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Abstract

This paper presents the design of a 5 m aperture three-reflector offset-fed Cas-
segrain antenna. A set of rotating fast-scanning mirrors installed at the feed
aperture enables one-dimensional rapid scanning observation from geosta-
tionary orbit. To meet launch vehicle envelope constraints, the 5 m primary
reflector employs a segmented construction, and the secondary reflector uti-
lizes a folded-optics design based on its virtual focus. The antenna’s radiation
performance was simulated and tested, demonstrating a total main beam effi-
ciency better than 90% and a radiation pattern uncertainty between semi-
physical simulation and measurement of better than 1%.
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1. Introduction

High-temporal-resolution and high-precision monitoring of severe weather events,
such as typhoons, rainstorms, and strong convection, constitutes a core challenge
in enhancing the accuracy of weather forecasting. Based on the current utilization
of data from microwave temperature and humidity sounders onboard polar-or-
biting satellites, microwave atmospheric sounders have proven capable of effec-
tively revealing the internal atmospheric thermal structure of weather systems like
typhoons and rainstorms. This plays a significant role in improving the standards
of both general weather forecasting and Numerical Weather Prediction (NWP)
[1]. However, despite the advantages of multi-channel capabilities and high reso-
lution offered by polar-orbiting meteorological satellites, their long revisit periods

fail to meet the application requirements for the real-time monitoring of severe
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weather [2]. Therefore, the development of geostationary microwave remote sens-
ing technology—enabling all-day, all-weather, and high-frequency detection of
three-dimensional cloud and precipitation structures—permits minute-scale ob-
servations of the evolution of typhoon eyes, eyewalls, spiral rainbands, and basin-
scale precipitation cloud clusters. This technology fills the global gap in high-fre-
quency, three-dimensional atmospheric profiling within cloudy and rainy re-
gions, holding revolutionary significance for enhancing the timeliness of rain-
storm warnings and the accuracy of typhoon track prediction.

Unlike polar-orbiting radiometers, geostationary microwave radiometers re-
quire two-dimensional beam scanning. Due to the requirement for high temporal
resolution observation of specific regions within the sub-satellite disk, traditional
line-by-line mechanical scanning would necessitate extremely high motion speeds
for the entire payload. This would generate torque disturbances exceeding the
magnitude of 10 N-m, rendering platform attitude compensation impossible. Fur-
thermore, given the high orbital altitude, the radiometer’s detection frequency
bands must extend into the millimeter and sub-millimeter wave ranges to achieve
adequate spatial resolution. If an electronic scanning array approach were adopted,
it would be difficult to maintain phase consistency among the array elements; this
would severely compromise detection accuracy and fail to meet the requirements
for quantitative applications. Additionally, the instrument requires a wide field of
view while being constrained within the satellite’s limited spatial envelope, mak-
ing it difficult to balance the number of frequency bands with physical layout lim-
itations [3]. The main technical specifications of the geostationary microwave ra-
diometer are as follows.

1) Operating Frequency Bands: 50 - 60, 89, 118, 166, 183 GHz;

2) Spatial Resolution: 50 km (at nadir);

3) Scanning Disturbance Torque: <0.2 N-m;

4) Main Beam Efficiency: 290%;

5) Sensitivity: 0.5 - 1.5 K;

6) Calibration Accuracy: <1.5 K.

Based on the analysis and technical specifications outlined above, it is evident
that the development of geostationary microwave radiometers requires overcom-
ing critical challenges related to spatial resolution, beam scanning, multi-band
multiplexing, and system calibration. Only by addressing these issues does the en-
gineering implementation of geostationary microwave remote sensing payloads
become feasible.

To date, all on-orbit microwave remote sensing payloads are mounted on Low
Earth Orbit (LEO) satellite platforms. In the context of high-orbit real aperture
microwave remote sensing systems, neither the U.S. GEM project (featuring a 2
m aperture antenna) nor the European GOMAS project (featuring a 3 m aperture
antenna) successfully overcame the bottlenecks associated with spaceborne [4].
Through special research initiatives during the “13" Five-Year Plan”, China suc-

cessfully developed a ground-based principle prototype of a geostationary micro-
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wave radiometer. This development pioneered a 5m-aperture compact offset Cas-
segrain antenna system, and the project has currently entered the engineering de-
velopment phase.

To address the spatial resolution and beam scanning requirements for meteor-
ological detection by geostationary microwave radiometers, this paper presents a
design for a 5 m aperture offset Cassegrain antenna. By employing a segmented
primary reflector and virtual focal point mirroring of the sub-reflector to over-
come launch envelope constraints, and by integrating a rotating fast-scanning
mirror group at the feed aperture [5], the design achieves one-dimensional fast-
scanning capability on a GEO platform. This paper provides a detailed elaboration
of the antenna’s electrical performance, scanning method, and structural design.
Furthermore, a comparative analysis between semi-physical simulations and near-
field tests of the antenna pattern is conducted, providing theoretical support and
a data foundation for the subsequent on-orbit application of geostationary micro-

wave radiometers.

2. Antenna System Design

2.1. Antenna Design Requirements

The core function of the geostationary microwave radiometer is to precisely ob-
serve the radiometric brightness temperature of various regions on Earth. Since
the amplitude of the brightness temperature noise signal is extremely low, the ra-
diometer requires an antenna system with low sidelobes and high main beam ef-
ficiency to meet detection accuracy requirements [6]. The reflector antenna is a
widely adopted antenna type; by optimizing its edge illumination level, a main
beam efficiency exceeding 90% can be achieved in the millimeter-wave band. The
main electrical specifications of the reflector antenna are shown in Table 1, in-
cluding polarization, half-power beamwidth (far-field), main beam efficiency, and

beam pointing accuracy.

Table 1. Antenna main electrical specifications

Center Frequency (GHz) 54 89 118.75 165.5 183.31
Operating Bandwidth (GHz) 8 2 12 3 16
Polarization H A H A% H
Beamwidth <0.097° <0.062° <0.062° <0.040° <0.040°
Beam Pointing <0.0097° <0.0062° <0.0062° <0.0040° <0.0040°
Main Beam Efficiency >90%

Consistency between
. . <1%
Simulation and Measurement

The geostationary microwave radiometer employs a two-dimensional scanning
scheme. One dimension of scanning is achieved through the attitude maneuvering

of the satellite platform. The other dimension is realized by utilizing the off-focus
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characteristic of the reflector antenna feed; specifically, a set of rotating fast-scan-
ning mirrors is added at the feed aperture. The rotation of these mirrors enables
the feed to scan along a circumference. The system is designed with a beam scan-
ning mode where the beam deviates 0.55° from the nadir, covering a ground scan-
ning observation sector of 110° within each rotational scanning cycle. The sche-

matic of the antenna scanning detection is shown in Figure 1.

00
Obseryation Observation 110° Observation
terminated — T initiated
55° 305°(-55°9)

@

Figure 1. Antenna scanning detection.

2.2. Triple-Reflector Cassegrain Antenna

A Cassegrain antenna where the main reflector and sub-reflector are symmetric
about the same axis is known as a front-fed Cassegrain antenna. In this configu-
ration, the feed and struts create blockage effects, and the sub-reflector causes
even more significant blockage, making it difficult to meet the requirement of a
main beam efficiency higher than 90%. In contrast, for an offset Cassegrain an-
tenna, both the main and sub-reflectors can be sections cut from rotationally sym-
metric surfaces. The axes of symmetry for the parent paraboloid and parent hy-
perboloid are designed not to coincide, effectively avoiding blockage of the feed
by the sub-reflector [7].

The structure of the offset Cassegrain antenna is shown in Figure 2. Its main
reflector is a rotational paraboloid, and the sub-reflector is a rotational hyperbo-
loid. The virtual focus of the hyperboloid coincides with the real focus of the pa-

raboloid. The feed is a rectangular or conical horn, and the phase center of the
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feed is located at the real focus of the hyperboloid.

parabolic
XA reflect

] I F
———— Hyperboloid
ﬁfp sub—reflector

Figure 2. Offset cassegrain antenna.

The spherical electromagnetic wave emitted by the feed is reflected by point B
on the hyperboloid, transforming into another spherical wave appearing to origi-
nate from the virtual focus F. After being reflected by point C on the paraboloid,
it forms a plane wave and reaches point D on the aperture plane. The equation of

the rotational hyperboloid in the Cartesian coordinate system is:

ZZ x2 +y2
Z =1 1
where:
pr=c*-a° 2)

The curvature of the hyperboloid is defined as:
a

According to the geometric properties of the hyperboloid:

F,B—FB=c¢ (4)
According to the geometric properties of the paraboloid:
FB+BC+CD=c, (5)
Adding the equations yields:
FB+BC+CD=c +c,=¢ (6)

In the equation, c¢,,c,,c, are constants. The analysis above is for an arbitrarily
selected ray; the analysis for all other rays is identical. Therefore, the electromag-
netic wave emitted from the feed, after reflection by the hyperboloid and parabo-
loid, produces an in-phase field on the aperture plane. Its advantages are as fol-
lows:

1) The Cassegrain antenna uses a paraboloid with a short focal length Fm to
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achieve the performance of an equivalent paraboloid antenna with a long focal
length Fe, as shown in Figure 3. It possesses both the structural benefits of a short
focal length antenna and the electrical performance benefits of a long focal length
antenna. The offset structure avoids blockage effects from the sub-reflector and
feed. By replacing the main and sub-reflectors of the Cassegrain antenna with a
single equivalent paraboloid, the structure is simplified into a parabolic antenna

with the same feed and equal diameter, but with a focal length increased by a fac-

tor of M.

x4 parabolic

Equivalent
reflectog,

parghgloid
-

S
['m

-

Fe

Figure 3. Eduivalent focal length of Cassegrain antenna

The relationship between the equivalent focal length and the parabolic focal
length is:

F =MF (7)

M=—" (8)

2) In view of the reflector edge illumination level, a feed with a narrower beam
is required. Consequently, the electromagnetic wave emitted from the feed
spreads more slowly, which facilitates the design of a rotating fast-scanning mir-
ror for local scanning.

3) The introduction of the sub-reflector adds a variable factor for controlling
the illumination of the main reflector, increasing the flexibility of the antenna de-
sign.

According to the theoretical design analysis above, although the long focal
length characteristic of the offset Cassegrain antenna facilitates the design of the
rotating fast-scanning mirror, a Cassegrain antenna with a 5 m main reflector ap-
erture exceeds the envelope limits of the satellite fairing. Further optimization of
the antenna structure is required.

For the 5 m aperture main reflector, a folded splicing form is adopted: the cen-

tral fixed section has a width of 2400 mm, and the remaining parts on both sides
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utilize a folding deployment method. The feed should be located at the other vir-
tual focus of the first sub-reflector. To facilitate compact antenna design, as well
as the layout and installation of the subsequent calibration and scanning subsys-
tems, a plane mirror is designed to mirror the virtual focus of the hyperboloid, as
shown in Figure 4.

The upper and lower edges of the main reflector still exceed the satellite fairing
envelope. The simulation of the feed illumination area on the main reflector at
three observation positions (0° and +55°) is shown in Figure 5. The illumination
levels at the upper and lower edges are relatively low, so cutting these edges has a

minimal impact on the antenna’s electrical performance.

/

4m

4m

A
Y

) J

6m

Figure 4. Triple-reflection Cassegrain antenna theory schematic.
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Figure 5. Illumination area of the main reflector.
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Addressing the requirements of the geostationary orbit, a triple-reflector cas-
caded antenna system was designed. Through folding and stowing the main re-
flector, edge cutting, and mirroring the virtual focus of the sub-reflector, the an-
tenna envelope size was reduced. A fast sub-scanning function is realized by a
rotating scanning mirror at the feed aperture. The measured disturbance torque
is 0.002 N-m, which significantly reduces the impact of disturbance torque caused
by traditional mechanical scanning, while balancing system complexity and relia-

bility requirements.

3. Simulation and Testing of Antenna Radiation
Performance

The geostationary orbit microwave radiometer antenna features a 5 m aperture
and operates in the sub-millimeter wave frequency bands. Collecting electromag-
netic field data in the antenna’s radiating near-field region and calculating far-
field characteristics through mathematical transformations is the most direct and
effective method for obtaining radiation parameters for large-aperture, high-fre-
quency antenna-feed systems. Radiation performance testing serves to verify the
correctness of the antenna-feed design. Simultaneously, the measured profile data
of the main reflector and the geometric position data of the sub-reflectors are uti-
lized for semi-physical simulation using the Physical Optics (PO) method in
GRASP software. This validates the consistency between simulation and measure-
ment, providing a reliable analytical method for subsequent on-orbit applications.

the first
subr-reflector

the first
sub-reflector

Figure 6. Model and physical object of antenna under test.

3.1. Antenna Radiation Performance Testing Method

With the central fixed section of the main reflector as the reference, the radiation
performance tests are conducted using a horizontal scanning near-field test sys-
tem once the left/right splicing panels of the main reflector and the first and sec-
ond sub-reflectors are adjusted to their optimal states. A planar near-field scan-
ning frame and microwave measurement system are used to capture the ampli-
tude and phase of the probe within the antenna’s near-field region. By applying a
Fourier Transform to the collected near-field data, the antenna’s far-field radia-
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receiver
sensor

tion patterns and characteristic parameters are obtained.

Figure 7. Planar near-field antenna test.
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Antenna reflector profiles and geometric positions are measured using high-
precision ground equipment. An optical point projector combined with a ground
photogrammetry system is employed to acquire accuracy data for the main reflec-
tor and the two sub-reflectors. This data undergoes uniform grid interpolation.
Concurrently, the attitude data of the sub-reflectors and feed components relative
to the main reflector are acquired to perform semi-physical simulations and gen-

erate radiation patterns.

3.2. Semi-Physical Simulation and Testing of Antenna Patterns

The profile and geometric data of the reflector antenna measured according to the

aforementioned methods are shown in Table 2:

Table 2. Profile and geometric measurement results.

Reflector ~ Spec/mm X/mm Y/mm Z/mm Spec/° Rx/° Ry/® Rz/*
Sub-reflector 1 <+0.75 -0.250 -0.139 -0.192 <#0.01 0.0008 0.0049 -0.0050
Sub-reflector 2 <+0.75  0.220 -0.098 -0.271 <%0.01 —-0.0015 0.0002 -0.0057

Profile RMS/um

Full Main

97.7
Reflector

Based on the measurement results of the profiles and geometric positions, semi-
physical simulations of the antenna patterns for each frequency band were con-
ducted, yielding main beam efficiencies better than 90%. The radiation perfor-
mance was then tested using the microwave near-field scanning system. A com-
parative analysis between the test results and simulation data is presented in Table
3 and Figures 8-12.

Comparative analysis between the semi-physical simulation and near-field
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measurements demonstrates that the designed 5 m aperture offset Cassegrain

antenna possesses excellent aperture distribution. Its omnidirectional main beam

efficiency exceeds 90%, and sidelobe levels are better than 25 dB, achieving the

Table 3. Antenna test & simulation comparison.

Center Frequency (GHz) 54 89 118.75 165.5 183.31
Operating Bandwidth (GHz) 8 2 12 3 16
Polarization H \% H \' H
Beamwidth 0.096° 0.061° 0.061° 0.038° 0.038°
Beam Pointing 0.009° 0.006° 0.006° 0.003° 0.003°
Main Beam Efficiency (Simulation) 94.11 94.2 94.12 93.5 92.31
Main Beam Efficiency (Measured) 93.94 93.82 93.68 92.84 91.48
Pattern Consistency (Sim vs Meas 0.17 0.38 0.44 0.66 0.83
70 - - - 70 T - .
; — simulation| : = simulation
i = test : — test
GO Fomrmmimim e mmimimem i : ________________________________________ (370 RSNy SO :_ ________________________________________
DO ........................................ E_ ........................................ 50 _____________________________________ 5_ ........................................
Gain E Gain
/dB i /dB :
A0 b mmmimimimm il :_ ________________________________________ A0 =mimimimimim i :_ _______________________________________
30 ____________________________ E. -------------------------------- 30 .......................... E_ ......................
20 —————————————————— : ------------------------ 20 ............................... :. ................................
ol | 10 :
-0.5 0 0.5 —0.5H 0 0.5
Theta/* Theta/*

Figure 8. 54 GHz Simulated vs. measured radiation patterns (E-plane/H-plane).
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Figure 9. 89 GHz Simulated vs. measured radiation patterns (E-plane/H-plane).
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Figure 10. 118.75 GHz Simulated vs. measured radiation patterns (E-plane/H-plane).
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Figure 12. 183.31 GHz Simulated vs. measured radiation patterns (E-plane/H-plane).
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design goals of narrow beamwidth and low sidelobes. The uncertainty of the an-
tenna pattern between “simulation” and “measurement” is less than 1%, which is
of great significance for quantitative microwave remote sensing in geostationary
orbit. In the future, by conducting ground-based simulation analysis using on-
orbit measurement data of the antenna profile and geometry, the error caused by
pattern uncertainty will be minimized, ensuring the detection accuracy of micro-

wave remote sensing.

4. Conclusion

In the field of meteorology, microwave sounding from geostationary orbit has long
been constrained by factors such as spatial resolution and calibration accuracy. Con-
sequently, while international agencies have conducted pre-research and explora-
tion, none have yet moved forward with substantial engineering development.
China has taken the lead in the development of geostationary microwave sounding
satellites. By utilizing a folding-and-splicing design for the large-aperture antenna
combined with a focal imaging configuration, the satellite’s envelope requirements
have been successfully met. The simulation and experimental validation of the an-
tenna-feed system provide a reliable analytical methodology for its operation in or-
bit. In the future, geostationary microwave sounding satellites will fill the gap in
high-frequency atmospheric profiling of cloudy and rainy regions. This will signifi-
cantly enhance forecasting and early warning capabilities for extreme weather
events, such as strong convection and typhoons, marking a major milestone in the

development of meteorological satellites for China and the global community.
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