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ABSTRACT This paper presents the methodology followed for the design of a quad-ridged flared horn
(QRFH) feed for theVLBIGlobal Observing System (VGOS) antennas. The study demonstrates the potential
undesired effects caused by the presence of non-fundamental modes at the throat of the horn antenna, and
how they can be avoided following some design considerations. The approach consists of a separate design of
the feeding transition and the flared section of the horn, and it can be extrapolated to other implementations.
Firstly, the geometry of the coaxial to quad-ridged waveguide (QRWG) transition is defined. The proposed
design technique ensures negligible propagation of higher order modes at the waveguide interface. Secondly,
the ridges and sidewall profiles of the flared part are optimized to achieve the desired performance in
terms of input reflection and aperture efficiency on the VGOS 13.2-meter displaced-axis two-reflector radio
telescope. Following the optimized design, five QRFH antenna units have been manufactured and tested,
all showing reflection coefficients better than -10 dB and predicted aperture efficiencies better than 55 %
in the band from 2.2 to 14 GHz. The excellent agreement between simulations and experimental results
demonstrates the validity of the proposed methodology.

INDEX TERMS Antenna feeds, horn antennas, quadruple-ridged flared horn (QRFH), radio astronomy,
ultra wideband antennas.

I. INTRODUCTION
Modern radio telescopes tend to use receivers with ever
increasing bandwidths. Traditional radio astronomy front
ends, based primarily on corrugated horn feeds and waveg-
uide orthomode transducers, are typically limited to band-
widths of about one octave [1]. However, nowadays there
are different examples of systems that already consider
multi-octave receivers, such as the VLBI Global Observing
System (VGOS) [2] or some bands of the Square Kilome-
tre Array (SKA) [3]. Consequently, during the last years
multiple new antenna topologies have been proposed as wide-
band radio telescope feeds for such projects [4], [5], [6],
[7], [8], [9]. Among the wideband feed types cited before,
the quadruple-ridged flared horn (QRFH) antenna [9] offers
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the most straightforward approach to provide two orthogo-
nal single-ended 50-� outputs to which directly attach the
low noise amplifiers (LNA), instead of requiring differential-
mode excitations. This is accomplished by integrating two
wideband coaxial air lines, and therefore avoiding the losses
of external passive baluns or the complexity of differential-
like LNAs. In addition, its all-metal structure makes it a
low-loss, easy-to-cool and robust antenna, and therefore very
adequate for cryogenic receivers. In this context, during the
last decade multiple QRFH designs for radio astronomy
applications have been proposed, with relative bandwidths
up to 10:1 and maximum frequencies of operation as high
as 50 GHz [9], [10], [11], [12], [13], [14], [15], [16], [17].

The performance of the QRFH as a feed heavily relies on
the conversions between waveguide modes along the horn,
and ultimately on the modal distribution at the aperture at
the different frequencies [9]. Nevertheless, the excitation
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of spurious higher order modes in the zone of the coaxial
to quad-ridged waveguide (QRWG) transition can seriously
deteriorate the radiation pattern at some specific frequen-
cies [11], [18]. These effects are sometimes narrowband,
and difficult to detect during the design phase, especially
when the transition and the flared parts are blindly optimized
together as a whole. The worst-case scenario is the appear-
ance of the so-called trapped modes [19]. However, just the
mere presence of non-fundamental modes at the throat of the
QRFH –not necessarily trapped– may result into a degraded
illumination on the reflector [17]. It must also be noticed that
the trapped modes in QRFH transitions can be analytically
predicted [20], but obtaining the whole modal distribution at
the QRWG interface requires a full-wave simulation.

To solve the aforementioned problem, in [11] they pro-
pose a separate design of the feeding structure based on a
quadraxial network to attenuate the higher order modes at
the throat of the QRFH. However, apart from its complex-
ity, this implementation presents the drawbacks previously
mentioned for differentially fed antennas. Furthermore, the
effectiveness of the solution relies on having well balanced
differential excitations, which can be hard to achieve with
real baluns in wide bands. In [13] they also propose a QRFH
design with stand-alone optimizations of the transition and
the flared parts. The transition uses the traditional single-
ended configuration, but the excitation of higher order modes
is not addressed. As a result, a final reoptimization of the
whole feed was needed, since they found the transition had
unexpected effects on the radiation performance. Up to this
point, to the best of the author’s knowledge, a study on the
excitation of higher order modes –and techniques to mitigate
them– in single-ended transitions for QRFH antennas has not
been treated in the literature.

This paper presents the development of a QRFH feed
with 6.4:1 bandwidth for geodetic radio telescopes. The
proposed methodology involves designing the coaxial-to-
QRWG transition and the flared part separately, as depicted
in Figure 1 (a). The modal interactions in the single-ended
transition are thoroughly analyzed, and the potential detri-
mental effects on the radiation pattern are demonstrated.
It is shown that, following a few design guidelines, it is
possible to mitigate the undesired higher order modes at the
QRWG interface at negligible levels, while maintaining good
impedance matching at the two coaxial ports. In addition, the
separate design of the transition helps simplify the subsequent
optimization of the flared part, since it reduces the simulation
domain and the parameters, and enables the assumption of
pure fundamental mode excitation at the QRWG port. The
experimental results obtained fromfive identical QRFH feeds
validate the presented theoretical principles.

II. DESIGN AND OPTIMIZATION
A. COAXIAL TO QRWG TRANSITION
The proposed design for the feeding structure of the QRFH
is depicted in Figure 2, which transitions between two

FIGURE 1. (a)Proposed QRFH topology. (b) Manufactured QRFH feed.
(c) Assembly of the QRFH antenna, and details of the alignment of the
ridges seen from the cavity (D1) and alignment of the holes for the
air-dielectric coaxial line (D2).

FIGURE 2. Scheme of the optimized coaxial-to-QRWG transition.

orthogonal SMA-type coaxial connectors (ports 1 and 2)
and the QRWG interface. To provide the desired dual-linear
polarization, two orthogonal air-dielectric coaxial lines are
used as baluns. These lines are very close to one end of the
QRWG and are spaced 1 mm apart to prevent contact. The
dimensions of the outer circular waveguide and the ridges
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have been defined based on various design constraints, such
as the width and impedance of the coaxial lines, the cutoff
frequency of the fundamental mode, and the manufacturing
precision and tolerances. In a QRWG, the effect of loading
a circular waveguide with the four ridges allows increasing
the achievable bandwidth if the second-lowest mode is effec-
tively suppressed or not excited. In addition, the waveguide
impedance is proportional to the ridge gap, so reducing the
gap allows decreasing the wave impedance of the circular
waveguide from some hundreds of ohms to levels compa-
rable to the characteristic impedance of a transmission line.
Consequently, a heavily loaded waveguide (i.e., very narrow
ridge gap) is required in this case to achieve both wideband
response and good matching to the relatively low impedance
of the coaxial lines (50 �) [21].
The proposed transition consists of three parts along its

structure: a cylindrical back cavity, a tapered QRWG section
and a straight QRWG section. Despite its simplicity, it has
been found that this topology is versatile enough to pro-
vide control over the propagation of modes at the QRWG
interface. The cutoff frequencies of the propagating modes
along the QRWG transition within the band of interest are
represented in Figure 3 (we have followed the modal notation
used in [21]). It must be noticed that the cutoff frequencies of
all the modes are by design monotonically decreasing from
the feeding point to the QRWG interface, and they continue
along the whole feed to the aperture as the sidewalls and
ridges progressively widen. This ensures the absence of local
minima (the so-called wells in [19]) and therefore avoids the
possibility of having trapped modes.

FIGURE 3. Cutoff frequencies of the different modes along the transition,
from the coaxial line (left) to the QRWG interface (right).

It is widely known that a differential excitation between
two opposite ridges in a QRWG efficiently couples to the fun-
damental TE11 mode. However, this does not prevent other
higher modes from appearing above their respective cutoff
frequencies. In particular, given the four-fold symmetry of
the QRWG, other odd-order TE and TM modes are also
likely to be excited [9]. Among the modes in Figure 3, these
correspond to TE31, TE12, TM11, TE51 and TE32. As it can be

observed in Figure 4, such modes present both electric-type
symmetry (i.e., Et=0) at the plane containing the excita-
tion vector and magnetic-type symmetry (i.e., Ht=0) at the
orthogonal plane. Apart from these, it is also worth mention-
ing the TE21L mode which, in heavily loaded QRWGs, has
a cutoff frequency very close to the fundamental mode and
plays a role when using a single-ended excitation that breaks
the symmetry in the orthogonal plane.

FIGURE 4. E-field distributions of some of the main modes in a generic
QRWG (the gap is wider than in the present design for better visualization
of the fields). The dash-dotted lines indicate the type of symmetry:
electric (Et =0) or magnetic (Ht =0), where Et and Ht denote the
tangential electric and magnetic fields respectively.

In order to illustrate the effect of the different parts of the
transition on the propagation of the different modes, a series
of simulations performed in CST [22] are shown in Figure 5.
The first topology consists of a straight QRWG fed by an
ideal 50-� discrete port from one end, and a relatively wide
back cavity. In this configuration, as it can be observed in
Figure 5 (a), although the impedance matching is relatively
good across the bandwidth, a variety of modes are propagated
as the frequency increases. Such modes induce undesired
effects on the radiation pattern of the feed, as it will be
demonstrated later with the efficiency results.

The effect of narrowing the back cavity is shown in
Figure 5 (b). Although the cavity is typically used just for
impedance matching purposes, this simulation shows that
it can play a fundamental role in filtering out many of the
unwanted higher order modes. Specifically, those modes with
most of their energy distributed in the four outer troughs of
the waveguide (i.e., TE31, TM11, TE51 and TE32) are sig-
nificantly attenuated. This indicates that such modes are
somehow coupled through the cavity, under the edges of the
ridges, and therefore cancelled out when the cavity is narrow
enough to cut off its propagation. On the other hand, the
modes with most of their energy concentrated in the center
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FIGURE 5. Simulated transmission between the single-ended excitation
and the different modes at the QRWG for cumulative modifications in the
transition structure: (a) wide back cavity QRWG and discrete port,
(b) effect of narrowing the back cavity, (c) effect of tapering the sidewall
at the zone of the excitation, (d) final configuration with a coaxial
connector.

gap area (i.e., TE11 and TE12) are much less affected, except
for the variation in the overall power distribution. The previ-
ous reasoning seems to be confirmed by the results shown in
Figure 6, with snapshots of the simulated electric field mag-
nitude for the different variations of the transition. The first
column shows a significant concentration of energy in the

FIGURE 6. Section view with simulated E-fields along the transition for
different variations of the geometry (from left to right), at 8.5 GHz (up)
and 10.5 GHz (down). It represents the maximum magnitude (all the
same scale) in a plane parallel to the excitation vector, separated 3 mm
apart from the center axis.

cavity at 8.5 and 10.5 GHz in the scenario of Figure 5 (a),
which practically disappears in the following scenario when
narrowing its diameter.

The next step, shown in Figure 5 (c), consists of tapering
the sidewall of the QRWG. As it was shown in Figure 3,
this increases the cutoff frequencies of all the modes in the
zone of the feeding point, although the effect is more pro-
nounced for the higher order modes. The most noticeable
effect in this case is a reduction of about 10 dB for the
TE12 mode.

Finally, the impact of substituting the ideal differential
ports with coaxial lines is shown in Figure 5 (d). The asym-
metry introduced by the single-ended coaxial line enables
the propagation of modes with different types of electric-
magnetic symmetries. In this case the TE21L mode is the
only one that appears with a significant level in the plot.
In this regard, it is worth mentioning that the diameter of the
coaxial line does have an effect. Using a thinner line induces
less asymmetry and is therefore less prone to excite such
even-order modes. Nevertheless, in this final configuration
the higher order modes are all constrained below -24 dB.
It must be noted that this level is in the order of –even
better than– that obtained with more complex topologies in
comparable frequency ranges, such as the quadraxial feeding
network proposed in [11]. In practice, it has been observed
that non-fundamental modes below -20 dB already provide
quite similar performance compared to pure TE11-mode exci-
tation when connecting the transition to the flared section.
In addition, the reflection coefficient is below -10 dB in the
whole band of interest.

B. FLARED SECTION
Figure 7 illustrates the flared section of the QRFH, which
is composed of a ridge profile that defines the internal
shape of the ridge, and a sidewall profile that determines the
horn’s cylindrical symmetry. In addition, the aperture edges
have been finished with a curved surface to improve the
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FIGURE 7. Scheme of the optimized flared section of the QRFH. The red
and blue dots represent the control points of the splines used for the
ridge and sidewall profiles respectively (note that the final points of both
profiles are forced to be coincident).

matching conditions between the horn modes and the free
space radiation [23].

This study employs third-order standard B-splines for the
ridges and sidewall profiles of the QRFH. In mathematical
modelling, a third-order B-spline is a piecewise paramet-
ric curve expressed by a collection of control points and
second-degree basis functions [24]. In this case, the splines
are two-dimensional, so each control point is defined by
an x-y coordinate pair. The B-spline curve C (u)can be
defined as

C (u) =

n∑
i=0

Ni,2(u)P i (1)

where u ∈ [0, 1] is the parametric variable, Ni,2(u) denote the
basis functions, and P i is the set of n+ 1 control points. The
second-degree basis functions Ni,2(u) can be constructed by
means of the so-called Cox-de Boor recursive formula as

Ni,0 (u) =

{
1 if ui ≤ u < ui+1

0 otherwise

. . .

Ni,p(u) =
u− ui

ui+p − ui
Ni,p−1 (u)

+
ui+p+1 − u

ui+p+1 − ui+1
Ni+1,p−1(u) (2)

where p denotes the degree of the polynomial (p = 2 for
third-order B-splines), and ui are the so-called knot points.
The series of m + 1 knots U = {0, . . . , ui, . . . ,1} determine
the breakpoints between the pieces of adjacent polynomials,
and form a nondecreasing sequence of real numbers in the
interval [0, 1]. The relationship between the number of knots,
the order of the polynomials and the number of control points
is given by

m = p+ n+ 1. (3)

In this case, the knot points are distributed uniformly, and set
to have the curve starting in the first control point (P0) and
ending in the last control point (Pn) [24].
In practice, each B-spline is simply defined by a series of

control points. In this case, seven and five control points have
been used to define the ridge and the sidewall profiles respec-
tively (see the dots in Figure 7). Third-order B-splines present
some inherent advantages compared to simple exponential
profiles: they can represent a richer variety of smooth curves;
and they allow local control, which means that modifying a
single control point only affects a limited range of the curve
due to the piecewise nature. As a counterpart, they require
more parameters to optimize.

Since the dimensions of the QRWG interface are preestab-
lished from the previous design of the transition, and the
last control point near to the aperture is common to both
profiles, this gives a total of 16 parameters to be optimized.
This number is comparable to that required to optimize a
whole QRFHwith a simpler exponential profile [9], [15], and
is much lower than the parameters needed in other QRFH
designs based on splines [13] or discrete points [16]. There-
fore, the present approach provides a reasonable tradeoff
between versatility and complexity, taking advantage of the
flexibility given by the spline-defined geometries but with a
restricted number of variables for an efficient performance
of the optimization algorithm. The flared section was opti-
mized using a genetic algorithm built in Matlab [25]. Custom
functions were developed to generate a geometrically feasible
population, which was evaluated using a multi-objective cost
function. The cost functions were designed to minimize the
input reflection at the QRWG interface, with a target below
−10 dB, and to maximize the aperture efficiency, with a
target above 50 %. The cost functions were evaluated in CST
from electromagnetic simulations of each individual in the
population. The resulting cost functions were then sorted by
the genetic algorithm back in Matlab.

The optimization results are presented in Figure 8, which
shows that both goals were achieved over almost the entire
frequency band of interest. The optimized geometry features
an aperture diameter of 189 mm and a flared section length of
107.5 mm. The results demonstrate that the chosen approach
is effective in achieving the desired optimization goals, and
therefore fulfilling the specifications for VGOS.

Apart from the final optimization results, Figure 8 also
includes a parametric analysis varying the width and the
length of the horn. This study serves to evaluate the result
of the optimization, to see the robustness of the design
and to identify the critical parts of the geometry. Accord-
ing to the results in Figure 8 (a)-(b), when the antenna
is scaled in width the design is relatively stable in terms
of both impedance matching and efficiency for a wide
range of values. Nevertheless, a progressive degradation in
efficiency is observed at higher frequencies for wider aper-
tures, due to poorer illumination efficiency. On the other
hand, scaling the antenna in length has a more noticeable
effect, as it can be seen in Figure 8 (c)-(d). A longer flared
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FIGURE 8. Simulated results of the optimized flared section of the QRFH:
reflection coefficient at the QRWG interface (left) and estimated aperture
efficiency (right). The plots also show a parametric study based on the
optimized geometry, scaling up/down the width (a)(b) and the length
(c)(d) of the antenna respectively.

section greatly improves the reflection coefficient in the
lower part of the band. However, the efficiency appears to
worsen both when lengthening or shortening the structure.
Therefore, the final geometry seems to be well optimized
for the chosen optimization goals and the corresponding
band of interest, and it possesses an adequate length-width
ratio.

III. ASSEMBLY AND MEASUREMENTS
A. MANUFACTURING
The manufacturing and assembly process of the QRFH
antennas is crucial, especially for achieving good reflection
coefficients. Previous works have reported difficulties to
obtain good agreement between measurements and simula-
tions, and consequently to get measured return losses better
than −10 dB in bandwidths larger than 5:1 [9], [10], [11],
[12], [13], [14], [15], [16], [17].

In this case, a first set of five QRFH antennas were
manufactured following the optimized design presented in
Section II. The antennas are entirely made of aluminum
(except the coaxial connectors), have overall dimensions of
162 mm in length and 189 mm in width, and a weight of
approximately 1 kg (see Figure 1 (b)). The assembly drawings
are depicted in Figure 1 (c). The outer part of the horn is
divided into three separate pieces, namely the transition and
the flared sections, and a back cover that also serves to attach
the antenna to the cryostat. Inside the horn, each one of the
four ridges is made in a single piece and is assembled passing
through both the transition and the flared sections.

Two of the most delicate parts of the assembly process
are illustrated in the insets of Figure 1 (c). The first pic-
ture (D1) shows the alignment of the four ridges as seen from
the open back cavity. Achieving perpendicularity and the

desired narrow gap dimensions between the ridges is critical
for the antenna operation. According to the simulations, the
gaps should be within a range of 1±0.1 mm to ensure the
desired impedancematching. The actual gaps in the fiveman-
ufactured antennas, measured with an ultra-high precision
metrology system, are all within a range of 1±0.03 mm.
The second picture (D2) shows the alignment of the holes
for the coaxial line. In the setup, there is a part where the
center conductor passes through a hole in one of the ridges
to form the air-dielectric coaxial line. On the opposite ridge,
beyond the gap, there is a hole machined to fit the size of
the inner conductor, locking the wire in place, and effectively
short-circuiting the line by friction. During manufacturing,
it is essential to ensure that the drill holes in each pair of ridges
are concentric to avoid undesired effects in the transmission
line. Themaximum tolerable concentricity deviation has been
estimated as 0.1 mm in radius, whereas the actual deviation
measured on the five antenna units is below 0.09 mm. These
results demonstrate the high precision achieved during the
manufacturing and assembly process.

B. EXPERIMENTAL RESULTS
The following results compare the simulations, obtained from
the stand-alone flared section (QRWG port) and the whole
QRFH feed (coaxial port), with the measurements obtained
from the manufactured antennas. The linear-polarization
beam patterns have been measured using a spherical
near-field range in an anechoic chamber. Each port has
been measured independently –using a matched load for the
unused port– although, in practice, the obtained results are
fundamentally the same for both ports due to the negligible
separation between them and the symmetries of the antenna.
Therefore, without loss of generality, the results presented
in this Section with coaxial feeding correspond to port 1,
unless the connector number is explicitly indicated. The aim
of this comparison is to validate both the design methodology
and the manufacturing and assembly process. Some of the
main figures of merit of the QRFH design are summarized in
Table 1. Apart from the simulated and measured results, the
table also includes the variability in such parameters obtained
from the five manufactured antennas. The low discrepan-
cies between the units serve to remark the robustness of the
mechanical design and the repeatability of the manufacturing
and assembly of the antenna components.

The simulated and measured radiation patterns of the
QRFH antenna at 2.5, 8 and 14GHz are presented in Figure 9.
From the simulated results, there is no noticeable difference
between simulating the flared sectionwith a pure TE11 excita-
tion or attaching the optimized coaxial-to-QRWG transition,
indicating that the higher order modes are effectively sup-
pressed in the transition. This result is also well reproduced
by the measurements.

The simulated andmeasured beamwidth and the maximum
cross-polarization level of the QRFH antenna are shown in
Figure 10. Again, consistent agreement is achieved between
the waveguide-port simulation, the coaxial-port simulation,
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TABLE 1. Summary of results of the implemented QRFH feeds
(2.2-14.0 GHz).

and the experimental results. As it is usual in this type of
horn antennas, the beamwidth remains relatively constant
with frequency for the E-plane cut, whereas it progressively
narrows at higher frequencies for the H-plane cut [9]. With
respect to the normalized cross-polarization level, it typically
remains below−8 dB in the band of interest, with amaximum
peak of about −5 dB at 3.5 GHz.
The phase center position computed from the simulated

and measured radiation patterns is represented in Figure 11.
For the measured patterns, the phase center varies between
24 and 42 mm from the aperture in the band of interest. Nev-
ertheless, the greater variation occurs at lower frequencies,
where the radio telescope is more tolerant to defocus, and
remains quite constant at higher frequencies above 6 GHz.
The optimal location of the reflector focal point relative to
the feed was determined to be at 39 mm from the aperture
inside the horn, as the position that maximizes the average
aperture efficiency. The maximum relative axial defocus of
the feed is 0.22λ and occurs at 4.5 GHz.
The measured radiation patterns between 2 and 14 GHz,

with steps of 500MHz, are displayed in Figure 12. TheVGOS
radio telescope is a displaced-axis two-reflector antenna [26],
also known sometimes as ring-focus, with a half-subtended
angle of 65 deg. For such system, the optimal gaussian beam
has a taper of 13.5 dB, which has been depicted with the
copolar plots as a reference. The obtained copolar patterns are
consistent with what is expected from a QRFH feed, with a
nearly constant beamwidth in E-plane, and the beam narrow-
ing with frequency in H-plane. In the case of the normalized
cross-polar pattern, the levels are in line with what is usually
obtained in other wideband feeds of similar specifications
presented in the literature (e.g., [11]). It is worth mentioning
that there are QRFH designs that offer more constant beam
shape across the band and improved cross-polarization levels
by introducing a multi-dielectric insert [14], although such

FIGURE 9. Simulated and measured radiation patterns of the QRFH
antenna at 2.5, 8 and 14 GHz: (a) E-plane copolar, (b) H-plane copolar,
(c) D-plane copolar, and (d) D-plane cross-polar.

configuration was discarded in the present design due to its
complexity.

The computed aperture efficiency on the 13.2-m VGOS
radio telescope, obtained from the simulated and mea-
sured radiation patterns of the QRFH feed, is represented
in Figure 13. Once again, the results demonstrate a high
degree of agreement. Despite the well-known lack of rota-
tional symmetry of the QRFH feed pattern, the aperture
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FIGURE 10. Simulated and measured 10dB-beamwidth (left) and
maximum cross-polarization level (right) of the QRFH antenna.

FIGURE 11. Phase center from the measured and simulated radiation
patterns of the QRFH antenna (distance from aperture, inside the horn),
and axial defocus in terms of wavelength.

efficiency is better than 55 % across an entire 6.4:1 band-
width. All these efficiency results have been analytically
computed with Matlab and confirmed with GRASP [27].
In addition, the contributions of the different sub-efficiencies
are also represented [28], being the illumination efficiency
the main detractor for the total efficiency.

In order to illustrate the impact of the unwanted
non-fundamental modes at the throat of the horn, the sim-
ulated efficiency obtained with the transition design of
Figure 5 (a) has also been included in the results of Figure 13.
In such a case, even though the input matching of the QRFH
is comparable to the case of the optimized transition, the
efficiency dramatically decays at the frequencies at which the
contribution of the higher order modes is more significant,
due to distortions in the radiation pattern. Intermediate cases,
between the geometry of Figure 5 (a) and the optimized tran-
sition, may lead to more subtle effects that can still seriously
degrade the efficiency at specific frequencies. These effects
can easily go unnoticed in case of blindly optimizing the feed
as a whole without addressing the propagation of higher order
modes at the transition.

With respect to the telescope sensitivity at zenith, the
average computed system equivalent flux density (SEFD) is
about 1200 Jy, with a maximum of 1500 Jy. The SEFD is a
figure of merit commonly used in radio astronomy defined
as the flux density of a radio source that doubles the system
temperature, so that a lower value of SEFD indicates better
sensitivity [29]. For the calculation, it has been assumed that
the overall receiver noise temperature is 30 K, the atmosphere
contribution at these frequencies is between 5 and 9 K, and
the ground temperature is 300 K. This preliminary estimation

FIGURE 12. Measured radiation patterns of the five QRFH antennas
(average): (a) E-plane copolar, (b) H-plane copolar, and (c) D-plane
cross-polar. The dashed line in (a) and (b) represents the optimal
gaussian pattern for the ring-focus reflector as a reference.

FIGURE 13. Computed aperture efficiency (total) and sub-efficiencies on
the VGOS radio telescope from the simulated and measured radiation
patterns of the QRFH antenna.

meets the VGOS specification of 2500 Jy [30] by a wide
margin. In any case, the final performance will depend on
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FIGURE 14. Simulated and measured S-parameters of the QRFH antenna.

a variety of factors, such as the particular implementation of
the receiver, the site conditions or the elevation angles.

Finally, the simulated and measured S-parameters are
shown in Figure 14. In this case there is more variability
among the different antenna units. This is attributed to the
assembly of the center conductor of the coaxial lines, which
has been observed to be a critical process. In any case, the
obtained reflection coefficients (s11, s22) are below −10 dB
and the isolation between ports (s21) is better than −30 dB
for the five manufactured QRFH antennas across the band of
interest.

A comparative view of the present design with respect to
other QRFH antennas proposed as feeds for radio astronomy
applications in comparable frequency ranges is presented in
Table 2. It must be noticed that themain contributions claimed
in this paper are more related to the modal analysis and the
proposed design methodology, and not so much to severely
improving the performance of other state-of-the-art designs.
Nonetheless, the presented solution comparatively achieves
great performance in terms of low reflection and high aperture
efficiency over a bandwidth exceeding 6:1. One of the aspects
to highlight is that, although many of the designs presented
in the literature predict reflection coefficients in simulation
better than −10 dB, the measured response of the prototype
commonly surpasses such threshold. In this case, the antenna
meets this requirement, not only with a single prototype but
with multiple antenna units. With respect to the efficiency,
the obtained value is also in the highest range, although direct
comparisons in this case require caution, since the achievable
efficiency depends not only on the feed but largely on the
geometry of the radio telescope. Another aspect is the size of
the feed, which in this case has been optimized for a compact
form to minimize cryostat volume and facilitate cryogenic
cooling.

IV. APPLICATION
Yebes Observatory is one of the technology development
centers of the International VLBI Service for Geodesy and
Astrometry (IVS) [31], and one of its main activities is
the development of microwave receivers and antennas for

TABLE 2. Comparison of different QRFH feeds for radio astronomy.

the network. Recent works have been undertaken towards
improving its overall radio-frequency front end design for
VGOS, and the present QRFH feed solution provides supe-
rior performance compared to previous versions. After its
successful validation, the five antenna units presented in this
paper are going to be –or have already been– installed in
their respective cryogenic receivers at different international
stations of the VGOS network.

V. CONCLUSION
Extensive research has validated the effectiveness of QRFH
antennas as wideband feeds for next-generation radio tele-
scopes. Nevertheless, careful consideration must be given
to the interaction between the waveguide modes within the
horn to ensure proper performance of the feed over a wide
bandwidth. This paper evidences the potential detrimental
effects on the telescope efficiency caused by higher order
modes excited from the single-ended transition of a QRFH
feed. To address this problem, the proposed modular design
approach allows both analyzing the distribution of modes at
the throat of the QRFH antenna across the bandwidth and
mitigating the non-fundamental modes with an appropriate
design of the transition. Besides, this methodology simplifies
the optimization process of the flared part and enables a
seamless integration of the two antenna parts.
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