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ABSTRACT A two port 2.4 to 24 GHz cryogenic Quadruple-Ridged Flared Horn (QRFH) Feed with 10:1
impedance bandwidth is selected for presentation and investigation in this paper. The antenna geometry is
formed by using simulation-based optimization which satisfies several stringent design requirements,
including impedance bandwidth and radiation characteristics of the proposed antenna. To verify the
theoretical performance, a prototype of the optimized QRFH was manufactured and tested. The reflection
coefficients of the antenna are below -10 dB and the mutual coupling is better than -25 dB. Meanwhile, the
antenna aperture efficiency is above 55% and maximum gain is from 10.5 to 21.1dBi across the desired
working frequency band. Both the simulated and measured results exhibit good agreement. To demonstrate
the suitability of the proposed design in a practical environment, a prototype Cryogenic system composed of
a cryogenic Dewar and a QRFH, has been designed and its performance was measured. The results showed
that the physical temperature reached an acceptable level which was less than 45 K. The overall performance
of the proposed QRFH feed suggests that it would be applicable to the receivers for the Square Kilometre
Array (SKA) reflector antenna, and meets requirements of the SKA advanced instrumentation program (AIP).

INDEX TERMS Quadruple-Ridged horn, Reflector antenna, Cryogenic system, Wideband feed.
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. INTRODUCTION

The Square Kilometre Array (SKA) is an unprecedented
telescope program that will support a wide spectrum of key
science goals in cosmology and galaxy evolution, fundamental
physics, and astrobiology. It will enable scientists to receive
signals of approximately one million square metres of
collecting area, which could extend to 3000 kilometers
baseline from a central core region with a series of spiral
structures across southern Africa and western Australia. This
significant increase in scale compared with existing telescopes
requires a revolutionary advancement from traditional radio
telescope design. The SKA is a joint venture involving more
than 10 countries, including China. The combined radio
instrument will make hundreds of thousands of radio
telescopes, with three antenna arrays, such as a low-frequency
aperture array from 50 MHz to 350 MHz, a mid-frequency
aperture array from 400 MHz to 1.7 GHz and a dish array from
350 MHz to at least 20 GHz. In case of the dish array, the first
phase of the SKA is expected to involve building 133 dishes
with 15 m aperture in southern Africa from 2021. In the
second phase of the SKA, the dish array will be expanded to
approximately 2500 dishes after 2030, which will enable high
sensitivity, high survey speed, wide frequency bands and a
very large effective collecting area [1], [2].

The key science goals of the SKA project are in place and
well-structured, with the detailed design and preparation for
the global technology development program ongoing.
Currently, the JLRAT/CETC54 (Joint Laboratory for Radio
Astronomy Technology, National Astronomical
Observatories, Chinese Academy of Sciences & the 54th
Research Institute of China Electronics Technology Group
Corporation) completed two SKA dish prototypes. One is
located in Shijia Zhuang, Hebei Province, China. Another has
been transported to southern Africa [1]. To keep abreast with
this development trajectory, reflector feed designs for decade-
bandwidth radio telescopes have been investigated intensively
by antenna designers and RF microwave engineers globally.
To this end, several types of feed design such as the
Quadruple-Ridged Flared Horn (QRFH) feed [3-10], the
Eleven feed[6], [11], the Sinuous feed [6], [12] and the Quasi
Self-Complementary (QSC) feed [6],[13], have been
proposed, investigated and implemented. Eleven Feed [11]
offers attractive constant beamwidth and phase centering on
its radiation pattern characteristics and good 7:1 wide
impedance bandwidth, but suffers from requiring additional
circuitry to match and differentially feed its 200 Q input
impedance, and a comparatively high manufacturing cost.
Sinuous Feed [12] has stable radiation patterns and lower
fabrication cost than its counterparts. However, it suffers from
narrower 4:1 impedance bandwidth. QSC [13] has the same
deficiencies as well as poor high frequency performance, but
it has a broader 1:10 impedance bandwidth. In contrast to all
the above, QRFH Feed [13] has all the good features of its
counterparts and it also has a 50 € desired input impedance.
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This means that it does not acquire any additional circuitry for
its feeding network.

To complement the above feed design, the wideband single
pixel feed (WBSPF) which is one of the SKA’s three advanced
instrumentation programs (AIP) in the pre-construction phase
of the SKA project, was proposed [1]. The WBSPF aims to
greatly extend the bandwidths of the radio astronomical
receivers beyond conventional broadband octave receivers
while maintaining the same sensitivity criteria. It is desired
that the number of receivers required for future large radio
telescope arrays will be  reduced, thus lowering the
fabrication cost and enabling instantaneous wide frequency
range observations [3],[10]. For a wideband radio telescope, it
must have a very low system noise temperature [10] to achieve
the highest possible sensitivity. In addition to the noise from
the external environment, the receiver link of the radio
telescope inevitably produces noise. Therefore, radio
telescopes not only need to carefully design the feed, but also
often reduce the internal noise of the system through
refrigeration. According to WBSPF baseline of an internal
report for Cryogenic feed, to reduce the ohmic loss to 0.08 dB,
the physical temperature needs to be cooled to less than 50 K,
and the estimated noise temperature for feed should be less
than 0.94 K [1],[14]. This design criterion imposes further
challenges in designing the SKA feed.

The configuration of a QRFH can be described as a flared
quad-ridged waveguide. It could also be considered as a quad-
ridged antenna wrapped by a smooth-wall horn. By optimizing
the QRFH’s profile, the freedom of controlling the beamwidth
and its desired metal structure can be achieved. Due to the
inherent characteristics of QRFH, such as multi-octave
bandwidth, dual linear polarization, 50 Q input impedance and
good radiation characteristics, this has motivated researchers
to come out with many improved and modified designs over
past decade [3-10, 15-21]. However, on examining these
published works [3-10,15-21], they were in low-frequency
ranges (below 20 GHz), have less impedance bandwidth and
did not investigate the performance of QRFH with a cooling
system. To address this knowledge gap, this paper presents a
modified QRFH feed design operating from 2.4 to 24 GHz
with 10:1 impedance bandwidth. To demonstrate that the
proposed QRFH meets the low noise temperature and has a
better sensitivity, the QRFH was tested and integrated with a
cryostat to form a cryogenic receiver system for a radio
telescope.

The overall 3D prototype of the QRFH has an aperture
diameter of 170 mm (1.361, 4;4,) and a height of 187.2 mm
(1.5A; 4¢Hz)- For such a complex shape, the whole model will
be described in Section II. Simulated and measured results for
QRFH are presented in Section III. Measurements of the
physical temperature for Cryogenic Quadruple-Ridged Flared
Horn Feed and predicted system performance of the feed for
radio telescope are shown in Section IV. Conclusions are
drawn in Section V.
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. ANTENNA DESIGN

The detailed structure and the parameters of Quadruple-
Ridged Flared Horn Feed are presented in this section along

with its dimensions.

A. THE STRUCTURE OF THE QUADRUPLE -RIDGED

FLARED HORN FEED

The novel QRFH feed is designed in three main sections, as
shown in Fig.1, i.e. horn, ridge waveguide and straight
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FIGURE 1. Detailed view of QRFH

waveguide. The aperture and length of the horn determine
the radiation characteristics of the dual-polarized horn
antenna. The horn section includes a smooth sidewall, which
is seated outside, along with four ridges, which are located
inside. The ridge structure works as a guide, where the
electromagnetic energy from the ridged waveguide is
concentrated in the middle region of the ridges and
transmitted to the aperture of the horn surface. The
characteristic impedance of ridged waveguide feed port is 50
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Q and aperture of the horn surface is 377 Q. The ridge
structure usually uses exponential gradient to smooth the
impedance in the transformation process. From the feeding
point to the bottom mouth of the conical horn is a four-ridged
circular waveguide section. The quadruple-ridged circular
guide has been commonly considered as a very wide-band
radiator. It is mainly used to reduce the cutoff frequency for
the fundamental mode of transmission signal and increase
the available bandwidth [22]. To provide a dual-polarization
capability, a circular waveguide as a radiator could be used
because it can support two orthogonal modes [23].
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¢

(a) Front view of QRFH

(b) Top view of QRFH

(c) Bottom view of QRFH

FIGURE 2. Prototype photograph of the QRFH

The complex structures of the proposed antenna are
depicted in Fig.1. The aperture of conical horn is 170 mm
and the height is 168.5 mm, while the aperture of the ridged
circular waveguide is 31 mm and the height is | mm. As can
be seen, the bottom of the QRFH section is a shorting cavity,
which is formed by a cylinder, a cut cone and an L-shaped
matching block for impedance matching. The cylinder has an
aperture and height of 31 mm and 18.7 mm respectively,
while a cone cut from cavity has upper and lower apertures,
and height of 31 mm, 8 mm and 11.3 mm, respectively. The
L-shaped block is 48 mm long, has bending size of 10 mm x
6.97 mm with 3 mm thickness.

The dimensions of the four ridges can be viewed from the
top of the structure as illustrated in Fig.1. The ridge has a
thickness of 3mm, tip width of 0.52 mm with a ridge gap of
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1.35mm. The chamfer angle of 45 degree can be observed
from the side view of the ridge.

As for the feeding part of the antenna, it is designed with
two orthogonal probes and its inner conductor structure is
also shown in Fig.1. It is noticeable that the inner conductor
is matched by five cylinder matching segments and the
dimension of each section can be found in Fig.1. A 3D
QRFH prototype was manufactured in aluminum and is
shown in Fig.2.

B. THE PARAMETRIC STUDY OF THE QUADRUPLE-
RIDGED FLARED HORN FEED

To understand the sensitivity of the geometrical
parameters of the antenna, the CST(Computer Simulation
Technology) [24] was used to carry out the study here. Ridge
design has been the most critical element in achieving good
performance of the QRFH, including ridge profile, ridge
thickness and ridge gap. In this design, the ridge profile was
constructed using discrete points from analytical profiles [6].
To understand the effect of ridge profile, ridge thickness,
shorting cavity and probe inner conductor structure design on
reflection coefficient and radiation patterns, a parametric study
has been carried out.
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FIGURE 3.The effect of thickness ridge on reflection coefficient
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FIGURE 4. L- Shaped matching block effects on reflection coefficient
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reflection coefficient
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FIGURE 6.Comparisons between sunk line and smooth line for ridge
profile

Fig.3 shows the effect of ridge thickness (w) on the feed
reflection coefficient when changing w from 2.4 mm to 3.6
mm with increment of 0.6 mm. It can be seen that, the S11 will
be degraded (higher than -10 dB) at around 3.8 GHz if the
thickness of the ridge is thicker (w= 3.6 mm), while the S11
will be deteriorated at 5 GHz and better at 24 GHz if the
thickness of ridge is thinner (w=2.4 mm). In contrast, with
thicker w, the S22 will be impaired at both lower frequency
band (3.2 to 4.3 GHz) and upper frequency band (18.2 to 24
GHz),while reducing the thickness from 3.6 to 3.0 mm, S22
can be improved to better than -10 dB across all the frequency
bands. Fig.4 depicts the vital role of the L-shaped matching
block in shorting cavity as an adapter. It can be clearly seen
that the improvements of the impedance matching is achieved
by using this adapter. In high frequency bands, especially, it
could improve 11-20 dB from 20 to 23 GHz for S11 and reach
below -10 dB from 22 to 24 GHz for S22. As can be noticed,
by incorporating this L-shaped block into the design, it was
able to achieve the desired 10:1 bandwidth working frequency
bands for dual-polarized QRFH. The probe inner conductor is
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specially designed with two rings for 50 Q port matching.
Fig.5 depicts the variation of the reflection coefficient S11 and
S22 of the proposed QRFH with and without the matching
rings. It is clearly seen that improvements of 1-7 dB from 15
to 24 GHz can be achieved by introducing matching rings in
the design.

Many functions are applied in mapping ridge profiles, such
as linear, sinusoid, tangential, xP, exponential and elliptical
functions [6]. The profiles of the ridges in this article are
determined by sunk line and smooth line methods, which can
be seen in Fig.6. For the smooth line, it was constructed by
fitting three functions to achieve a continuous line. The sunk
line was constructed by using 178 discrete points with antenna
performance optimization. Comparing the two methods, the
optimization results show that the sunk line method will
improve a lot on the stability of phase center performance to
reduce fluctuation range from 0.5 A, 46h, t0 0.2 A 5 4cHs-
Fig.7 illustrates the calculated phase center location with
respect to the aperture of sunk profile QRFH feed, the distance
from 23.96 to 82.87 mm over the operating frequencies, the
maximum fluctuation range is 29.46 mm, (about 0.2 A .. >
M nax= Moaguz = 125 mm). Therefore, the stability of
phase center is acceptable.

Here, functions of the smooth line profile are defined as:

Y(2) = alxe? + a2x (d-z)/d + a3x(z/dy" (1)

where Y is the vertical distance between the ridge profile and
the axial line; z is evaluated value along the axis line; d is
length of sidewall; al,a2,a3 and c, d are the parameters for
the adjusted ridge profile; a/ and a2 principally determine the
small distance to the end of ridges; c is the main parameter of
ridge curvature adjustment; and, a3 and m slightly adjust the
ridge profile.

Y(z) = C1 x e®/*7 + (2 (2)
where
L a
=[———2) x RfXLm __
Cc1 (2 2) (e 1)

a L
C2 = (E x eRfXLm _ E)/(efoL‘m _ 1)
a is the curve of start point diameter; Lm is the length of the
curve; L is the end point diameter; and Rf is the curvature.

Y(2) = b1 + b2 x e™*Z + b3 x (z /11)? 3)

where Y is the vertical distance between the ridge profile and
the axial line, z is evaluated value along the axis line, [1 is
the length of the sidewall, »7,62,b3 and mi, Q are the
parameters for the adjusted ridge profile, and, b1 + b2
effects the bottom diameter of the horn feed.

To demonstrate how the above three equations were
used to find the QRFH structure, Table 1 shows the final
optimized parameters which provides the smooth ridge
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profile for the QRFH.
TABLE 1: RELEVANT PARAMETER VALUES OF THREE EQUATIONS FOR
SMOOTH PROFILE
Parameters Value Parameters Value
al 0 mm Cl 0.0046
c 0 mm c2 -0.0046
d 175 mm b3 22 mm
a3 65 mm 11 170 mm
m 2.5 b2 11 mm
L 129 mm ml 9300 mm
Rf 30000 mm b1 6 mm
a 0 mm ] 10
Lm 90 mm a? 0 mm

TABLE 2: FINAL OPTIMIZED MAIN PARAMETER VALUES FOR SUNK PROFILE

Parameters Value
Horn radius 85 mm
Feed point radius 15.5 mm
Length of sidewall 187.2 mm

It can be seen that when comparing the two methods, Fig.7
shows the sunk line method is better and improves the stability
of the phase center performance. Based on using these
continuous functions to adjust the number of required discrete
points, the feed radiation performance is optimized. It is found
that the identified 178 discrete points are good enough to meet
the required performance, therefore, the values of horn radius,
feed point radius, length of sidewall also has been identified
as listed in Table 2.

—— Sunk Profile effects on Phase center

90] |—— Smooth Profile effects on Phase center
80
70

1 $

1

1

1

o38884

Phase Center (mm)

abs83
1 1 1 1 1

2 4 6 8 10 12 14 16 18 20 22 24 26
Frequency(GHz)

FIGURE 7. Comparisons between sunk profile and smooth profile on
phase center

lll. SIMULATED AND MEASURED RESULTS
The antenna prototype was assembled by adopting the
horn, four ridges and shorting cavity to achieve the required
rigidity and symmetry in the structure with 170 mm diameter
and 187.2 mm height.
The complex structure was fabricated with aluminum alloy
using CNC (computer numerical control) milling technology.

To verify the simulated results, a prototype was realized to
VOLUME XX, 2017

provide holistic practical evaluation of the design. The
detailed measurements of the S-parameters and radiation
characteristics of the proposed QRFH are elucidated in this
section.

A. S-PARAMETERS

A Rohde & Schwarz ZV A40 vector network analyzer was
adopted to measure S-parameters with the horn pointing at free
space. Simulated and measured results are plotted below for
the two polarizations; S11 and S22 are seen to be below -10
dB across most of the desired working frequency band from
2.4 to 24 GHz, as shown in Fig. 8. Also, as depicted in Fig.9,
the simulated and experimental S21 level is mostly lower than
-25 dB. The good isolation performance indicates that good
decoupling between the ports. It also confirmed that the ridges
are precisely aligned and machined in orthogonal planes,
demonstrating the success of combining the three sections of
the structure.
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FIGURE 8. Comparison for QRFH S11 and S22 between simulated
and measured results
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FIGURE 9. The comparison for QRFH S21 between simulated and
measured results
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FIGURE 10.Radiation patterns measured in an anechoic chamber
B. RADIATION PATTERNS
The radiation characteristics of the proposed antenna were

measured in an anechoic chamber, and are illustrated in
Fig.10. Two gain reference horns were used to cover the
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(b)
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required working frequency spectrum, i.e. a low gain horn for
2.4 to 17 GHz and a high gain horn operating from 18 to 24
GHz. Gain was measured by substitution. The radiation
patterns of the antenna are depicted in Fig.11. To check the
consistency and variations of the patterns across the frequency
bands, seven frequency points were selected, i.e. 2.4, 4, 8, 12,
16, 20 and 24 GHz for two ports. Due to the SKA dish antenna
possesses shaped offset-Gregorian optics, with 5.2 m for the
sub-reflector with subtended angle of 6. =58°[1,15] and a
projected diameter of 15 m for the main reflector only the +60°
illumination zone is plotted for the QRFH feed. Fig. 12
compares and plots the simulated results against the measured
results of the radiation patterns at -10 dB beamwidth in the E-
(9 =0°), H- (p = 90°) and D- (¢ = 45°) planes, respectively.
These three planes offers a clearer picture of the patterns. The
measured patterns in the E, H and D-planes demonstrate
uniformity across most of the working frequency band. The
simulated and experimental maximum gains of the QRFH for
two ports are shown in Fig.13 and both results are in good
agreement within the range of 10.5 dB to 21.1 dB over the
working frequencies.
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FIGURE 13.Simulated and measured Maximum gains of the QRFH Feed
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FIGURE 14.The Antenna aperture efficiency in SKA dish was calculated
with two ports

To evaluate the feed antenna aperture efficiency, GRASP
(General Reflector Antenna Software Package) [25] was
used to model the feed in SKA dish. This software is the
main tool for on-dish simulation using PO (Physical Optics)
augmented by the PTD (Physical theory of diffraction) with
the reflector illuminated by the designed feed. Fig.14 shows
the antenna aperture efficiency over the desired operating
frequency band. The efficiency is ranging from 75% to 55%
over 2.4 to 24 GHz for the two ports.

C. Performance Comparison

A comparison between the proposed QRFH feed and other
published works, in term of minimum reflection coefficient
(S11/S22), minimum mutual coupling (S21), impedance
bandwidth, maximum gain, antenna efficiency and antenna
size is given in Table 3. It is noticeable that the proposed work
has achieved a wider impedance bandwidth with also better S-
parameters against the others. The presented design also has
comparable size, reasonable antenna gain and acceptable
aperture efficiency in comparison with other published works.
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TABLE 3: COMPARISONS OF FEED PERFORMANCE BETWEEN THE PUBLISHED WORKS AND THE PROPOSED WORK.

. S21 Maximum gain Antenna Size

Feed Type ‘t\)z Egl;?i}lj requency and - S11/522 efficiency (Aperture diameter, height)
Dong’s design [7] 4.6-24 GHz (5:1) -8 dB -21dB N/A 53% (3.14,,2.82,)
Shi’s design [8] 8-50 GHz (6:1) -7dB -20dB N/A 60% (1.542,, 1.174,)
Jonas’s design[15] 1.5-4.5 GHz (3:1) -10dB -40dB N/A 68% (1.224,,1.22,)
Akgiray’s design [5] 2.5-11GHz (3:1) -15dB -30dB 7-14dBi 50% (1.142,, 1.094,)
Mallahzadeh’s 8-18 GHz (2:1) -9.45dB -21dB 10-16.2dBi N/A (1.691,, 2.054,)
design[16]
Billade’s design[9][15] 0.35-1.05 GHz (3:1) -10dB -35dB 10.6-13dBi 66% (1.164,, 1.164,)
Bekir’s desogn [17] 1-6.75 GHz (6.75:1) -10dB -28dB 13.6-18.1 dBi N/A (1.872,,2.14,)
Yang’s design[18] 1-6 GHz (6:1) -10dB -35dB N/A 50% (52,,0.332,)
Jonas’s dielectric 1.5-15.5 GHz (10.3:1) -7dB -35dB 6.5-12.5dBi 50% (1.91,,0.584,)

design[19]
Proposed work 24-24 GHz (10:1) -10dB -25dB 10.5-21.1dBi 55% (1.364,, 1.54,)

*A,1s the lowest operating frequency

IV. PREDICTED CRYOGENIC SYSTEM PERFORMANCE
The designed aperture of the QRFH feed is only 170 mm,
which helps to reduce the size of the vacuum window and
thermal load, and minimizes the cryostat volume to reduce
the overall radiating surface area. An essential aspect of the
important aspect cryogenic feed design is to assess its
performance when it is placed inside the cryostat and being
cooled down to the baseline requirement temperature of 45
K which meets the target of less than 50 K [1],[14].

A. CONFIGURATION AND MEASURE ENVIRONMENT
FOR CRYOGENIC QRFH

A minimized Dewar has been designed for the 10:1
bandwidth QRFH, and is shown in the Fig.15. The cryogenic
system includes a Vacuum Window (Mylar) [26],[27],
Dewar Cavity, Feed, Thermal Shield, and G10 Supporter
which is a glass fiber and resin rolled composite material
supporter. The cryogenic temperature performance has been
both estimated and measured on the mechanical and
cryogenic Dewar systems. The configuration of the
completed measurement is presented in the block diagram in
Fig.16. The cryogenic Dewar system consisteds of nine main
parts: Temperature Monitor, Vacuum Gaug, Vacuum
Pump,Vacuum Pipe, Helium Compressor, Helium Pipe,
Cold Heading, Cryogenic Dewar and feed. In this cooling
environment, it is noted that the Vacuum Gauge,Vacuum
Pump and Vacuum Pipe are used to measure the internal
vacuum of the Dewar cavity, while the Helium Compressor,
Helium Pipe and Cold Head are used for cooling. Moreover,
the temperature monitor with series temperature sensors is
used to measure the physical temperature, whereas the
Dewar Cavity is used to support a Vacuum sealing
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environment. Table 4 lists the main equipments used in the
measurement, as shown in Fig.16.

TABLE 4: THE MAIN EQUIPMENT LIST

Equipment Name Model Number
Cold Head KDE210SA*
Helium Compressor M600
Compound vacuum gauge ZDF-1II-LED
Temperature Monitor M9308

KDE210SA" is two-stage of refrigerator cold head, which was designed by
CSIC [28]

TABLE 5: TEMPERATURE SENSORS DETAILS IN THE DEWAR

Temperature Sensor Location Temperature Sensor code with

measured value

2 gtage cold plate 17100-1719-F 8K
15093-1110-B 8K

Feed 15088-2123-D 46 K
17043-4307-C 45K

15077-4142-E 38K
15092-3029-A 207K
17041-4645-G 207 K

1 stage cold head
Thermal Shield

Vacuum Window
(Mylar)

T K

Thermal Shield

G10 Supporter

FIGURE 15. 3-D structure with mechanical design for Cryogenic
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Heliom Compressor
(Outside)

Temperature
Monitor

Vacuum Gauge

e rom I

il
tage of Refrigerator
cold head

_ [
151 stage of Refrigerator
cold head

FIGURE 16. Measurement set up for Cryogenic QRFH

B. MEASURED HEAT FOR 10:1 BANDWIDTH FEED
REFRIGERATOR

After 24 hours’ cooling, the monitored temperature sensor
displayed the feed physical temperature as less than 50 K, as
shown in Fig.17. This indicates that the WBSPF
performance requirements have been achieved when the
temperature can keep at 45 K and the final vacuum degree is
4.0x10 =5 Pa. When the vacuum degree is better than 10 ~°
Pa, the convection heat can be neglected [26].

FIGURE 17. Measured the Cryogenic QRFH temperature results
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KDE 210S Typical Load Map (50Hz)
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FIGURE 18. Measured heat result for 10: 1 bandwidth feed
refrigerator

From the temperature monitor (refer to Fig. 18 blue
points), it can be clearly noticed that the temperature on the
Thermal Shield is 207 K, the temperature on the 2nd stage of
the Refrigerator cold head is 8 K, the 1st stage of the
Refrigerator cold head is 38 K, the temperature on the Feed
plate is 45 or 46 K. According to the above measured
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different sections of temperature and KDE210SA thermal
conductivity curve [28], the measured heat on the 2nd stage
of the Refrigerator cold head is 3 W, and Ist stage of
Refrigerator cold head is 37 W. Here, the QRFH is only
connected to the 1st stage of the Refrigerator cold head by
copper strips, so the thermal load on the 1st stage of
Refrigerator cold head needs to be considered.

C. THEORY CALCULATION VERIFICATION ON 10:1
BANDWIDTH FEED REFRIGERATOR HEAT

In order to evaluate the required refrigerating capacity,
the conductive and radiant loading to be absorbed by the first
and second stages of the refrigerating head must be estimated
by the system designer. Due to convection, there is a third
heat load which causing by heat conducted from the Dewar
walls to the cold head by the residual gas inside Dewar. When
the vacuum quality is good, the third heat load can be
neglected. Therefore, this is not taken into account in
estimating the total heat load. Finally, the heat is coming
from the conductive and radiation load [26]. There is no
conductive heat and radiation loading on the 2nd stage of the
Refrigerator cold head for QRFH experiment. This is due to
the 2nd stage of the Refrigerator cold head being mainly used
for cooling the LNA (low-noise amplifier) device.

1) Estimating Thermal Load Due to Conduction

H=2[7Kadt (4)
where:
H=heat
A=cross section area of the conducting element in m?
L=the conducting elements length in m
K=the thermal conductivity in Wm™1K™1,
T,=the colder temperature in K
T,= the warmer temperature in K
Here, for cryogenic feed, G10 supporter, K=0.34 W/mK is
chosen [26]. The sources of conductive heat are the 1st stage
of the Refrigerator cold head and the 2nd stage of the
Refrigerator cold head. All the area of surfaces is estimated
using Solid Works software.

Heonauction = Hy + Hy (5)

H; is the conductive heat from the 300 K baseplate of the
Dewar to the 207 K baseplate of the thermal shield .

H,is the conductive heat from the 207 K baseplate of the
thermal shield to the 45 K baseplate of the feed. The
temperature on the baseplate of the Dewar is 300 K and the
baseplate of the thermal shield is 207 K. There are four G10
supporters used in this work with the inner diameters of 20
mm, the outer diameter is 24 mm and the height is 136 mm.
By using Eq.(4), the value of conductive heat for H; can be
calculated as 0.112 W.

The temperature on the baseplate of the thermal shield is
207 K and the baseplate of feed is 45 K. The inner diameter
of the G10 supporters is 20 mm, the outer diameter of the G10

1st stage
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supporters is 24 mm, and the height is 210 mm. With four
supporters used, by adopting Eq.(4), the value of conductive
heat for H, was calculated as 0.124 W. By adding these two
heats by using Eq.(5), the 1% stage total conductive heat
( Heonduction) can be predicted as 0.236 W.

2) Estimating Thermal Load Due to Radiation

To determine the net exchange of radiant energy between
two surfaces, three key elements must be considered, i.e. the
geometry of the two surfaces (inner and outer), the
temperatures of the inner surfaces and the emissivity of the
surfaces’ areas. In a practical measurement, the geometry of
most systems is difficult to obtain accurate values. However,
to estimate the radiation load for the size of the refrigerator,
the following equation is often used [26]. All the area of
surfaces were predicted by Solid Works software in this case.

oAy (T3 -T1)

Q =172 watts (6)
£1+A;(£2_1)
Where:

Q-=radiation heat transfer, Watts
A;= area of inner surface, m?

A,= area of outer surface, m?

T,= temperature of inner surface, K
T,= temperature of outer surface, K
€,= emissivity of the inner surface
€,= emissivity of the inner surface
0=5. 74*1078 Watts/m?K

The sources of radiant heat are obtained from the 1st stage
of the Refrigerator cold head and the 2nd stage of the
Refrigerator cold head.

Qragiation = @1+ Q2+ Q3 (7)

@, is radiant heat between the surface of the 300 K
Vacuum Window and the 45 K inner surface Feed.

1st stage

@, is radiant heat between the area of the 300 K Dewar
and the area of the 207 K Thermal Shield.

Q5 is radiant heat between the area of the 207 K Thermal
Shield and the 45 K outer surface Feed.

v’ I*'stage of Refrigerator cold head: Q

A number of parameters need to be set before the
measurement for the 1st stage is performed, such as the
temperature of the Vacuum Window, 72, is set to 300 K in
this case, the inner Feed, T/, is 45 K, the area of the Vacuum
Window Mylar, 42, is 0.097264 m? and the area of inner
Feed, Al, is 0.047861 m? . In addition, the feed was
manufactured using anodized aluminum, where the
emissivity of the inner surface, &;, is 0.97 [29-37], the
emissivity of the outer surface, &,, is 1 [29-37] and the
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material is Mylar film. By adopting Eq.(6), the radiant heat
Qqis 21. 63W from the Vacuum Window to the inner feed.

v I*'stage of Refrigerator cold head: Q,

The temperature of the Dewar is 300 K ( T,) and the
Thermal Shield is 207 K ( T;). The area of the Dewar inner is
0.677 m?, the area of the Dewar baseplate is 0.1051m?, A,is
0.782 m? (0.677+0.105), the surface of the Thermal Shield
outer is 0.377m?, the surface of the Thermal Shield baseplate
is 0.061 m?, A;is 0438 m? (0.377+0.061). The inner
Thermal Shield is nickel-plated copper, and the emissivity of
the inner surface, ¢/ is 0.05[29-37], the outer Thermal Shield
is stainless steel 304, and the emissivity of the outer surface,
g2, 1s 0.16 [29-37]. Again, by using Eq.(6), the radiant heat
Q, canbe obtained as 6. 86W from the Dewar to the Thermal
Shield.

v I*'stage of Refrigerator cold head: Q4

The temperature of the Thermal Shield is 207 K ( T,) and
the Feed is 45 K ( T;). The surface area of the thermal shield
outer is 0.377m?, the surface area of the thermal shield
baseplate, 42, is 0.061m?. The surface area of the Feed outer,
A1, is 0.049722 m?. The inner Feed is nickel-plated copper,
and the emissivity of the inner surface, ¢/, is 0.97 [26-27],[29-
33]. The outer Thermal Shield is stainless steel 304, and the
emissivity of the outer surface, €2, is 0.05 [26-27],[29-33]..
By using Eq.(6), the radiant heat, Q5, can be found to be 1.
64 W from the Thermal Shield to the Feed. Finally, the total
radiant heat (1ststage Qrqgiation) 18 30. 13W (21.63
W+6.86 W+1.64 W) on the 1st stage of the Refrigerator cold
head, which is found by adding all the radiant heats using
Eq.(7). It can be concluded that, the calculated refrigerator
heat for 10:1 bandwidth feed is 30.366 W (0.236 W+30.13W)
on the 1st stage of the Refrigerator cold head. The calculated
value is near to the measured result (37 W) on the st stage of
the Refrigerator cold head.

I

Radiation efficiency(dB)
&

2 4 6 8 10 12 14 16 18 20 22 24

Frequency (dB)

FIGURE 19. The calculated Radiation efficiency
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FIGURE 20. The calculated QRFH Noise contribution in different
frequency bands

Fig.19 shows the radiation efficiency (ohmic loss)[11] of the
design, which was calculated using CST Microwave Studio.
It is clearly seen that the radiation efficiency is between -0.04
and -0.4 dB at most frequency bands. From the measured
physical temperature for the cryogenic QRFH feed, which is
c. 45 K (see Table 5: Feed: 15088-2123-D and 17043-4307-
C), we can predict the QRFH noise temperature from the
equation below [38], [39]:

T,=(L-1) X T, @®)
T, : Noise temperature; L: ohmic loss; T, : physical
temperature

For the radiation efficiency of the feed, the main factor
is ohmic loss. Based on the radiation efficiency performance,
Fig.20 is produced by using Eq. (8) to show the noise
contribution that encompasses the working frequency band
at room and cryogenic temperature. To sum up, the physical
temperature of the QRFH level achieved is less than 45 K. It
is noticeable that at cryogenic temperature 45K, the noise
temperature range between 0.146K to 4.5K while at room
temperature it varies between 1K to 30K. At the frequency
band from 7 GHz to 23 GHz, the noise temperature is less
than 0.83 K and 5.53 K for cryogenic and room temperature
respectively. The calculated refrigerator heat from the
simulations is close to the measured result. The performance
of the QRFH is demonstrated applicable to be a feed option
in a Square Kilometre Array reflector antenna. Fig.21 shows
that the feed will be implemented into an SKA dish prototype
with a diameter of 15 m for the main reflector and 5.2 m for
the sub-reflector. Currently, this SKA dish is located in Shijia
Zhuang, China and was manufacture by JLRAT [40].

V. CONCLUSIONS

This paper presents the optimization and realization of
a 10:1 bandwidth cryogenic Quadruple-Ridged Flared Horn
design for reflector antennas applicable in future wideband
radio telescopes. The sunk profile, L-shaped matching block
and, in particular, the probe inner conductor of the horn feed
are studied and the cryogenic feed performance is also
analyzed. The feed exhibits good impedance matching and
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radiation pattern performance over 10:1 bandwidth. By
adopting the sunk curve profile, the design’s phase center of
the radiation patterns become more stable and concentrated.
Therefore, more constant beamwidth and more symmetrical
radiation patterns have been obtained. Two probes are
designed by using the multiple matching rings cascade
method, which eliminated the standing wave discontinuity at
a certain point of a frequency band and resulted in good 50
Q impedance matching of the four-ridged horn with
broadband characteristics to up to 10:1 bandwidth. The
reflection coefficient measured is less than 10dB and cross
coupling is lower than -25 dB, which both agree with the
simulated results. The whole QRFH was manufactured using
aluminum alloy 8050 with relatively small horn apertures. It
is easy to reduce the size of the vacuum window and thermal
load in the cooling environment, and the construction for
manufacturability, stability, and compatibility with
cryogenic cooling. The noise temperature contribution of the
feed predicted is less than 0.83 K at most working frequency
bands, while the antenna aperture efficiency is above 55%
over 2.4 to 24 GHz for the two ports. Consequently, the light
and compact design facilitates cooling of the entire feed,
which reduces receiver system noise temperature to obtain
higher sensitivity. Meanwhile, this design could reduce the
number of receivers for SKA reflectors, maintenance
difficulties and cost, especially, in face of operating
thousands of dishes. The 10:1 Bandwidth Cryogenic QRFH
presented in this paper for use in an SKA dish prototype for
carrying out astronomical observations will be promising
feed option for the SKA currently in its construction stage.

Mounting
Position

FIGURE 21.SKA dish prototype with location of the proposed feed.
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