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Abstract— In order to meet the requirements of the new
generation of radio telescopes, we have developed a new topology
called DYQSA, which stands for DYson Quad-Spiral Array.
The design exhibits dual circular polarization contrary to dual
linear polarization of state-of-the-art feeds. It covers the required
ultrawideband (UWB) from 2 to 14 GHz with an almost constant
and real input impedance which facilitates the design of the
feeding structure and the low-noise amplifiers (LNAs). Differ-
ent versions are investigated for enhancing feed performance,
ensuring higher aperture efficiencies and mechanical stability.
The simulation results of the reflector loaded by the proposed
feed show an aperture efficiency of 65% ± 5% with a noise
antenna temperature around 14 K and a system equivalent
flux density (SEFD) of about 1300 Jy, both averaged over
the required bandwidth at zenith. Measurements of the single-
element and the four-element feeds are presented. Comparisons
with other state-of-the-art feeds are shown in terms of total
aperture efficiencies, design adaptability to different reflectors,
calibration signal injection, and the required number of LNAs
per feed, cost, and physical volume.

Index Terms— 3-D printing, circular polarization, coni-
cal antennas, dual-polarized antennas, DYson Quad-Spiral
Array (DYQSA), log spiral antennas, radio astronomy, radio
telescopes, reflector antenna feeds, ultrawideband (UWB) anten-
nas, very long baseline interferometry (VLBI), VLBI2010 Global
Observing System (VGOS).
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I. INTRODUCTION

VERY long baseline interferometry (VLBI) [1] is one of
the primary space geodesy techniques that has been used

since mid-1979. Actually, it is the only technique that can
realize the International Celestial Reference Frame (ICRF) [2].
It uses multiple radio telescopes located on the earth, such as
the Yebes observatory one in Fig. 1.

These radio telescopes collect the very weak signals from
far astronomical radio sources such as quasars, allowing the
VLBI to estimate the inertial reference frame defined by such
sources [3]. Simultaneously, by measuring the difference in the
time of arrival of these signals to different radio telescopes,
the relative positions of the antennas can be calculated. Since
these antennas are fixed on the ground, their locations will
track the instantaneous orientation of the earth.

The new observation system VLBI2010 Global Observing
System (VGOS) [4] aims to improve VLBI data to meet
the increasing demands. A broadband signal acquisition chain
with fully digital electronics is needed for an expected posi-
tion accuracy of about 1 mm [5]. For increasing sensitivity,
VGOS requires a dual circularly polarized feed that covers
an ultrawideband (UWB) frequency range from 2 to 14 GHz
with no need to compensate for the phase center changes
via mechanical movement. The feed also needs to enable
the reflector to have a system equivalent flux density (SEFD)
below 2500 Jy [6] for accomplishing acceptable signal to noise
ratio (SNR) values with reasonable integration times. This
can be achieved by maximizing the total aperture efficiency
and minimizing the noise contribution of the feed to the total
system noise as will be discussed in Section II.

Two main feed solutions are currently under consideration
for the next generation of radio telescopes for VGOS
applications: the quadruple-ridged flared horn (QRFH) [7]
developed at the California Institute of Technology and the
Eleven feed [8], [9] developed at Chalmers University of
Technology. These two feeds have some deficiencies to be
overcome [10], [11] as will be pointed out in Section V.

In this article, a new feed for the VGOS radio telescope
is presented. The rest of this article is organized as fol-
lows: Section II discusses the reflector geometry with the
calculations for SEFD and its different noise temperatures.
Furthermore, this section analyzes the optimum performance
of the VGOS radio telescope fed by an ideal Gaussian beam to
have an upper limit estimation of the total system efficiency.
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Fig. 1. VGOS 13 m radio telescope in Yebes, Spain.

The proposed topology including the design procedure to over-
come the manufacturing challenges at such high frequencies of
VGOS in addition to the full-wave electromagnetic simulation
results for the feed element is discussed in detail in Section III.
Section IV shows the results of an isolated feed consisting
of an array of spirals that enables dual circular polarization.
Then, to prove the suitability of the proposed solution as a feed
for VGOS radio telescope, an analysis of the reflector fed by
DYson Quad-Spiral Array (DYQSA) is presented in Section V.
This analysis includes five main parameters: total radiation
patterns, noise temperatures, directivity, aperture efficiency,
and SEFD. Section VI presents comparisons between the
proposed feed and the state-of-the-art ones. The measurement
results of both the single element and the array feed are
also shown in this section. Finally, conclusions are given in
Section VII.

II. REFLECTOR ANTENNA

A. Reflector Antenna Geometry and Calculations

The main parameters of the reflector are summarized
in Table I with a representation of its geometry in Fig. 2.
It consists of one main parabolic mirror and a ring-focus
subreflector. As can be seen from Table I, the reflector has
a diameter of 13.2 m, while most of existing VLBI reflec-
tors have significant larger diameters like Effelsberg radio
telescope in Germany which has a diameter of 100 m. This
compact size will significantly reduce the overall cost of the
system.

Moreover, such small reflectors can provide fast-slew speeds
greater than 360 ◦/min allowing a larger number of observa-
tions, thus increasing the precision of the system. The feed is
placed on the focal point of the reflector geometry, where it is
cooled down to 15 K inside the cryogenic receiver. The SNR
of a radio telescope system based on continuous observations
can be calculated using the following equation:

SNR = S
√

t B

SEFD
(1)

TABLE I

MAIN PARAMETERS OF THE REFLECTOR

Fig. 2. Geometry of the VGOS reflector.

where S is the flux density coming from the observed radio
source in Jy, while 1 Jy = 10−26 W m−2 Hz−1, t is the
integration time in seconds (s), B is the available bandwidth
of the receiver system in hertz (Hz), and SEFD includes the
combined effect of antenna and all other noise sources into one
parameter. Equation (1) shows that for a fixed incoming flux
density and integration time, the SNR will be proportional
to the square root of the bandwidth. Therefore, the UWB
coverage for the receiver system (and, therefore, its feed) is
critical. Also, for a fixed SNR, a lower SEFD yields a lower
integration time. The SEFD can be calculated as

SEFD = 2kTsys

Aeff
(2)

where k is the Boltzmann’s constant, and Aeff is the effective
area of the reflector antenna and can be calculated from
the total aperture efficiency of the reflector (ηtot) as Aeff =
ηtot Aphy, where Aphy = π(Dm/2)2 is the physical area of
the reflector. Finally, Tsys is the equivalent system noise
temperature which can be calculated as

Tsys = ηradTA + (1 − ηrad)Tphy + TREC (3)

where ηrad is the antenna radiation efficiency, TA is the antenna
noise temperature including noise picked-up from the sky
and the spill-over noise, Tphy is the physical temperature
of the antenna, (1 − ηrad ) Tphy is the noise temperature
contribution from the feed’s ohmic losses, and TREC is the
noise temperature of the complete receiver chain including
the receiver components such as the cryogenic low-noise
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amplifiers (LNAs), coaxial cables, and calibration couplers.
Using (3), the SEFD in (2) can be calculated as

SEFD = 8k[ηradTA + (1 − ηrad)Tphy + TREC]
π D2

mηtot
. (4)

The above equation demonstrates the dependence of the
SEFD (and, hence, SNR) on the feed selection which strongly
affects both aperture efficiency and noise temperature of
the reflector antenna. The calculation of the antenna noise
temperature can be performed following [12] as:

TA =
∫ 2π

0

∫ π
0 F(θ, φ, f )Tb(θ, φ, f ) sin θ dθ dφ
∫ 2π

0

∫ π
0 F(θ, φ, f ) sin θ dθ dφ

(5)

where F(θ, φ, f ) is the total power pattern of the reflector
antenna which can be calculated using a combination of
physical optics (PO) and physical theory of diffraction (PTD)
with the simulation software TICRA GRASP [13] after excit-
ing it by the proper feed. Parameters θ , φ, and f are
the angle from the zenith (which equals to 90◦ - elevation
angle), the azimuth angle, and the frequency, respectively.
Tb(θ, φ, f ) is the surrounding brightness temperature seen
by the radio telescope calculated following [14] using the
general brightness temperature model of the Square Kilometer
Array (SKA) [15]. Once the noise temperature is calculated
from (5), the spill-over noise temperature Tsp can be drawn
from TA = Tsky + Tsp [16].

B. Reflector Antenna Fed by an Ideal Gaussian Feed

For comparison purposes through this article, it is conve-
nient to analyze the radiation patterns obtained for the radio
telescope using an ideal Gaussian feed system. With this
analysis, it is possible to have an upper limit estimation of
the total aperture efficiency and directivity of the reflector
system which are the key parameters for designing the proper
feed [17]. To do this, an ideal Gaussian beam pattern is used
as a feed. GRASP software has been used to analyze the
whole reflector system at the desired range of frequencies
from 2 up to 14 GHz. For simplicity, the results at 2, 8, and
14 GHz are shown in Fig. 3. It shows perfectly symmetric
radiation patterns as it is expected from the excitation with
such symmetric beam. The directivity and aperture efficiency
versus frequency of the reflector using this ideal Gaussian feed
are shown in Fig. 4. It can be concluded that the expected
directivity of the radio telescope varies from 47 to 65 dB. Also,
Fig. 4 shows that the reflector has an almost flat efficiency of
about 80% with a small degradation at lower frequencies.

III. CONICAL LOG-SPIRAL ANTENNA

The proposed solution is based on the self-complementary
log-spiral antenna rounding a conical shape as shown in Fig. 5.
This conical shape will provide unidirectional radiation pat-
terns instead of the bidirectional ones typical for the planar
spirals in addition to avoid the 3 dB loss characteristic in case
of using the absorbing cavities. Recently, other solutions have
included self-complementary structures able to cover large
bandwidths such as the inverted conical sinuous antenna [18],
[19] which is based on the projection of a sinuous pattern onto

Fig. 3. Radiation patterns of the reflector fed by an ideal Gaussian feed.

Fig. 4. Directivity and aperture efficiency of the reflector fed by an ideal
Gaussian feed.

a cone placed above a ground plane. Although this solution
exhibits stable radiation patterns, an almost fixed phase center,
it has three main drawbacks for the application concerning this
article. Firstly, it provides linear polarizations so additional
circuits or digital postprocessing techniques have to be added
for linear-to-circular polarization conversion which has sev-
eral disadvantages as will be discussed later in this section.
Secondly, the addition of the ground plane affects its self-
complementary nature and produces a frequency-dependent
impedance. For example, in [18], the imaginary part of the
impedance varies between 0 and −300 � over a relatively
small bandwidth from 1 to 3 GHz. This significantly increases
the complexity of the LNA design and integration, especially
for the required UWB range. Finally, the higher complexity
of the manufacturing and assembly process for operation up
to 14 GHz. The situation gets worse as the sinuous antenna
has to be over-designed at the higher frequency to have stable
properties at the high-frequency end [20]. Ongoing research
is focusing on the optimization of the shape of the sinuous
antenna and its manufacturing techniques to allow operation
at higher frequencies [21].

The log-spiral antenna has four main geometrical para-
meters to control its electromagnetic features: the smallest
diameter (d), the largest one (D), the spiral angle (α), and the
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Fig. 5. Geometry of the Dyson conical log-spiral antenna.

conical angle (θ ). Even though the conical log-spiral antenna
has been proposed in the 20th century [22], to the best of
the authors’ knowledge, no prototypes have been shown at
the high frequencies required for VGOS (up to 14 GHz).
This is due to the high manufacturing complexity and the
stringent tolerance levels at the apex part. Fig. 6 presents a
systematic procedure for overcoming these design challenges.
The design procedure mainly consists of two main stages:
firstly, the conical and spiral angles are selected. It is worth
noting that lower values of the conical angles (θ ) are more
reasonable as they imply larger space between the arms of the
spiral, which will facilitate the fabrication process. However,
it will be shown that for our application (which requires
high-frequency coverage), too small conical angles are not
recommended as this will require a very small diameter at
the top part of the cone (d) to cover up to 14 GHz.

Thus, the selection of the proper spiral angle (α) will be
a tradeoff between the separation distance between the turns
and the smallest diameter of the cone. Both represent the main
fabrication challenges of this topology. The relation between
beam widths and approximate directivity versus spiral angle
(α) can be found in [23]. These relations are estimated for
different conical angles (θ ). After several optimization rounds,
considering the requirements of VGOS, we select α = 85◦
which corresponds with a conical angle θ = 10◦

The second stage of the design process involves the selec-
tion of the smallest (d) and the largest diameters (D) of the
cone. These two parameters control the maximum and the
minimum working frequencies. From the study of the relation
between the smallest radius (d/2) versus the largest one (D/2)
for different spiral (α) and conical (θ ) angles [23], it can be
observed that the smallest radius (d/2) is proportional to the
conical angle (θ ). This confirms the previous statement that a
low conical angle will result in a small radius at the vertex
of the cone, which will require a more complex fabrication

Fig. 6. Flowchart of the design procedure of the conical log-spiral antenna.

Fig. 7. Radiation patterns of the Dyson element.

process to cover the desired higher band. Considering VGOS
system that requires covering a bandwidth from 2 up to
14 GHz, d = 3.2 mm and D = 60 mm are good candidates.

The simulated radiation patterns of this log-spiral antenna
using HFSS [24] are shown in Fig. 7 for the frequencies from
2 to 14 GHz in steps of 2 GHz and for different cut planes
from φ = 0◦ up to φ = 180◦ in steps of 15◦. The blue and
the red lines represent the circular copolar and the circular
cross-polar polarizations, respectively. The green lines show
the half subtended angle from the focus of the subreflector
(θe) while the green circle represents the elliptical polarization
with an axial ratio of 3 dB. Fig. 7 evidences the revolution
symmetry of the radiation patterns at all frequencies with a
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Fig. 8. Input impedance and axial ratio of the Dyson element.

Fig. 9. Phase center estimation of the Dyson element.

gain around 10 dBi and Co/Xp-ratio on axis greater than
20 dB. Fig. 8 presents the real and imaginary parts of the
input impedance of the antenna in solid-blue and dashed-
green, respectively. As expected for this self-complementary
topology, the impedance is constant and almost real over the
required frequency range. This is one of the main strong points
of this solution as it will simplify the design of the LNA
connected to the feed. Fig. 8 also shows the axial ratio which
is below 1.4 dB in the required band.

The phase center frequency dependence along the three
axes estimated following [25] is presented in Fig. 9. Ax , Ay ,
and Az are the x , y, and z coordinates of the phase center
position, respectively. The origin of the coordinate system for
the phase center estimation is placed on the virtual apex of
the cone (as in Fig. 7). Az1 and Az2 are the phase center
calculated using two orthogonal cuts φ = 0◦ and φ = 90◦,
respectively. All the phase centers have been calculated in the
range of ±θe. Although the phase center is strongly shifted
at lower frequencies which in general affects the total feed
efficiency [26], it is possible to find an optimum position of
the feed to get reasonable efficiency values as will be shown
later in this section. Also, in the complete solution (considering
the two circular polarizations), this issue is totally solved as
it will be presented in Section IV.

The total efficiency of the whole reflector using a specific
feed can be factorized into four main subefficiencies which
are spillover (ηsp), polarization (ηpol), illumination (ηill), and
phase (ηph) subefficiencies. With such factorization, one may
get an idea of the contribution of each subefficiency on the
overall performance of the feed. These subefficiencies can be
estimated by the integration of the feed’s radiation patterns
following [27], once they are calculated, the total aperture
efficiency of the reflector using this feed can be calculated

Fig. 10. Feed efficiency of the radio telescope based on the simulated
radiation patterns of Dyson element.

Fig. 11. Effect of the feed position on the aperture efficiencies.

as ηtot = ηspηpolηillηph. The subefficiencies and the total effi-
ciency of the antenna when the Dyson element is used as the
feed for the radio telescope are shown in Fig. 10. The dotted-
black line is the total efficiency excluding the phase efficiency
(which critically depends on the location of the feed). The
frequency-averaged total efficiency has been maximized by
studying its strong dependence on the displacement of the
feed along the z-axis as shown in Fig. 11. The optimum
performance is achieved when the virtual apex of the antenna
is placed at 26 mm beyond the focus of the system.

The previous results demonstrate that the proposed
antenna can be used as a broadband feed for the VGOS
receiver. It exhibits circular polarization contrary to the linear
polarization as the state-of-the-art solutions. This could be
potentially very useful as circular polarization is handled more
simply for VLBI applications. Although circular polarization
receivers can be built using linear-polarization feeds by the
addition of linear-to-circular polarization conversion circuits
like quarter-wave plates or other equivalent devices. This
yields some drawbacks such as lower polarization purity
and narrower effective bandwidth [28]. These are particularly
relevant in the case of broadband receivers as most of these
devices can provide a perfect 90◦ phase shift at only one
or some frequencies, yielding phase errors away from these
frequencies [29].

Another approach for the conversion from the linear polar-
ization to the circular one is to reconstitute the circular
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Fig. 12. Manufactured dielectric-free DYQSA version.

polarization by recombining the signals after digitization.
However, it still needs a good calibration system to compen-
sate phase and amplitude differences in the two paths which
will increase the system complexity. On the other hand, for
the proposed solution, we are providing a directly circular
polarization feed without the need for either additional analog
hardware or digital software. Moreover, the direct use of
linear-polarization receivers will cause the loss of coherence
between the different wide-separated stations in the network.
This is because the linear dipoles will not remain parallel to
each other, requiring tricky parallactic angle corrections com-
pared to the simple phase correction in circular polarization.

IV. DYQSA SOLUTION

To achieve dual polarization as required by VGOS spec-
ifications, we use the implementation of an array with four
elements of conical log-spiral antennas. In this design, each
pair of antennas is devoted to a given polarization: one pair for
the right-hand circular polarization (RHCP) and the other one
for left-hand circular polarization (LHCP) as shown in Fig. 12.
The reason why four antennas are used instead of two (one
per polarization) is that in the latter case, the total radiation
pattern of the radio telescope will be squinted: one polarization
will be squinted to the left and the opposite for the other
polarization, since the focus of the system is located close to
the subreflector mirror. This effect is corrected by using two
antennas per polarization.

The design has four differential ports that require eight
single-ended LNAs (four per polarization). The addition of
broadband baluns between the antennas and the LNAs will
decrease the number of required single-ended LNAs from eight
to four (two per polarization). An extensive study has been
done to design the balun for these balanced antennas and its
proper position. The first method is placing each balun inside
its corresponding spiral antenna and shielding it with a metallic
cone as shown in Fig. 12.

Although this excitation method is straightforward in its
implementation, there is a high mutual coupling effect between
the four metallic shields which significantly affects the radi-
ation pattern stability over the required bandwidth. Thus,
to enhance the electric properties of the system and reduce

Fig. 13. Manufactured dielectric-filled DYQSA and its simulated radiation
patterns.

Fig. 14. Input impedance and axial ratio of the DYQSA feed.

the effects of these metallic shielding, an updated version has
been proposed. In this version, the four individual baluns have
been replaced with one system of four baluns connected and
introduced inside one metallic shielding through the center of
the four spirals system. The balun is connected to the spiral
using two bow-tie metallic patches at the apex of each spiral
cone. The detailed discussion of this baluns system has been
reported in [30]. In spite of enhancing the electric properties
of the solution in this new configuration by reducing the
coupling between the metallic shielding and the antennas [31],
the design still faces some mechanical issues arising from the
low vibration tolerances of the system especially at the top
part of the antenna. This affects the stability of the system
and could cause short circuit problems at the element apices
[32]. To overcome these mechanical issues, a new dielectric-
filled DYQSA has been proposed.

In this third version, instead of manufacturing the anten-
nas with a dielectric-free structure (as in Fig. 12), a low-
permittivity durable polyamide (nylon) material has been
used for supporting the structure as shown in Fig. 13. Four
thin supporting dielectric cones with a thickness of 1 mm
are added as a support structure. This addition significantly
enhances the robustness of the system against vibrations and
increases the design stability. The simulated radiation patterns
of this structure are presented in Fig. 13 covering the required
bandwidth for different φ planes from 0◦ to 180◦ in steps of
15◦. Fig. 13 shows a high level of symmetry in the radiation
patterns over the whole band. The maximum Co/Xp-ratio is
above 15 dB with a constant gain of around 10 dBi.

Impedance and axial ratio of the array are presented
in Fig. 14. These results confirm our predictions from the
results of the single element with small deviations at higher
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Fig. 15. Phase center estimation (in mm) of the DYQSA feed.

frequencies. Fig. 15 shows the phase center estimation of the
whole array when the origin of coordinates is placed on the
virtual apex of the four cones. Although the phase center is
not totally constant in the whole band, its variation in the
4–14 GHz band is around 2 cm and 3 cm in the 2–4 GHz
band. The overall variation is significantly lower than with
the single Dyson element. In addition, in Section V, it will be
shown that these small variations have negligible effects on
the overall feed efficiency of the system.

V. ANALYSIS OF THE REFLECTOR ANTENNA FED BY

DYQSA SOLUTION

This section is dedicated to the results of the radiotelescope
when using the four-element array as its feed. As presented in
Section III, there is an optimum position of the feed. For this
array system, the maximum total efficiency averaged over the
frequency band (the optimum performance) is achieved when
the apex of the array is placed 14 mm beyond the focus of
the system. Radiation patterns of the radio telescope have been
analyzed using GRASP software by introducing the radiation
patterns of the array from HFSS as the feed of the radio
telescope.

As it is common when designing feeds for reflectors such as
in the case of QRFH [7] or Eleven [9], losses due to blockage
and support structures are not included in the calculations
as they are issues of the reflector itself instead of the feed.
For simplicity, the results for 2, 8, and 14 GHz are shown
in Fig. 16 for three cuts in planes φ = 0◦, 45◦, and 90◦.
Fig. 16 demonstrates that the radio telescope fed by DYQSA
has a high level of symmetry in its radiation patterns over the
required frequency range with a minimum Co/Xp-ratio level
of 15 dB. Using the previous radiation patterns of the reflector
in (5), the antenna noise temperature (TA) along with the
spill-over noise one (Tsp) is shown in Fig. 17. The calculations
have been done for two different cases. Firstly, at zenith
θ = 0◦ (corresponding to an elevation angle of 90◦) when the
reflector antenna is pointing vertically directly toward the sky
and secondly, at a zenith angle of 45◦. The average spill-over
noise and antenna noise temperatures over the whole band
are 6 and 14 K at zenith, respectively. These average values
increase by about 7 K at the lower elevation (θ = 45◦).

Fig. 16. Radiation patterns of the reflector fed by DYQSA for three cut
planes φ = 0◦, 45◦, and 90◦.

Fig. 17. Spill-over and antenna noise temperatures for the reflector fed by
DYQSA.

Fig. 18. Estimated directivity of the reflector from the GRASP results.

The directivity of the system versus the frequency has been
estimated using GRASP and is plotted in Fig. 18. Considering
all the previous results and the results presented in Section III,
it can be concluded that the performance of the DYQSA is
comparable with the optimum performance obtained using
the ideal Gaussian feed (i.e., the difference in the directivity
is below 1.2 dB). The aperture efficiencies for the radio
telescope are shown in Fig. 19. It shows an almost constant
total efficiency of around 65%. As expected from the phase
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Fig. 19. Feed efficiency of the reflector based on the simulated radiation
patterns of DYQSA.

center estimation of the array in Fig. 15, these variations have
negligible effects on the total feed efficiency (the average
phase efficiency over the required bandwidth is 97%).

The exact receiver noise temperature TREC has not been
measured yet as it needs further processing including the addi-
tion of the amplifiers and cooling down the receiver. However,
it can be calculated from combining the noise temperatures
for each source. Firstly, the cryogenic LNA proposed by
Yebes observatory for VGOS reflectors has an almost flat
measured noise temperature of 7.5 K in the operation band
from 2 to 14 GHz [30]. Secondly, following the estimations
that have been done for QRFH [7], the other noise sources
(a calibration coupler and coaxial cables) will have a sum of
noise temperatures of about 13 K, thus, the expected TREC will
be around 20 K. The noise contribution due to ohmic losses is
7 K per 0.1 dB loss at room temperature but as the feed will be
cooled down to 15 K, this noise temperature will be smaller
by a factor of 20 to be around 0.3 K per 0.1 dB loss. For
DYQSA feed, the simulated radiation efficiency is around 0.9
(loss is less than 0.5 dB), which corresponds to 1.5 K of ohmic
losses noise contribution. Hence, under the cryogenic cooling
and for this radiation efficiency, the system noise temperature
in (3) can be approximated as Tsys ≈ TA + TREC.

Fig. 20 presents the estimated SEFD of VGOS radio tele-
scope based on DYQSA feed. An SEFD below 1800 Jy with an
average of about 1300 Jy over the VGOS required bandwidth
at zenith is shown. At a zenith angle of 45◦, the average
SEFD value is 1600 Jy which agrees with VGOS requirements.
All these results demonstrate that the DYQSA solution is a
potential feed candidate for VGOS radio telescopes.

VI. COMPARISON WITH THE STATE-OF-THE-ART

SOLUTIONS AND MEASUREMENTS

A. Calibration Signal Injection

For comparison purposes, the calibration of the radio tele-
scope is important. Generally, there are three main methods of
calibration signal injection for VGOS feeds. Firstly, radiating
the signal directly into the feed via a small transmitting probe.
Secondly, coupling it into the signal chain after the LNA
or finally injecting it before the LNA (between the feed and
LNA). However, due to the combining network and multiple

Fig. 20. Estimated SEFD of the reflector fed by DYQSA.

LNAs needed for the DYQSA feed, it is not practical to use
the last method. The Eleven feed solution [9] faces the same
issue too.

B. LNAs Needed for the Feed and Feed Cost

To avoid noise degradation from the combining network,
the LNAs can be directly connected to the balun. This will
result in a total number of two LNAs per polarization or
four LNAs per DYQSA feed which is half of the number of
LNAs required by the Eleven feed. Also, the LNAs need to
be matched within specified limits, otherwise, a degradation in
the performance of the feed will occur. Even though the QRFH
does not require any combining network (it has only one LNA
per polarization), it still has degradation in the performance
caused by the non-constant radiation patterns. Regarding the
cost of the feeds, although DYQSA has the lowest cost (e8k)
compared to the $33k and $15k of Eleven and QRFH feeds,
respectively [33], the low number of LNAs needed for QRFH
(two per feed) makes it the lowest cost solution. Additionally,
QRFH exhibits the lowest fabrication/assembly complexities.
The overall cost of DYQSA, including the LNAs, is around
15% higher than QRFH (the cost of one LNA is around $5k)
and less than half the cost of Eleven feed which has the highest
number of LNAs per feed.

C. Design Adaptability of the Feed

Another key parameter for the comparison purposes is
the adaptation easiness of the design, which ensures that
the feed can be easily reoptimized to be used for several
radio astronomy reflectors. While the QRFH design can be
optimized to match different antenna optics, the Eleven feed
has a fixed edge taper level of −10 dB at around 65◦
from its axis. Actually, the performance of the Eleven feed
does not significantly degrade with small changes in the
antenna optics. However, in the case of legacy International
VLBI Service (IVS), antennas require an edge taper level
of −10 dB at angles which are significantly different from
65◦, the adaptability of the QRFH design will likely lead to
better performance. From this point of view, DYQSA has the
total ability to be reconfigurable for a wide range of Fm/Dm

ratios just like the QRFH as it has been shown in the design
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Fig. 21. Volumetric comparison of DYQSA (blue), Eleven (red), and
QRFH (green) feed systems.

Fig. 22. Comparison of the efficiency of different feeds.

procedure of Section III that the beamwidth can be easily
adjusted according to the requirements of the application.

D. Feed Volume

A volumetric comparison between DYQSA (in blue), Eleven
(in red), and QRFH (in green) is shown in Fig. 21. This
comparison shows that the size of the DYQSA is similar to
that of the QRFH, and both have narrower–longer dimensions
compared to the Eleven feed.

E. Feed Aperture Efficiency

A comparison between the three feeds from the aperture
efficiency point of view is presented in Fig. 22. For the
DYQSA feed, the efficiencies have been calculated using
two different approaches. Firstly, using the closed-form equa-
tions following [27] in dotted-black line (the total efficiency
in Fig. 19) and secondly using GRASP software in solid-
blue line. For comparison purposes, the aperture efficiencies
of both Eleven and QRFH feeds as they would perform in the
VGOS reflector system [10], [33] are also shown in Fig. 22.
The feed efficiency of the Eleven solution has been calculated
using GRASP software at Onsala observatory while the QRFH
efficiency calculation has been done using PO software at
NASA Jet Propulsion Laboratory (JPL). The version of QRFH
used in this comparison was designed for the frequency range

Fig. 23. Dyson element measured radiation patterns at 8 and 14 GHz.

from 2 to 12 GHz so there are no available data for the
comparison up to 14 GHz.

Fig. 22 shows that DYQSA exhibits better performance than
the other two solutions at higher frequencies, which show a
linear degradation. Some recent work has been done for other
different versions of QRFH feed for enhancing its properties
and getting a flat performance over a wide bandwidth, for
example, by adding a dielectric spear [34]. However, it still
has not been tested for the high frequencies required by VGOS.
On the other hand, DYQSA shows a flat behavior which
demonstrates that the phase center shifting is compensated.
It can be seen from the estimation of the phase center (see
Section IV) as well as in the efficiency calculated in this
section that DYQSA shows an improvement in the global
efficiency of the system due to the stability of the phase center.
Also, from a general system perspective, and after connecting a
feed to the LNAs, usually the SEFD suffers from an increase in
the receiver noise temperatures at high frequencies. From that
perspective, the constant efficiency of the proposed solution at
high frequencies is an attractive characteristic.

F. Single-Element and Array Measurements

The antenna has been manufactured in titanium following
a 3-D printing growing technique [35] which becomes a
promising technique especially for antennas at such frequency
ranges where the sensitivity of the fabrication is critical [36].
Then, the solution is silver plated at the end of the process.
In Figs. 23 and 24, the measured radiation patterns of a single-
Dyson element and DYQSA feeds are plotted for different
frequency points and for four different φ cuts. Both circular
polarization components are plotted: RHCP (co-pol) in solid
lines and LHCP (cross-pol) in dashed ones.

The measurements for the single element have been done
from 7 to 14 GHz only as a proof of the concept. Although
the single element provides a high level of symmetry between
the cuts in its measured radiation patterns with Co/Xp-ratio
levels on axis greater than 15 dB, there is a reduction in the
performance for the array version. The rest of this section is
dedicated to analyzing the effect of this reduction on the whole
reflector system and the possible causes of it.

Fig. 25 presents the radiation patterns of the VGOS radio
telescope when the DYQSA is used as the feed for cut
planes φ = 0◦, 45◦, and 90◦. They indicate the revolution
symmetry of the radiation patterns with the Co/Xp-ratio level
above 15 dB for the lower band and above 30 dB for the
higher one which demonstrates that the small degradation of
DYQSA radiation patterns does not significantly affect the
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Fig. 24. DYQSA measured radiation patterns at 2, 8, and 14 GHz.

Fig. 25. Radiation patterns of the reflector based on the measured results of
DYQSA feed (the ones on Fig. 24).

overall radiation patterns of the reflector system. The feed
efficiency estimation based on the measured radiation patterns
is presented in Fig. 26, showing an almost flat performance.
The total aperture efficiency is about 70% for the Dyson
antenna for the band from 7 to 14 GHz which is in excellent
agreement with the simulated results. However, for DYQSA
array, the average drops to about 50% over the required
bandwidth contrary to the 65% obtained from the simulations.

Following the measured results of the array element which
show a great matching with the simulated ones, the degrada-
tion for DYQSA may be due to either the several assembly and
disassembly processes for the same spirals in different versions
and/or due to some misalignment issues. Especially that the
misalignments between the elements will cause a phase mis-
matching between one turn of the spiral and its corresponding
turn in the other antenna for the same polarization and this
will affect the symmetry of the patterns. Further investigations
need to be done in order to elucidate the reasons behind this
degradation with ensuring higher alignment accuracy. Also,
the antenna can be over-designed at the lower band (increase
the largest diameter) to enhance the behavior of the feed at the

Fig. 26. Feed efficiency of the reflector based on the measured radiation
patterns of (a) Dyson element and (b) DYQSA feed.

lower frequencies. This will only increase the feed size and
not its manufacturing/alignment complexity. Nevertheless, it is
worth noting that these current results outperform the reported
measurement results of the state-of-the-art feeds, especially
at higher frequencies. For example, in the Eleven feed [9],
the estimated efficiency based on the measured radiation
patterns drops to about 30% at the higher frequencies.

VII. CONCLUSION

A new solution for covering the VGOS requirements has
been proposed. It is based on a four-element array of conical
log-spiral antennas. The proposed feed is adaptable to different
antenna optics just like QRFH solution. It also provides
two new attractive characteristics: dual circular polarization
(contrary to dual linear polarization present in the state-of-the-
art feeds) and the constant and almost real input impedance
of the antenna due to its self-complementary geometry, which
is beneficial for the LNA design. At a zenith angle of 45◦,
the proposed DYQSA solution is estimated to provide an
average spill-over and antenna noise temperatures of about
13 and 22 K with an SEFD of about 1600 Jy and about
1300 Jy when the radio telescope points near the zenith
respectively. The total feed efficiencies of the proposed design
and the two state-of-the-art solutions computed from the simu-
lated radiation patterns have been compared. This comparison
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demonstrates the frequency-independent behavior of DYQSA
with an efficiency of 65%±5%, contrary to the linear reduction
in the efficiency of the other two solutions at high frequencies.
The measurement results have a good level of agreement
with the simulated ones, with an appreciable reduction in the
DYQSA efficiency results. The average aperture efficiencies
based on the measured radiation patterns for Dyson element
are 70% for the frequencies range from 7 to 14 GHz and 50%
averaged over the entire band from 2 to 14 GHz for DYQSA
feed. These results show the potential of the DYQSA solution
as a new VGOS feed.
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