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ABSTRACT The Square Kilometre Array (SKA) project is an international effort to build the world’s largest
radio telescope, enabling science with unprecedented detail and survey speed.The project spans over a decade
and is now at a mature stage, ready to enter the construction and integration phase. In the fully deployed state,
the MID-Telescope consists of a 150-km diameter array of offset Gregorian antennas installed in the radio
quiet zone of the Karoo desert (South Africa). Each antenna is equipped with three feed packages, that are
precision positioned in the sub-reflector focus by a feed indexer platform. The total observational bandwidth
(0.35-15.4GHz) is segmented into seven bands. Band 1 (0.35 – 1.05 GHz) and Band 2 (0.95 – 1.76 GHz) are
implemented as individual feed packages. The remaining five bands (Bands 3, 4, 5a, 5b, and 6) are combined
in a single feed package. Initially only Band 5a (4.6 – 8.5 GHz) and Band 5b (8.3 – 15.4 GHz) will be
installed. This paper provides an overview of recent progress on design, test and integration of each feed
package as well as project and science goals, timeline and path to construction.

INDEX TERMS Dish, MID-telescope, radio astronomy, radio telescope, single pixel feed, SKA.

I. INTRODUCTION
The Square Kilometre Array is an ambitious international
project to build the world’s largest radio astronomy telescope
that will enable breakthrough science and discoveries not
achievable with the current facilities.

The SKA technology has been demonstrated by precursor
telescopes: MeerKAT [1], [2], built in the Karoo desert (South
Africa) and operational since 2018, currently the world’s
most sensitive telescope array in L-band. ASKAP [3], able
to achieve extremely high survey speed, and MWA [4], a
low frequency telescope for large surveys of the southern
hemisphere, are both commissioned at the Murchison Radio-
astronomy Observatory (MRO) in Western Australia. LOFAR

[5], commissioned by ASTRON and deployed in The Nether-
lands with extensions to other European countries, operates at
the lowest frequencies observable from Earth.

After more than a decade of groundwork, the pre-
construction phase started in 2012 and concluded in Decem-
ber 2019 with a successful System Critical Design Review
(SCDR) that established the foundation for the Design Base-
line. The baseline design describes one observatory placed
in three host countries: the Headquarters (HQ) in UK, the
MID telescope in South Africa and the LOW telescope in
western Australia [6], [7]. The combined sensitivity of the two
telescopes covers a potentially continuous frequency band that
spans from 50 MHz up to 15.4 GHz with provision to extend
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TABLE 1. Frequency Range and Fractional Bandwidth of the SKA1-MID
Telescope

it up to 26 GHz. The SKA1-LOW [8] consists of an array
of ∼130,000 dual-polarised, log-periodic antenna elements
deployed in the Murchison Shire of Western Australia. The
SKA1-MID [9] consists of a total of 197 Gregorian antennas
deployed in the Karoo region of the Northern Cape Province
of South Africa. The SKA1-MID telescope will be able to
achieve high sensitivity over a wide frequency range. To this
end, the Single Pixel Feed (SPF) – so called as it creates a
single beam per antenna, in one frequency band at a time –
sub-element has been divided in the seven bands shown in Ta-
ble 1. Each feed is precision positioned in the secondary focus
by a feed indexer platform. The two lower bands (Band 1 and
Band 2) are contained in separate feed packages. They have
both successfully passed the Critical Design Review (CDR)
and the qualification tests and are currently installed on the
antenna prototype for the on-dish testing activities. The five
high frequency bands share a single feed package which can
be populated in stages. The cryostat and the two initial bands
(SPF Band 5a and 5b) are completing the development and
test phase and expected to pass CDR in 2021.

Further details on the technology developments for the Sin-
gle Pixel Feed are provided in this paper along with the status
of the project, the timeline and the roadmap to construction.

II. PROJECT DRIVERS AND EVOLUTION
The proposal for the SKA arose from the demand of the sci-
entific community for new capabilities to address fundamental
questions in astronomy.

A. SCIENCE GOALS
Beginning 2012 eight Science Working Groups (SWGs) de-
veloped the science analysis and goals [10], [11] for the SKA
and set the High Priority Science Objectives (HPSO). These
were later reviewed in an open process to reassess and refine
the key areas of science and eventually define science require-
ments. Fig. 1 shows the high and medium priority SKA1 ob-
servational categories over the available observing frequency
bands of the LOW and MID telescopes.

Band 1, Band 2 and Band 5 are the highest priorities for
the initial deployment of the MID telescope. Band 3, Band 4
and Band 6 will not be treated in this paper. Nevertheless,
the mechanical interfaces and the thermal and electronics in-
frastructure needed to support them forms part of the present

FIGURE 1. SKA1 Observational Categories, science priorities and
allocation to the electromagnetic spectrum.

FIGURE 2. SKA Project key dates.

design. A summary of the frequency range covered by the
SKA1-MID feeds is shown in Table 1.

B. TIMELINE
The key dates of the project are shown in Fig. 2. Prototypes
of SKA1-MID and -LOW telescopes have been deployed at
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FIGURE 3. High level of SKA1 roll-out-plan for construction.

the host sites and the construction phase is expected to start in
2021, further details are provided in Section C.

It is worth mentioning that in 2019 the SKA Observatory
Convention was signed by funding member countries; the
SKA Observatory will become an Intergovernmental Organi-
sation (IGO) in full force in early 2021.

C. ROADMAP TO CONSTRUCTION
The central HQ, located in the iconic site of Jodrell Bank, is
leading the construction of the observatory. The roll-out-plan
for the construction of the SKA1-MID and -LOW telescopes
is shown in Fig. 3.

At the time of writing, project management and engineering
teams in the SKA Organisation (SKAO) are preparing the
contractual data package to start construction in mid-2021.

Following the start of the contract tendering process and
construction activities, a sequential assembly of hardware,
software and firmware is rolled out in five phases. The In-
tegration Test Facility (ITF) tests as much as possible of the
system in a laboratory environment. The system integration
and verification on site is staged in five phases known as Array
Assemblies (AA). Each Array Assembly is characterized by
a number of dishes (SKA1-MID) or stations (SKA1-LOW),
the key functionalities of the array and the resulting scientific
capability. The activities end with a demonstration of opera-
tional readiness. Science verification and commissioning are
tied to the roll-out plans, as they depend on these capabilities.

III. SKA1-MID TELESCOPE
The MID telescope project is a global endeavour that sees
the collaboration of more than 11 countries spread in 9 time
zones. Once fully deployed, the SKA1-MID telescope will
consist of a combination of 133 15 m shaped Gregorian offset
reflector antennas and 64 13.5 m similar, but unshaped dishes
from the MeerKAT telescope. The antennas will be located
in a 3-arm spiral configuration departing from an inner dense
core of 1 km diameter towards the outer part of the array
and will extend over a 150 km diameter (Fig. 4) with a total
collecting area of ∼ 32600 m2.

The sensitivity (Ae/Tsys) and the efficiency as well as the
feed and receiver noise of the single SKA dish are shown in
Table 2. For Band 1 and Band 2 the data have been obtained
around the mid-band frequency at an elevation of 45°. The
data for Band 5 are instead averaged across the band with the
dish pointing at zenith.

FIGURE 4. SKA1-MID array configuration and internal core.

TABLE 2. Single SKA Dish Sensitivity, Efficiency and Noise Contributions

a Referred to zenith
b Includes the feed and vacuum window contributions
c Assuming perfect optics, i.e., excluding mechanical tolerance of the structure

TABLE 3. SKA1-MID Array Performance

The sensitivity and the System Equivalent Flux Density
(SEFD) of the whole SKA1-MID array (combination of SKA
and MeerKAT dishes) are shown in Table 3 for the four high
priority bands.

IV. SINGLE PIXEL FEEDS: OVERVIEW
High antenna efficiency and low total noise are the key drivers
of the SPFs design in the individual bands to achieve max-
imum on-dish sensitivity. While the dish has been designed
to accommodate up to seven feeds, at the time this paper is
released, four of them are at a mature stage of prototyping
and will be discussed in the next sections.

A. SPF BAND 1
The Band 1 SPF package (shown in Fig. 5), developed at On-
sala Space Observatory (OSO) is a room temperature system
that operates over the frequency from 0.35 to 1.05 GHz [12].
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FIGURE 5. SPF Band 1 feed package shown without cover shield.

The SPF is based on a dual linear polarized Quad Ridged Feed
Horn (QRFH) of 1.3 m diameter and overall feed package
length of 1.5 m.

The QRFH assembly is comprised of three main parts: four
‘ridges’, an outer flare split into four ‘quarter sections’ and a
back-short section. The feed is mounted on a support that also
acts as an interface to the indexer on the antenna. The aperture
of the horn is protected by a polycarbonate radome, the feed
is made moisture proof by sealing all mechanical parts while
a desiccator absorbs any moisture leakage. An environmental
shield protects the feed package from rain and direct sunlight.
The two room temperature low-noise amplifiers (LNA) [13],
manufactured by Low Noise Factory (LNF), are integrated
in the ridges close to the feed pins of the two orthogonal
polarisations, minimizing the losses in front of the LNA. The
noise-injection coupler is combined with the LNA in a sin-
gle assembly with the calibration signal injected prior to the
first amplification stage. The rest of the feed electronics (i.e.,
2nd stage LNAs, calibration noise diode, monitor and control
electronics, etc.) are located in the feed-controller enclosure
mounted on the rear of the feed horn. The block diagram of
the Band 1 Feed Package is shown in Fig. 6.

The QRFH spline-defined horn and ridge profiles, together
with the back short design, are optimized to provide maximum
sensitivity over the wide fractional bandwidth (3.0:1) [12].
The phase centre is accurately determined to maximize the
phase efficiency and determine the mounting position on the
dish feed indexer to achieve maximum sensitivity.

A prototype has been fully qualified to demonstrate compli-
ance with the SKA requirements. Due to the size of the feed
package, customized equipment has been developed to carry
out some of the qualification tests (e.g., RFI and environment
tests). The dish system sensitivity, presented in Fig. 7, has
been estimated by combining measurements performed in the
laboratory and simulations of the feed on the SKA dish.

The measured receiver noise temperature is below 18 K for
both polarisations while the receiver gain is compliant with
the SKA requirements as shown in Fig. 8.

FIGURE 6. SPF Band 1 system block diagram.

FIGURE 7. Sensitivity derived for the H/V polarisations across the Band 1
frequency range for three zenith angles.
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FIGURE 8. Receiver gain and noise temperature for the H/V polarisations
across the Band 1 frequency range at different temperatures.

FIGURE 9. SPF Band 2 package.

Successful tests have been performed with the Band 1 SPF
installed on a MeerKAT antenna [14] and on the Dish Ver-
ification Antenna 1 (DVA-I) [15], an offset Gregorian SKA
telescope precursor, located at the Dominion Radio Astro-
physical Observatory (DRAO) in Canada. Although a direct
comparison may be not possible, the results of these tests
confirmed the simulated system performance of the SKA dish.
Installation, integration and verification of the Band 1 SPF
on the SKA-MPG dish (funded by the Max Plank Society)
is ongoing at the time this paper is released and expected to
conclude in 2021.

B. SPF BAND 2
The Band 2 SPF (shown in Fig. 9) developed by EMSS Anten-
nas operates over the frequency band 0.95 GHz to 1.76 GHz.

The Band 2 SPF block diagram is shown in Fig. 10; the
feed package consists of an ambient temperature wide flare
angle axially corrugated conical horn [16], a cryogenic Or-
thogonal Mode Transducer (OMT) realised as a pair of or-
thogonal dipoles [17], LNAs cooled to below 20 K and a final
room temperature amplification and matching stage. Cooling
is achieved with a Gifford McMahon (GM) cryogenic-cooler
that requires high pressure helium. The cryogenic components
inside the cryostat are thermally insulated by a high vacuum.
The SPF vacuum service supplies the initial vacuum during

FIGURE 10. SPF Band 2 system block diagram.

FIGURE 11. Measured Band 2 receiver noise temperature for both
polarisations.

start-up, while the cryo-pump maintains vacuum during op-
erations. The waveguide is at ambient temperature with a
High Density Poly Ethylene (HDPE) dome over the cryogenic
dipoles creating the vacuum window. The calibration noise
source is thermally stabilized at ambient temperature inside
the cryostat to minimize amplitude variations on the signal
path. The feed package is covered with a sun shield to reduce
solar heating and provide protection against direct rain. Mois-
ture collection is limited by protecting the horn aperture with
a hydrophobic radome membrane and desiccator breather.

Extensive simulation work has been carried out on the per-
formance analysis of the Band 2 feed on the SKA 1 dish ge-
ometry. In [18]–[20] the authors present a method to estimate
and maximise the telescope sensitivity over the frequency
range allocated to Band 1 and Band 2.

Qualification tests have been performed on the Band 2
SPF prototype and have successfully demonstrated compli-
ance with the SKA requirements. The receiver temperature
has been evaluated by using the Y-factor method [21] and
the results are shown for both polarisations in Fig. 11. A
linear increase from 5 K at the lowest frequency end to 6.5 K
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FIGURE 12. Antenna temperature as function of frequency and zenith
angles for both polarisations.

FIGURE 13. Sensitivity derived for the H/V polarisations across Band 2
frequency range for three zenith angles.

at 1760 MHz has been used to evaluate the sensitivity. The
system temperature has been calculated as the sum of the
receiver temperature, a 1 K contribution allocated to all other
effects (i.e., surface, loss, digitizing noise, unexpected effects,
etc.) and the antenna temperature.

The latter (shown in Fig. 12) has been calculated using the
brightness temperature from [22] with the following parame-
ters:
� Tgnd = 300, Ground Temperature
� eps_r = 3.5, relative permittivity of ground
� Ha = 100, Height of atmosphere
� Tgo = 20, base temperature
� f0 = 0.408, base frequency
� Tcmb = 2.73, Cosmic microwave background emission
� Re = 6370.95 earth radius [km]
The dish system sensitivity is shown in Fig. 13 for several

zenith angles.

C. SPF BAND 345(6)
The SPF Band 345(6) feed package has been developed at the
University of Oxford, Department of Physics. It is designed
to house up to five feed horns for Bands 3, 4, 5a, 5b and
6 in a single, modular cryostat cooled by a single Gifford
McMahon (GM) coldhead. This design was adopted because

FIGURE 14. The Band 345(6) feed package with bands 5a and 5b feed
fitted (centre) mounted on the feed indexer. Also visible is SPF Band 1
(right) and SPF Band 2 (left).

FIGURE 15. (Top) The Band 345(6) feed package with bands 5a and 5b
cryostat windows and feeds fitted. (Bottom) The Band 345(6) feed package
showing the addition of side mounting modules to accommodate the band
3 and 4 feed horns. The band 6 feed horn and window can be seen
between mounted centrally between the 5a and 5b feeds.

constraints on the electrical power available for cryogenics at
each antenna (5 kW) made running each band from a separate
coldhead impractical. By careful cryogenic design, a single
Oxford Cryosystems Coolstar 6/30 coldhead which has 30 W
of first stage cooling (@ 80K) and 6 W of second stage cooling
(@ 10 K) is expected to provide sufficient cooling for up to 5
bands. In the first instance, the higher science priority band
5a and 5b feed horns, OMTs and RF chains will be populated,
with the intention of adding bands 3, 4 and possibly 6 at a later
date. Fig. 14 shows the Band 345(6) feed package, with bands
5a and 5b populated, mounted on the feed indexer (centre)
alongside the separate Band 1 and Band 2 feed packages.
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FIGURE 16. The Band 345(6) feed package, showing the cryostat interior.
Visible is the copper thermal plumbing (with radiation shielding and
multilayer insulation removed) and the mounting plates for the warm RF
electronics towards the rear of the cryostat. The cryostat windows are
shown in transparent brown and the apertures of the corrugated feed
horns are visible behind them.

Fig. 15 shows the Band 345(6) feed package. Visible at
the front are the cryostat windows for the band 5a and 5b
feed horns. At the rear of the cryostat is an RFI-tight enclo-
sure for the Feed Package Controller (FPC), which houses
the unit’s power supplies and monitoring and control elec-
tronics. Mounted on the right is an RFI-tight enclosure for
a turbomolecular vacuum pump. The unit is protected by a
lightweight weather/sun shield and is mounted on a welded
steel support frame. The feed package with the full comple-
ment of receiver bands is also illustrated.

The cooling power from the GM coldhead (mounted ver-
tically towards the centre of the cryostat) is directed to the
feed horns, OMTs and LNAs via copper “thermal plumbing”
(Fig. 16). The feedhorns are cooled to the coldhead’s first
stage temperature of ∼80 K, whereas the OMTs and LNAs
are cooled to the second stage temperature of ∼12 K. The
feed horns for each of the two bands are 1:1.85 bandwidth
wide flare-angle corrugated horns. Each horn is positioned
behind a vacuum window consisting of a Mylar sheet mechan-
ically supported by a closed-cell polyethylene foam (Zote-
foam) sheet, which also acts as an infrared block. The horns
(cooled to 80K) couple the incoming radiation, via a narrow
thermal waveguide break, to the OMTs (at 12K) which couple
the two vertical and horizontally polarized TE11 waveguide
modes into standard semi-rigid cable. The Band 5a OMT is
a quad-ridged finline design, whereas the higher frequency
Band 5b OMT is a waveguide turnstile type. The horns and
OMTs were designed and manufactured by JLRAT/CETC54,
China [23]–[25].

The block diagram of the Bands 345(6) electronics is shown
in Fig. 17.

The orthogonally polarized signals propagating along coax-
ial cables from each OMT are first amplified by commer-
cial LNAs manufactured by Low Noise Factory. The signals

FIGURE 17. Block diagram for the Band 5a RF chain. The Low Noise
Factory LNA is temperature stabilized by a heater resistor under PI loop
control by the Feed Package Controller (FPC). The warm (300K) RF
components (warm amplifier, bandpass filter and slope compensating
amplifier) are fabricated on a single Duroid substrate housed in a
machined aluminium enclosure and temperature stabilised using an
analogue PI control circuit.

FIGURE 18. Sensitivity estimates (for two polarizations p1 = horizontal
and p2 = vertical, with and without cryostat windows) for a single antenna
pointing at zenith as a function of frequency for Band 5a (4.6 – 8.5 GHz).

are then directed, via thermally isolating stainless steel/BeCu
semi-rigid coaxial cables to a warm RF chain which consists
of two additional stages of amplification either side of a band-
defining bandpass filter. For each band these components are
integrated onto a single planar substrate within a machined
aluminium enclosure. These warm RF units are mounted on
a 310 K temperature controlled mounting plate inside the
cryostat to the rear of the coldhead and thermal plumbing
structure. Here we also find a temperature controlled broad-
band RF noise source for calibration purposes. This noise
calibration signal can be RF switched to the band in use and is
injected into the throat of each feed horn via a weakly coupled
waveguide probe.

The noise performance of the 5a and 5b RF chains have
been modelled to obtain estimates for the likely Trec receiver
noise performance. The system noise temperatures are ex-
pected to be between 8.2 and 9.5 K for band 5a and 9.4
and 13.2 K for band 5b. Electromagnetic modelling of the
diffraction between the horn aperture and cryostat window has
been performed using CST Microwave Studio. The window
has a significant effect on the feed beam pattern compared to
an isolated horn, but by careful design of the window aperture
and position it is possible to maintain the overall A/T of
the antenna (Fig. 18). The full beam patterns for each feed
and window on the SKA-MID dish have been calculated us-
ing Ticra’s GRASP physical optical modelling package. The
beam patterns were then used with atmospheric and ground
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FIGURE 19. Sensitivity estimates (for two polarizations p1 = horizontal
and p2 = vertical, with and without cryostat windows) for a single antenna
pointing at zenith as a function of frequency for Band 5b (8.3 – 15.4 GHz).

FIGURE 20. Band 345(6) prototype cryostat ready for assembly and
integration at the University of Oxford.

emission models [22] to calculate the expected Tspill spillover
contribution to the system noise temperature (Tsys = Trec +
Tspill). Finally, these system temperature estimates were used
to calculate the expected single antenna point source sensitiv-
ity (Ae / Tsys) (Fig. 18 and Fig. 19).

The SPF Band 345(6) prototype cryostat, horns, OMTs and
RF components have now been manufactured (Fig. 20) and
are currently undergoing assembly, integration and testing at
the University of Oxford. Completion of the Critical Design
Review and beginning of on-dish testing are expected in 2021.

IV. CONCLUSION
An overview of the goal, science and road to construction of
the Square Kilometre Array radio-telescope has been provided
in this paper.

The latest technology developments on the design and pro-
totyping of the Single Pixel Feeds for the SKA1-MID tele-
scope have been discussed. Extensive qualification tests are
being carried out at the time this paper is released and will be
subject of future publications.

The consolidated effort from all the teams involved demon-
strates that the SKA project is mature to enter the construction
phase and is certainly on the path to success.
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[13] J. Schleeh, N. Wadefalk, P. Å. Nilsson, and J. Grahn, “10 K room
temperature LNA for SKA band 1,” in Proc. IEEE MTT-S Int. Microw.
Symp., San Francisco, CA, USA, 2016.

[14] J. Flygare et al., “Sensitivity simulation and measurement of the SKA
band 1 wideband feed package on MeerKAT,” in Proc. 13th Eur. Conf.
Antennas Propag., Krakow, Poland, 2019.

[15] J. Flygare et al., “Beam pattern measurement on offset gregorian re-
flector mounted with a wideband room temperature receiver for the
square kilometre array,” in Proc. IEEE Int. Symp. Antennas Propag.
USNC/URSI Nat. Radio Sci. Meet., 2018.

[16] R. Lehmensiek and D. I. L. de Villiers, “Wide flare angle axially corru-
gated conical horn design for a classical offset dual-reflector antenna,”
in Proc. 6th Eur. Conf. Antennas Propag., Praque, Czech Republic, Mar.
2012, pp. 3292–3294.

[17] R. Lehmensiek, “A design methodology of the wideband orthogonal
mode transducer for the SKA band 2 feed,” in Proc. 10th Eur. Conf.
Antennas Propag., Davos, Switzerland, 2016.

[18] R. Lehmensiek, I. P. Theron, and D. I. L. de Villiers, “Deriving an
optimum mapping function for the SKA-shaped offset Gregorian reflec-
tors,” IEEE Trans. Antennas Propag., vol. 63, no. 11, pp. 4658–4666,
Nov. 2015.

VOLUME 1, NO. 1, JANUARY 2021 435

https://dx.doi.org/10.1017/pasa.2012.007
https://www.skatelescope.org/books/
https://arxiv.org/abs/astro-ph/0409274


PELLEGRINI ET AL.: MID-RADIO TELESCOPE, SINGLE PIXEL FEED PACKAGES FOR THE SQUARE KILOMETER ARRAY

[19] D. I. L. de Villiers et al., “Low frequency diffraction effects when
shaping the offset gregorian reflector system of the SKA,” in Proc. Int.
Symp. Antennas Propag., Okinawa, Japan, 2016.

[20] D. I. L. de Villiers and R. Lehmensiek, “Rapid calculation of antenna
noise temperature in offset Gregorian reflector systems,” IEEE Trans.
Antennas Propag., vol. 63, no. 4, pp. 1564–1571, Apr. 2015.

[21] R. Lehmensiek and I. P. Theron, “Measurements of the SKA band 2
radio astronomy receiver,” in Proc. Int. Conf. Electromagn. Adv. Appl.,
Granada, Spain, 2019.

[22] G. C. Medellín, “Memo 95 antenna noise temperature calculation,”
[Online]. Available: https://www.skatelescope.org/

[23] B. Du, J. Wang, Z. Meng, and L. Xie, “High sensitivity feed systems for
the square kilometer array dish,” in Proc. Cross Strait Quad-Regional
Radio Sci. Wireless Technol. Conf., Taiyuan, China, 2019, pp. 1–3.

[24] B. Du, Z. Meng, L. Xie, and Y. Wu, “Wide-flared corrugated horn
designed for the SKA dish,” in Proc. Prog. Electromagn. Res. Symp.
Fall, 2017.

[25] L. Xie, B. Du, Y. Wu, Y. Jiao, and Y. Shi, “Design and optimization of
a quadruple-ridged flared (QRFH) feed for SKA,” in Proc. IEEE Asia-
Pacific Conf. Antennas Propag., Auckland, New Zealand, 2018.

ALICE PELLEGRINI (Member, IEEE) was born
in Rome, Italy, in 1980. She received the master’s
degree (summa cum laude) in telecommunication
engineering with specialization in applied electro-
magnetism and the Ph.D. degree in information en-
gineering from the University of Pisa, Pisa, Italy, in
October 2005 and 2009, respectively. In 2008, she
was awarded a Visiting Scholar position with the
Department of Electrical Engineering, Penn State
University, State College, PA, USA. Her main re-
search activities concerned numerical methods for

antenna design and propagation with focus on phase arrays. After few years
working as a Postdoctoral Research Assistant with Queen Mary University of
London, she joined Cobham Antenna Systems as Antenna Design Engineer in
2013. She moved into a System Engineering position with Inmarsat, London,
U.K. in 2016, working on design, verification, and commissioning of Earth
Station RF systems and antennas for communication and in-orbit testing sys-
tems. In 2019, she joined the Square Kilometre Array Organization based in
Jodrell Bank, U.K. as RF and Antenna Domain Specialist. She is responsible
for all technical aspects of the design, integration and verification of the
antenna and front-end system for the MID-telescope that will be deployed
in South Africa. Her scientific interests include radio telescopes, electrically
large antennas, satellite communication, antenna design and characterization,
and radio frequency subsystems. She has authored several papers published
in international peer-reviewed scientific journals and proceedings of interna-
tional conferences.

JONAS FLYGARE (Student Member, IEEE) was
born in Mölndal, Sweden, in 1988. He received
the B.Sc. and M.Sc. degrees in engineering physics
and the Licentiate degree in 2016 and 2018, respec-
tively, from the Chalmers University of Technol-
ogy, Gothenburg, Sweden, where he is currently
working toward the Ph.D. degree in radio and
space science. In 2012, he was a Test Technician
in semiconductor research and development with
CBRITE, Inc., Goleta, CA, USA, where he was
developing the thin-film-transistor technology for

next-generation flat screens. In 2014, he was with the Department of Electri-
cal Engineering, Chalmers University of Technology, where he was working
with the gap-waveguide technology. From 2014 to 2016, he was a Project
Researcher with the Onsala Space Observatory, Swedish National Facility for
Radio Astronomy, Gothenburg, where he was involved in designing the feed
antenna for the Square Kilometre Array (SKA) Band 1 in radio astronomy. In
2020, he was invited as a Visiting Student Researcher with the Astronomy De-
partment, California Institute of Technology, Pasadena, CA, USA, where he
was working with wideband feed development for the Deep Synoptic Array
(DSA). His current research interests include design and system characteri-
zation of ultra-wideband antennas and reflector feeds, low-noise amplifiers,
and receivers for radio and millimeter wave applications in radio astronomy.
He received the TICRA Travel Grant by the IEEE APS/URSI, Boston, MA,
USA, in 2018.

ISAK P. THERON (Member, IEEE) was born in
Upington, South Africa, in 1967. He received the
B.Eng. and M.Eng. degrees in electronic engineer-
ing, both cum laude, and the Ph.D. (Eng.) degree
(working on wave propagation in anisotropic chiral
media) from the University of Stellenbosch, Stel-
lenbosch, South Africa, in 1989, 1991, and 1995,
respectively. He joined EM Software and Systems,
Stellenbosch, South Africa, in 1997 working on
the computational electromagnetic code FEKO. In
2006, he joined EMSS Antennas, Stellenbosch,

South Africa, where he is primarily involved in the design of antennas and
cryogenic feed systems for radio astronomy. He is leading the single pixel
feed sub-element development in the dish consortium.

ROBERT LEHMENSIEK (Senior Member, IEEE)
was born in Swakopmund, Namibia. He received
the B.Eng, M.Eng, and Ph.D. degrees in elec-
tronic engineering from the University of Stellen-
bosch, Stellenbosch, South Africa, in 1992, 1995,
and 2001, respectively. Since 2003, he has been
with EMSS Antennas, Stellenbosch, South Africa,
where he was involved in the design of various
antennas and microwave components. In the later
years, he was mainly involved in the design of the
reflector optics and cryogenic receiver systems for

the Karoo Array Telescope (KAT), the Square Kilometer Array (SKA), and
the Next Generation Very Large Array (ngVLA) radio telescopes.

ADRIAAN PEENS-HOUGH was born in Pretoria,
South Africa, in 1978. He received the B.Sc. degree
(cum laude) in electronics engineering from the
University of Pretoria, Pretoria, South Africa, in
2000, and the B.Sc. degree (with Hons.) in applied
mathematics from the University of Cape Town,
Cape Town, South Africa, in 2008. In 2006, he
joined the National Research Foundation’s project
that eventually gave rise to the South African Radio
Astronomy Observatory, where he is currently the
primary System Analyst with the Systems Engi-

neering Department. He has been responsible for the performance analysis,
design and verification of the end-to-end signal paths of the KAT-7 and
MeerKAT radio telescopes, and since 2013 in a similar role within the SKA1-
MID Dish design consortium.

JAMIE LEECH was born in Birmingham, U.K., in
1975. He received the M.Sci. degree in natural sci-
ences (experimental and theoretical physics) and
the Ph.D. degree in astrophysics from Cambridge
University, Cambridge, U.K., in 1998 and 2002,
respectively. He was a Support Astronomer at the
James Clerk Maxwell Telescope between 2002 and
2006, and is currently a Senior Researcher with the
Department of Physics, University of Oxford, U.K.
His current research interests include instrumen-
tation for radio and submillimetre astronomy and

radio observations of polarized CMB foregrounds. He is the Technical Lead
of SKA Band 5 SPF development at Oxford.

MICHAEL E. JONES was born in Wrexham, U.K.,
in 1966 and studied Natural Sciences and Electrical
Science with Cambridge University. He received
the Ph.D. degree in radio astronomy from the
Cavendish Laboratory, Cambridge, U.K., in 1990
and subsequently worked there as a Research As-
sociate and a Senior Research Associate. In 2005,
he was appointed first as a Lecturer and then as
a Professor of Experimental Cosmology with the
Department of Physics, University of Oxford.

436 VOLUME 1, NO. 1, JANUARY 2021

https://www.skatelescope.org


ANGELA C. TAYLOR was born in Dartford, U.K.
and studied Natural Sciences with Cambridge Uni-
versity. She received the Ph.D. degree in radio
astronomy from the Cavendish Laboratory, Cam-
bridge, U.K., in 2002. She continued to work in
the field of astrophysics and instrumentation as a
postdoctoral research assistant with the Cavendish
Laboratory until 2005 when she moved to the Uni-
versity of Oxford as a founding member of the
Experimental Cosmology Group. She is currently
a Professor of Experimental Astrophysics with the

University of Oxford working on a range of cosmology and instrumenta-
tion projects. She is a Co-Investigator on the SKA project within Oxford,
with specific responsibility for the Band 345 single pixel feed sub-element
development in the SKA dish consortium.

ROBERT E. J. WATKINS was born in Cardiff,
U.K., in1949. He received the B.Sc. degree (first
class Hons.) in electronic engineering from the
University of Salford, Salford, U.K., in 1971 and
the D.Phil. degree from the University of Sussex,
Brighton, U.K., in 1978 for his work on the effects
of high dose ion implantation into metals. After
a number of Postdoctoral positions with AERE
Harwell (U.K.) and the University of Trento (Italy)
he took up a position with the Department of En-
gineering Science, University of Oxford, in 1981,

and then moved to the Department of Atmospheric, Oceanic and Planetary
Physics, in 1985, where he worked continuously on test and calibration facil-
ities for space-borne instrumentation. Since 2016, he has been involved with
the design and construction of the SPF-B5 cryostat for the Square Kilometre
Array, with the work being carried out with the Department of Astrophysics,
University of Oxford.

LEI LIU was born in Zhengzhou, China, in 1985
and studied computer science with Nanjing Uni-
versity of Posts and Communications. He received
the Ph.D. degree in microwave engineering from
Northumbria University, Newcastle upon Tyne,
U.K., in 2013. He then worked in the field of
astrophysics and instrumentation (development of
phased array feed technology) as a Research As-
sociate with Jodrell Bank Observatory, University
of Manchester. In 2018, he became a Senior Re-
searcher at Experimental Cosmology group for

SKA mid-receiver development with the Department of Physics, University
of Oxford.

ANDRE HECTOR was born in L’viv, Ukraine, in
1991. He received the M.Sci. degree in physics
from Royal Holloway, University of London, Lon-
don, U.K., in 2013, and the D.Phil. degree in
millimeter-wave receiver technology from the Uni-
versity of Oxford, Oxford, U.K., specializing in
the design and development of cryogenic receivers,
feeds and local oscillators. In 2018, he joined the
SKA project in Oxford, working as a Researcher
on the development of the Band 345 system.

BIAO DU was born in Shijiazhuang, China, in
1962. He received the B.S. degree in electronic en-
gineering from Xidian University, Xi’an, China, in
1983, and the M.S. degree in electromagnetic field
and microwave technology from the 54th Research
Institute of China Electronics Technology Group
Corporation (CETC 54) and the Ph.D. degree in
electronic engineering from Shanghai University,
Shanghai, China, in 1987 and 1996, respectively.

From 1987 to 1999, he joined CTEC 54 as an
antenna design engineer and a senior engineer, Shi-

jiazhuang. From 1999 to 2000, he was a Visiting Scholar with the Department
of Electronic Engineering, City University of Hong Kong, Hong Kong. He is
currently a Professor, a Chair Expert, and a Deputy Chief Engineer with the
CETC54. He is the chief designer of Shanghai 65m Tian Ma radio telescope
antenna and Square Kilometre Array Dish Prototype (SKA-P). In 2019, he
was appointed as a Guest Professor position with Xidian University. He has
authored more than 100 academic papers. His research interests are in re-
flector antennas, corrugated horns, ultra-wideband feeds, microstrip antennas,
phased array antennas, and metamaterial antennas.

Prof. Du is a Fellow of Chinese Institute of Electronics. He was the
recipient of Bao Gang Education Award for the excellent students in 1995.
He obtained the special allowance of the State Council of China for his
outstanding contribution in natural science in 2016. He also received eight
Science and Technology Progress Awards.

YANG WU was born in Shijiazhuang, China, in
1984. He received the Ph.D. degree from Xidian
University, Xi’an, China, in 2013.

From September 2014 to April 2017, he worked
with National Astronomical Observatory, Chinese
Academy of Sciences as a Postdoctor. Now, he
joined the 54th Research Institute of CETC, Shiji-
azhuang, China, where he is primarily involved in
the design of antennas and feed systems for radio
astronomy.

Dr. Wu is leading the band 4 and band 5 feed
assemblies development of the single pixel feed sub-element in the dish
consortium.

VOLUME 1, NO. 1, JANUARY 2021 437



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


