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Abstract

Existing radio receivers have a very low noise temperature. To further increase the observation speed, the new generation
of radio receivers use a multi-beam focal plane array (FPA) together with wide bandwidth. In this article, we present the
front-end and cryogenic design of the 7-beam FPA double linear polarization receiver for the 64-m primary focus of the
Sardinia Radio Telescope .At the end of this article, we show the simulated performances of the front-end receiver and
the measurements of the down-conversion section.

1. INTRODUCTION

The Sardinia Radio Telescope [1-5] (SRT, Lat. 39°29°34°’N Long. 9°14°42”* E) is a major radio astronomical facility
which is ready to perform outstanding scientific observations. It is a flexible instrument for Radio Astronomy studies and
Space Science, both in single dish and VLBI (Very Long Baseline Interferometry) mode. SRT is a fully-steerable, 64m-
diameterparaboloidal radio telescope, which in full operation mode, will be capable of operating with high efficiency in a
wide frequency range: from 300MHz to 116GHz. The SRT optical configuration is a quasi-Gregorian system with a
shaped parabola primary mirror M1, a shape elliptical mirror M2, and three other mirrors M3, M4 and M5. The active
surface of the M1 consists of 1008 aluminium panels and of 1116 electromechanical actuators. The actuators compensate
the systematic effects of the backup structure like gravitational effects or non-systematic effects like thermal and wind
deformations. At the present time, at SRT three receivers are mounted, one for each focus [6]. In the primary focus (F1)
there is a coaxial-feed LP-band receiver, which simultaneously covers the P- (0.305-0.410 GHz) and L- (1.3-1.8 GHz)
bands [7-14]. In the BWG-I focus (F3), and in the Gregorian focus (F2) we installed a mono-feed high C-band receiver
(5.7-7.7 GHz) [15-17] and a multi-feed K-band receiver (18-26.5 GHz) respectively [18].

The design of the multi-feed S-Band receiver, which commended in May 2013 [19-20], targets the development of new
cryogenic radio receiver generation at the Observatory of Cagliari (www.oa-cagliari.inaf.it). The project was subject
numerous changes. Building on previous studies, we design the entire passive feed system to work at cryogenic
temperatures (below 20K), we add two feeds on the focal plane array and we shift the RF band from 2.3-4.3 GHz to 3.0-
4.5 GHz due to strong RFI signals.

In this paper, we describe the new architecture of the 7-Beam S-band receiver, which covers the frequency range 3-4.5
GHz. We describe the final electromagnetic simulation of the overall passive feed system, the thermal design and the
final measurements of the down-conversion section.

2. ARCHITECTURE OF THE RECEIVER

The Multi-feed S-band receiver will be placed at F1. The design of the receiver architecture strongly depends on the
primary Focus Positioner (PFP) load and room limits, as shown in Figure 2. These limits lead to a maximum receiver
weight and dimensions of 500 Kg and 1x1x1 m? respectively. This new instrument will offer large science capabilities
like pulsar observations and mapping of radio sources. The main specifications of the receiver are summarized in Table
1. The RF signal path is cooled at 20 K with the exclusion of the vacuum window, which works at room temperature
(300K). The RF signal crosses the vacuum window and the feed. Subsequently, the RF signal is split by the double
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ridged orthomode transducer (OMT). Finally, the signal is amplified by a commercial cryogenic low noise amplifier
(LNA). The new FPA has an hexagonal shape and it composed of seven feeds arranged on the vertex of the hexagonal
shape as well as a central feed. The design of the waveguide passive components, (feed, OMT and directional coupler)
were constrained by the available space along the direction of the optical axis (1 m) inside the focal cabin of the
telescope, as shown in Figure 2.
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Figure 1. Sketch of the Sardinia Radio Telescope (www.srt.inaf.it). The picture shows all fundamental mechanical parts
of the antenna and the optical configuration. The SRT optical configuration is a quasi-Gregorian system with a shaped
parabola primary mirror M1, a shape elliptical mirror M2, and three other mirrors M3, M4 and M5, which compose the
beam waveguide Layout 1 (BWG-I) and Layout II (BWG-II).

Parameter Goal

Frequency Range 3-4.5 GHz (BW:40%)
Focal Plane Array Seven Feeds

Polarization double linear polarization
Intermediate frequency (IF) range 0.1-2.1 GHz
Receiver Temperature <20K

Return loss of each components <20 dB
Cross-polarization of each components <-35dB

Total Gain ~ 80dB

Table 1. Summary of the electromagnetic performances of the multi-feed S-band receiver.

All component dimensions have been chosen in order to meet these load and dimensional requirements. The schematic in
Figure 3can be divided into three main blocks. The first block is the front-end, which includes the feeds, OMTs
directional couplers and LNAs. There are designed to collect, amplify and split the signal incoming from each feed into
two orthogonal polarizations. The second block is the analog back-end. It is mainly composed of amplifiers, filters and
mixers in order to perform the conditioning and frequency down-conversion of the two polarizations. The last block is
the local oscillator distribution, which is composed of a commercial signal generator, power amplifier, filters, and the
splitter circuitries.
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Figure 2.Detail of the sub-reflector and PFP of the Sardinia Radio Telescope. Two cubes depict the coaxial-feed LP band
receiver that is already installed on the PFP and the available room for the S-band receiver.
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Figure 3.Generic schematic diagram of the S-Band heterodyne receiver.
2.1 Front-end chain simulation results

The passive front-end chain is constantly maintained at cryogenic temperatures (below 20K) in order to minimize the
thermal noise before the low noise amplifier. The bandwidth of the receiver is 40% of the central frequency of 3.75 GHz.
We designed a simple circular waveguide feed, illuminating the primary mirror with an edge taper of -13 dB @74
degrees [19]. Actually, a new best-fit paraboloid surface can be obtain with the active optics to improve the antenna
efficiency. At the circular waveguide feed, the circular to quad-ridged waveguide transition is directly connected. The
OMT is located downstream of the transition, as shown in Figure 4.
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Figure 5. Output Return Loss at the output coaxial connectors. S11 red curve (horizontal polarization) S22 blue curve
(vertical polarization).
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Figure 6. Cross Polarization at the coaxial connectors. S21 red curve and S12 blue curve.

Figure 7Left) shows the a picture of the commercial low noise amplifier [25]. Right) reports the measured performance
of the gain and the noise at a cryogenic temperature of 14.7 K. The gain is about 27 dB, whereas the noise is below 5 K at
our S-band frequencies (3-4.5 GHz).

The OMT [11-21-22] is a passive component employed to separate the RF signal incoming from the feed in two
(horizontal and vertical) linear polarizations. The passive feed system is realized using aluminium anticorodal 6082. The
orthomode transducer has a singular quad-ridged waveguide input and four outputs. Each output has a 90-degree SMA
connector [23]. The 90 degrees SMA connector allows us to connect the OMT directly with the input of the commercial
cryogenic LNA. We adopted this solution to minimize the dimension along the z-direction and to avoid the coaxial cable
in order to minimize the losses and consequently the thermal noise. Figure 5 shows the simulated output return loss of the
entire passive feed system. The output return loss at the coaxial connector is below 15 dB over the interested RF band,
(3-4.5 GHz) for each polarization. The simulation of the cross polarization of the passive feed system is below -35 dB in
the range 3.2-4.6 GHz, whereas, between 3.0-3.2 GHz the maximum value of the cross polarization is below -31 dB. We
use the commercial electromagnetic 3D software, CST Microwave [24] Studio, to simulate all parts of the passive feed
system.
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Figure 4. 3D sketch one front-end chain designed for the multi-feed S-band receiver, 3-4.5 GHz. The passive system is
composed of: a circular waveguide feed; a circular to quad-ridged waveguide transition; and an orthomode transducer.

2.2 Cryogenic design

The cryogenic system is a fundamental part of any modern radio astronomical receiver [26-27]. This system employed in
a radio receiver is composed of two big parts: the vacuum system and the cooling system. The vacuum system is
composed of two vacuum pumps, one vacuum sensor, and one vacuum chamber. The vacuum sensor allows us to
measure and monitor the level of vacuum inside the vacuum chamber. Inside the vacuum chamber, the front-end chains
are installed .The cooling system is composed of a cryogenic compressor and a cryocooler. These two equipment are
linked by two pipelines, which are filled with liquid helium. The aim of the aforementioned system is to cool the devices
placed inside the cryostat in order to decrease the noise temperature of the front-end chain. In order to optimize the
operation of the cooling, we must minimize the heat transfer from the stage at room temperature to the stage at cryogenic
temperature. The thermal load is generated by three physical phenomena: Convection, Radiation and Conduction
[27].The total heat transfer can be estimated by the following formula:

W = Weony + Wraa + Weona

For our receiver, we take careful attention to optimize the cryogenic design of the cryostat. In figure 8 is sketched the
cryostat, showing the total seven front-end chain.

Thermal Load Contribution

First Stage [W] Second Stage [W]
Convection 0 0
Radiation 5.7 35E-3
Conductivity 9.8 1.4
Active devices 0 0.15

15.5 1.585

Table 2. Different thermal load contributions analysed in the previous sections. Each commercial LNA has a consumed
power of about 10mW.
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Figure 7.Left) Picture of a commercial cryogenic LNA selected for the front-end chain. Right) Gain and Noise
performances of the purchased LNA at 14.7 K.

The Diameter and height of the cryostat are respectively 524mm and 762mm. Figure 8 shows the two developed thermal
shields. They are necessary for minimizing the thermal load due to radiation effects. The thermal shields are composed of
cylindrical metallic structures and ten sheets of super-insulation. These sheets are fixed on the external side of the
radiation shield. To minimize the conduction thermal load, we used different materials in order to transport the signals.
We used stainless steel coaxial cables to connect the output LNAs with the external side of the cryostat to transport the
RF signals. We adopted bronze DC wires to supply the low noise amplifier placed into the cryostat. The cryostat requires
strong supports to put together the plates at different temperatures in order to sustain all receiver chains, as shown in
Figure 8. For these reasons, we designed and optimized the cylindrical column supports using G10 material.

Taking into account previous experiences about the development of thermal design [28], we calculated and simulated the
S-band front-end thermal load contribution, as shown in Table 2.

L

Vacuum
Window

Second Plate

RF
Front-End Chain

First Thermal

Shield @ 70K First Plate

(@70K
G10
supports
Vacuum
Chamber

Bottom Plate
@300K

Figure 8.Internal front-end view of the multi-feed S band receiver.
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In the last row of Table 2, we shown the results of the total expected thermal load. For the first and second stages the
total thermal load is equal to about 15.5 W and 1.6 W respectively. These results allow us to take into account a
commercial cryocooler solution like CTI350CS [29].

2.1 LO Distribution circuitry

To optimize the power level and to minimize the spurious signal level, we developed an ad-hoc local oscillator signal
distributor. Figure 3 shows the schematic diagram. The circuitry is composed of three distinct blocks. The first block
goals are to filter the LO harmonic spurious of the LO signal and split the LO signal coming from the signal generator.
The other two blocks split the LO signals into eight distinct outputs signals. The LO reference signal is thus split into
sixteen distinct signals, which pump fourteen mixers, as shown in Figure 3.These blocks were developed, designed,
assembled and measured in our structures, as shown in Figure 9.

Figure 9.Left)Realized first block. It has three ports. The right ports are the output ports, whereas the left port is the input
port. The input port is connect directly to an amplifier and an isolator, as shown in Figure 3. Right) The realized 8-way
divider (second block). In top of the picture there is the input port, on the other side there are the eight output ports. The

input port is connected directly to the first block, as shown in Figure 10-/eft.

The measured performances of the entire passive system are reported in Figure 10-right. The measurements are made
with our vector network analyser, R&S ZVA67. The transmission coefficient is about 15.5 dB, but the ohmic losses are
about 3 dB. The return loss of the whole system is below 11 dB.

2.1 Down Conversion circuitry

The designed conversion system is composed of commercial and homemade devices [30-31-32]. We tested the system
with a variable local oscillator LO= 4.8-5.1 GHz to allow us to place the RF band of 1.5 GHz into the IF bandwidth of
SRT. The receiver delivers a total IF bandwidth of 21 GHz (7 feeds x 2 pols x 1.5GHz). The schematic block is sketched
in Figure 3.Figure 11 shows the SUT (System Under Test) and instruments used to perform the measurements. The
instruments used during the measurements are: a spectrum analyser (R&S FSV-40) and two signal generators(R&S
SMF100A and R&S SMBI100A). The SA was used to measure the amplitude of the SUT output. The first signal
generator was used to simulate the RF signal, whereas the second signal generator was used to pump the mixer. To
optimize the measurements we have developed a software tool to control instrument remotely. The software is written in
Python 2.7 [32] and uses the Python GUI Toolkit wxPython 3.0.2 [33], a wrapper of wxWidget toolkit. It depends on the
PyVisa 1.8 [34] library for communication with measurement instruments. This library implements Virtual Instrument
Software Architecture (VISA) [35], which used to communicate over many different interfaces and bus systems (GPIB,
VXI, PXI, Serial, Ethernet, and/or USB interfaces). The software allowed the processing of data after the measurements.
Moreover, it made it possible to create customized embeddable graphs for each measurement. The graph plotting
functionality is based on matplotlib 1.4.3 [36].

For the measurements, we have estimated a maximum power signal at the input of the conversion system equal to - 45
dBm. The goal of these measurements are to define the exact frequency and power of the local oscillator to maximize the
conversion gain and to minimize the spurious signal inside the IF band. The first parameter that we have optimized is the
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conversion gain. The results of the analysis are reported in Figure 12. For these measurements, we have swept the
frequency and the power of the local oscillator signal.

Return Loss
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-25.0
3.0 35 4.0 45 50 55 6.0 6.5 70
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Figure 10.Left)Picture of the two blocks connected together. Right) In the top figure, we shown the Return loss
measured for the whole passive distributor circuitry. In the bottom figure, we shown the scattering coefficients S12 for
the whole distributor circuitry.
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Figure 11. Our workbench setup designed to do the SUT measurements.
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During the measurements, the power of the LO signal was corrected to take into account the cable losses between the
instrument and the LO distributor as well as the losses of the LO distributor. This correction was made possible by a
specific calibration routine of our developed software tool. The value of the LO signal is reported in Figure 12 caption.
After the analysis of the conversion gain measurements, we obtained the best frequency values of the local oscillator.
These values are 4.8 and 4.9 GHz. In fact, the conversion gain is almost flat (see Figure 12) for these values of the LO
signal. Each graph shows the conversion gain at different LO power levels. In all graphs is evident that the optimal trade-
off between the conversion gain and the minimum LO power is 10 dBm. For a LO signal frequency equal to 5.0 or 5.1
GHz, the conversion gain for high frequency IF decreases very quickly, so we reject these last values.
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Figure 12. Conversion Gain of the whole down conversion system. In each graph the power of the LO is swept between
4dBm to 16dBm. @) LO is set at 4.8 GHz; b) LO is set at 4.9 GHz; ¢) LO is set at 5.0 GHz; d) LO is set at 5.1 GHz;
Figure 13 shows the spurious signal distribution. For this measurement we set an input RF power equal to -45 dBm and
set minimum a threshold level equal to -80 dBm for the spurious signals. The 3D graph shows the spurious distribution in
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the corresponding IF bandwidth, with the level power and the index (n;m) used in the following formula to calculate the
spurious frequencies:

fspurious =N fro + M fpr

After Studying the graphs in Figure 13, it is clear that the minimum presence of the spurious signals occur when the LO
frequency is set at 5.1 GHz, as shown in Figure 13-d. The overview of the spurious signal level measurements are
reported in Table 3. In the first column, we shown the frequency LO setup. For each value we measured the power level
of the down converting signal (second column). In the third column we insert the maximum measured level of the
spurious frequency. Our goal was to find the best value of the LO frequency to minimize the spurious signals inside the
IF band, and maximize the level of the down converted signal and the maximum level of the spurious signals. This value
is reported in the last column.

In conclusion, after our measurements we decided that the best value for the local oscillator signal LO was4.8 GHz. The
power level of the LO signal is set to 10 dBm. Finally, the IF band range is 0.3-1.8 GHz.

LO Level of fundamental Maximum spurious signals Difference between fundamental and
frequency

[GHz]

signal level [dBm] maximum spurious signals
[dBm] [dBc]

5.1 8.5 -32.5 -41

Table 3. The overview of the spurious level measurements.

Vacuum Window Feed 300 -0.05 3.5 3.5
Passive Feed System 20 -0.25 1.2 4.7
LNA cool 20 27 5 10.03
Coaxial Cable 300 -1 77 10.3
BP Filter 300 -1.5 125 10.67
LNA hot 300 32 67 10.95
Isolator 300 -1 78 10.95
Mixer 300 -10 2700 11
LP Filter 300 -1 78 11
Amplifier 300 25 750 11.15
Coaxial Cable 300 -10 2700 11.15
TRIC [K] 11.2

Table 4. Estimation of the receiver Tric at central frequency(3.75 GHz)

3. SUMMARY AND CONCLUSIONS

In the previous sections we describe a new architecture for an7-beamS-Band cryogenic receiver for the primary focus of
the Sardinia Radio Telescope. We reported the simulation results of the passive feed system. We obtained a return loss
value below 15 dB and a cross polarization value better than -30 dB over the entire S-band for both values. We
developed a software tool to control the measuring instruments remotely and to perform off-line data analysis. With this
software, we selected the best value of the LO signal in order to maximize the conversion gain, and to minimize the
number and level the spurious signal inside the IF band. The receiver temperature was estimatedbelow12 K, thanks to a
thermal load and noise temperature analysis of the cryogenic front-end, see Table 4. We expect to start to test the
cryogenic front-end by July 2016.
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Figure 13. Spurious Distribution for the local oscillator at :a) 4.8 GHz and a power LO equal to 10 dBm. b) 4.9 GHz and
a power LO equal to 10 dBm. ¢) 5.0 GHz and a power LO equal to 10 dBm. d) 5.1 GHz and a power LO equal to 10
dBm.
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