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The user wants me to translate a scientific paper
title from Simplified Chinese to English. The title
is “基于二次曲线拟合的大口径反射面天线主动补偿技术后印本”.
Let me break this down: - 基于 => Based on - 二
次曲线拟合 => quadratic curve fitting - 大口径反射面天
线 => large aperture reflector antenna (or large
reflector antenna) - 主动补偿技术⋯
Authors: The user has provided a list of Chinese names. This appears to be
an author list for a scientific paper. The task is to translate from Simplified
Chinese to English with the highest accuracy and academic tone, following the
critical requirements provided.

Let me analyze the input: “Tian-Xiang Zheng, Bin-Bin Xiang, Han-Wei Cui,
Wei Wang, Pei-Yuan Lian, Shang-Ming Lin, Yang Zhang, Jian-Ping Zhou and
Kai Li”

This is a list of names. In Chinese academic contexts, names are typically
written in Pinyin. The translation convention for Chinese names in English
academic papers is to keep the Pinyin as is, but sometimes adjust the format
slightly.

Looking at the names: - Tian-Xiang Zheng (郑天翔) - Bin-Bin Xiang (向彬彬) -
Han-Wei Cui (崔汉伟) - Wei Wang (王伟) - Pei-Yuan Lian (连培元) - Shang-Ming
Lin (林尚明) - Yang Zhang (张洋) - Jian-Ping Zhou (周建平) - Kai Li (李凯)

The format appears to be“Given-Name Family-Name”with hyphens connecting
multi-character given names. This is a standard format for Chinese names in
English academic publications.

According to the instructions: 1. Preserve ALL LaTeX commands and place-
holders - not applicable here 2. Preserve ALL citation commands - not appli-
cable here 3. PRESERVE ALL ⋯paragraph wrapper tags EXACTLY -
not applicable here 4. Maintain academic tone and formal scientific writing style
- yes 5. Use precise technical terminology - not applicable for names 6. Preserve
section structure and paragraph organization - this is just a list 7. Translate all
content completely - do not omit any information
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The names are already in Pinyin, which is the standard way to represent Chi-
nese names in English academic papers. The hyphens in the given names are
appropriate. The “and”before the last name is already in English format.

So the translation should be exactly the same as the input, since it’s already
in the proper format for English academic publications. The names don’t need
to be changed.

Wait, let me double-check the requirements. The user says “Translate from
Simplified Chinese to English”. But the input is already in Pinyin, which is a
romanization system. In academic contexts,

Date: 2024-08-14T00:00:00+00:00

Abstract
The user wants me to translate a Chinese academic text about active reflectors
for large high-frequency reflector antennas. Let me analyze the requirements:

1. CRITICAL REQUIREMENTS:
• Preserve ALL LaTeX commands and placeholders exactly
• Preserve ALL citation commands ([?], ??, (??), etc.) exactly
• PRESERVE ALL ⋯paragraph wrapper tags EXACTLY
• Maintain academic tone and formal scientific writing style
• Use precise technical terminology (glossary provided)
• Preserve section structure and paragraph organization
• Translate all content completely

2. OUTPUT RULES:
• Return ONLY the translated text
• Keep one output paragraph per input paragraph
• Maintain exact count and IDs of ⋯tags
• Do NOT add Markdown formatting unless present in source
• Preserve original line breaks when meaningful

3. FORMATTING GUIDELINES:
• Keep mathematical expressions in original LaTeX format
• Preserve equation numbers and references
• Maintain proper academic paragraph structure
• Use formal scientific language

4. Glossary:
• 机器学习 => machine learning
• 深度学习 => deep learning

Wait, looking at the provided text, I don’t see any tags, LaTeX commands, or
placeholders. The text appears to be a plain English abstract or summary. Let
me re-read the user’s message carefully.

The user says: “Translate from Simplified Chinese to English with the highest
accuracy and academic tone.”
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But the text provided is: “Active reflectors are often used to compensate the
surface distortion caused by environmental factors that degrade the electromag-
netic performance of large high-frequency reflector antennas. This is crucial
for maintaining high gain operation in antennas. A distortion compensation
method for the active reflector of a large dual-reflector antenna is proposed. A
relationship is established between the surface deformation and the optical path
difference for the primary reflector by geometric optics. Subsequently, employ-
ing finite element analysis, a polynomial fitting approach is used to describe the
impact of adjusting points on the reflector surface based on the coordinates of
each node. By standardizing the positions of various panels on the reflector,
the fitting ns can be applied to the reflector panels of similar shapes. Then,
based on the distribution characteristics of the primary reflector panels, the ad-
justment equation for the actuators is derived by the influence matrix method.
It can be used to determine the adjustment amount of actuators to reduce the
rms of the optical path difference. And, the least squares method is employed
to resolve the matrix equation. The example of a 110 m aperture dual-reflector
antenna is carried out by finite element analysis and the proposed method. The
results show that the optical path difference is reduced significantly at various
elevation cases, which indicates that the proposed method is effective.”

This text is already in English. It doesn’t contain any Chinese characters, tags,
LaTeX commands, or mathematical placeholders. The glossary items (机器学习,
深度学习) don’t appear in the text either.

This seems like a test or a mistake. The user is asking me to translate from
Simplified Chinese to English, but the provided text is already in English.

Let me check if there might be hidden Chinese text or if I’m missing something.
No, the text is clearly English.

Given the instructions, I have a few options: 1. Point out that

Full Text
Preamble
The Active Compensation Technique for Large Reflector Antennas
Based on Quadratic Curve Fitting

Tian-Xiang Zheng1, Bin-Bin Xiang1, Han-Wei Cui1, Wei Wang2, Pei-Yuan
Lian2, Shang-Ming Lin3, Yang Zhang1, Jian-Ping Zhou1, and Kai Li1
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Abstract
Active reflectors are often used to compensate for surface distortion caused by
environmental factors that degrade the electromagnetic performance of large
high-frequency reflector antennas. This is crucial for maintaining high-gain op-
eration. A distortion compensation method for the active reflector of a large
dual-reflector antenna is proposed. First, a relationship is established between
the surface deformation and the optical path difference for the primary reflec-
tor using geometric optics. Subsequently, employing finite element analysis, a
polynomial fitting approach is used to describe the impact of adjustment points
on the reflector surface based on the coordinates of each node. By standardiz-
ing the positions of various panels on the reflector, the fitting functions can be
applied to reflector panels of similar shapes. Then, based on the distribution
characteristics of the primary reflector panels, the adjustment equation for the
actuators is derived using the influence matrix method. This can be used to
determine the adjustment amount of actuators to reduce the RMS of the opti-
cal path difference. The least squares method is employed to solve the matrix
equation. The proposed method is applied to a 110 m aperture dual-reflector
antenna through finite element analysis. The results show that the optical path
difference is reduced significantly at various elevation cases, indicating that the
proposed method is effective.

Key words: Methods: analytical –Methods: numerical –Telescopes

1. Introduction
A radio telescope is a device that uses a reflector antenna for the reception and
transmission of radio waves in astronomical research. The reflector antenna
has the advantages of high efficiency, cost-effectiveness, lightweight components,
and broad frequency coverage (Samii & Haupt 2015). The Green Bank Tele-
scope (GBT) is shown in Figure 1 [Figure 1: see original paper]. Related technol-
ogy finds extensive applications in various domains including radar astronomy,
remote sensing, bioelectronic technology, and other fields. Nevertheless, due
to the increase in aperture area and its operating environment, the antenna
structure is affected by environmental factors such as gravity, temperature, and
wind. These factors induce surface deformation on the reflector, consequently
affecting the electromagnetic (EM) performance of antennas (Baars 2020).

Numerous scholars have studied antenna reflector compensation technology in
many papers. These approaches are typically classified into subreflector com-
pensation and primary reflector compensation (Karcher 2006). The subreflector
compensation adjusts five degrees of freedom to optimize the reflection path,
while the primary reflector adjusts the position of the panel through multiple
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actuators. Hoerner (1981) studied the surface deformation of a trapezoidal plate
under strong torsion, providing a new idea for the research content of this paper.

Wang and Xiang (Wang et al. 2014; Xiang et al. 2019b) proposed adjusting the
subreflector to the focal point of the primary reflector to enhance EM efficiency.
The adjustment of the subreflector can compensate for the deformation of the
primary reflector to a significant level, and the adjustment accuracy of the active
panel with multiple actuators is higher.

Chen and Sun (Chen et al. 2015; Sun et al. 2021) conducted research on the
impact of displacing the subreflector on antenna performance and examined the
pointing error resulting from the subreflector’s offset. Stochino et al. (2017) opti-
mized the finite element model of the Sardinia Radio Telescope (SRT) through
photographic surveying, providing more accurate error data for surface com-
pensation. Wang et al. (2017) proposed a method to calculate the amount of
adjustment for the actuators from the perspective of electromechanical coupling.
However, this method only considered the best-fitting reflector of the antenna,
neglecting the elastic deformation of the panels.

Hoferer & Samii (2002) proposed that the subreflector be parameterized by the
coefficients of a global and orthogonal Fourier Jacobi set, which significantly
reduces the number of parameters that need to be optimized. Bolli et al. (2014)
improved the performance of the antenna at the focal point of the subreflector
by optimizing the profile of the dual-reflector of SRT. Zarghamee et al. (1995)
introduced a computational algorithm for holographic technology that detects
variations in radio frequency path lengths and reduces adjustment errors re-
sulting from actuators. Lian et al. (2019, 2021) installed a precise measuring
instrument at the back of the subreflector to measure the distance and angle of
elevation to a specified point on the primary reflector, which ensures the opti-
mal position of the reflectors in real-time. Nevertheless, this method can only
describe the margin of error at specific points.

Alvarez et al. (2014) described the calibration process for the reflector being
studied and performed a comparative evaluation of data processing methods
using laser tracker and photographic surveying techniques. In brief, numerous
scholars have proposed compensation techniques for reflectors from various as-
pects. However, current methods for calculating adjustment amounts for thou-
sands of actuators lack a detailed discussion on EM properties. Additionally,
most methods rely on fitting surfaces for error correction without considering
the deformation of the panels themselves.

In this paper, a compensation method for the active reflector of a large dual-
reflector antenna is proposed. First, the impact of surface deformation on EM
performance is expressed by the optical path difference (OPD), which can di-
rectly represent the phase error of the antenna from finite element analysis.
Second, FEA of a single panel is carried out, and the relationship between the
position and influence coefficient of the nodes relative to the adjustment points
is determined by polynomial regression analysis. Then, according to the fitting
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function and distribution characteristics of the primary reflector, the relation-
ship between each panel and the adjustment point is established. Finally, the
mathematical model for minimizing OPD is established and solved by the least
squares method.

The proposed method is verified through an example of a 110 m aperture dual-
reflector antenna using FEA.

2. Optical Path Difference
The antenna is constantly affected by external factors during operation, which
leads to bending and distortion of the reflector and reduces EM performance.
In order to compensate for the performance loss of the radio telescope quickly,
it is necessary to analyze the error characteristics of the reflector to establish
an effective compensation method.

Figure 2 illustrates the basic components of a dual-reflector antenna. The defor-
mation of the back-up structure will cause phase error of the aperture surface,
which reduces the EM performance of the antenna. As diagrammed in Figure 3
[Figure 3: see original paper], a plane wave can be reflected to the focal point of
the primary reflector under ideal conditions and then reflected to the feed cabin
by the subreflector. F is the focal point of the primary reflector, f is the focal
length, C is a random point on the ideal reflector, r is the radius, and � is the
half-angle of the point. According to geometric optics theory, the radio wave
that originally passed through point C will be moved to A due to deformation
of the panel. The difference in distance between radio waves throughout the
reflection process is called the OPD, which is given by the equation.

The OPD can reflect the phase error of the near field, which can be expressed
as

𝛿𝑚 = 2𝜋
𝜆 ⋅ OPD

where 𝜆 is the wavelength, and 𝛿m is the phase error caused by deformation of
the primary reflector. The phase error will lead to a change in the radiation
pattern, resulting in a decrease of the main lobe and an increase of the side lobe.
Therefore, the EM performance of the antenna can be improved indirectly by
reducing the OPD at the reflector.

In practical applications, the root mean square (RMS) of the half-OPD is used
to assess the focusing performance of the primary reflector. According to the
geometric relationship in Figure 3, the relationship between the half-OPD and
the normal or axial error can be obtained as follows:

OPD/2 = Δ𝑛 cos(𝜃/2) = Δ𝑧 cos2(𝜃/2)

which can be expressed in terms of radius and focal length as
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OPD/2 = Δ𝑧 𝑓2

(𝑟2/4𝑓) + 𝑓

The phase error of a double-reflector antenna results from the primary reflector,
subreflector, and feed errors. The focus of this paper is the active compensation
method for the primary reflector. Hence, it can be assumed that the subreflector
is located in the optimal position, and there is no effect on the final receiving
efficiency of the antenna. According to the aforementioned theory, the OPD
resulting from deformation of the primary reflector can be calculated, and the
influence of surface distortion on received intensity can be reduced by minimizing
the OPD.

3. Active Adjustment of the Primary Reflector
The operation of the reflector antenna has high precision requirements for mo-
tion in elevation and azimuth. To guarantee operational stability, the majority
of radio telescopes are calibrated using mechanical transmission, and the pri-
mary reflector uses shared actuators to increase cost-efficiency. An adjustment
mechanism is linked to either two or four neighboring panels, with each panel
being reinforced by a stiffener located at the bottom. The adjustments of the
panels are implemented by driving the extension of the four actuators, which are
fixed to the back-up structure as shown in Figure 4 [Figure 4: see original paper].
Typically, the adjustment direction of the actuators is the normal direction of
the adjustment point.

3.1. Reflector Panel Analysis

In order to establish the relationship between the adjustment amount of actua-
tors and the surface deformation of the primary reflector, a single active panel
is analyzed first. As illustrated in Figure 5 [Figure 5: see original paper], a
finite element model of a primary reflector panel has four adjustment points,
where u1, u2, u3, and u4 are the adjustment amounts of the four actuators of
the panel. The distribution of nodes in the panel can be obtained through grid
division, where q1(x1, y1) and q�1(x�1, y�1) represent the coordinate values of
the first node and the n1-th node respectively, and n1 is the maximum number
of nodes in the panel. The density of the meshing will determine the precision
of panel analysis and adjustment.

The deformation of the panel can be improved by adjusting the four actuators.
According to the principle of linear superposition, it can be inferred that the
distortion of the panel is the combined effect of the four adjustment points.
Therefore, each node in the panel can be considered to have a unique influence
coefficient relative to the four adjustment points, which can be expressed as

𝛿𝑖 = 𝑙𝑖1𝑢1 + 𝑙𝑖2𝑢2 + 𝑙𝑖3𝑢3 + 𝑙𝑖4𝑢4
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where 𝛿� is the deformation of the i-th node in the panel, and l�1 is the influence
coefficient of the first adjustment point on the i-th node. According to Equation
(5), the deformation of a panel resulting from the adjustment points can be
accurately depicted by determining the influence coefficient of each node in
relation to the adjustment point.

The influence coefficient directly reflects the degree of correlation between nodes
and adjustment points, while the number of nodes reflects the accuracy of sur-
face shape. In general, a higher mesh density in the panel will improve the
solution accuracy. In order to obtain the optimal adjustment quickly, the influ-
ence coefficients associated with the nodes’coordinates are established through
polynomial regression.

Polynomial regression is a versatile method that can effectively model irregu-
lar and nonlinear data sets, providing a more accurate fit for data exhibiting
diverse shapes. By changing the order of the polynomial, the complexity and
adaptability of the fitting process can be adjusted.

The deformation of the panel caused by a single adjustment point can be ex-
pressed by the amount of adjustment points and the coordinates of nodes. Due
to the special structure of the panel, the deformation of a panel caused by the
adjustment point cannot be described by a single geometric formula. We can
represent the influence coefficient of adjustment point 1 corresponding to each
node as follows:

𝑙𝑖1 = 𝑓1(𝑥𝑖, 𝑦𝑖) ⋅ 𝑢1

where u1 is the amount of adjustment for adjustment point 1.

Since the amount of adjustment of actuators is very small relative to the size
of the panel, in the same panel, the influence coefficients for different nodes are
almost equal for equal adjustments. Therefore, it is possible to represent the
influence coefficients using the coordinates of nodes in the plane:

𝑙𝑖1 = 𝑓(𝑥1, 𝑦1)

where x1, y1 are the coordinates of the first node, and f(x1, y1) is the fitting
function of the first node corresponding to the first adjustment point. FEA
shows that the panel deformation caused by an adjustment point is a convex
surface. Therefore, the surface shape can be fitted using a quadratic polynomial.

In order to solve for the optimal fitting coefficient, a corresponding mathematical
model can be established and expressed as:
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find: 𝑓(𝑥, 𝑦)
min: rms(𝑓(𝑥𝑖, 𝑦𝑖) − 𝜆𝑖)

s.t. 𝑓(𝑥, 𝑦) = 𝑎𝑥2 + 𝑏𝑥𝑦 + 𝑐𝑦2 + 𝑑𝑥 + 𝑒𝑦 + 𝑓
𝑎, 𝑏, 𝑐, 𝑑, 𝑒, 𝑓 ∈ ℝ

where a, b, c, d, e, and f are the coefficients of f(x, y), and 𝜆� represents the
influence coefficient of each node obtained by FEA.

Due to the node coordinates of the panel being different in the primary reflec-
tor, it is impossible to establish a corresponding functional relationship in the
global coordinate system. Here, we standardize the position according to the
structural characteristics of the panel. As demonstrated in Figure 6 [Figure 6:
see original paper], the conversion of coordinates for a single panel includes four
adjustment points. This process involves establishing a local coordinate system
for each adjustment point and designating the adjustment point with the great-
est distance as the y-axis. Consequently, the local coordinates of the nodes in
the respective local coordinate system are obtained. By quadratic fitting of the
influence coefficients in the local coordinate system, the influence relationship
can be represented by four fitting functions:

𝑙𝑖1 = 𝑓1(𝑥′
𝑖, 𝑦′

𝑖)
𝑙𝑖2 = 𝑓2(𝑥″

𝑖 , 𝑦″
𝑖 )

𝑙𝑖3 = 𝑓3(𝑥‴
𝑖 , 𝑦‴

𝑖 )
𝑙𝑖4 = 𝑓4(𝑥⁗

𝑖 , 𝑦⁗
𝑖 )

This method can reduce the fitting error caused by the change of coordinates
of the panel and improve the accuracy of the fitting results. Based on the four
influence functions, we can represent all nodes of a panel in the form of a matrix:

s = F𝑛1u

where F�1 is the influence matrix of the panel, u is the normal adjustment vector,
and s is the normal deformation vector of the nodes in the panel caused by the
adjustment of the actuators.

As drawn in Figure 3, considering that the component is located in the primary
reflector, the distortion of the panel will lead to OPD. According to Equation
(4), in order to obtain the OPD of the node, it is necessary to obtain the radius
of the node located in the primary reflector, which can be expressed as follows
for the panel:

𝑔𝑖 = 𝑡𝑖 ⋅ 𝑠𝑖
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where g� is the OPD of the node, and t� is the conversion coefficient of the OPD.
This extends to the entire panel, denoted as:

g = TFu

where t�1 is the OPD conversion coefficient of the n1-th node, T is the OPD
conversion matrix (a diagonal matrix), g is the OPD vector of the nodes, and
F is the influence matrix. Each influence coefficient can be obtained from the
two-dimensional coordinates of the panel nodes in the local coordinate system.
Through the above equation, we can obtain the relationship between the adjust-
ment of four adjustment points and the OPD of the panel.

3.2. Influence Matrix of the Primary Reflector

In general, the panels of the primary reflector are distributed along the circum-
ference of the ring, and the panels of each ring are the same size. In order
to ensure the stability of panel adjustment, the number of panels on the ring
increases correspondingly with the increase of the rings. As shown in Figure 7
[Figure 7: see original paper], each panel is adjusted by four shared actuators.
An actuator adjusts four adjacent panels, with the innermost or outermost circle
of the panels consisting of two panels.

To calculate the total amount of adjustment for shared actuators, it is essential
to describe the relationship between the nodes and the adjustment points of
all panels according to the distribution of the panels. As shown in Figure 7,
we assume the influence coefficient of the first adjustment point relative to all
nodes in the first panel is represented as F1,1, where n1 is the number of nodes
in the first panel. The influence matrix of the ring can be expressed as:

Fring =
⎡
⎢⎢
⎣

F1,1 F1,2 ⋯ F1,10
F2,1 F2,2 ⋯ F2,10

⋮ ⋮ ⋱ ⋮
F10,1 F10,2 ⋯ F10,10

⎤
⎥⎥
⎦

where the number of rows is the total number of nodes n1 in the panel (n1 =
n1 + n2 + ⋯+ n10), and the number of columns is the number of adjustment
points. Therefore, we assume that the first ring has i adjustment points and j
panels; then its influence matrix can be written as:

Fring ∈ ℝ𝑛×𝑖

The optical path conversion matrix is:

Tring = diag(𝑡1, 𝑡2, ..., 𝑡𝑛1)
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where t�1 is the OPD conversion coefficient of the n1-th node. Based on the above
matrix, the relationship between the amount of adjustment for each adjustment
point and the OPD of the nodes can be deduced as follows:

g1 = TringFringuring

where u_{ring} is the amount of adjustment for the ring, and g1 is the OPD
vector. It can be inferred that the relationship between all adjustment points
and OPD of the entire primary reflector is:

g = TFu

where T is the OPD conversion matrix of all nodes, F is the influence matrix of
the primary reflector, and m is the number of rings in the reflector.

4. Optimal Amount of Adjustment
The thousands of actuators on the primary reflector are adjusted simultaneously.
We assume that 𝛿� is the normal deformation vector of nodes in the finite element
model of the primary reflector, g� is the OPD caused by deformation, and g�
is the OPD caused by the adjustment of actuators. Therefore, the OPD after
adjusting can be expressed as:

gfinal = g𝑎 − g𝑢 = TFu − g𝑎

where T, F, and u are the same as expressed in Equation (17).

In order to calculate the amount of adjustment for all actuators at once, we can
establish mathematical models, which can be expressed as:

find: u
min: rms(gfinal)

s.t. 𝑢min ≤ 𝑢𝑖 ≤ 𝑢max

where u_{min} and u_{max} are the minimum and maximum boundaries of
adjustment u_i respectively. Since Δ is a set of node vectors, the RMS can be
represented by vector multiplication:

rms(g) = √g𝑇 g
𝑁

where N is the number of nodes of the primary reflector.
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The iterative approach is commonly used to resolve the aforementioned math-
ematical model. Nevertheless, a large number of adjustment points can con-
sume significant computation time and computer memory. Therefore, the least
squares method is utilized for approximate calculations:

min ‖TFu − g𝑎‖2

The optimal adjustment u should satisfy:

F𝑇 T𝑇 TFu = F𝑇 T𝑇 g𝑎

The solution of Equation (22) is the optimal adjustment displacement of the
actuators, which can be expressed as:

u = (F𝑇 T𝑇 TF)−1F𝑇 T𝑇 g𝑎

The optimal adjustment response equation is established by the least squares
method. The OPD of the primary reflector after adjustment can be obtained by
combining the optimal adjustment with Equation (18). Since the polynomial
function is used to determine the optimal deformation surface, the elastic defor-
mation and the variation of the panel size are considered. The obtained findings
exhibit a high level of concordance with the outcomes derived from FEA.

5. Numerical Results and Discussion
To assess the efficacy of the proposed method, a finite element model of the
110 m primary reflector was used to verify the method through simulation. It
should be noted that the data described in this paper are obtained by finite
element simulation.

Since the main focus of this paper is on calculating the optimal adjustment
amount based on known errors, we only consider the deformation of the primary
reflector under gravity load. As shown in Figure 8 [Figure 8: see original paper],
the primary reflector of the dual-reflector antenna has 20 rings. The panels of
each ring are equipped with shared actuators for adjustment, and the panels of
adjacent rings share one actuator ring. The adjustment points are located at
four corner points of the panels, and the reflector deformation is compensated
by adjusting the extension of the actuator.

First, a single panel is analyzed to determine the deformation caused by the
displacement of its four corner points. Then, the local coordinates of each
panel are defined to derive the influence fitting function. Subsequently, the
deformations of the primary reflector at 90° and 10° elevations are analyzed
using the finite element model. Based on the influence matrix derived in this
paper, the optimum adjustments of the actuators are calculated and the OPD
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is corrected. The effectiveness of the method used in this paper was verified by
comparison with the traditional method.

5.1. Panel Fitting Analysis

Taking the panel of the 14th ring of the primary reflector as an example, the
influence coefficients of the panel nodes are fitted by quadratic polynomial. The
adjustment points of the panel are illustrated in Figure 5. We apply displace-
ment constraints to the corner points at adjustment points u1, u2, u3, and u4 in
turn. Then, we can obtain the distribution of the influence coefficient of nodes
for different adjustment points and rotate it to the local coordinate system as
depicted in Figure 9 [Figure 9: see original paper]. It can be seen that the
distributions of influence coefficients in the four cases are different; the closer
to the adjustment point, the greater the influence coefficient of the node. The
specific magnitude of the influence coefficient is related to the angle and length
of the adjacent edge and the material of the panel.

By obtaining the influence coefficients at different cases of a single panel, we can
use the quadratic polynomial to fit the influence coefficients of the four cases,
and the fitting function is the same as Equation (8). The fitting coefficients of
the four fitting functions are shown in Table 1 . The independent variables of
each equation are the local coordinates of the current panel, and the last column
is the fitting error of the panel with a constraint of 10 mm. Due to the different
shapes of the 110 m reflector panels, the panels of rings 1, 9, 12, 14, 15, and
19 were fitted separately in this paper to reduce the influence of fitting errors.
The fitting error of nodes on the panel is plotted in Figure 10 [Figure 10: see
original paper].

The quadratic polynomial fitting method can accurately obtain the deformation
caused by a single adjustment point in the local coordinate system; the more
similar the panels, the smaller the fitting error. Therefore, six influence functions
are fitted to the primary reflector in order to minimize the influence of fitting
error in this paper.

5.2. Optimal Amount of Adjustment

Through FEA of the 110 m primary reflector model, the shape accuracy of the
reflector surface is improved by adjusting the actuator, thereby enhancing the
EM performance of the antenna. In this paper, the state of 90° and 10° ele-
vations of the primary reflector is compensated. By calculating the amount of
adjustment for the actuators, the traditional method and the method proposed
in this paper are compared. The traditional method takes the normal defor-
mation at the adjustment points as the amount of adjustment. The method
proposed in this paper calculates the amount of adjustment for actuators based
on a quadratic polynomial. The surface error after adjustment can be calculated
using Equation (18).

The primary reflector of the 110 m antenna has 1920 panels and 2048 shared
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actuators, and a large number of nodes are generated after meshing. According
to Equation (17), the influence matrix can be expressed as a sparse banded ma-
trix, and calculation using a sparse matrix can speed up the computation. As
plotted in Figure 11 [Figure 11: see original paper], a sparse matrix diagram
representing the influence coefficient for the primary reflector is presented. Re-
gion a is the influence matrix from rings 1 to 4, region b is the influence matrix
from rings 5 to 8, and region c is the influence matrix from rings 9 to 20.

Table 2 lists the RMS of the primary reflector at 90° and 10° using different
methods. The RMS of the primary reflector before adjustment is obtained by
FEA. Figure 12 [Figure 12: see original paper] visualizes the surface error dis-
tribution corresponding to different directions on the primary reflector. Figures
13 and 14 show the OPD using the present method and the traditional method
at 10° and 90° elevation angles after adjustment, respectively.

When the elevation angle of the primary reflector is 90°, the RMS is 4.947 mm
before adjustment, and the RMS of the traditional and proposed methods is
reduced to 0.7129 mm and 0.0578 mm after adjustment, respectively. Although
both methods yield reasonable performance, the method used in this paper
shows better performance than the traditional method. When the elevation
angle of the primary reflector is 10°, the optimization results are similar.

Through the surface error analysis and compensation of the primary reflector,
the EM performance of the primary reflector is analyzed at 24 GHz (Xiang et
al. 2019a). As demonstrated in Figures 15 and 16, the amplitude direction dia-
gram of the primary reflector shows the effect of different compensation methods
on the electrical properties. Each elevation angle determines the section pattern
in both horizontal and vertical directions.

When the elevation angle of the primary reflector is 90°, the main lobe drops se-
riously in the horizontal direction and the vertical direction, and the amplitude
is -9.028 dB. The amplitude is reduced to -0.142 dB by the traditional method
after adjustment and can be reduced to -0.0037 dB by the method proposed in
this paper. When the elevation angle is 10°, the amplitude in the horizontal and
vertical directions is -7.711 dB and -9.948 dB, respectively. The amplitude ad-
justed by the traditional method is -0.127 dB and -1.185 dB, and the amplitude
adjusted by the method used in this paper is -0.011 dB. In summary, the ampli-
tude pattern adjusted by the method in this paper has a high consistency with
the ideal pattern, which is significantly improved compared with the traditional
method.

Conclusion
In this paper, a new method for compensating the primary reflector of a large
aperture antenna is presented. The method considers the distortion of the
reflector panel caused by actuators and describes the influence coefficient of
adjustment points on a single panel in global coordinates based on quadratic
polynomial fitting. Corresponding local coordinate systems are established for
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all panels, and adjacent panels are adapted to the fitting function through stan-
dardization.

Based on the fitting functions of six panels of different sizes, the relationship
between the adjustment of actuators and the OPD of the primary reflector
is established using the influence matrix method. Finally, the least squares
method is used to determine the amount of adjustment for all actuators at once.
According to the amplitude pattern of the primary reflector, this method has
higher adjustment precision than the traditional method. The EM performance
of the antenna can be significantly improved by minimizing the RMS of the
OPD, which indicates that the proposed method is effective.
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