size, well up to ∼50 GHz. Some practical
and scientific reasons for wideband feed and receiver systems include but are
not limited to:

1. The cost: In reflector arrays, the cost savings of developing, building,
and maintaining only one wideband system compared to multiple octave
receivers can be enormous. For a 100-m single-dish telescope, the cost of
covering two octaves with two separate receivers is most likely negligible
compared to the cost of the reflector itself. However, for an array of
10-m dishes to cover (almost) equivalent collecting we would need 100
reflectors. Reasonably assuming the price for an octave system and a
wideband system is similar, the cost reduction is obvious.

2. Physical space: What can be useful for large single-dish telescopes,
is the reduction of allocated space needed for equipment in the receiver
cabin, specifically in the sub-meter to centimeter range, where a wide-
band system covering e.g. 1-16 GHz would save a lot of space compared
to four octave systems.

3. ”Small-D-Big-N“: In combination with the development of room tem-
perature LNA technology [7], [13], and smart data processing, compact
wideband feeds enable the concept of large arrays with small-diameter,
low-cost reflectors as a different type of radio instrument. For such
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”Small-D-Big-N“ arrays the low cost per covered bandwidth and phys-
ical space advantages (point 1 and 2 above) of a wideband system are
essential to realize the concept. This type of array allows for low to mid-
range budget proposals to surpass the very expensive large-reflector ar-
rays in both survey speed and sensitivity over the same frequency range
(Fig. 1.7).

4. Large instantaneous available bandwidth: In a single-pixel-fed re-
flector telescope, only one receiver package at a time can be used (excl.
some Nasmyth-Cassegrain, and tertiary mirror concepts). For simul-
taneous access to the entire bandwidth while observing, and improved
continuum measurement sensitivity (2.9), a wideband system can be
used. There are several scientific motivations for the use of wideband
receivers:

• Spectral line searches - while normally high sensitivity is required
for observations, the search for strong red shifts over multiple fre-
quencies at the same time is attractive.

• Search for extraterrestrial intelligence (SETI) - where the benefit
of monitoring as many frequencies as possible is quite obvious.

• Pulsar searches and timing - which can occur over multi-decade
bandwidth [15]. An extremely interesting application of pulsar tim-
ing is the detection of low-frequency gravitational waves.

• Fast radio burst (FRB) - which at the time may be one of the most
popular science goals in meter and centimeter observations. The
FRB transient spectrum is short-lived on the order of milliseconds
and may only happen once from its direction, so large field-of-view,
wide bandwidth, and high sensitivity are required for localization.

• Astrometric and Geodetic VLBI - By separating telescopes with
very large distances, the technique of Very-Long Baseline Interfer-
ometry (VLBI) can yield extreme angular resolution in observa-
tions, proportional to the longest baseline separation of the tele-
scopes [2]. It can also be used to study Earth by observing known
sources as references that are stable in its position relative to us.
With several of these telescopes spread across the globe, and look-
ing at the same source, we can very accurately determine the sepa-
ration between them due to the geometric delay in the signal. This
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is done by high-precision timing of when the signal is received at
each telescope, using atomic clocks. In fact, this geodetic VLBI
technique is the only space-based technique that can determine
all five Earth orientation parameters (EOP), and give us a direct
connection between the space-based and the earth-fixed reference
frame [16]. This gives knowledge about the irregularities in the
rotation of Earth, universal time, and the direction of the earth ro-
tation vector. The main observable of geodetic/astrometric delay
is the group delay which is the phase gradient over frequency. A
large instantaneous frequency range gives a more accurate group
delay. Very wide observing bandwidths also allow such observa-
tions to remove the corrupting effect of the ionosphere because of
their unique signature over a wide frequency range.

• Polarization observations of Faraday rotation - The effect of rota-
tion on the polarization vectors as they travel through magneto-
ionized media, occurs over large bandwidths [17]

Below we exemplify a few current and future projects that use or will use
wideband feed and receiver systems. The next generation of space-geodetic
VLBI is realized through the VLBI Global Observing System (VGOS), where
each telescope requires a very wide simultaneous bandwidth [18],[19]. The
idea is to have a rather standardized observation system of telescopes with
reflector diameters in the range of 12-13 m and located at VLBI stations
around the world, to continuously observe and provide geodynamical data –
24 hours a day. The data from VGOS will improve the global navigation
satellite systems (GNSS) predicted location precision to be in the order of
1 mm which is crucial for our society’s growing demand in electronic local-
ization. One of the most recently inaugurated VGOS stations is the Onsala
Twin Telescope (OTT), consisting of two identical reflectors, see Fig. 1.2a,
that can achieve continuous observation of sources. The continuous coverage
is achieved by moving the non-observing telescope to a new source while the
other is actively observing [20]. The receiver system of VGOS is based on
dual-polarized wideband feed architecture to observe sources over many dif-
ferent wavelengths simultaneously. Requirements of low-noise as well as noise
and phase calibration are also crucial.
One of the strongest drivers for wideband feed development the last few

decades is the move in astronomy towards interferometric arrays with reflector
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Figure 1.5: DSA-2000 array concept: 2000 × 5 m axially-symmetric prime-
focus reflectors, each equipped with a room temperature wideband
feed package covering 0.7-2 GHz, and a spill-over shield. Im-
age credit: C. Carter/DSA

geometries of medium to low f/D (reflector focal length over diameter). Below
follows a short intro to some of these projects

• The Deep Synoptic Array 2000 (DSA-2000) is aiming to be a world-
leading radio survey telescope utilizing the ”Small-D-Big-N“ approach
for huge survey speed and continuum sensitivity (Fig. 1.7). It will con-
sist of 2000 reflectors each with a 5 m diameter (Fig. 1.5), and equipped
with a ground-breaking room temperature receiver package covering the
wideband frequency range 0.7–2 GHz with an exceptional system noise
temperature predicted to be 25 K [13], [21]. The proposed feed de-
sign is equipped with a low-loss dielectric lid on a choke-type quad-ridge
structure to achieve a symmetric broad feed pattern over a wideband fre-
quency range, further described in Paper E. Due to the consistent broad
feed pattern and excellent receiver noise, the stand-alone feed package
presents another application: the Galactic Radio Explorer (GReX), an
all-sky monitor to find the brightest bursts in the radio sky [22].

• The Square Kilometre Array (SKA) is an international project well un-
derway to build the world’s largest radio telescope with highest sensitiv-
ity in its frequency range [23]. In the final form it will enable science with
unprecedented sensitivity and survey speed. The SKA-MID will consist
of nearly 200 offset Gregorian reflector telescopes, where 64 of them con-
stitutes the MeerKAT (“More” Karoo Array Telescope) [24]. The SKA
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reflectors will be 15 m diameter dishes with a spill-over shield on the
sub-reflector rim. In total it will constitute a 150-km diameter array in
the Karoo desert in South Africa. Each antenna will be equipped with
multiple feed packages spanning 350 MHz to 15.4 GHz with a potential
of even higher frequency coverage [25]. The lowest frequency band of the
SKA-MID, Band 1 covers 350–1050 MHz with a completely room (am-
bient) temperature wideband feed package (including the LNAs) with
high sensitivity [7], [26]. As a potential upgrade under the advanced in-
strumentation programme - wideband single-pixel feed (WBSPF) of the
SKA, a 2-feed dewar is proposed to cover the upper bands of the SKA
and further over 1.6-24 GHz. The proposed Band B covers 4.6-24 GHz
with a single feed package [8], [27].

• The Allen Telescope Array (ATA) where the existing single-pixel feed re-
ceivers currently cover more than a decade in bandwidth divided in four
sub-bands, and dedicated to constantly monitoring a large frequency
range in search for extraterrestrial intelligence (SETI) [28]. The 42 hy-
droformed ATA reflectors at the Hat Creek Observatory in California,
USA have an offset Gregorian configuration with a shroud shielding the
feed from spill-over noise pick-up from the ground, see Fig. 1.6. Cur-
rently the frequency range covers 0.9-14 GHz with a log-periodic antenna
with different phase centers for the sub-bands requiring re-focusing. A
new ultra-wideband QRFH upgrade covering 1-20 GHz in one single feed
was tested in 2022, and is further described in Paper D.

Figure 1.6: Reflector in the Allen Telescope Array (ATA) with shroud shielding
against ground. Image credit: Alex Pollak, ATA/SETI.
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• The future successor to the iconic Jansky Very Large Array ((J)VLA),
is simply called the next generation Very Large Array (ngVLA) and is
planned to deploy 244 × 18 m and 19 × 6 m reflectors in Southwestern
United States, and northern Mexico each of which will cover 1.2-116 GHz
with six cryogenic feed packages where the two lowest frequency bands
will use wideband feed technology [29]–[31].

As briefly mentioned before, most radio sources are very weak, so to be able
to study these sources with a realistic integration time we need to increase
the sensitivity. A major reason to use large arrays of reflectors instead of one
giant dish to increase reflector area for sensitivity is to maintain a reasonable
size and cost per reflector. A somewhat ”hand-waving“ estimate of reflector
production cost is proportional to ∼ D3, where D is the diameter. Array sen-
sitivity increases proportionally with the number of telescopes, N (for large
N) but also with the frequency bandwidth (continuum) available in the re-
ceivers. Another reason for using arrays is the large and small baseline spread,
enabling for UV-plane coverage within the array itself. This further empha-
sises the need for wideband systems in reflector arrays. Wideband systems

Figure 1.7: Survey speed vs continuum sensitivity of the DSA-2000 and other cur-
rent (small squares) and planned (large squares) radio telescopes that
operate at 1.4 GHz. Image credit: DSA/CalTech.
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provide potential upgrades for existing interferometric telescopes as well such
as the European VLBI Network (EVN). The RadioNet sponsored EU Hori-
zon 2020 project BRoad-bAND (BRAND) is an international joint research
activity that aims to cover L-,S-,C-,X-, and Ku-band with one single receiver
[32]. The BRAND-goal is to offer a complete astronomy receiver package for
applicable telescopes, and be compatible with the VGOS frequency range 2–
14 GHz. The work in this thesis has led to the dielectrically loaded QRFH
feed covering 1.5–15.5 GHz for the BRAND project, further described in Pa-
pers A-C. The first prototype is designed for the deep primary focus position
of the 100 m reflector in Effelsberg (Fig. 1.8)

Figure 1.8: Effelsberg 100 m reflector (MPIfRA) in Bad Münstereifel, Germany.

As briefly alluded to, there is no free lunch not even in broadband frequency
ranges. For a wideband feed, consistent reflector illumination over frequency
is a challenge to achieve. The feed pattern evolution over frequency is much
more fickle in a wideband feed than for octave counterparts. Unlike the cor-
rugated or conical octave horns, none of the established ultra-wideband feed
technologies are BOR antennas (Body-of-revolution), meaning none of them
are circular symmetric in structure [33]. Most of them possess some type of ro-
tational symmetry around the boresight or propagation direction. This means
that mitigating the power lost to high order azimuth modes is important for
a consistent gain and feed pattern evolution across the frequency band [34].
Generally the impedance match is challenging to achieve for very wide band-
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widths as well. It must therefore be taken into account in parallel during the
design to reduce the effect on system noise from mismatch between feed and
LNA in a receiver. This requires an understanding of how feed performance
changes over the entire frequency band so designing for λ-performance is not
possible. Most wideband feeds are therefore not analytically defined in the
sense of specific design-equations being readily available for the desired fre-
quency range and performance. Rather the design is done numerically through
global and local optimization of the feed model and it is evaluated based on
the intended reflector geometry.

1.2 State-of-the-art wideband feed technologies
There are a multitude of ultra-wideband feed concepts that have been pro-
posed and developed during the last two decades. Below we briefly intro-
duce some of them used for reflector telescopes in radio astronomy and space-
geodesy applications today:

• The ATA feed (or Antonio Feed) developed for the Allen Telescope Ar-
ray [28]. This is a log-periodic frequency independent structure, with
linear dual-polarization in a pyramidal form. The feed achieves good
feed pattern symmetry over decade bandwidth and beyond, but suffers
from a large footprint, and strong phase variation over the band. This
requires re-focusing for different sub-bands, limiting the instantaneous
bandwidth available.

• The Eleven-Feed developed at Chalmers University of Technology is a
more compact log-periodic feed (to the right in Fig. 1.9), with linear
dual-polarization [35], [36]. The feed has good feed pattern symmetry,
impedance match over 5:1 to 10:1 bandwidth, and the phase center
variation is small. The main drawback of the Eleven-Feed is the difficulty
to adapt to vastly different f/D, and the complex feeding network to
satisfy the differential input.

• The Quasi-Self-Complementary Feed (QSC) developed at Cornell [37].
Another compact log-periodic structure with linear dual-polarization.
The pattern symmetry is good over decade bandwidth, and it achieves
very good input match. Again the feed requires a differential input, and
has a delicate structure to manufacture.
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• The Dyson Quad-Spiral Array developed at Carlos III University of
Madrid is a dual-circularly polarized feed with interesting wideband per-
formance [38]. The structure is based on Dyson conical log-spirals in an
array configuration, with a self-complementary structure that yields a
semi-real impedance. The structure is difficult to manufacture and as-
semble properly for higher frequencies due to the tolerances required.

• The Quad-ridge Flared Horn (QRFH) predominantly developed at Cal-
ifornia Institute of Technology [39], [40]. The QRFH has been further
deeply explored in differential configuration with modal-based design
in [41], [42]. The all-metal QRFH (to the left in Fig. 1.9) is a low-
loss linear dual-polarized feed with near-constant phase center and good
E-plane beamwidth over large bandwidths. It is a flared-out waveguide
structure and can therefore, like corrugated horns, be adapted to a range
of f/D. The single-ended version is easily designed for a coaxial 50-Ω in-
terface resulting in the need for only two single-ended LNAs. The QRFH
suffers from poor beamwidth stability particularly over frequency, with
under-illumination of the reflector and poor cross-polarization as a result
in the upper part of the frequency range.

Figure 1.9: Ultra-wideband feeds: two QRFHs (left) and two log-periodic Eleven-
Feeds (right), designed for different frequencies and reflectors.

A majority of the concepts presented in the list above are based on log-periodic
geometries with differential inputs which complicates the structure and in-
creases cost of the overall system. The QRFH is the only feed of the afore-
mentioned that can easily be designed in single-ended configuration. Typ-
ically with a 50-Ω coaxial interface, the QRFH can achieve nominal input
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reflection coefficient less than −10 dB for >6:1 bandwidth [39]. Due to the
ridge structure, it achieves dual-linear polarization over large bandwidth in a
compact form. For large arrays with multiple receivers the cost reduction of
only needing two LNAs per feed with no external balun is a great advantage.
The waveguide properties give the QRFH a sharp low-frequency cut-off which
mitigates the impact of low-frequency RFI. The overall shape and structure
is straightforward to manufacture with known machining techniques without
complex or expensive methods for assembly. Because of the compact and sim-
ple design, it is a preferred choice by technical staff. However, as the radio
community wants to push the observational bandwidths above a decade in
frequency, there is a need to push the QRFH operational bandwidth and mit-
igate its drawbacks while maintaining most of the benefits. In the following
section we list the challenges facing QRFH design and briefly how that has
been addressed in this work.

1.3 Contribution and challenges

1 2 3 4 5 6
BW Ratio (f/f0)

50

55

60

65

70

75

a (
%

)

4.2:1
5.2:1
6:1

Figure 1.10: Aperture efficiency over normalized bandwidth in an unshaped reflec-
tor for three different all-metal QRFH bandwidth ratios.

The biggest drawback of the QRFH feed is the narrowing beamwidth in the
upper part of the frequency band especially in the H-plane, the principal plane
orthogonal to the polarization (i.e. linear). This occurs as the feed pattern
evolves over the design frequency band due to the mode-constellation drasti-
cally changing from the fundamental-mode dominated form at the frequency
cut-off. The most obvious result of this is under-illumination of the reflec-
tor, and a decreasing aperture efficiency over the design band, exemplified
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Chapter 1 Introduction

in Fig. 1.10. From the figure it is also visible that increasing the bandwidth
ratio reduces the overall efficiency average in the all-metal QRFH. The under-
illumination is even more significant in wideband design for applications with
deep reflectors (requiring wider feed beamwidth). From the work in this thesis,
the following challenges that are related to this topic have been addressed:

Common design challenges identified for ultra-wideband
quad-ridge flared horn that are addressed in this work.

I X Beamwidth stability, as the QRFH pattern typically
narrows with frequency. Especially challenging for
≥ 6:1 bandwidths and/or wide beamwidths (deep re-
flectors with half-subtended angles > 70◦)

II X Feed pattern cross-polarization, correlated with I.
Property translates to IXR on dish.

III X Improve the QRFH performance without altering its
practical, single-ended, and straightforward design,
while also keeping its compact footprint for installa-
tion in dewar.

An approach to improve the feed pattern symmetry, is the differential or
quadraxial excitation of the QRFH [42], [43]. By using a symmetric differential
excitation point, the only asymmetry of the QRFH in single-ended configura-
tion, the coaxial interface, is then removed. This technique mitigates higher-
order mode excitation at the launch-point which results in a more symmetric
feed pattern over frequency. By using a more advanced throat structure of the
QRFH further suppression of higher-order modes could be implemented over
very large bandwidths and realized with the emerging technologies of selective
laser melting (SLM), 3D-printing, or metal additive manufacturing [44].
The approach taken in this thesis to improve beamwidth and cross-polarization

over frequency, is dielectric loading of the QRFH. This has previously been
investigated in different forms to assess the pattern symmetry even in con-
ical horn structures [45]. With a large dielectric lens covering the QRFH
aperture, improved efficiency for high-gain applications over 10:1 bandwidth
has been indicated [46]. A dielectric lens has also been used with success for
3:1 bandwidth [47]. A highly sophisticated incorporation of a large smooth-
shaped multilayer dielectric spear in a differentially fed QRFH, together with
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1.3 Contribution and challenges

a choke-skirt, was presented in [48] with extremely symmetric feed pattern as
a result over 6:1 bandwidth. The structure is however complex, with a dielec-
tric footprint that can be cumbersome in cryogenic dewars [49]. In Fig. 1.11
the concept of dielectrically loading the QRFH is exemplified with the >10:1
BRAND-feed covering 1.5-15.5 GHz with stable H-plane beamwidth. This
feed is further described in Paper A-C.

The main contribution of this thesis is the proposed
use of a simple homogeneous and low-loss dielectric

load, with little effect on the overall physical footprint,
added to the metallic quad-ridge structure to improve
feed pattern beamwidth over very large bandwidth.

In conjunction with this we also present and explore:

• Analytic-spline-hybrid (ASH) concept of defining the QRFH profiles.

• 3D-spline ridge structure for low-frequency cross-pol reduction and im-
proved matching.

• The Quad-ridge Choke Horn (QRCH) for wideband and wide beam ap-
plication in non-cryogenic reflector arrays.

• Simplified press-fit launch-pin termination.

Figure 1.11: Dielectric load/insert in the quad-ridge flared horn for better
beamwidth stability and control over decade bandwidth and beyond.
The insert has little effect on the overall footprint.
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Design, analysis, manufacture, and measurement of the QRFH are ap-
proached throughout this work with the mindset of practical implementation
in real-world applications. This is something the author feels strongly about as
the field falls in-between research and product realization. This work has been
developed as part of three larger projects, resulting in three feed prototypes:

1. The BRoad-bAND (BRAND) QRFH feed design covering 1.5-15.5 GHz
(10.3:1 bandwidth) for the Effelsberg 100-m reflector’s prime-focus [Pa-
per A-C].

2. The beyond-decade-bandwidth QRFH feed design covering 1-20 GHz
(20:1 bandwidth), with a first prototype installed and tested on the
Allen Telescope Array 6 m offset Gregorian geometry [Paper D].

3. The Quad-ridge Choke Horn (QRCH) feed design covering 0.7-2 GHz
(2.85:1 bandwidth) in the deep 5 m prime-focus reflector proposed for
DSA-2000 and as a stand-alone antenna for GReX [Paper E].

1.4 Structure of the thesis
The thesis chapters 1–5 introduce the field together with the work presented
in the appended papers. Chapter 1 is a short overview of radio astronomy
and space-geodesy together with the field of radio telescopes and feed de-
sign. In Chapter 2 the most relevant analysis framework used in this work
to evaluate feed design for a reflector system is introduced: an overview of
aperture efficiency, antenna noise temperature, and sensitivity calculation is
given. In Chapter 3 the QRFH concept for UWB design is introduced and
continues with the expansion into Chapter 4 of dielectrically loaded QRFHs
for better beamwidth control which is the main focus of the appended papers.
Finally, Chapter 5 gives a brief summary of the included papers and the future
investigations and possibilities that could be derived off of this work.
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CHAPTER 2

Reflector Feed Characterization for Radio Astronomy

The characterization and evaluation of a reflector feed design is strongly de-
pendent on the intended application and dish optics. In this work, the eval-
uation of feed design is therefore predominantly made in that context. As
discussed in the introduction, the receiving sensitivity is most commonly the
fundamental figure-of-merit for a reflector-feed-receiver system. The aperture
efficiency and system noise temperature are therefore important characteris-
tics. However, properties such as polarization purity, field-of-view, and side-
lobe levels that are directly dependent on the feed-to-reflector constellation
can also be as important depending on the application. In this chapter a brief
overview of the most important characteristics for the example designs in this
thesis are given. The calculations are given for reflector telescopes equipped
with single-pixel feed receivers. The theory given here, general electromag-
netic, and antenna concepts are taken mostly from: [1], [2], [50]–[53]. The
nomenclature and syntax in the thesis can deviate from these references. The
antenna applications presented herein are in receiver configuration, however in
the discussion the terminology sometimes describe the antennas as if they were
in transmit-mode. This is a common approach due to reciprocity, and makes
spill-over and illumination from feed horns more intuitive to understand.
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Chapter 2 Reflector Feed Characterization for Radio Astronomy

2.1 Reflector geometry
Feed design for reflector-type radio telescopes is strongly dependent on the
intended reflector geometry. Parameters such as reflector size, focal length,
blockage, and possible sub-reflector configurations are all key parameters in-
fluencing the design approach, choice of feed type and achievable performance.
Typically, dual-polarization is required for most applications, and so must ap-
ply to the feed output as well. The majority of reflector telescopes, symmetric
and offset, move in rotation around azimuth scanning parallel to the hori-
zon, therefore defining the direction of horizontal polarization. The vertical
polarization is defined as the elevation position scanning orthogonal to the
horizon. Depending on the reflector shaping and geometry, special types of
feed design can be used to compensate for offset structures over very wideband
frequency ranges [54]. The dual-polarization sampled by the telescope does
not have to be in vertical/horizontal configuration, but could instead be ro-
tated 45 degrees to sometimes enhance polarimetric response in offset reflector
geometry [55]. In Fig. 2.1 the simplest form of a reflector - the unshaped and
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Figure 2.1: Schematics of an unshaped prime-focus axially-symmetric paraboloidal
reflector, θe is the half-subtended angle from the focal point.

unshielded, prime-focus and axially-symmetric paraboloidal reflector (more
commonly referred to as parabolic reflector) - is illustrated which presents a
symmetric optical path for both polarizations. The available reflector area is
calculated as Aphy = πD2/4 where the reflector diameter is D = 2r. With
basic trigonometry, the half-subtended or half-opening angle θe (sometimes
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also denoted θ0) can be expressed in terms of the focal length, f , to diameter
ratio, f/D, according to

tan θe = r

f − z0
=
{
z0 = r2

4f

}
= r

f − r2

4f

=
{
r = D

2

}
=

D
2

f − D2

16f
= 1

2

f
D

( fD )2 − 1
16
. (2.1)

The half-angle identity for arctan

tan x2 = sin x
1 + cosx ⇒ arctan x = 2 arctan x

1 +
√

1 + x2
, (2.2)

can be used to simplify (2.1) as

θe = 2 arctan
(

1
4 fD

)
. (2.3)

From (2.3) a correlation is found for large θe with low f/D and small θe
with high f/D as presented in Fig. 2.2c. Typically a low f/D results in
a more compact feed design with larger bandwidth and is a popular choice
for large reflector arrays [30], [56]. Traditionally, for single dish observations
high f/D Cassegrain reflector geometries have been used which require large
feeds (i.e. relative to its wavelength) often limited to octave bandwidths.
For the sake of feed design, θe specifies the break-point of where illuminating
power instead becomes spill-over power for the specific reflector geometry.
With spill-over power predominantly being an issue when it is picked up from
the hot ground. This break-point should not be seen as a hard limit due to
diffraction effects and telescope orientation, but is a good reference point. This
is further discussed in Section 2.5. When designing the feed for a dual-reflector
system, the half-subtended angle from the feed towards the sub-reflector is the
most relevant. Often we express this in an effective f/D. To quantify feed
illumination properties of a specific θe, we can evaluate the resulting reflector
performance with the aperture- and sub-efficiencies.

2.2 Efficiencies
For a circular reflector aperture the maximum gain possible, as well as the
highest side-lobe levels, is achieved with a uniform illumination distribution.
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Chapter 2 Reflector Feed Characterization for Radio Astronomy

For most applications this would not be practical or desired, and therefore the
power distribution is tapered towards the reflector edge. This yields a lower
gain, but also lower side-lobe levels which is desirable. The corresponding
lower gain, G, gives an effective reflector area,

Aeff = G
λ2

4π , (2.4)

where λ is the wavelength. The effective reflector area tells us ”how well“ the
real physical reflector area, Aphy, is illuminated. The relation between these
areas is the dimensionless ratio we call aperture efficiency ηa

Aeff = ηradηaAphy. (2.5)
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Figure 2.2: Illustration of a ”deep“ (a) and ”shallow“ (b) reflector geometry. In
(c) the relation from (2.3) is presented, f/D=0.3 and 0.7 highlighted.
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2.2 Efficiencies

where ηrad is the antenna radiation efficiency. Most often ηrad is not included
as it is assumed to be high for most low-noise feed and reflector systems. The
product of ηradηa is sometimes referred to as the aperture efficiency in different
literature but is rather defined as the antenna efficiency [57]. In reality, more
factors affect the final effective area (or gain) achieved and correspondingly
reduces the performance. Such effects that are not related to feed illumi-
nation properties can be summarized in an additional factor ηdish included
on the right side of (2.5) that represents all losses in the reflector structure
[57] from dissipative and transparency loss, surface error, jitter in pointing,
and blockage. Depending on the reflector structure and system, these can be
very different (e.g. offset reflector has no blockage). It is common to give
system specifications of a certain aperture efficiency (or indirectly through
sensitivity) with ηdish accounted for as it is mostly (not always e.g. blockage)
independent of the feed design. The aperture efficiency ηa tells us directly
about the feed illumination properties independent of reflector size (assuming
it is large enough). The feed dependent aperture efficiency is itself divided
into multiple sub-efficiencies [58] that characterize the feed pattern evolution
over frequency. For a prime-focus reflector ηa is calculated (in linear units)
according to

ηa = ηillηspηBOR1ηpolηph, (2.6)

where ηill is the illumination efficiency and a measure of the aperture illumi-
nation; ηsp is the spill-over efficiency, quantifying how much power hits the
reflector; ηBOR1 is the BOR1 (azimuth mode) efficiency and a measure of
power in first order azimuth modes; ηpol is the polarization efficiency for peak
cross-pol in the 45 degree plane; and ηph is the phase efficiency quantifying the
phase distribution over the aperture. The phase efficiency ηph is dependent
on the feed’s location relative to the focal point of the reflector. Ideally the
phase center of the feed is near-constant resulting in a high phase efficiency
over the full bandwidth. The product of ηillηsp is the trade-off between how
well the reflector is illuminated and how much power is lost to spill-over. The
optimal reflector-edge taper-level at θe for a system only designed for high ηa,
can be found as the maximum of ηillηsp as is illustrated in figure 2.3 of [40].
However, a wideband design optimized for high sensitivity, side-lobe levels,
or other specifications depends on more factors which is further discussed in
Section 3.4. In Fig. 2.2c the difference between a ”deep“ and ”shallow“ re-
flector is illustrated. For the deep case, the feed located at the black focus
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point is more protected from the ground temperature and most power hits
the reflector. However, it will also result in a less uniform aperture illumi-
nation as the tapered pattern drops off quickly towards the reflector edge.
The reverse case applies for the shallow reflector where the aperture will be
strongly illuminated, but a lot of power will be ”spilled“ over the reflector
edge. For sensitivity; the total system noise temperature has contributions
from surrounding sky brightness temperature, internal receiver temperature
and together with the spill-over noise picked up from ground it will affect the
choice of taper for highest sensitivity over frequency. Due to the variations
in noise components with frequency, this trade-off can be complicated over
large bandwidths. The possibility to shape reflector geometries and use spill-
over shields also influence the trade-off as generally a much higher ηa can be
achieved [24], [30] with little penalty from spill-over. In Paper E this trade-off
is specifically explored in an unshaped prime-focus reflector with a shielded
rim addition together with a wide feed pattern.

2.3 Sensitivity
To study radio sources in space, we must separate their weak radiation from
the general surroundings. We quantify the telescope systems ability to do this
through the FoM sensitivity that characterizes the signal-to-noise ratio for
radiometric detection. The specific intensity Iν (or brightness) is an intrinsic
property of the radiating source under observation. The incoming flux density
of most radio sources (Ωsrc � 1 rad) can be calculated as

Sν =
∫∫

Ωsrc

IνdΩ, (2.7)

where Ωsrc is the solid angle subtended by the source seen from the observer.
In the Rayleigh-Jeans limit of Planck’s law the brightness of a radio source
can be expressed as a brightness temperature according to

Tb,ν = Iνλ
2

2kB
, (2.8)

where λ is the wavelength and kB the Boltzmann constant. The brightness
temperature corresponds to the physical temperature an equivalent blackbody
source would need in order to produce the brightness Iν . Flux density and
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brightness temperature are therefore proportional as concluded from (2.7) and
(2.8). Repeating from the introductory chapter, for Sν source flux density at
the aperture, the SNR from observation on-source is

SNR = Sν
SEFD

√
t∆ν, (2.9)

where t is the integration time and ∆ν is the available bandwidth, and afore-
mentioned sensitivity in form of SEFD is

SEFD = 2kBTsys
Aeff

. (2.10)

The sensitivity is sometimes also expressed in Aeff/Tsys where a larger num-
ber means better sensitivity and with units of m2/K which is just another
form of (2.10) as Aeff/Tsys = (2kB/SEFD). In the SKA project for example,
Aeff/Tsys is the preferred notation to simplify for proportional expressions of
array sensitivity. These expressions include the effective reflector area as a
factor which means that a larger reflector would give better sensitivity. To
compare sensitivity of different feed/receiver systems without accounting for
the size of the reflector, the normalized ratio Tsys/ηa is a good choice where a
lower number means better sensitivity.

2.4 System noise temperature
The total noise power in the receiver system is commonly expressed by an
equivalent system noise temperature, Tsys, containing both external and in-
ternal contributions. For a single-pixel receiver the system noise temperature
can be expressed as

Tsys = ηradTa + (1− ηrad)Tphy + Trec, (2.11)

where ηrad is the antenna radiation efficiency, Ta is the antenna noise tem-
perature, Tphy the physical antenna temperature, and Trec the input referred
receiver noise temperature. The latter includes the noise contributions from
the receiver components such as possible filters, couplers for gain and phase
calibration, and the first stage LNA. Possible mismatch between feed and LNA
are also included in the receiver noise temperature. It is clear from (2.11) that
an antenna at lower physical temperature, is less dependent on high ηrad for
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low loss contribution. The same goes for the contribution of Trec. As previ-
ously alluded to, this put emphasis on minimization of Ta when the Trec is on
comparable level as the background noise of the observable sky (Fig. 1.3). The
antenna noise temperature Ta, represents the noise contribution to the sys-
tem temperature from brightness sources surrounding the reflector system. In
Section 2.5 contributions to Ta will be discussed together with the calculation
model to estimate it. A typical receiver (Rx) chain is illustrated in Fig. 2.3

Coupler

Cal. 
Source

Feed
Filter LNA

(1st Stage)

Rx

Cont. Front-end…
Back-end…
Digitization…

Alt. Integrated

Figure 2.3: Typical wideband receiver chain illustrated including the alternative
option to include gain calibration directly in the LNA [13], [25].

where noise before and inside the first component with high gain (first stage
LNA) should be minimized due to the cascading effect in Friis’s noise formula
[2]. The components inside the dashed line can either be cooled to cryogenic
temperatures, or operated at room temperature. The instrumentation further
down the receiver chain is not noise-less and for a low-noise system, noise
contributions from second stage LNAs, cables, digitization, and optical fibers
could be significant. Additional noise can depend on radome material around
the reflector, and dewar window configuration.

2.5 Antenna noise temperature
In Fig. 2.4a, P (r̂, θ, φ, ν) represents the power pattern of the telescope which
is pointing in the r̂(θp)=r̂ direction for observation, θ is the spherical coordi-
nate angle from zenith and φ in azimuth, and ν the frequency. The pointing
direction is generally referred to by only the angle in degrees given from zenith.
In this work, this angle is referred to as zenith angle or pointing angle and
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Figure 2.4: The concept of surrounding brightness temperature for a telescope is
illustrated in (a). In (b) the brightness temperature, Tb, over 0.35–
28 GHz for the SKA general model [59] is presented for a few zenith
angles, and in (c) over zenith angle for a few frequencies.

denoted as θza or θp interchangeably, with zenith being θza = θp = 0◦. An-
other way of giving the pointing direction can be as relative to the horizon in
the form of elevation θelev=90 − θp. It is unfortunately common to also use
the notation θ for elevation which easily is confused with the spherical coor-
dinate from zenith. The model of the surrounding brightness temperature,
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Tb(θ, φ, ν), seen by the telescope has several contributions [59]. These are
mainly: emission caused by gases and aerosols in our atmosphere; the cosmic
microwave background (2.73 K) and the galactic emission; and the emission
from the ground as well as scattering. Often an ideal-weather model is as-
sumed during optimization not accounting for daily [60] or seasonal variations,
and the solar activity. In Fig. 2.4b, the influence from galactic synchrotron
emission in the low-frequency range can be compared to the water-vapor in
the atmosphere around 22.2 GHz. The Tb(θ, φ, ν) distribution is a function of
angle, but can in its simplest form be thought of as the combination of two
regions: above the horizon, and below the horizon:

Tb(θ, φ, ν) =
{
Tsky(θ, φ, ν) 0◦ ≤ θ < 90◦

Tgnd(θ, φ, ν) 90◦ ≤ θ ≤ 180◦
, (2.12)

with dependence in θ but assumed symmetric in φ. Depending on the site
and surroundings, the actual Tb(θ, φ, ν) can vary with both θ and φ. For non-
symmetric surroundings with mountains, buildings, and water, the site specific
model is azimuth dependent. The effective ground-temperature, Tgnd(θ, φ, ν),
can be strongly varying with angle of incidence given reflections, emission
and absorption in ground. In Fig. 2.4c, the result of this together with the
atmospheric effect near the horizon is seen in Tb(θ, φ, ν) presented for a few
frequencies. A common approximation is to assume a simplified ground tem-
perature as constant ∼290 K in the range 90◦ ≤ θ ≤ 180◦. The difference
between such models and effect in antenna noise temperature calculation have
been investigated in [61] for example. The total antenna noise temperature,
Ta(r̂, ν), is calculated for each direction of pointing and frequency with the
integral given in (2.13). The surrounding brightness temperature is weighted
with the total power pattern (co and cross-polarization) of the telescope point-
ing in the direction of r̂ and integrated over the full sphere

Ta(r̂, ν) =
∫ ∫

4πP (r̂, θ, φ, ν)Tb(θ, φ, ν) sin θ dθ dφ∫ ∫
4πP (θ, φ, ν) sin θ dθ dφ

. (2.13)

In analysis we attempt to separate the contributions to Ta for clarity. We can
refer to the inevitable background noise picked up by the main-beam as Tsky.
The other important component to Ta is the noise picked up from spill-over
power received from the ground which we can limit with good feed and reflector
design. This component is denoted as Tsp or Tspill. Both Tsky and Tsp are
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dependent on the pointing angle of the telescope, as seen in Fig. 2.4c. When
the main-beam is pointing closer to the horizon (larger θp), the path through
the atmosphere is longer, but the effective ground temperature’s incident angle
also changes, the combined effect is an increased Ta. In Fig. 2.5, the spill-over
is simplified and illustrated as blue lines for the feed in a prime-focus reflector.
The magnitude of the noise temperature contribution from spill-over depends
on how much of it is terminated on the ground compared to on the sky. This
can change significantly with θp depending on the feed design and reflector
geometry and what side-lobe response this yields. With an approximation of
(2.13), the antenna noise temperature can be calculated by a simple equation
using the spill-over efficiency ηsp [51]. The antenna noise temperature is then
given according to

Ta = ηspTmb + (1− ηsp)Tgnd, (2.14)

where the factor ηspTmb is main-beam’s sky-brightness contribution as we
assume all feed power within θe is terminated on the sky. This would be
the main-beam contribution we call Tsky. The term (1 − ηsp)Tgnd represents
the spill-over noise temperature, Tsp, picked-up from beyond the reflector-rim
which is assumed to only be influenced by the ground temperature in this
case, Tgnd. For an axially-symmetric prime-focus reflector (Fig. 2.5), the feed
is pointing toward the ground (symmetric spill-over only for zenith), and this
approximation is somewhat reasonable. This of course depends on possible
back-lobe and side-lobe levels, diffraction and scattering.

For a dual-reflector system such as an offset Gregorian reflector, spill-over
contribution is not as straightforward. In Fig. 2.6 the spill-over from feed
towards sub-reflector (blue) and sub-reflector towards main-reflector (red) are
illustrated in a simplified way. Due to the asymmetry of the structure, the

Figure 2.5: A simplified illustration of feed spill-over (blue) for an axially-
symmetric prime-focus reflector, dependent of pointing direction.
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(a) (b) (c)

Figure 2.6: Illustration of feed (blue) and sub-reflector (red) spill-over dependence
on tipping direction for an offset Gregorian reflector. (a) Zenith;
(b) Feed-up configuration; (c) Feed-down configuration.

spill-over contribution is very dependent on which direction the telescope is
moving in elevation or tipping [24]. When the feed and sub-reflector moves
away from the ground to point the telescope closer to the horizon, it is defined
as feed-up configuration seen in Fig. 2.6b. If the feed moves towards the
ground to point the telescope closer to the horizon, it is defined as feed-down
configuration seen in Fig. 2.6c. By using a ground or spill-over shield for the
feed-down configuration, the spill-over noise can be reduced significantly [24],
[30], [56], [62]. Due to the asymmetry of the reflector geometry, the spill-
over dependence on zenith angle, can also vary between the two orthogonal
polarizations. To account for all the effects of such a complex geometry, the
full calculation of (2.13) will give a more representative result than (2.14).
This is important in high-sensitivity targeted feed designs (Section 3.4).

2.6 Intrinsic cross-polarization
Radio astronomy observations especially those focusing on the polarization
state of sources, require a good polarimetric response from the telescope as
well. This firstly means that the telescope, with receiver system, should be
able to measure the orthogonal polarization components, i.e. it must be dual-
polarized. Systems that can do this separation are generally called polarime-
ters. Typically, cross-polarization ratios are used as the FoM for how good
polarimeters telescopes are. The intrinsic cross-polarization ratio (IXR) in-
troduced in [63], is the only such ratio that is independent of the coordinate
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system. It can be understood as a measure of the relative error in a polarime-
ter. The IXR of a reflector telescope is calculated by extracting the maximum
and minimum amplitude gain as the invariants of the reflector beam pattern’s
Jones-matrix. The Jones-matrix is formed from the two sets of orthogonal
components, one set for each polarization, in the reflector beam patterns.
Each row is formed from the response of one polarization. The two polar-
izations are denoted as vertical (V) and horizontal (H) corresponding to the
telescope’s axes of movement. The Jones-matrix is formed as

J =

GVV GVH

GHV GHH

 , (2.15)

where GXX is the reflector beam pattern corresponding to each polarization’s
orthogonal components (i.e. co- and cross-polarization). From a single-value
decomposition of (2.15), the maximum and minimum amplitude gain, denoted
as gmax and gmin respectively, can be extracted. IXR is calculated according
to

IXR =
(
gmax + gmin

gmax − gmin

)2
, (2.16)

where a large IXR indicates that gmax and gmin are close in value, resulting in
a better polarimetric response. For the SKA-MID feed systems on the SKA
reflector, the IXR is required to be better (more) than 15 dB within half-power
beamwidth (HPBW) over the specified frequency bands.
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CHAPTER 3

Numerical Ultra-wideband Feed Design and the
Quad-ridge Flared Horn Technology

This chapter gives an overview of the Quad(ruple)-ridge Flared Horn as a
wideband reflector feed and a brief background of the ridge waveguide tech-
nology. In addition, typical design formulation of the horn and ridge profiles,
optimization, radiometric system characterization, and manufacture process
are presented with qualitative examples from work within the Papers A-E and
the development of the SKA Band 1 and Band B QRFHs.

3.1 Ridge waveguide
The ridge waveguide technology was initially realized by loading regular waveg-
uides with a dual-ridge structure [64], [65]. The dual-ridge structure increases
the bandwidth (single-mode) as it lowers the cut-off frequency by a factor of
four compared to a same-sized regular waveguide. The quad-ridge waveguide
[66] actually has less (single-mode) bandwidth than the dual-ridge, due to
mode splitting that also reduces the cut-off for high-order modes [67]. De-
spite this, quad-ridge structures still have high usability as many applications
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do not require single-mode bandwidth. The quad-ridge structure also enables
dual-linear polarization, which is effectively essential in many applications,
e.g. radio astronomy and space geodesy which are the application areas this
thesis is targeting.

3.2 The Quad-ridge Flared Horn

(a) (b)

(c) (d)

Figure 3.1: Examples of Quad-ridge Flared Horn designs: (a) 0.35-1.05 GHz
(SKA Band 1); (b) 1-20 GHz (ATA Prototype); (c) 4.6-24 GHz (SKA
Band B); (d) 1.5-15.5 GHz (BRAND/Effelsberg)

The Quad-ridge Flared Horn (QRFH) is a flared-out version of the afore-
mentioned quad-ridge waveguide, and is commonly used as an ultra-wideband

36



3.2 The Quad-ridge Flared Horn

reflector feed. The QRFH has low losses, a sturdy metal structure, and is
straightforward to manufacture with proven methods for assembly. In Fig. 3.1,
examples of QRFHs completely or partly designed by the author for different
frequency ranges and projects are presented. The obvious characteristic fea-
tures of the QRFH can be separated into the horn waveguide wall, and the
four ridges with planar or non-uniform thickness extending from the bottom-
center of the structure. The concept design was predominantly developed and
refined at California Institute of Technology (CalTech) with single-ended feed
configuration [39], [40], and in differential (or quadraxial) setup at Stellen-
bosch University [41], [42],[44]. The structure itself was known long before
that as a functional broadband feed in different configurations [46], [68]. The
QRFH also exists in and open-boundary version (i.e. no horn wall), referred
to as open-boundary QRFH [69] or less commonly as a Vivaldi-horn antenna.
The open-boundary QRFH is a standard wideband probe in many anechoic
measurement chambers covering multi-octave frequency ranges. In this the-
sis, all the work presented is done with standard QRFH that has a horn wall.
The quad-ridge structure, see Fig. 3.2a, provides the dual-linear polarization
property integrated as part of the horn, removing the need for an external
orthomode transducer (OMT) typically used in octave horns [70]. QRFHs
have been designed and manufactured as feeds for reflector geometries span-
ning f/D=0.3-2.5 with varying performance [40] using both square and circu-
lar waveguide structure for UWB bandwidth [71]. Typically a semi-constant
10 dB full beamwidth of 90◦-130◦ is possible for 6:1 bandwidth with a co-
located phase center over frequency[39]. The circular waveguide structure is
most commonly used, and with the best illumination properties achieved for
reflector geometries in the range 0.4 ≤ f/D ≤ 0.5. For such applications the
aperture efficiency band-average is in the range of 55-65 % over 6:1 band-
width and it decreases with frequency, as previously illustrated in Fig. 1.10.
The waveguide base gives a sharp low-frequency cut-off which acts as an in-
trinsic high-pass filter that mitigates RFI below the operational bandwidth.
This is a clear upside compared to non-waveguide type feeds typically based
on log-periodic geometry [28], [35], [37] that can be more susceptible to out-
of-band interference. The waveguide property also makes it easily scalable in
frequency in a straightforward way, reducing design time and cost for adapta-
tion to different frequency bands. With this feature comes also the possibility
of producing dewars to span most of the usable radio frequency spectrum with
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(a) (b)

LNA

Single-ended 
output

(c)

Figure 3.2: Some advantageous features of the ultra-wideband QRFH: (a) Dual-
polarization built-in due to ridge-pairs; (b) Single-ended feeding using
simple crossing coaxial launch-pins; (c) Single-ended output makes in-
stallation in dewar with LNA straightforward.

only a few feed packages [31].

Single-ended excitation
Arguably the most compelling reason why the QRFH is widely used, other
than its bandwidth, is the possibility to design it with single-ended excitation
requiring only one LNA per polarization, and thus keeping the complexity and
cost low (Fig. 3.2c). To excite the two orthogonal polarizations, coaxial type
launch-pins are used. For each set of ridges, the launch-pin is fed through
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3.2 The Quad-ridge Flared Horn

Figure 3.3: Coaxial single-ended excitation feed-through for a ridge-pair.

a hole in one ridge and contacted or terminated in the opposite ridge. This
layout concept is illustrated in Fig. 3.3. In Fig. 3.2b, the crossing launch-
pins of the two polarizations can be seen installed at the point of excitation
in the QRFH. The region of coaxial excitation is a straight section of the
ridge called the channel, and just below it lies the backshort often defined as
a rectangular cut in the ridge, see Fig. 3.4. In the same figure, a top-view
illustration of parameters defining the chamfered tip of the channel and angle
between adjacent ridges is presented. The backshort structure is meant to
function as an open reflection to ensure forward propagation but also enables
wideband matching. Due to the very wide frequency ranges of QRFHs it is a
semi-optimal solution, but it is practical and simple to realize. An optimized
QRFH design with such a single-ended excitation can typically achieve input
reflection on the order of -10 dB or less for 6:1 bandwidth [39]. In Paper D,
a band-average input reflection of less than -13.6 dB over 20:1 bandwidth is
reported. To reduce resonant effects in-band for such a super ultra-wideband
design, an up-side down isosceles triangle presented the best solution for the
backshort, and is illustrated in Fig. 3.5 where one ridge for each polarization
is displayed. The single-ended configuration, together with the QRFH com-
pact footprint makes the feed practical and easy to handle for reflectors with
f/D around 0.5 or lower and applications in the gigahertz frequency range.
These advantages provide for straightforward installation together with LNAs
in a cryostat dewar for low-noise applications, see Fig. 3.2c. The drawback of
single-ended excitation is clearly the asymmetry needed to offset the launch-
pins along the optical axis (Fig. 3.2b). The result of this is a non-ideal mode
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Backshort

Channel
Ridge Profile

Coaxial

(a)

𝑤!

𝑡!

𝛼!
(b)

Figure 3.4: (a) Backshort, coaxial excitation and channel region of ridges in cross-
sectional side view; (b) Top-view of the ridge-to-ridge separation in the
channel region, displayed without launch-pins for visualization.

distribution which has been extensively studied in [42]. The practical result
of this is different input reflection coefficients for the two polarizations and
an unpredictable pattern asymmetry of usually low magnitude. This can be
compensated for to a degree, by removing a distance close, or equal to the
offset from the backshort of the ridge-pair corresponding to the offset polar-
ization, see Fig. 3.5. A more critical issue is in the practical implementation

Figure 3.5: Offset between the two polarizations coaxial hole, and compensatory
backshort-offset for QRFH in Paper D.
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3.2 The Quad-ridge Flared Horn

where a severe enough misalignment or asymmetry in the feed can trigger
excitation of an unwanted even mode with low-frequency cut-off. The even
mode cut-off is rapidly increasing with frequency as the ridges flare towards
the aperture with increasing ridge-to-ridge distance and therefore the mode
becomes evanescent. This results in what is sometimes called a trapped mode
that can cause detrimental resonances in the QRFH [70]. To remove the last
asymmetry it has been shown that quadraxial or differential feeding can be
used in the QRFH with success and effective high-order mode suppression
through pure-mode excitation [41]. With emerging manufacture technologies,
the quadraxial technique can potentially realize pure-mode excitation over
8.5:1 bandwidth [44] with increased complexity of the QRFH throat structure
as the penalty. The feed pattern evolution and symmetry benefits from a
pure-mode excitation of the fundamental mode (circular waveguide: TE11) at
the feed point and limited number of high-order modes in the throat section of
the horn (e.g TE12,TE13...). This approach unfortunately increases complex-
ity in receiver installation, and requires either differential LNAs, which are
more expensive and difficult to realize, or a hybrid setup with single-ended
LNAs that are phase and amplitude balanced which is not so straightfor-
ward to achieve and maintain during installation, maintenance and possible
replacement inside a receiver. It is therefore less preferred compared to the
single-ended solution from a practical stand-point.

Profile shape
The flaring profile cross-section of the QRFH’s horn and ridges are separately
defined, as illustrated in Fig. 3.6. These profiles are typically modeled by
analytic functions (e.g. exponential, sinusoidal, tangential) with design pa-
rameters for adaptation to different reflector geometries available to a certain
extent [39], [41]. This approach has proven to give good performance over
multi-octave bandwidths and semi-stable beamwidths, with few parameters
to include in the optimization. The example profile in Fig. 3.6, defined sepa-
rately for the horn and ridge, is the exponential profile

x(z) = A

(
ra − rt
eRL − 1e

Rz + rte
RL − ra

eRL − 1

)
+ (1−A)

(
rt + (ra − rt)

z

L

) (3.1)
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Figure 3.6: Exponential profile using (3.1) with values in Table 3.1.

where rt and ra define the throat (near excitation point) and aperture ra-
dius respectively. L is the taper length, with an exponential opening rate R.
The linear contribution in each taper is defined by A. In Table 3.1, opti-
mized parameters for the horn and ridge profile are presented. The design is
found through optimization and presented in further detail in Paper B. The
horn profile gives the rotational symmetric horn wall, while the ridge profile
is often thickened to a planar profile. A spline-defined profile could also be

Table 3.1: Parameters for profile in Fig. 3.6, H is horn, R is ridge respectively.

Parameter Value Parameter Value

RH 0.030 RR 0.093
AH 0.944 AR 0.978

ra; H (=ra; R) 143.20 mm LH (=LR) 82.20 mm
rt; H (rt; R=0.1 mm, fix) 33.50 mm Ridge thickness 2.00 mm

used, as is shown in [26] and [27]. The planar spline-defined profile is con-
structed from a number of points individually defined with an x (width) and
z (length) coordinate. The points together make up a cubic-spline profile. In
Fig. 3.7 the difference between an analytic exponential function and a spline-
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3.2 The Quad-ridge Flared Horn

defined planar profile is illustrated. The approach of using analytic functions
typically generates a constantly increasing radial flare of the QRFH. With a
spline-defined shape, the profile has more degrees of freedom resulting in a
more custom shape as the end-product. The SKA Band 1 QRFH design did
during early optimization, suffer from a sharp resonant mode phenomena at
two frequency points in the band. This form of resonant mode was removed
when the spline horn profile was optimized into the hour-glass shape, initially
presented in figure 4 of [72] and further improved in the design presented in
figure 1 of [26]. The hour-glass shape can be understood as implementing a
form of mode-suppression, previously done with a mode-suppression ring near
the excitation point of the QRFH [73]. This is to suppress unwanted high-
order modes in the throat section of the horn and reduce phase errors in the
aperture mode content. The main drawback of the spline-defined profile is a
significant increase to the parameter search space for optimization, and less
available design data for appropriate design model starting points.
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Figure 3.7: Examples of an analytic and a spline-defined profile illustrated.

Analytic-spline-hybrid profile
To reduce the parameter search space while not sacrificing all the degrees
of freedom provided by the spline profile, the combined analytic-spline-hybrid
(ASH) profile is introduced in Paper A. With this approach, the horn and ridge
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Figure 3.8: Analytic-spline-hybrid profile with 3D-cubic spline and corresponding
interpolated points illustrated for a QRFH quarter-piece.

profile can be divided in sections which are either defined through analytic
functions or splines. For visualization of this concept, separate analytic and
spline-defined profiles are overlayed in Fig. 3.7 but could be combined to each
represent different parts of the same profile - analytic-spline-hybrid. A two-
step optimization scheme is proposed in Paper A, with initial analytic profile
globally optimized due to the small number of variables. The resulting profile
is transferred to ASH-profile in the form of spline-points, defined from the
original analytic profile, which are then locally optimized. In Paper A, an
improvement from the ASH-profile is seen compared to the analytic original
profile after a smaller optimization run. Potentially this can offer further
control of the QRFH impedance match, beamwidth and high-order mode-
suppression while removing the resource demanding global optimization step
of an all-spline-defined profile. In [27] the complete spline-defined QRFH
consists of 60 parameters, which is a time-consuming effort to optimize and
could be avoided if not all sections need to be spline-defined. In Paper D a
parameter search space reduced by 25 % is explored where the combination
of an analytic section, and spline-defined section of the ridge is used. To
control the thickness of the ridge towards the aperture, a 3D-cubic spline is
introduced, illustrated in Fig. 3.8, with precision local flare control resulting in
improved cross-polarization and impedance match in the low-frequency part
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of the band. This is due to further suppression of unwanted high-order modes
[74].

3.3 Design optimization

Export

Export
S-parameters, 

model parameters

Finished

Reflector patterns or 
sub-efficiencies

Start: initial search space, 
and frequency range

Feed model

Feed simulation

Feed patterns

Reflector
simulation

System simulator* Goal function

Export

Target
performance
achieved?

Generate new
model parameters

No

Yes

Target characteristics 

Target reflector geometry

Figure 3.9: Typical optimization scheme in wideband feed design. *System simula-
tor can be different depending on the application, and can also include
parts of the outlined schematic.

It is clear from the previous section that the QRFH design is dependent on
numerical optimization to find the optimal structure. CST Studio Suite [75] is
one of many excellent electromagnetic simulators for modeling and simulating
ultra-wideband feed designs such as the QRFH. To navigate the numerical pa-
rameter search space, an optimization schematic and procedure is needed. In
Fig. 3.9, a common scheme for numerical optimization of the QRFH as a wide-
band reflector feed is illustrated. With a large search space of interdependent
parameters, a stochastic optimization algorithm is normally used to control
the process, e.g. particle swarm optimization (PSO) [76]. PSO can search
large variable spaces and does not need a gradient to direct the optimization
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forward. Commercially available electromagnetic (EM) simulators and tool-
boxes have internal optimization frameworks available that include a choice
for stochastic algorithm. Most often detailed control of the process is needed,
further motivated below, and therefore external software (e.g. MATLAB [77])
is used for the overall control. After the final EM-model has been transferred
to a mechanical design (e.g. AutoDesk Inventor [78]) it is crucial that the
mechanical assembly is checked with EM-simulation for any deviations from
nominal performance before the highly time-consuming processes of creating
drawings and manufacture begin. As previously mentioned above, the choice
of QRFH profile influences how many design parameters are included in the
optimization. A QRFH based on analytic profiles typically have 15–20 param-
eters [40] and the spline-defined profile can have as many as 60 parameters
[27]. The starting point for the waveguide structure can be chosen from an-
alytic calculations of the dominant mode’s low-frequency cut-off [66]. Due
to the large number of designed QRFH feeds available in research, generally
good starting dimensions can be found in the literature for the most common
frequency bands [40]. Ideally, optimization is set up with a goal function that
finds the global minimum (or maximum) without additional input. However,
this brute-force approach to optimizing a UWB feed over many frequency
points is time-consuming, and a bit unrealistic. Therefore, multiple optimiza-
tion runs are usually required to reach the desired specifications, with suitable
modifications of the parametric design in-between runs being quite common.
Typically, when a model close to desired specification is achieved, a local op-
timization algorithm including all parameters can be used for fine-tuning, as
suggested by the ASH approach in Paper A and D. Depending on the appli-
cation, constraints in the parameter search space to limit feed size and weight
are examples of important factors for practical realization. In an offset Grego-
rian reflector for example, the feed/receiver can physically block the incoming
waves if it is too large therefore diminishing one of the benefits of offset op-
tics. In the design presented for Paper D the feed diameter is limited to fit
inside an existing dewar, while in Paper E the small-dish prime-focus applica-
tion put emphasis on reduced feed blockage of the reflector aperture. Desired
performance characteristics typically seen in the goal function of a QRFH op-
timization are sensitivity, aperture efficiency, input reflection coefficient (or
return loss), and reflector cross-polarization (IXR). In other approaches, op-
timization for specific pattern shape [48] or modal-content [43] are used to
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indirectly realize some of these goals. Typically the goal function is designed
such that penalties proportional to the deviation from the target is given per
frequency point that misses the mark. When combining for different target
characteristics in wideband design that are not evaluated at the same number
of frequency points (e.g. return loss and aperture efficiency) the combined
penalty must be weighted so to not lock the optimization in a local minimum
for either target. For a wideband feed all these characteristics are evolving in
a complex, sensitive way over the frequency range and require careful atten-
tion in optimization. In Paper C the importance of understanding the feed
pattern evolution over frequency as one of these characteristics is illustrated
with analysis of a 10:1 bandwidth QRFH. To keep track of, and evaluate the
feed’s application-specific characteristics during optimization, and later in the
final design, we introduce system simulation as a concept below.

3.4 System simulator
Depending on the application and the complexity of the target characteris-
tics, the system simulator outlined in Fig. 3.9 will have different functions. To
achieve a highly optimized reflector-specific feed design, the system figure-of-
merit needs to be predicted with good enough accuracy and speed during the
design phase. For UWB feeds the frequency resolution used must also be fine
enough to represent the large bandwidth. This is because performance can
rapidly change over the bandwidth, with sharp in-band resonances not visible
if the frequency step is too coarse. For optimization with many thousands of
iterations even more emphasis is put on the iteration time. There are many
powerful EM-simulator software packages (e.g. CST-MWS, FEKO, TICRA
GRASP, HFSS) that offer a variety of toolboxes that partly fulfill this pur-
pose. For maximum sensitivity optimization, each feed model iteration must
be evaluated for the specific reflector application with effective area and ra-
diometric noise response. For the wideband SKA Band 1 QRFH this system
performance is predicted with a dedicated and custom made simulator [79]
that can account for and evaluate all the requirements set by the SKA [23].
In Fig. 3.10a, the schematic of an iteration for such a simulator is illustrated
with the main steps of the process. The overall algorithmic control is done
in MATLAB, feed simulation is done in CST MWS and resulting feed pat-
terns are imported to the reflector model in GRASP. The full reflector beam
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patterns are calculated in GRASP with physical optics (PO) and physical
theory of diffraction (PTD). From these patterns, the effective area Aeff and
the IXR are calculated (among other things). The reflector power patterns
are also used to weight the provided brightness temperature model [59] for
radiometric antenna noise temperature calculation according to (2.13) over
all frequencies and zenith angles. The antenna noise temperature calculation
gives a detailed response to specific surrounding brightness temperature and
together with the inclusion of receiver noise temperature it gives a predicted
Tsys for the entire system. The final product is the sensitivity as Aeff over
Tsys calculated from (2.4) and (2.11) which goes into the goal function. In
Section 3.4 it is further illustrated why optimization for maximum sensitivity
over wide frequency ranges require detailed application understanding. The
approximate PO+PTD simulation method has been proven fairly accurate
compared to full-wave simulations [80]. For low frequencies, the fullsphere
PO+PTD simulation of a 15 m dish is quite fast with only a few minutes
for maximum frequency. The integration mesh needed is relatively coarse,
and therefore suitable for a large number of iteration. For high frequency
feeds (without significant back-lobes), the system simulation can be done by
approximate methods where the main-reflector is masked to reduce PO cal-
culation time significantly [81],[61]. Reflector feeds can also be designed for
maximizing aperture efficiency ηa which can be seen as a partial system sim-
ulation. This is often done for large single-dish reflectors where the target is
to use as much of the physical reflector area as possible to indirectly design
for maximum sensitivity Aeff/Tsys. This approach can also be suitable for a
reflector geometry strongly shielded, where the spill-over contribution is low.
This is further explored in the next chapter and Papers D-E. Designing for
ηa is compelling in terms of iteration time as it is a property that can be
calculated with good accuracy directly from the simulated feed pattern [33],
[58]. This allows for finer frequency steps over very wide bandwidths, where
normally reduced frequency steps must be used in full reflector pattern eval-
uation for time-constraint reasons. Over a 20:1 bandwidth ratio, resonances
or pattern deviations in-band may be hidden between coarse frequency steps.
In Paper A-C, and Paper D the QRFH bandwidth spans a decade or beyond
in frequency, and is designed using the ηa as the partial target, calculated
directly from the feed pattern.
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(a) (b)

Figure 3.10: (a) Schematic of a PO+PTD system simulator that models feed per-
formance on a reflector system; (b) Example of a complete reflec-
tor system that can be modeled by [79]. The image shows the first
SKA Band 1 QRFH prototype mounted on the Dish Verification An-
tenna 1 (DVA-1) in Penticton, BC, Canada in 2016.

Design for high sensitivity
The figure-of-merit for radio telescope receiver systems, is ultimately the ob-
servational sensitivity as introduced in (2.10). Sensitivity is expressed as
Aeff/Tsys, SEFD, or normalized as Tsys/ηa depending on the application. As
discussed in Chapter 2; to achieve high sensitivity several factors should be
taken into account. The reflector geometry and frequency band are important
for the design. The effective area Aeff is clearly dependent on the available
reflector area, as well as improved aperture efficiency. The total system noise
temperature is important, but also understanding the contribution from its
components (2.11) is important as this can dictate the design trade-off. The
relative improvement in sensitivity by reducing the spill-over a few kelvin, is
dependent on if the receiver noise and sky brightness are of the same order of
magnitude as the spill-over. With LNA noise contributions on the order of a
few kelvin for cryogenic designs [9] and 8–10 K for room temperature designs
[7], [13], the spill-over becomes very important. The device noise from transis-
tors increase intrinsically with frequency, but also with bandwidth as it is more
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difficult to impedance-match LNAs over large frequency bands. The LNA
noise contribution at frequencies below ∼20 GHz is most often comparable in
size to the spill-over and sky brightness contributions. This puts stronger em-
phasis on reducing the spill-over noise for the reflector feed system. The feeds
for the SKA are optimized for maximum sensitivity, max(Aeff/Tsys), with a
required absolute level that must be achieved over each frequency band. The
SKA Band 1 feed package fulfills the sensitivity specification over θp ∈ [0◦, 60◦]
required for the SKA, as shown in Fig. 4a of [26]. It achieves high and stable
aperture efficiency with a band-average of 80% and maximum of 85% over 3:1
bandwidth. As a way to reduce edge diffraction, the QRFH is designed with
an aperture-matching shape [82]. For frequencies below 600 MHz the galactic
brightness temperature contribution is significant, as shown in Fig. 2.4b. For
350 MHz, Tsky is in the order of 35 K, which is seven times the spill-over
contribution (θp = 60◦) and two times the receiver noise temperature at this
frequency for SKA Band 1, see Fig. 3.11. This results in a lower achievable
sensitivity than at the upper frequency range. At 900 MHz the contribution
from the sky brightness is in the order of 7-8 K and spill-over close to 2 K, and
therefore a higher sensitivity goal is realistic. This again puts emphasis on the
importance of understanding the wideband feed performance over frequency,
as the environmental conditions change drastically within the same band. The
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Figure 3.11: (a) Spill-over noise, Tsp; (b) Total system noise, Tsys for the
SKA Band 1 feed simulated on the SKA dish.

shaping of the offset Gregorian reflector has proven to be an effective tool to
increase the systems aperture efficiency and therefore sensitivity [30]. For the
shaped 15 m SKA offset Gregorian reflector a ∼10% increase in aperture ef-
ficiency is achieved compared to an unshaped version, and a spill-over shield
is also implemented that extends 40 degrees downward from the sub-reflector

50



3.4 System simulator

rim [56]. In the feed-down configuration, the shield mitigates ground spill-over
pick-up from the feed. The spill-over shield concept is illustrated by a generic
offset Gregorian dish in Fig. 3.12. Compared to the non-shielded concept in
Fig. 2.6, the spill-over shield improves the system sensitivity significantly (il-
lustration in Figure 6 of [24]). The feed-down configuration also allows for
installation and maintenance with the feeds in a horizontal position close to
the ground compared to the feed-up technique. The optimal trade-off be-

Figure 3.12: Illustration of the spill-over shield effect.

tween spill-over and aperture efficiency achieved by a QRFH design for high
sensitivity, is specific to the reflector geometry and frequency range intended.
For example, the SKA Band 1 QRFH is optimized for high sensitivity on the
shaped SKA dish with half-subtended angle of θe = 58◦. The MeerKAT dish
has a smaller θe = 49◦. This results in over-illumination of the MeerKAT sub-
reflector from the SKA Band 1 feed and higher spill-over. Furthermore, the
MeerKAT dish is unshaped with a smaller main-reflector diameter than the
SKA dish, which results in a lower expected Aeff/Tsys sensitivity when illumi-
nated by the SKA Band 1 feed, see Fig. 3.13a. Both reflector configurations
are feed-down. Once again this emphasizes the need for accurate and fast
system simulation during optimization to adapt designs for their application.
In Fig. 3.13c, a good example of the obtained agreement between simulated
and measured sensitivity is presented for the SKA Band 1 QRFH on a 13.5 m
MeerKAT reflector ([26]). The PO+PTD system simulator (Fig. 3.10a) is used
for the simulation and to measure the sensitivity drift scans of known sources
are performed. A general brightness model of the sky, such as [59], does not
account for the brightness temperature near specific sources in the sky. Cor-
rections are therefore applied in the results of [26] by incorporating a more
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Figure 3.13: Sensitivity of the SKA Band 1 feed package; (a) Simulated in 15 m
SKA and 13.5 m MeerKAT reflector; (b) Feed package installed on
MeerKAT; (c) Confirmation measurements on MeerKAT [26].

realistic sky brightness model. Another correction that is applied accounts for
the slightly larger aperture available in the mechanical model of the MeerKAT
reflector than in the theoretical simulation model. The tiles that make up the
main reflector, extend the available surface of the mechanical model, as shown
in Fig. 3.13b. For the MeerKAT reflector model, this difference in size is ∼7%.
In the PO+PTD simulation, the mechanical structure that holds the sub- and
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main-reflector is not included, which also could affect the result. For exam-
ple, back- and side-lobes from the feed could have a scattering effect at the
indexer. However, the good agreement between simulation and measurement
(Fig. 3.13c, and figures 6 and 7 of [26]), after the aforementioned corrections,
indicate that the effect of the mechanical structure is small. To predict all
possible effects, a full-wave simulation of the mechanical reflector model and
the feed, can be performed.

3.5 Manufacture and tolerances
The fabrication of optimized QRFH designs is done by computer numerically
controlled (CNC) machines such as a mill, lathe, water-jet or with electrostatic
discharge machining (EDM). The latter used in the form of wire-cutting can
achieve very accurate surfaces, specifically for the ridge profiles. With EDM,
care should be taken in making sure the final surface emissivity is low enough
in cryogenic application as this machining technique does not produce the
bright and shiny finish as that of an end-mill. An increased surface emissivity
will increase the heat load. This is discussed in Paper D where EDM is partly
used. Coating the part-surfaces with material like Surtec 650 [83], or gold
for smaller structures, can alleviate this issue. Tolerances in high-frequency
structures should therefore account for the coating in the manufactured di-
mensions to not cause offsets. The emissivity is also important in the case
for 3D-printed metal-structures producing grainy surfaces. The techniques of
3D-printing, selective laser sintering, or additive manufacture will be game-
changers in the design of UWB-antennas in the coming years. A combined
metal, and dielectric printer could produce shapes not possible in traditional
machining. With traditional CNC machining, although not being the only
techniques for the mechanical realization of QRFH structures, the three most
common approaches are listed below. Depending on frequency, budget and
QRFH structure they have different advantages. The three techniques are
listed with suitable frequency ranges - low (<1 GHz), mid (∼1-20 GHz), and
high (>20 GHz) - with motivation:

1. Horn quarter sections, ridges clamped - low-mid-high-freq
The horn structure is casted (molded) or milled in four quarter-pieces
separated with flat surfaces in the plane of the ridges. The ridges (often
planar) are milled or water-cut separately and then clamped between
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adjacent sides of the quarters with bolted flanges along the horn profile
[26], [27]. This approach puts strong emphasis in the manufacturing
process on the orthogonality and flatness of the quarter sides, as well as
the ridges to ensure proper alignment. The technique is very suitable for
low-frequencies which require large and heavy horn structures that are
costly to mill or machine-turn in one piece since large amounts of ma-
terial must be removed. Plaster-molded quarters for frequencies below
1 GHz is a good option. If tolerances are good enough, the technique
can be used in most frequency ranges. This technique is used in the
manufacture of the feed design in Paper B.

(a) (b)

Figure 3.14: (a) Ridge clamped between horn quarter sections; (b) Zoom-in on
horn-to-ridge contact for 2 mm thick planar ridge.

2. Machine-turned horn, bolted ridges - mid-freq
The horn structure is machined in one piece in a lathe, with separately
milled ridges that are attached into the horn with bolts through the horn
into the back of the ridges [39], [43]. For thick ridges, with steering dowel
pins in the bottom plate this technique gives adequate alignment. The
technique is best suited for frequencies in the mid-range where the horn
structure is not too big and heavy but also not as strict in the tolerances
as high-frequency structures would be. The technique is used in the
manufacture of the feed design presented in Paper E with a machine-
turned pipe as the horn wall for a very low-cost assembly.

3. Horn and ridge combined in quarter sections - mid-high-freq
The horn together with ridges are milled, wire-cut, molded or printed in
four solid quarter or quadrant-pieces. The separation is in the 45-degree
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plane relative to the ridges which puts high tolerance requirements on
the orthogonality and flatness of the quarter sides to ensure ridge-to-
ridge alignment [73]. In general this will be the most expensive option as
5-axis CNC machines or special fixtures are needed and a lot of material
needs to be removed. Therefore, this technique is best suited for mid-
to-high frequency ranges where the size of the QRFH is smaller. This
technique is used in the manufacture of the feed design presented in
Paper D.

Figure 3.15: Horn and ridge machined as one part in quarter sections

The alignment and electrical contact of ridges (Fig. 3.14) is crucial in all of
the methods above to mitigate unwanted mode propagation and pattern skew,
impedance mismatch, and port-to-port isolation degradation. The surface
currents are strongest along the ridge faces, but separation between the ridge
and quarter-piece can degrade the performance if not properly contacted. It
is also important to ensure a good thermal contact between ridge and horn for
cryogenic application. To clamp the quarters and ridges tight, bolt spacing
is typically chosen such that it is less than λ/2, preferably λ/4 if practical.
For cryogenic application the use of beryllium-copper spring washers can help
ensure a good continued contact after cooling. In either method, dowel pins
are good practice to implement for the ridge-to-ridge alignment. Typically
two pins are needed and they should be maximally separated either along the
bottom of a ridge or along the length of the ridges (and quarters) depending
on the method used. The single-ended excitation can be realized with a coax
launch-pin inserted into a standard, commercially available SMA connector,
shown in Fig. 3.17a. The launch-pin is fed through the ridge with either a
surrounding dielectric or as an air-coax. In Paper D, a combination is used to
reduce the length of the smaller air-line as machining difficulty and cost in-

55



Chapter 3 Numerical Ultra-wideband Feed Design and the Quad-ridge Flared
Horn Technology

(a) (b)

(c) (d)

Figure 3.16: (a)-(b) Single-ended launch-pin making contact with the chuck con-
nector in the opposite ridge; (c) Press-fit blind-hole where the launch-
pin is inserted for contact; (d) Press-fit receptacles embedded in ridge
for launch-pin contact.

creases for holes deeper than 10 times their diameter. The two-step approach
also gives the benefit of guiding support for the dielectric for concentric align-
ment in the coaxial hole. This mitigates the risk of short-circuit towards the
ridge or the orthogonal launch-pin. For simplicity and low cost, the launch-
pin and hole dimensions can be designed so that off-the-shelf products are
applicable. In Fig. 3.17b, a launch-pin made from a UT-047 semi-rigid cable
is presented for a 50-Ω interface. The launch-pin with dielectric can suffer
from tolerances that vary over length. The launch-pin can be contacted in
the opposite ridge in a few different ways. Typically a chuck connector in
the contacting ridge is a standard approach. The chuck is either threaded to
contact the incoming launch-pin, or pressed from the back by a push-pin and
precision-screw. In the latler case, the hole is chamfered from the inside of the
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ridge so that the chuck clamps around the launch-pin when pushed towards
the ridge-hole, as illustrated in Fig. 3.16b. This method is used in the feed de-
sign described in Paper B. For higher frequencies the chuck connector has been
used successfully up to 24 GHz [27] Another, simpler method, is to press the

(a) (b)

Figure 3.17: (a) SMA connector specified up to 27 GHz with push-fit chuck; (b)
semi-rigid UT-047 without outer conductor can be used as launch pin,
0.94 mm Teflon (PTFE), 0.287 mm SPCW pin.

launch-pin into a blind-hole with snug dimensions made after the launch-pins
outer diameter. This method has been used successfully up to 50 GHz [73] and
depending on the material and coating of the ridge, the connection can also
be soldered. In Paper D this method is used with very good result and greatly
simplifies assembly (Fig. 3.16c). For QRFHs with a larger ridge-face tip in the
channel, gold-plated press-fit receptacles [84] are an alternative for low-cost
mass-production with repetitive contact points. This method of construction
is introduced in Paper E (Fig. 3.16d). For a large QRFH, the launch-pin can
be contacted by screwing it in place inside the ridges. For the SKA Band 1
QRFH this method is used and the LNAs are integrated inside the ridges with
direct connection to the launch-pin to mitigate loss in the room temperature
system. This type of system concept is further discussed in Section 3.8. It is
shown in Paper B how tolerances play a key role to impedance matching at the
excitation point of the QRFH. Misalignment in the separation between ridges
and the contacting-point of the launch-pin in the opposite ridge, can degrade
the input reflection coefficient significantly. The port isolation is further de-
graded by asymmetries at the excitation point, where an acceptable measured
level is often set as 35 dB. With a dielectric load in between the ridges, the
combined tolerances of both the dielectric and the ridges are crucial. For any

57



Chapter 3 Numerical Ultra-wideband Feed Design and the Quad-ridge Flared
Horn Technology

high frequency design, a tolerance analysis performed before manufacture with
focus on the excitation point and ridge-to-ridge alignment will help identify
crucial design tolerances. Possible misalignment identified can simultaneously
and randomly be varied over a specific range, for a set of simulations, similar
to Monte-Carlo analysis [85]. This approach can predict combined effects from
different misalignments, narrowing down acceptable intervals of manufactured
dimensions for near-nominal performance. For mass production this is an ab-
solute necessity to predict acceptable variations in manufactured pieces and
avoid large deviations from specification without individual control of every
unit.

3.6 Feed measurements
To confirm manufactured QRFH performance, typically the s-parameters are
measured in a network analyzer either on open sky or against absorbers (ide-
ally in anechoic chamber) for reduced environmental effect. For the radiation
patterns, they can be characterized conveniently for most QRFHs with fre-
quencies starting at 1 GHz in a farfield anechoic (non-echo) measurement
range, illustrated in Fig. 3.18, mitigating the surrounding reflections. In such
a measurement range or chamber, the device under test (DUT or AUT for ”an-
tenna under test“) and the chamber probe are located in the farfield region.
The farfield region is defined from the classic Fraunhofer distance of 2D2

s/λ,
where Ds is the largest linear dimension of the antenna or more accurately the
diameter of the smallest sphere fully enclosing the antenna. Measurements are
typically done in co- and cross-polar setup according to Ludwig’s 3rd defini-
tion [86] with azimuthal φ-cuts of minimum 15◦ to properly characterize the
UWB-pattern’s azimuthal symmetry variation [33]. Standard gain-calibration
is commonly performed using standard gain horns (SGH) that are waveguide-
based for specified accuracy [87]. For very large bandwidth a large number of
SGHs are needed to cover the full bandwidth and can, for the sake of time,
instead be done in a few representative sub-bands. In nearfield measure-
ments, a Fourier transformation is used to turn the measured pattern into
farfield allowing for a more compact chamber footprint and DUT distance,
but also resulting in a more complicated and time consuming measurement.
The required angular step when sampling the near-field grid decreases with
increasing frequency and antenna size. Therefore, in ultra-wideband QRFH
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Figure 3.18: (a) QRFH in anechoic farfield chamber where the feed sweeps in az-
imuth; (b) QRFH in anechoic nearfield chamber with the arc con-
taining the dual-polarized transmitting antennas; (c) Measured co-
polarization beam patterns in E- (φ=0◦), D- (φ=45◦), and H-(φ=90◦)
plane at 3 GHz for a QRFH covering 1.5–4.5 GHz.

measurements the acquisition time needed can be very long due to the size of
the antenna being of the order of the largest wavelength (lowest frequency).
A trade-off approximation of practical reduced farfield distance to use can
be found in [88], [89]. QRFHs for frequencies below 1 GHz are large and
heavy structures which are difficult to mount in an anechoic chamber. For the
SKA Band 1 frequencies 350–1050 MHz for example, the wavelengths are up
to 0.85 m for the QRFH. The horn size is therefore of the order of a meter both
in height and diameter (Fig. 3.1a), which makes the horn difficult to handle
in a small chamber. The first confirmation of feed pattern performance was
therefore performed indirectly with reflector beam pattern measurements, as
presented in figure 3 of [90]. The feed was mounted in the reflector, illus-
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trated in Fig. 3.10b, and the telescope main-beam was swept across a bright
source (e.g. the Sun). It is important to apply appropriate corrections for
efficiency, elevation deformation and source solid angle [50]. This type of
measurement is a very time-consuming and demanding way of characterizing
feed performance. Furthermore, it does not provide specific information on
feed or reflector far-out side-lobe levels only available through accurate sim-
ulations. To be able to measure the same reflector gain that is simulated,
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Figure 3.19: Illustration of change in aperture efficiency, ηa, depending on the
feed’s location relative to the reflector focal point on the optical axis.

it is important that the feed’s location relative to the reflector focal point is
consistent. This is due to the feed location-dependence in the phase efficiency,
ηph, when illuminating the reflector [58]. Aperture efficiency, ηa, can vary sig-
nificantly over the band depending on ηph as indicated by (2.6). In Fig. 3.19
a simulation of how aperture efficiency for a low-frequency QRFH (size: 1 m
diameter) changes when the feed location is varied over a range of 200 mm
along the optical axis. For a feed of higher frequency and large bandwidth,
this variation is more sensitive and large efficiency deviations can be caused
by misplacement of only millimeters in position. For optimal performance,
the reflector focal point must coincide with the approximated feed phase cen-
ter located inside the horn, in this case measured from the QRFH aperture.
The best performance is found by optimizing the location in simulations, to
achieve maximum phase efficiency in the upper range of the frequency band
as it is more sensitive to spatial variation [48]. Then, a simple reference point
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for installation can be calculated using some practical plane of reference in
the mechanical assembly. As previously mentioned, in an offset system the
location of the feed is also important in respect to not blocking the optical
path in the reflector. This constraint is specifically important for the case of
the SKA Band 1 QRFH, due to the large size of the feed.

3.7 Receiver noise temperature
During optimization the receiver noise is often modeled with an estimation
from LNA noise-data and expected noise contributions from other receiver
components, such as the feed losses. The modeling of radiation efficiency
ηrad for low-loss antennas like the QRFH has been proven difficult [91] and
so performance should be confirmed from receiver noise measurements. The
noise introduced from a potential mismatch between the LNA and feed can
introduce an uncertainty in these measurements and should be modeled and
later measured. Often it is presumed low for well-designed return loss in both
components. The receiver noise temperature is typically measured with the
hot-cold Y-factor as a well established approach [92] that can be implemented
without installing the feed on the reflector. In Y-factor tests, the power at the
output of the receiver (predominantly feed and LNA) is measured in two steps.
The first step is when the antenna beam is terminated in a known hot load and
the second step is when it is terminated in a known cold load. The Y-factor
is then given by the power ratio Y = Phot/Pcold off the two measurements
(linear units). The Band 1 receiver noise was measured in a hot-cold test
facility (HCTF) at DRAO, Penticton in Canada [60]. The HCTF is a large
flared-out metal box with a sliding roof which is padded with absorbers on
the inside, as illustrated in Fig. 3.20. The layout mitigates back- and side-
lobes from the feed to hit the ground and instead terminates most of this
power on sky. In such a measurement, the hot load is the absorbers’ physical
temperature Thot and the cold load temperature Tcold is the sky background
brightness plus any contributions from scattered power towards the ground. In
such a measurement without the shielding of the ground, the uncertainties in
the cold-reference are much larger. The beam-pattern of a relatively low-gain
QRFH covers a broad solid angle, so Tcold should be calculated according
to (2.13). In this case P (θ, φ, ν) is the power pattern of the feed pointing
to zenith, simulated inside the HCTF. Trec is calculated from the Y-factor
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according to
Trec = Thot − TcoldY

Y − 1 . (3.2)

In figure 2 of [90], good agreement is shown between estimated and measured
receiver noise for SKA Band 1 using Y-factor tests. The agreement is pre-
sented by using both data sets to calculate the sensitivity. The typical error
in the Y-factor technique should be of the order of a few percent, but can
vary strongly with atmospheric variation and solar activity over the course of
a day [60]. It is important to confirm Trec using measurements for any type
of feed-package, to find mismatches between the manufactured feed, couplers
and LNAs, or unexpected resonant behavior in the receiver chain.

(a) (b)

Figure 3.20: (a) Concept of a hot-cold-test-facility (HCTF); (b) QRFH in HCTF
([60]) with the absorber roof closed for hot load reference.

3.8 Low-frequency room temperature system
For QRFHs operating below ∼1 GHz, or designs for shallow reflector configu-
rations, the large size of the horn makes installation inside a dewar extremely
difficult if not impossible. The feed can no longer be completely cryo-cooled.
Instead a thermal break between the horn and dewar is needed [72], assum-
ing the LNAs are cryogenic. The connecting cables must be long enough to
reduce the thermal gradient from the warm part to the cold. The thermal
break introduces a noise contribution before the LNA. The trade-off between
noise and thermal load must be optimized. Ideally, the LNAs would con-
nect directly to the launch-pin of the QRFH. However, this would introduce
a more complex vacuum break with cryogenic cooling of the lower part of
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Figure 3.21: Integration of LNA directly inside QRFH ridge [26].

the feed. This technique has though been successfully implemented by other
types of feed systems [80]. Another approach is use room temperature LNAs
which today can achieve low noise temperature at low frequencies [7], [13].
If the ridges are thick enough, the LNAs can be integrated directly inside
the metallic structure and connected to the launch-pin mitigating additional
losses. As alluded to earlier, this approach is successfully implemented for
the SKA Band 1 QRFH, as shown in Fig 3.21 ([26]). The noise injection is
built into the room temperature LNAs which were provided by Low Noise
Factory (LNF), Gothenburg, Sweden. Compared to the previously proposed
cryogenic design with a thermal break, the final receiver noise temperature is
similar (figure 15 in [80]). The room temperature system has obvious advan-
tages in reduced cost, complexity, and maintenance demand. There is also no
need for a cryostat which reduces power consumption for the receiver package
dramatically.
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CHAPTER 4

Dielectric loading of the Quad-ridge Flared Horn

In this chapter we introduce the concept of dielectrically loading the Quad-
ridge Flared Horn to improve beamwidth control over wide frequency and
reduce cross-polarization. A brief overview is given of the QRFH wideband
performance when dielectrically loading the horn, with considerations for both
cryogenic and room temperature applications. We also discuss the importance
of keeping the QRFH footprint compact, and robust to maintain its usability.

4.1 QRFH with dielectric load
Impedance matching for the QRFH has been performed successfully for more
than 10:1 bandwidth [93], but the decrease in pattern beamwidth lowers the
performance in the upper frequency range to poor and unstable levels. The
narrowing of the beamwidth, most notably in the H-plane, results in reduced
aperture efficiency (Fig. 1.10), and increased cross-polarization. An approach
to improve the beamwidth control over wideband design, is to add dielectric
material into the QRFH structure, as illustrated in Fig. 4.1. The dielectric
material increases permittivity along the center of the horn and in-between
the ridge-faces where the current density is concentrated. The result is a
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(a)

Horn + Ridges + Dielectric
Horn + 
Ridges

(b)

Figure 4.1: The reduction of aperture efficiency over frequency normally seen in
QRFHs (Fig. 1.10) is mitigated with dielectric. Dielectric loading of
the QRFH mostly affects the upper part of the frequency band.

widened radiation pattern over the upper part of frequency range. This has
been explored in several forms, from lenses [46], [47] to more complex multi-
layer spear-type structures [48]. In [48], a three-layered dielectric load was
designed together with the differential-fed QRFH. The design also included a
choke-skirt attached to the aperture for improved low-frequency performance.
The result for the 6:1 bandwidth is nearly-symmetric beam patterns in E-, D-
and H-plane and very low cross-polarization over 0.7-4.2 GHz. The aperture
efficiency is on average 65% for f/D=0.41 and the input reflection coefficient
less than -14 dB across the band. However, the complexity of such a QRFH
design is considerable in terms of manufacture, cost and assembly. To achieve
a feed suitable for cooling to cryogenic temperatures, the shrinkage of the
different materials must be accounted for to avoid severe skewing in the di-
electric. A large dielectric load can have a significant thermal gradient across
the structure [49] potentially increasing losses and misalignment. Measure-
ments indicate that for such a design, feed loss at ∼4 GHz is nearly 2 times
that of the LNA contribution [94]. For higher frequencies the dimensions
would be smaller and such a complex structure can be hard to realize without
expensive manufacture to strict tolerances.
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Dielectric load - compact footprint
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Figure 4.2: (a) Dewar vacuum window curvature; (b) Low-profile, dielectric load
in QRFH; (c) Test dewar for 3:1 non-dielectric QRFH, shown without
vacuum window. (d) Measured pattern at center frequency, 3 GHz,
beam-splitting effect when the feed is mounted too deep in the dewar.

To not jeopardize the QRFH’s practical function as the first component in
the receiver chains of today and tomorrow, its footprint should be kept simple,
robust, compact, and as low-loss as possible. In this thesis a simple and homo-
geneous dielectric load is proposed for beyond decade bandwidth in QRFHs.
Unlike [46]–[48], the dielectric loads proposed in Papers A-D have a compact
design (≤80 mm length, ≤ 8.2 mm diameter) with no addition to the QRFH
aperture footprint. It is based on a simple structure built on cone-cylinder-
cone layout, but can also be defined with an analytic function, as in Paper D,
or spline-defined profile depending on need. The dielectric load is installed in
the center of the QRFH, towards the bottom with clearance to the aperture,
as shown in Fig. 4.1a. The excitation can easily be kept single-ended by feed-
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ing the launch-pins through a machined hole in the dielectric load, see Fig 4.1.
The dielectric can be fastened in different ways, this is explored in Paper B by
locking it in the backshort, and in Paper D using fasteners for installation and
replacement without disassembly of the rest of the QRFH structure. This type
of insert is machinable with standard numerical controlled milling and turn-
ing, in dry or mixed-coolant processes. Care must be taken for the material
expansion when machined, so that tolerances are not jeopardized or skewed.
There are many suitable dielectric materials, predominantly polymers, that
can be machined, some of them listed in Table 4.1. All these features, makes
the compact dielectric attractive for large scale production in terms of cost
and assembly. By clamping the dielectric load between ridges of the QRFH,
thermal contact is made, reducing the risk of large temperature gradients in a
cryogenic environment. Clamping also prevents the dielectric from sliding out
or wobbling when the telescope is in motion. Typically for cryogenic dewars
of metal-cylinder type, a vacuum window of multi-layer Mylar or similar ma-
terial is used. Due to the pressure difference of the vacuum, inwards-curvature
of the window needs to be allowed for requiring a certain spacing to the feed
aperture, as illustrated in Fig. 4.2a. The clearance between feed and dewar
should be kept short in the type of wide beamwidth applications the QRFH
is often used for. If the necessary clearance between the feed and the dewar
aperture is too large, unwanted resonant affects or beam-splitting can occur.
This is exemplified for a non-dielectric 3:1 bandwidth QRFH when mounted
too deep in a test dewar, shown in Fig. 4.2c with the effect on the feed pat-
tern shown in Fig. 4.2d. The beam-splitting effect shown here at the center
of the band, is even more evident at the lower frequencies of the band. This
can reduce the radiation properties and noise temperature performance of the
system in the intended reflector. The alternative to enlarge the dewar win-
dow is a trade-off with increased infrared (IR) radiation as the penalty. An
increased IR load in the dewar leads to an increased power consumption. For
the very large reflector arrays of ngVLA [29] and SKA [23], an important re-
quirement is the power consumption and a larger window may therefore not
be an option. If a large vacuum window is acceptable, the QRFH can be filled
with εr ∼ 1 styrofoam material to support the vacuum-window and reduce the
inwards curvature. Such a support is more easily incorporated in the QRFH
if the dielectric footprint is small.
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(a) (b)

(c) (d)

(e) (f)

Figure 4.3: Polar plot φ=[0◦, 360◦] QRFH radiation pattern: without dielectric
(left), and with dielectric (right); (a)-(b) 1.5 GHz; (c)-(d) 8.5 GHz;
(e)-(f) 15.5 GHz; Circular edge represents reflector rim at θe=80◦, in
f/D=0.3. E-plane, φ=0◦, D-plane, φ=45◦, H-plane, φ=90◦
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Figure 4.4: f/D=0.3 for the Effelsberg 100 m telescope in prime-focus, θe=79.6◦.
(a) Cross-section view; (b) Perspective view.

(a) (b)

(c) (d)

Figure 4.5: Intensity for the co-polarized component of the E-field at 15 GHz.
(a) E-plane, without dielectric load; (b) E-plane, with dielectric load;
(c) H-plane, without dielectric load; (d) H-plane, with dielectric load.

4.2 Wide beamwidth for deep reflectors
Most QRFHs being used in radio telescopes today, are designed for f/D ra-
tios between 0.4 and 0.5 in dual-reflector configuration. It was pointed out on
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pp. 79 in [40] that more work needs to be done for deeper reflectors. In Fig. 4.4
the deep (f/D=0.3) axially-symmetric prime-focus of the Effelsberg 100 m re-
flector telescope is illustrated with a simplified model. The corresponding half-
subtended angle is θe ≈ 80◦, which is a challenging beamwidth to illuminate
with an UWB feed. Typically this configuration would use a choke-type horn
that can achieve wide beamwidth over octave frequency range. For QRFHs,
the beamwidth is challenging with a large flaring angle required, with the low-
frequency part of the band suffering from reduced spill-over efficiency. For a
prime-focus application this is more severe as the feed is pointing towards the
ground. For a large reflector a higher spill-over level can still be acceptable in
a wideband application, if good aperture efficiency is achieved over the entire
bandwidth to utilize the available area. For an extremely large reflector such
as the Effelsberg 100 m dish, the physical available area is more than 40 times
that of a 15 m reflector such as the SKA dish. In [40] a proposed QRFH for
f/D=0.3 over 4:1 bandwidth has a predicted aperture efficiency of 40-45%.
The 7:1 QRFH proposed in the same reference has a minimum ηa=35%. In
Paper B the expected aperture efficiency of the dielectrically loaded QRFH
is above 50% in band-average with a minimum of 44% over 10:1 bandwidth
in the same f/D=0.3. The reason is the improved beamwidth and therefore
improved edge taper in the upper frequency range due to the dielectric load.
In Fig. 4.3 this is illustrated with a polar plot for different frequencies showing
the taper from the feed from center of the reflector towards the edge of θe=80◦
(circular rim). The dielectric load (right-side plots) has a broadening effect on
the beam for mid and upper frequency range, particularly in H-plane. This
is further confirmed by looking at the simulated intensity in a cross-section
of the E–field component along the co-polarization axis in E- and H-plane,
shown for 15 GHz in Fig. 4.5. There is almost no effect in E-plane in this case
(see Fig. 4.5b), but in H-plane the radiation is spread at a wider angle when
the dielectric load is installed (see Fig. 4.5d). The improved pattern results in
better illumination, azimuth mode, and phase efficiency in the reflector at mid
and upper frequencies. In Paper B, it is shown that the suggested approach of
dielectrically loading the QRFH improves phase efficiency to a high (> 96 %
band-average), near-constant, level over decade bandwidth. The performance
at the lower frequency range is mostly determined by the QRFH’s metallic
structure, highlighted in Fig. 4.1. The cross-polarization is also improved for
mid and upper frequencies by the dielectric load as the E- and H-plane pat-
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Chapter 4 Dielectric loading of the Quad-ridge Flared Horn

tern’s difference is reduced. The feed’s polarization purity on the reflector is
represented by the intrinsic cross-polarization ratio (IXR) [63]. For the SKA,
minimum IXR should be better than 15 dB within HPBW and dielectrically
loaded QRFHs can fulfill this over extremely wide frequency bands, further
detailed in Paper B and D, and in Section 4.2.

Design for ”Small-D-Big-N“

(a) (b)

Figure 4.6: (a) The quad-ridge choke horn (QRCH) with a dielectric load in the
form of a HDPE-lid improving (b) beamwidth while shielding the inside
of the horn to the environment, detailed in Paper E.

The feed development for the large-reflector arrays of SKA and ngVLA
are predominantly done for cryogenic receiver applications, with the room
temperature system of SKA Band 1 being an exception [25]. The develop-
ment of competitive room temperature low-noise amplifiers (LNAs) [7], [13],
enables not only a simplified and less-expensive receiver solution for large-
reflector arrays, but also the possibility to move away from the expensive
large reflector itself. The concept of ”Small-D-Big-N” is based on low-cost
and compact reflector units with room temperature receivers, instead of the
bulky and maintenance-heavy cryogenic dewars, and has been proposed for
several upcoming projects [21], [95]. The previously introduced Deep Syn-
optic Array (DSA-2000) is such a project to realize an array of 2000×5 m
reflectors, where each reflector is equipped with a room temperature feed
package including first-stage LNAs. The frequency ranges of interest is 0.7 to
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4.2 Wide beamwidth for deep reflectors

2 GHz, with the detection and location of fast radio bursts and pulsar timing
as the primary applications. The survey speed and sensitivity will outper-
form that of large-dish arrays over the same frequency range (Fig. 1.7). To
mitigate spillover and de-focusing effects, the f/D is chosen to be less than
0.35 (deep reflector) which is normally applicable to choke-type horns [13],
[14] and where the QRFH suffers from under-illumination. Furthermore, the
size of the feed aperture introduces an important trade-off in blockage of the
small reflector aperture over the frequency-range in question. Paper E de-
scribes a new concept of a Quad-ridge Choke Horn (QRCH) with dielectric
load as a wideband feed over 2.85:1 bandwidth optimized for this type of array
concept. The QRCH combines wide beamwidth properties of the choke horn
with the broadband properties of the QRFH, while maintaining a compact
feed diameter for low blockage. The prototype developed for the DSA-2000
is designed with a low-cost and low-complexity mindset for large scale unit
production. The dielectric load is crucial to the wide beamwidth in the upper
part of the frequency band and the choke-rings dominate the low-frequency
pattern performance. The low-loss dielectric load is realized in the form of
a lid further acting as an environmental shield to the inner workings of the
horn. To further improve the sensitivity, a shielding concept of the reflector
itself has been explored that minimizes the spill-over pick-up from ground.
Together with excellent progress in the development of a wideband version of
the previously reported room temperature LNAs for DSA-110 [13], the pre-
dicted system noise for the QRCH feed package in DSA-2000 is on the order
of 25 K.

Dielectric load - decade bandwidth and beyond
The widening effect of the dielectric is continuous over frequency as exem-
plified in Fig. 4.7 for the feed covering 1.5–15.5 GHz in Paper B. Dielectric
loading can further extend the QRFH performance beyond decade bandwidth
as shown in Paper D and further increase its useability in radio astronomy
applications. The 20:1 bandwidth QRFH proposed can cover SKA Band 2
through Band 5 and beyond, with one single feed for 1-20 GHz. For the de-
velopment of large interferometric arrays this is a low-cost option removing
the need for multiple octave-receiver systems. Simulated aperture efficiency in
Fig. 4.8a illustrates the potential of such a system in an unshaped f/D=0.433
prime-focus reflector with band-average ηa=62 % and ηa=72 % in the shaped
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Figure 4.7: QRFH beamwidth over 10:1 frequency band improved (a) with dielec-
tric load compared to (b) without.
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Figure 4.8: Dielectrically loading the QRFH enables consistent performance be-
yond decade bandwidth. Simulated (a) aperture efficiency, and (b)
IXR for 20:1 bandwidth (15 dB is the SKA minimum limit).

SKA dish with similar half-subtended angle. The average aperture efficiency
for the dielectrically loaded QRFH in the unshaped reflector is comparable to
that of the smaller 6:1 bandwidth of a non-dielectric QRFH in similar f/D
[40], but with a stable efficiency-level across the much larger 20:1 bandwidth
due to the dielectric. The dielectrically loaded QRFH also clearly fulfills the
15 dB IXR minimum-limit of the SKA, as seen in Fig. 4.8b, showing that
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4.2 Wide beamwidth for deep reflectors

also cross-polarization is on a competitive level. Due to the adaptability of
the QRFH and the simple dielectric structure, such a feed could be specifi-
cally optimized for both SKA [56], and ngVLA [30] reflectors further tailoring
its performance while taking advantage of their spill-over shielded optics for
high-sensitivity performance.

Dielectrically loaded QRFH compared with log-periodic feed

(a) (b)

Figure 4.9: QRFH with dielectric load in Paper D, installed in (a) glass-dewar
mounted in one of the (b) ATA reflectors for tests.

The ultra-wideband dielectrically loaded QRFH presented in Paper D with
20:1 bandwidth is currently under test on one of the reflector arrays with
ground-shield, the Allen Telescope Array (ATA). Examples of noise measure-
ments of the receiver, and test-detection of the bright pulsar B0329+54 (or
J0332+5434) with wideband frequency response [15] are presented here. Pul-
sars are rotating neutron stars that emit directed radiation along a light-cone
and when observed this appears to be a pulsed pattern in a specific direc-
tion. Figure 4.10a and Fig. 4.10b presents the pulse profile of J0332+5434
as detected with the dielectrically loaded QRFH and the current log-periodic
Antonio feed respectively. Plots are from 10 minutes of recorded data where
20 available antennas at the ATA were used with the digital signal process-
ing backend frequency-centered at 1.5 GHz with an effective bandwidth of
672 MHz. In Fig. 4.10c, hot-cold Y-factor measurement results (3.2) of the
receiver noise temperature are presented for the two different feeds as well.
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Figure 4.10: Pulsar detection-test (J0332+5434) on the ATA using (a) Dielectri-
cally loaded QRFH in Paper D, and (b) log-periodic feed. (c) Receiver
noise temperature from Y-factor measurements. Bandwidth limited
by post amplifier transmitter to ∼11 GHz.

The noise tests presented here are limited by the post amplifier transmitter
(PAX) to approximately 11.2 GHz. Measurements up to 15 GHz are pre-
sented in Paper D, limited by the functional bandwidth of the LNAs. The
prototype QRFH has been cooled to cryogenic temperature of 100 K, and
then warmed back up to room temperature three and two times respectively
to this date, with highly repeatable results for the low-noise measurements
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4.3 Wideband dielectric material data

showing the usability of the concept. Tests of pointing, and long-term stabil-
ity is forthcoming and will bring further understanding of performance over
extreme bandwidth and the requirements needed for further development.

4.3 Wideband dielectric material data
The dielectric properties of a material is for engineering purposes often char-
acterized by the components of its complex dielectric permittivity

ε̂ = ε′ − iε′′ (4.1)

where the real part is ε′=εrε0. The unit-less, εr, is often called the relative
permittivity or dielectric constant and ε0 ≈ 8.854 · 10−12 [F/m] the vacuum
permittivity. Therefore, per definition the dielectric constant for vacuum is
εr=1 (for air εr=1.0006). The imaginary part of (4.1) characterizes the losses
in the material, normally expressed as the loss tangent

tanδ = ε′′

ε′
. (4.2)

The suitable εr to use and shape of the dielectric load is found in optimization
together with the QRFH structure for best radiation and impedance perfor-
mance. For a homogeneous dielectric load, a material with corresponding εr
or in close proximity to what is found in optimization can then be used for
realization. For the dielectric in Paper B, PTFE with εr=2.1 is selected for
its low-loss properties, while in Paper D the εr has to be larger for the full
20:1 bandwidth. Therefore, polyimide with good cryogenic properties is ex-
plored. The material is tested in cryogenic environment by submerging it in
liquid nitrogen (T=77 K, Fig. 4.11a) and then performing mechanical stress
tests, and shrinkage estimation to account for in the design performance. The
loss-contribution of the insert to the overall feed loss, depends on the design,
frequency, temperature, and the aforementioned material loss tangent. High-
density polyethylene has a stable relative permittivity of εr=2.35, and loss
tangent tanδ=0.0001. Broadband measurements show good stability of these
values up to 50 GHz [96]. Due to the low loss tangent, the HDPE material is
suitable for room temperature application, and is explored in Paper E with
only a small penalty to the total feed loss. The availability of wideband di-
electric material data from suppliers of common polymers is surprisingly poor,
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(a) (b)

Figure 4.11: (a) Sample of dielectric (polyimide) in Liquid Nitrogen (77 K);
(b) Samples of HDPE in TRL setup for dielectric characterization.

especially above 1 GHz. For ultra-wideband design the general lack of dielec-
tric property data over frequency is a clear challenge. Typically the material
is assumed to be near-constant in performance over frequency. Since specific
brands of the same polymer-type can behave differently, vary over frequency
and with material density ([97]), the most appropriate way to choose material
with the desired electrical properties is to test samples over the frequencies of
interest. The real part of (4.1) can be measured in different ways with good
accuracy, for example with a thru-line-reflect (Fig. 4.11b) setup and Nicolson-
Ross-Weir (NRW) algorithm [98], [99]. However, to calculate the loss tangent
the measured accuracy needed is not as straightforward to achieve for low-
loss polymers [96]. Measurements are a very time consuming process, and
sometimes not possible especially over ultra-wideband frequency ranges. In
Table 4.1 machinable dielectric materials are listed, mostly polymers, with
reported εr in the range of 2.1-3.8 suitable for the frequency ranges and appli-
cations investigated in this thesis. The loss tangents for the listed materials
vary in usability for low-loss applications, where some may only be used for
prototyping of dielectric structures. For low-frequency application, a loss tan-
gent value of the order of 10−4 is suitable for room temperature applications.
For cryogenic use within the frequency range of tens of gigahertz, the span
of allowable loss tangent value is larger, but noise increases rapidly when the
value significantly exceeds 10−3.
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4.3 Wideband dielectric material data

Table 4.1: Dielectric materials suitable for machining. Properties are normally
frequency and temperature dependent. An excellent source of dielectric
material data for mm-frequencies is [100].

Material properties f[GHz] εr tanδ 10−3 Ref.

Polytetrafluoroethylene (PTFE) 11.5 2.1-2.05 0.1-0.7 [96], [101]

Polyethylene (PE)
- HDPE/PE-HD (Generic) 11.3 2.35 0.1 [96], [101]

Polystyrene (PS)
- REXOLITE 1422 10 2.53 0.66 [102]
- Eccostock HIK K=3.5 10 3.5 2.0 [103]

Polymethylmethacrylate (PMMA)
- Acrylic (Generic) 11 2.6 8 [101]

Polyphenylene Ether (PPE)
- PREPERM PPE260 2.4 2.6 0.9 [104]
- PREPERM PPE350 22 3.5 2.4 [105]

Polyether-ether-ketone (PEEK) 0.001 3.3 3.0 [106]

Polyimide (PI, unfilled)
- Ensinger TECASINT 2011 0.0001 3.4 1.0* [107]
- DuPont Vespel SP1 0.001 3.55 3.4 [108]

Polyoxymethylene (POM) 10 3.6 30 [109]

Fused Quartz** 30 3.81 0.4 [110]

*From the similar stock TECASINT 4011 datasheet. **The machinability of Fused
Quartz has not been explored by the author, but was successfully manufactured in [48].
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CHAPTER 5

Contributions and Future Work

The dielectric loading of QRFHs is an approach with large potential and yet
far, few documented examples of implemented designs used in practice. The
work presented in this thesis and appended papers, further contributes to the
understanding of the potential of this concept. A compact, homogeneous low-
loss dielectric insert in the QRFH design can offer ultra-wideband performance
with improved radiation properties and impedance matching up to 20:1 band-
width. The example designs presented in this thesis and the appended papers,
strengthen the case for dielectrically loaded QRFHs as a critical technology
for future radio telescope design. A summary of the properties of these designs
are listed in Table 5.1 together with other QRFH designs with dielectric load
of some form. With the emergence of shaped reflectors and shielding, interest-
ing progress is currently being made towards dielectrically loaded QRFHs for
very high sensitivity performance in cryogenic applications, potentially chang-
ing the typical wideband vs narrowband trade-off for radio astronomy. Several
radio astronomical projects around the world are currently exploring QRFH
with dielectric load. Low-loss dielectric loading has also shown applicability
for feed designs in low-frequency room temperature systems of small-diameter
reflector arrays (Small-D-Big-N), such as the design proposed for the DSA-
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2000. Once 3D-printing technology achieves high enough accuracy combined
with low cost for the most common dielectrics and metal, any potential shape
can be realized. With combined printing of metal and dielectric, it is feasible
to think of future mass-produced low-cost single-feed packages combined with
compact reflector units, covering large parts of the radio spectrum as an array
concept. With further advancement in room temperature LNAs, integrated
feed and LNA packages should also be further explored.

Table 5.1: Performance characteristics of some wideband quad-ridge based horns
with dielectric load, insert, spear or lens-type configuration. Data is
compiled from published results, extrapolated from available figures and
tables, estimated band-averages are presented.

Design Bandwidth Frequency ηa S11 Dielectric

Dunning [48], [49], [94] 6 : 1 0.7-4.2 GHz 65 % in f/D=0.41 -20 dB Fused Quartz/PTFE, 3-layer**
Flygare [Paper A-C] 10.3 : 1 1.5-15.5 GHz 50 % in f/D=0.3 -9.4 dB PTFE, Homogeneous
Flygare [Paper D] 20 : 1 1-20 GHz 62 % in f/D=0.433 -13.6 dB Polyimide, Homogeneous
Flygare [Paper E] 2.85 : 1 0.7-2 GHz 66 % in f/D=0.315 -15.1 dB HDPE, Homogeneous
Lai [46]* ≈10:1 ?? 50 % in f/D= ? -17 dB ??, Homogeneous (?)
Bauerle [47]* 3 : 1 5-15 GHz 70 % in f/D= ? -15 dB C-Stock Low-34, Homogeneous

*The author cannot deduce information on f/D and reflector application in these
published result, and a frequency range. They are also lacking in wideband performance
data, and tabulated data is taken from the frequency samples presented. They are
included as additional references on previous work in QRFHs with dielectrics. **The third
layer is in the form of machined grooves in the outside of the intermediate PTFE layer.

Future work
With the introduction of dielectric loading of QRFHs, or for that matter
Vivaldi- and choke-horns, improved feed designs for future receiver systems
are wide-open to explore. Specifically for the QRFH some future work could
include:

• Further practical evaluation of dielectric QRFHs in receivers. Effect of
thermal variations over time on the small dielectric components, includ-
ing potential warping or skewing of the structure, should be monitored
and evaluated over continued cycling. How the telescope pointing-model
over ultra-wideband frequency range is affected is important.
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• Modal analysis, and phase errors in aperture-mode content of higher-
order modes for the QRFH with dielectric insert. This can increase the
understanding of the best design approach for both the differential-fed,
and single-ended QRFH.

• Investigation of the minimum degrees of freedom needed for beamwidth
control over specific frequency bandwidths, including ridge and horn
profiles, and dielectric.

• Compiling dielectric material databases over the frequency ranges of in-
terest, both cryogenic and room temperature. Inclduing the effect of
machining material and the potential changes in dielectric and mechan-
ical properties due to this (e.g. milling vs 3D-printing).

• Studying dielectric multilayers with compact footprints where effective
dielectric constants can be constructed with grooves or holes in homo-
geneous materials that alleviate some of the issues caused by different
thermal shrinkage/expansion coefficients in a multilayer structure.

• Exploring adding dielectric loads to existing QRFH designs without al-
tering footprint (e.g. SKA Band B, VGOS-systems). The designs in
this paper have been optimized with all the degrees of freedom of the
QRFH and dielectric available from the start. To what extent existing
QRFH designs can be improved in radiation performance in the upper
frequency-range by adding dielectric loads or inserts, is an interesting
topic.

• Further combinations of choke-rings, ridges and dielectric loads for decade-
bandwidth applications where the expanded footprint is appropriate.
Combined dewar and feed-design is an interesting subtopic to explore.

• Combining room temperature QRFH and LNA packages, together with
small-diameter reflector units designed for wide bandwidth as part of
either a Small-D-Big-N array or as far-out remote stations monitoring
the sky for events. Such units could be solar-powered and satellite-
connected, assuming appropriate self-shielding and filtering, for low main-
tenance and low cost.
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Below follows a brief summary of the included papers:

5.1 Paper A
Jonas Flygare, Miroslav Pantaleev, and Simon Olvhammar
BRAND: Ultra-wideband feed development for the European VLBI net-
work - A dielectrically loaded decade bandwidth quad-ridge flared horn
in Proceedings of the 12th European Conference on Antennas and Prop-
agation (EuCAP), London, UK, Apr. 2018.
©2018 IET DOI: 10.1049/cp.2018.0817 .

In this paper, preliminary simulation results of dielectrically loading the
QRFH shows the potential to cover decade bandwidth. A compact homoge-
neous PTFE dielectric load inserted at the center of the QRFH is proposed for
1.5-15.5 GHz bandwidth. The dielectric load improves beamwidth stability
in the upper frequency range. The analytic-spline-hybrid (ASH) concept is
introduced.

My contributions: Electromagnetic design, simulation, analysis, and I wrote
the paper.

5.2 Paper B
Jonas Flygare and Miroslav Pantaleev
Dielectrically Loaded Quad-Ridge Flared Horn for Beamwidth Control
Over Decade Bandwidth - Optimization, Manufacture, and Measure-
ment
in IEEE Transactions on Antennas and Propagation, vol. 68, no. 1,
pp. 207–216, Jan. 2020
©2020 Creative Commons, CC-BY: 10.1109/TAP.2019.2940529 .

In this paper, we present a dielectrically loaded QRFH designed, manu-
factured and tested over 1.5-15.5 GHz. The 10.3:1 bandwidth has stable
beamwidth due to the introduction of a compact, low-loss, and homogeneous
dielectric load made from PTFE. The feed is designed for the BRoad-bAND
(BRAND) project within EU Horizon2020 with the first prototype made for
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5.3 Paper C

the prime-focus of the Effelsberg 100 m telescope with f/D=0.3. The feed has
a simulated band-average aperture efficiency of 50 % in this reflector geom-
etry, and measured input-reflection band-average of -9.4 dB over the design
band. Simulated and measured feed patterns agree, and a tolerance analy-
sis of the excitation point explains the deviation from nominal performance
in the input-reflection and acceptable tolerance intervals for future fabrication.

My contributions: Electromagnetic design, simulation, analysis, mechani-
cal assembly, feed measurements, and I wrote the paper.

5.3 Paper C
Jonas Flygare and Jian Yang
Strategy and Overview for Development of Beyond-Decade-Bandwidth
Quad-ridge Flared Horns for Radio Astronomy
in Proceedings of the 15th European Conference on Antennas and Prop-
agation (EuCAP), Dusseldorf, Germany, Mar. 2021.
©2021 IEEE DOI: 10.23919/EuCAP51087.2021.9410964 .

In this paper, analysis of the feed pattern evolution of an existing decade
bandwidth QRFH with dielectric load is presented. Analysis of the feed is
done beyond its design frequency range 1.5-15.5 GHz up to 18 GHz where it
still functions with a reduced aperture efficiency of 40 %. The importance of
the feed pattern evolution for extended bandwidth in ultra-wideband design
is put into context of reflector illumination by analyzing the sub-efficiencies
of the aperture efficiency for the feed in f/D=0.3 reflector.

My contributions: Electromagnetic design, simulation, analysis, and I wrote
the paper.

5.4 Paper D
Jonas Flygare, Jian Yang, Alexander W. Pollak, Robert E. J. Watkins,
Fiona Hillier, Leif Helldner, and Sven-Erik Ferm
Beyond-decade Ultra-wideband Quad-ridge Flared Horn with Dielectric
Load for Beamwidth Stability over 1-20 GHz
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Submitted to IEEE Transactions on Antennas and Propagation .

In this paper, we present the design, manufacture, and measurement of a
dielectrically loaded QRFH with dual-linear polarization over 1-20 GHz. The
unprecedented 20:1 fractional bandwidth is made possible with a compact di-
electric load made from homogeneous polyimide, a space-graded polymer for
cryogenic application. The feed is predicted to achieve 62 % band-average
aperture efficiency in a reflector with 60-degree half-subtended angle. Mea-
sured input reflection is better than -13 dB in band-average with single-ended
excitation. The feed is fabricated in four quarters with the ridge implement-
ing analytic-spline-hybrid profiles with 3D-cubic splines for improved cross-
polarization in the low-frequency range. The feed is tested with cryogenic
LNAs on the Allen Telescope Array in Hat Creek, California, USA with good
agreement to predicted system noise temperature. This feed offers an alterna-
tive approach to cover 1-20 GHz with one feed package for the large-reflector
arrays of today and tomorrow.

My contributions: Electromagnetic design, simulation, analysis, mechani-
cal design, drawings, assembly, feed measurements, and I wrote the paper.

5.5 Paper E
Jonas Flygare, Sander Weinreb, and David P. Woody
Quad-ridge Choke Horn with Dielectric Load as a Wideband Feed for
Non-cryogenic Reflector Arrays in Radio Astronomy
Submitted to IEEE Transactions on Antennas and Propagation .

In this paper, we introduce the Quad-ridge Choke Horn (QRCH) with di-
electric load as a compact low-frequency feed for non-cryogenic small-diameter
reflector arrays. A homogeneous low-loss dielectric lid made from HDPE is
used to achieve wide beamwidth across 0.7-2 GHz for low f/D reflectors. The
feed is developed for the Deep Synoptic Array (DSA-2000), and achieves 66 %
aperture efficiency, including blockage, in a 5 m prime-focus reflector. The
measured band-average input reflection is better than -15 dB for the dual-
linear polarized feed with single-ended excitation. We explore a reflector-
shield to reduce spill-over noise to very low levels. Together with preliminary
data from room temperature low-noise amplifier development for the DSA-
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2000, system noise temperature is predicted to be 25 K. The feed fabrication
is focused on low-cost units in mass-production for 2000 reflectors.

My contributions: Electromagnetic design, simulation, analysis, mechani-
cal design, drawings, assembly, feed measurements, and I wrote the paper.
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