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Abstract—We present the design of an ultra-wideband dielec-
trically loaded Quad-Ridge Flared Horn (QRFH) feed for the
European Very Long Baseline Interferometry Network (EVN)
developed under the RadioNet project BRoad-bAND (BRAND).
The feed covers a frequency bandwidth ratio of 10:1 and has an
average aperture efficiency of 50 percent simulated in primary
focus setup on the Effelsberg telescope (f/D = 0.3). The feed is
dual-polarized and has an input reflection better than -10 dB
over the whole 1.5-15.5 GHz frequency band. We also introduce
an Analytic-Spline-Hybrid (ASH) optimization scheme for the
QRFH ridge and sidewall profiles.

Index Terms—wideband, feed, quad-ridge flared horn, dielec-
tric load, optimization, radio astronomy

I. INTRODUCTION

The European Very Long Baseline Interferometry Network
(EVN) is a network of radio telescopes for astronomy located
around the globe that produces high resolution observations
of astronomical sources. The frequency bands L-, S-, C-,
and X-band (1.6 — 8.4 GHz) are available across the entire
EVN, through dedicated receivers, with some stations pro-
viding even higher and lower frequencies. In astronomical
Very Long Baseline Interferometry (VLBI) the development
of ultra wideband receivers give possibilities to cover a large
number of frequency sub-bands for simultaneous observations.
The BRoad-bAND (BRAND) project is the vision to create a
receiver system that is easy adaptable across this entire net-
work, with a front-end covering 1.5 —15.5 GHz (10:1) with a
single feed [I]]. This would allow for spectroscopy of different
astronomical masers over the frequency bands simultaneously,
variations of polarised emission to identify the properties of
astronomical objects and significantly improve the ultraviolet
imaging. A second advantage of the broad frequency band
is the compatibility with the VLBI Global Observing System
(VGOS) that covers the 2 — 14 GHz frequency range. This
is used for geodetic VLBI which determines geodetic and
geodynamic parameters with high precision [2].

We present the design and development of a dielectrically
loaded ultra-wideband Quad-Ridge Flared Horn (QRFH) cov-
ering the BRAND frequency band, 1.5 — 15.5 GHz. The feed
is optimized for the wide subtended angle of the Effelsberg
telescope’s primary focus (2 x 79°) which is a key station in
the EVN. The emphasis in the paper is put on the optimization
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Fig. 1. Quad-Ridge Flared Horn (QRFH) illustrated in (a) cross-section and
(b) perspective view with zoom-in on the dielectric load at the center.

of the feed profile, combining the analytic and spline profile
and the effect of the dielectric load centered in the feed.

II. SPECIFICATIONS FOR BRAND

One of the goals for the BRAND project is to make the
decade bandwidth receiver system adaptable to all the EVN
telescope geometries, which ranges in focal length over dish
diameter ratio (f/D) from 0.3 to above 2.5. For the first
demonstration of concept the axially-symmetric Effelsberg 100
m telescope will be the geometry used with the feed mounted
in primary focus. The focal length is f = 30 m which gives
f/D = 0.3 and a half-subtended angle of y = 79°, illustrated
in Fig. 3(a)] The decade frequency band of 1.5 — 15.5 GHz
together with the wide subtended angle requires a careful
optimization procedure that keeps the feed dimensions within
reasonable limits for manufacturing. The specifications men-
tioned puts emphasis on a highly optimizable feed design.



III. QUAD-RIDGE FLARED HORN

During the last couple of decades many different feeds
for radio astronomy have been successfully developed. The
QRFH have inherent high radiation efficiency due to mostly
metal structure and can give near-constant beamwidth over
large bandwidths [3] — [9]. The average aperture efficiency
has been shown to vary from 80 % down to 60 % over
bandwidth ratios of 3:1 to 7:1 and half-subtended angles of
0y = 40°—70°. In general the input reflection can be optimized
to better than —10 dB across the bandwidth. The QRFH
offers the possibility of dual coaxial 50 €2 single-ended feeding
with one Low-Noise Amplifier (LNA) per polarization as well
as balun-free differential quadraxial feeding [|6]. The feed is
built up by a circular or square horn profile that contains
two sets of orthogonal ridges, see Fig. which enables
the wideband characteristics and reduces horn dimensions.
Traditionally the profiles has been modeled with analytical
equations, e.g. exponential and sinusoidal [3] — [|6], and more
recently through point defined splines [7], [8].

A. Model for Optimization

The ridge and horn sidewall profile used in this design are
modeled after exponential functions given in [5]], as they have
been proven to achieve high aperture efficiency. Each profile
consists of five variables and are given according to

+ TineRL - rout)
ettt —1 (1)

+(1-A) (T’in + (Tout — T‘in)%)

where i, and 7,y is the throat and aperture radius respec-
tively. L is defined as the taper length, R is the exponential
opening rate and A defines the linear taper in each profile.
Two variables are shared between the ridge and sidewall for
the flared end-point to coincide. The throat section of the feed
is further parametrized in terms of distances between opposite
ridges and the distance in the 45° plane for orthogonal ridges.
The feed also includes a back-short section and a dielectric
load at the center placed between the ridges, which results
in a total of 20 individual parameters that constitute the feed
model. The feeding of the QRFH consists of two ports with
single-ended coaxial feeding pins matched to 50 €.

Tout — Tin R»
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B. Optimization - Stochastic Algorithms

The feed model was designed in CST Microwave Studios
which has an internal optimizer providing stochastic optimiza-
tion algorithms such as Particle Swarm Optimization (PSO)
and Genetic Algorithm (GA). CST also provides the possibility
to be controlled by MATLAB using VBA programming to
implement external optimization routines. Efficiency calcula-
tion on the telescope have been calculated using equations
for paraboloids defined in [[10], with CST asymptotic solver
and GRASP Physical Optics (PO). Optimization runs of
1500—5000 iterations were performed with different setups for
parameter search space, algorithm swarm or population size

TABLE I
GOALS FOR THE FITNESS FUNCTION USED IN OPTIMIZATION

S11 < —10 dB

BW¢:00(12 dB) > 2 X 75°
BW¢:OO(12 dB) < 2 x 85°
BW¢=900 (12 dB) > 2 x 50°
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Fig. 2. Simulated 12 dB half-beamwidth for E-plane (¢ = 0°), D-plane
(¢ = 45°), and H-plane (¢ = 90°)

and weighting in the fitness (goal) function. The four main
goals shown in Table[l] were used in the fitness function for the
majority of the optimization, where full beamwidth is denoted
BW. The goals were weighted differently, with the most
successful combination being the top two goals having double
the priority of the bottom two. The span of approximately
£5° in the goal function for the E-plane (¢ = 0°) 12 dB half-
beamwidth, was the most effective to avoid local minimum
during the optimization. Attention was put into finding a
reasonable frequency resolution for beamwidth evaluation over
such a wide band. A fine frequency step would increase the
iteration time significantly and the number of frequency points
used were in the range of 15 — 29.

IV. FEED PERFORMANCE

The optimized QRFH design measures 290 mm in aperture
diameter and 85 mm in length showing a large flare angle
at the edge towards the reflector, see Fig. The E-plane
12 dB half-beamwidth varies with +5 % around the desired
value of 79° for most of the band as seen in Fig. 2] The
difference between E- and H-plane is ~ 20° except at the
lower end where a larger deviation occurs. Simulated on the
telescope the aperture efficiency 7, averages to 50 % over
the band, see Fig. At the low end of the band, there is
clear over illumination of the dish which decreases the spill-
over efficiency 7y, below 90 %. However, for the majority
of the band 7y, > 95 % which is significantly important
for a primary-fed reflector system with the feed facing down
towards the ground that has an equivalent noise temperature
of 300 K. The polarization efficiency 7, drops below 80
% around 2 — 3 GHz which results in a lower aperture
efficiency. This is a problem that have been shown to occur
for analytical profiles, with a suggested solution of instead
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Fig. 3. (a) lllustration of the wide subtended angle, 2 x 79°, of the Effelsberg
primary focus (f/D = 0.3). (b) Efficiencies for the QRFH simulated in the
Effelsberg geometry. Efficiencies - 7;: illumination, np: spill-over, npori:
BORI, np01: polarization, 7py: phase, 7,: aperture.

using spline profiles [§]. We will address a combined approach
to analytic and spline profiles in section [V] to potentially
improve efficiencies in future designs. In Fig. [5] the simulated
E-, D-, and H-plane are shown in co-polarization (solid lines)
and cross-polarization (dashed lines) with the dash-dotted box
representing the 12 dB taper at 2 x 79° beamwidth. The
cross-polarization level in D-plane explains why the 7, drop
is so significant for low frequencies. It has previously been
shown that introduction of a dielectric load into the QRFH
can improve the beam pattern, especially at the high end
of the band [9]]. A Polytetrafluoroethylene (PTFE) dielectric
rod (e, =~ 2.1) is inserted at the center of the feed between
the ridges, as seen in Fig. [} This improves the illumination
efficiency ny with 5 — 15 % at the mid and high end of
the band, see Fig. @ as well as a 5 % improvement of the
phase efficiency 7. Dielectric losses introduced by the rod is
expected to be small with a physical feed temperature of 20
K inside a cryostat.

The QRFH is excited with two orthogonal coaxial 50 2
feed pins. Simulated input reflection is below —10 dB for
the entire band, see in Fig. f] We see that the isolation
between ports is worse at the high end of the band, and is an
effect from the dielectric load. The two ports are separated in
physical distance between each other which results in slightly
different input reflections. In terms of mode excitation the feed
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Fig. 4. Input reflection coefficient for the QRFH with 50 € single-ended

coaxial feeding for dual polarization.

performance could be improved by introducing differential
feeding as suggested in [6]).

To estimate the sensitivity or System Equivalent Flux Den-
sity (SEF D) we use a simplified approach to find the antenna
noise temperature T, and system noise temperature Tgy. For
the primary-fed paraboloid we have

T, = nsstky + (1 - nSp)Tg

(2)
Tsys - nrade + (]- - 77rad) Tphy + Crrec

where 7y, is the spill-over efficiency, 7.q the antenna
radiation efficiency. The noise temperature contributions are
NpTsky = Tmp from the main beam and (1 — n,)7T, = Ty
from the ground spill-over. Ty, is the physical temperature
of the antenna and the equivalent noise temperatures for the
sky, ground and receiver are Ty, T, and T respectively.
In this model we assume that all spill-over noise contribution
T, comes from the 300 K ground, and the rest of the antenna
noise comes from the telescope main beam 7y, on sky. The
effective area Aer and SEF'D is calculated as

Actr = nradnaAphy

3
SEFD = 2kg(Tyys/ Actr) <

where Appy is the reflector area, 7, aperture efficiency and
kp is the Boltzmann constant. In Fig. the SEFD for
different elevations of the sky is shown, where || = 90°
represents zenith. The model is simplified since we assume
that all the spill-over is terminated on ground (worst case),
which is not the case for lower elevations. However, the
dominant effect on lower elevations is the increase in main
beam noise due to the atmosphere layer being effectively
“thicker” to penetrate at an angle. We also assume uniform
noise distribution for the 71, which is also a simplification. At
the lower end of the band, the spill-over to ground (7, = 300
K) is dominating the Ty, shown in Fig. |7Z_55| due to the drop
in 7, see Fig. |3T_55} Current LNAs can achieve T =~ 5 K
which once again puts emphasis on the spill-over efficiency
of the feed. In Fig. [/| we assume T}, = 7 K to account for
additional noise from back-end and cables.
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Fig. 5. Simulated beam patterns, co and cross polarization in Ludwig-3 for
(a) E-plane (¢ = 0°) (b) D-plane (¢ = 45°) (c) H-plane (¢ = 90°). The
dash-dotted black box represents the 12 dB taper for 2 x 79° beamwidth.

V. TWO-STEP OPTIMIZATION -
ANALYTIC-SPLINE-HYBRID (ASH)

This approach combines the use of analytically and spline
defined profiles in the attempt to maximize the performance

e ™ i
100 ! ! ! ! !

-=-n, = w/ Diel. ) w/ Diel. , w/ Diel.

Efficiencies (%)

1.5 3 4 5 6 7 8 9 10 11 12 13 14 155

Frequency (GHz)

Fig. 6. The effect of dielectrically loading the QRFH shown with efficiencies
in the Effelsberg geometry. Efficiencies - my: Illumination, npy: phase, 7,:
aperture. Solid lines are with a dielectric load, dashed lines are without.
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Fig. 7. (a) Estimated system noise temperature, in zenith direction, with con-
tributions from Tp,: main beam, Tp: spill-over, Tiec: receiver (b) Estimated
SEF D over different elevations.

over a wide frequency band. The analytical QRFH profiles
demands less iterations due to the relatively small amount
of parameters needed and the splined profiles can be con-
trolled to create more specific details. We combine the two
approaches in the Analytic-Spline-Hybrid (ASH) optimization
shown with a schematic overview in Fig. 8(a)] The general
approach is to maximize performance of the analytic model
- exponential, sinusoid, tangential and transfer the optimized
profile to a spline-defined parametrized copy. This model is
then optimized further with different options - full or part
of profile, both ridge and sidewall or separate and different
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Fig. 8. Analytic-Spline-Hybrid (ASH) optimization (a) flowchart, dashed

box (top left) defines the starting point, the red box defines the first break
point where analytical profile is transformed to splined profile (red dots in
illustration). (b) Exemplifies a QRFH profile after ASH optimization of both
ridge and horn profile. (c) Resulting efficiencies for optimization of only the
ridge profile with 20 point spline, dashed lines are analytical profile, solid
lines are after ASH optimization.

number of spline points. Each point in the spline has a X-
and Z-coordinate which can be optimized individually. In Fig.
()] the illustration of ASH optimization on the QRFH design
is shown. We see the result of an ASH optimization (solid
lines) off the ridge profile in Fig. with a slight increase
in efficiencies, especially at the high end of the band. In this
example we transform the analytic ridge profile to a 20 point
spline. The average aperture efficiency is increased with ~ 1
%, but further development of this strategy could improve the
design even more. The goals of the fitness function are shown
in Table[l] with the spline points search space set to vary +10
% around the anchor value (original analytic profile). In the
example shown here we only vary the X-coordinate of the
spline points for simplicity.

VI. CONCLUSIONS

We show the feasibility of a 10:1 QRFH feed for a very
large half-subtended angle with an average of 50 % aperture
efficiency simulated in the Effelsberg telescope primary focus.
The introduction of a dielectric load proves to increase the
aperture efficiency by 10—20 % at the mid and high end of the
band. Due to the cryogenic temperatures of the feed, the losses
in the dielectric can be assumed small. The feed achieves
better than —10 dB input reflection over the entire band. With
the Analytic-Spline-Hybrid approach for the QRFH we can
potentially improve the ultra-wideband performance further.
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