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ABSTRACT

In the effort to push the boundaries of radio astronomy observations, technological innovations are essential for future
generations of observatories. This paper introduces an innovative design for future radio receivers in major observatories
like ngVLA, ALMA, and SKA. The concept centers around an Octave Band Quad Ridge Feed Horn and Vacuum Window,
designed to operate within the 25 to 50 GHz (2:1) frequency range. This cutting-edge feed model uses dielectric loading
to enhance phase and polarization efficiency, thereby significantly increasing the overall aperture efficiency across the
bandwidth. The dielectric rod, features a solid construction with comb-shaped ridges located in the throat of the feed horn.
To complete the entire optic model an HDPE vacuum window with three custom designed antireflection layers to minimize
the signal reflections, is designed and presented. To confirm the performance of the proposed model, we use two different
3D full-wave electromagnetic simulators, CST Studio Suite and HFSS. The results showcase a return loss exceeding 25dB
with exceptional beam symmetry across the entire bandwidth.
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1. INTRODUCTION

The instantaneous bandwidth accessible to mm-wave radio astronomy receivers limits both the sensitivity of continuum
observations as well as the volume of spectral data collected. Traditional technologies have limited the bandwidth to less
than an octave, constraining the scope of scientific research. However, recent advancements in technology are paving the
way to potentially expand these limits [1], [2], [3], [4], [5], [6], [7], [8], [9], [10]. These innovations could lead to the
creation of wideband mm-wave systems that are capable of covering an entire octave or even more, significantly increasing
the scientific productivity of radio observatories. Such enhancements in mm-wave receivers promise to improve both
existing and forthcoming radio observatories, including major projects like ALMA, SKA, and the ngVLA.

The wideband receivers, particularly those operating in the octave band (2:1 frequency ratio), offer important benefits over
standard band receivers (1.67:1 frequency ratio). One of the primary advantages is cost efficiency. By using octave band
receivers, fewer units are required to achieve complete frequency coverage, which is especially advantageous for expansive
telescope arrays like the ngVLA, SKA, and ALMA. Moreover, octave band receivers facilitate wideband observations and
significantly enhance sensitivity for continuum measurements. Given these advantages, octave band radio receivers are
highly valued in millimetre-wave radio astronomy, enabling more dynamic and cost-effective exploration of the universe.

This paper concentrates on the design and development of crucial components for octave band front-end receivers,
specifically the feed horn and the vacuum window. We propose a novel octave band dielectrically loaded quad ridge feed
horn, known for its broad bandwidth and dual-polarization capabilities, enabling it to capture a wide range of frequencies
[1]. Additionally, we introduce an octave band vacuum window model, made from high-density polyethylene (HDPE),
which protects sensitive telescope elements while maintaining signal integrity and cryogenic temperatures. Designed to
be transparent to radio waves, the vacuum window ensures minimal attenuation of incoming signals [11], [12].
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2. QUAD RIDGE FEED HORN

This section presents a dielectrically loaded octave band quad ridge feed horn, tailored specifically for the ngVLA's optical
requirements. The design ensures a feed pattern with a 16 dB edge taper at a 55° opening half-angle, consistent with the
specifications outlined in the ngVVLA reference design [13]. This feed horn is engineered to optimally illuminate the shaped
offset Gregorian reflector.

Designing a wideband quad ridge feed horn presents significant challenges, particularly in maintaining beam symmetry
across a wide bandwidth. While the ridge structure inherently provides excellent reflection loss over a wide bandwidth,
the beamwidth tends to narrow at higher frequencies. To address this issue, a dielectric rod has been incorporated into the
design. This rod plays a crucial role in controlling and stabilizing the beamwidth across the entire frequency band, ensuring
consistent performance.

This feed is designed to operate in the frequency range of 25-50GHz, with a return loss better than 25dB for a bandwidth
ratio of 2:1. The feed horn structure and reflection loss is shown in Figure 1. The quad ridge feed is designed in a way to
only excite the dominant mode and keep all higher order modes below -70dB across the bandwidth which reduces the
chances of exciting higher modes when the feed gets connected to other components of the receiver.
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Figure 1. Dielectrically loaded quad ridge feed horn: (a) structure of the feed horn, (b) S-parameters of the feed horn,
including the first 10 excited modes, simulated in CST.
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To achieve a symmetric radiation pattern across the bandwidth, the feed structures are carefully designed and optimized
using Genetic algorithm. Additionally, a HDPE dielectric rod with comb-shaped corrugations is designed to enhance the
rotational symmetry of the radiation pattern around the phase centre. Visualizations of the electric field distribution within
the feed horn, along with a 3D model of the radiation pattern at 35 GHz, are presented in Figure 2. Figure 3 presents the
radiation pattern of the feed at 0, 45, and 90 degrees (E-plane, diagonal plane, and H-plane) across the bandwidth from 25
to 50 GHz with 1GHz frequency steps across the band, simulated in CST. These illustrations highlight the design's
effectiveness in achieving uniform and symmetric radiation patterns over a wide bandwidth.
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Figure 2. (a) Electric field distribution within the feed horn at 35GHz, (b) 3D model of the radiation pattern at 35GHz,
simulated in CST.
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Figure 3. Radiation pattern of the quad ridge feed horn in the E, H, and D-planes across the bandwidth 25-50GHz with
1GHz frequency step, simulated CST.

To assess the performance of the feed horn, we employed two distinct electromagnetic (EM) full-wave simulators that
utilize different numerical methods: CST Studio Suite and HFSS. In CST, the feed was modeled and analyzed in the time
domain using the Finite Integration Technique (FIT), while HFSS employs the Finite Element Method (FEM) for solving
electromagnetic problems. The simulation results from HFSS are in excellent agreement with those from CST, as
demonstrated in Figure 4 and 5.
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Figure 4. HFSS simulated reflection loss of the octave band quad ridge feed horn.

20

-15 -100 -50 IU 50 160 15;0
Theta [deg]

Figure 5. HFSS simulated radiation pattern of the quad ridge feed horn at E, H, and D-planes across the bandwidth 25-
50GHz with 1GHz frequency step.

The aperture efficiency of the feed horn, is calculated considering a prime focus reflector dish featuring an f/D ratio of
0.42. The calculation of the aperture efficiency integrates several key performance metrics, including amplitude,
polarization, phase, and spillover efficiencies, from established methodologies discussed in [14], [15].

To achieve a detailed and accurate evaluation of efficiencies, we adopt the equivalent paraboloid equations that have been
articulated in [16] to provide a framework for assessing the capabilities of our feed horn within its operational bandwidth.
Our analysis demonstrates that the feed horn achieves an average aperture efficiency about 80% across the bandwidth and
it maintains an excellent phase efficiency, exceeding 99.5% from 25-50 GHz, shown in Figure 6.

Since the ngVLA employs a dual-shaped reflector offset Gregorian configuration, the aperture efficiency achievable with
ngVLA optics is expected to be significantly higher than the values calculated here, which are based on a simpler single
Cassegrain dish. For future work, we plan to conduct an optical analysis using the ngVVLA Cycle 7 optics to determine the
accurate aperture efficiency. Preliminary calculations for a fairly similar feed system are presented in [1], indicating an
aperture efficiency exceeding 91.3% across the band.
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Figure 6. Efficiencies of the octave band quad ridge feed horn across the bandwidth.

3. VACUUM WINDOW

The vacuum window plays a key role in defining the noise temperature of the radio receiver cartridge used in radio
astronomy applications. As the initial optical component in the receiver chain, its influence on the overall system
performance is significant. Consequently, a careful analysis, calculation, and measurement of the vacuum window's noise
contribution are essential. This process guarantees that the vacuum window has minimal loss and maximizes efficiency,
thus enhancing the receiver's performance and ensuring optimal system sensitivity overall.

To achieve a wideband vacuum window with minimal loss, a design featuring a three-layered antireflection coating on a
solid piece of HDPE has been developed. This multilayer antireflection approach enhances the transmissive properties of
the window by reducing reflections at the interface between air and the HDPE substrate [17]. Each layer is carefully
designed to optimize the phase and amplitude of incoming light across a broad spectrum, ensuring maximum transmission
and minimal signal loss. Using three stepped circular antireflection layers not only improves the overall efficiency of the
vacuum window but also extends its operational bandwidth, making it highly effective for radio astronomy applications.

Figure 7 illustrates the configuration and performance of the designed antireflection layers applied to both sides of a solid
HDPE layer. As shown, this design achieves a reflection loss greater than 30dB across the bandwidth. Additionally, the
insertion loss of the proposed model averages approximately -0.005 dB throughout the band.
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Figure 7. (a) Three layered antireflection coating for the proposed vacuum window, (b) reflection loss of the HDPE
window including antireflections layers on both sides.

We implemented the above-mentioned antireflection layer in designing an octave band vacuum window, utilizing the
suggested top-hat structure in [18] to minimize truncations and additional losses. Figure 8 displays the window's structure,
which includes assembly rings, screws, and pins.

Figure 8. Octave band vacuum window configuration.

The electromagnetic analysis conducted in CST shows the performance of the vacuum window placed in front of the feed
horn. The reflection loss data shown in Figure 9 demonstrate that the vacuum window has a minimal effect on feed
performance. Additionally, we recalculated the efficiencies for the feed horn in conjunction with the vacuum window to
assess its impact. As depicted in Figure 10, the introduction of this vacuum window does not degrade feed performance,
with discrepancies proving to be negligible.
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Figure 9. Octave band vacuum window reflection loss across the bandwidth.
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Figure 10. Efficiencies of the octave band vacuum window across the bandwidth.

4. MECHANICAL ANALYSIS OF THE OCTAVE BAND VACUUM WINDOW

6.1 Stress Analysis of HDPE Window with Antireflection Pattern

A static Finite Element Analysis (FEA) was performed using ANSY'S 22 to evaluate the structural integrity of an 18 mm
thick HDPE window. The specific dimensions and design details of the window are illustrated in Figures 11, 12, and 13.
This analysis aimed to assess the stress distribution across the window under typical loading conditions This stress level
is significantly below the recommended safety threshold of 5 MPa (Figure 14) for the lowest grade of HDPE material,

indicating a robust safety margin. The results indicated that the maximum stress experienced by the window reached 3.6
MPa, shown in Figure 15.

Additionally, we conducted calculations to determine the maximum deflection of the vacuum window under atmospheric
pressure, which was found to be 0.213 mm. This calculation, detailed in Figure 16, reflects the structural response of the
window when subjected to the external pressure, highlighting its robustness and suitability for the operational environment.
This assessment ensures that the vacuum window maintains its integrity and performance under typical atmospheric
conditions.
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Figure 11. Geometry of the vacuum window pattern.
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Figure 12. Cross-section view of the window.

Figure 13. Front segment view of the window.

The maximum permissible stress level of 5 MPa and a safety factor of 1.26 are based on established standards for water
piping systems. These standards are applicable because the material in question, HDPE, commonly used in the manufacture
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of water pipes, requires rigorous stress-resistance properties to withstand internal water pressure and external
environmental factors. This correlation ensures that when the material is adapted for other applications, such as in HDPE
vacuum windows with antireflection patterns, it maintains a high level of durability and safety under similar stress

conditions.

It's important to recognize that HDPE behaves as a visco-elastic material, meaning the deflection of the window varies
over time. The Finite Element Analysis (FEA) was performed using the initial elastic modulus (at time = 0) [11]. Since
deflection is directly proportional to the apparent elastic modulus, we can estimate the maximum deflection over time, as
shown in Table 1. This deflection over time was also modeled using ANSY'S, with results depicted in Figure 17.

Table 1. Maximum deflection of the window vs. time.

Apparent elastic Elastic modulus relative to Max Deflection,

Time modulus, [MPa] time 0 [mm]
0 1035 100% 0.213
1000 h 303 29.3% 0.75
1year 262 25.3% 0.87
10 years 221 22% 1.0

Design Stress and Safety Factor (service factor)

Safety factors take into account handling conditions, service conditions and other
circumstances not directly considered in the design. In terms of SABS ISO 4427 the
minimum safety factor is 1.25. This factor, when applied to the Minimum Required
Strength (MRS), for the particular material classification (e.g. PEE0, PE100Q), gives
the maximum allowable hydrostatic design stress for the designated material.

Maximum allowable

Designation of hydrostatic design

MRS at 50 years and

material 20°C Mpa stress, o - Mpa
PE 100 10 8
PE 20 g 6.3
PE 63 6.3 5

The table below illustrates the relaticnship between MRS and o for various design
coefficients at 20° C.

MRS of material - MPa

Hydrostatic
design stress 10 ] 6.3
of pipe, o - MPa Design coefficient, C
8 1.25
G,.3 1,329 1.27
5 2 1.6 1.26

Figure 14. Design stress and safety factors for HDPE [11].
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Figure 15. FEA stress results, with maximum equivalent stress of 3.6 MPa.
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Figure 16. Maximum instantaneous deflection of the window under atmospheric pressure is 0.213 mm.
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Figure 17. Maximum deflection of the window in 10-year time.
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