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The difference between the space and the earth environment has significantly influenced the shape accuracy of the antenna
reflector surface. With the increasing demand for the aperture of the antenna reflector, gravity has become one of the main
factors that restrict the accuracy. In this paper, a new method for pretension design considering the effect of gravity is
proposed. The design surface can be well restored to the ideal surface in orbit. Meanwhile, this method can avoid flipping
antenna reflectors or extensive experiments for modification during ground adjustment. Then, the feasibility and effectiveness
of the design method are validated by several numerical simulations. Moreover, the results are compared with the previous
method and the differences have been discussed in detail. Finally, the effects of cable radius, cable length, and elastic modulus
of the mesh reflector have been researched, respectively.

1. Introduction

The deployable mesh antennas are widely used in spatial
applications due to the good stowed/deployed ratio [1], such
as TerreStar antenna, Skyterra antenna, AstroMesh hoop
truss antenna, and the antenna of JAXA Engineering Test
Satellite. With the vigorous development of aerospace tech-
nology, the demand for large-scale space deployable anten-
nas is becoming urgent. At the same time, more
requirements emerge in the aspects such as tiny signal trans-
mission on the ground, great capacity of information trans-
mission, and the realization of the high resolution of remote
sensing. All of these lead to the necessity of a large aperture
deployable antenna with high accuracy [2]. As an indispens-
able component that highly affects accuracy, the cable net
structure is always one of the research hot pots. The cable
net structure is a family of flexible tension structures charac-
terized by geometric solid nonlinearities. The initial stiffness
and shape can be achieved by pretension design. The pur-
pose is to find a surface close to the desired surface under
specific tension loads. Therefore, the pretension distribution
plays a vital role in the surface accuracy of deployable mesh
reflectors.

To form a parabolic surface, the rigidity of deployable
mesh reflectors is supplied by applying pretension to the
cables. This process of pretension design is called form-
finding [3]. Several traditional form-finding methods have
been developed, such as force density, dynamic relaxation,
inverse iteration, and genetic. The force density method
was the most widely used and was introduced by Schek [4].

It first transforms the nonlinear equilibrium equations
into linear ones with the concept of “force density.” Then,
the equilibrium equations are solved by numerical method
to obtain the equilibrium pretension. Then, several methods
have been carried out that only consider the cable net struc-
ture as in [5, 6]. Deng et al. improved the pretension design
method and considered the multiple uncertainties [7–9]. Shi
et al. proposed methodologies to automatically generate
pseudogeodesic mesh geometries of spherical and parabolic
reflector surfaces [10, 11]. The truss is treated as rigid in
[12–17] when considering the rim truss. Yang et al. [18,
19] considered the elastic rim trusses and proposed an opti-
mal method. Nie et al. also considered the flexible frames
and proposed an integrated form-finding method [20–23].
Thermal effects have also been discussed. Shi et al. proposed
a new methodology of mesh geometry design [24]. Tabata
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and Natori had explored shape control concepts for mesh
reflectors [25–29].

However, these existing methods are only suitable in an
ideal environment. That means no gravity effect is taken into
consideration. An accurate antenna reflector should be
adjusted on the ground where gravity cannot be ignored.

Moreover, the influence of surface accuracy resulted by gravity
increases as the size of the antenna increases. Twomethods are
widely used in engineering to estimate the effect of gravity.
The first is to flip the antenna reflector to get cup-up and
cup-down surfaces by adding the two together to counteract
the effect of gravity [30, 31]. This method requires a sizeable
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Figure 1: Nodal displacement calculated by ANSYS: subdivided finite element model.
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experimental site and adjusting work is extremely difficult. As
the antenna diameter increases, it has a significant risk to flip
the antenna. Considering that the mesh antenna is a large flex-
ible structure, flipping may cause other assembly errors or
damage the antenna. The second one is based on finite ele-
ment software. This method needs to combine the experimen-
tal results with the error correction method [32–34]. The
critical factor is to give static loads in the form of distributed
weights to the nodes of the cable net and measure the surface
deformation caused by the static loads. Then, adjust the stiff-
ness parameters to make the deformation characteristics of
the mathematical model exactly match the test results. How-
ever, there are thousands of positions where static loads
should be applied when the antenna aperture is large, which
makes this method extremely difficult to apply in practice.

Not only is there a large number of experiments, but the
matching of mathematical models and experimental results
is also difficult to achieve at this magnitude.

Specifically, the mesh surface is first designed according
to the ideal one. Then, the deformed surface under gravity
is obtained by finite element simulation. Introducing gravity
into the finite element model to get the reference surface in
the stage of ground adjustment is acceptable in a certain
aperture range. This can be seen in Figure 1. However, when
the aperture further increases, there is an obvious deviation
as discussed in 4.3. Generally, model modification is neces-
sary when considering manufacture based on the methods
mentioned above. There both have insurmountable prob-
lems in the stage of ground adjustment when the aperture
increases. To solve this problem, the gravity factor should
be introduced in the pretension design process first. At the
same time, the change of cable stiffness should also be con-
sidered in the design. There are two critical problems in this
issue. The first is that the target shape of the design is no lon-
ger an ideal shape but an unknown gravitational surface. The
second is whether the surface can meet the surface accuracy
requirements after the gravity is removed.

The primary purpose of this paper is to propose a new
method to design the pretension in the cable net structure.
A new model considering gravity can be achieved to supply
guidance in antenna adjustment. Generally, the pretension
design considering gravity is shown in Figure 2(a), and the
method in this paper is shown in Figure 2(b). The compari-
son of the two design methods has been discussed in detail
in 3.3. The biggest difference is that the method in this paper
is designed with changes in gravity and stiffness. Further-
more, the advantage of the method in this paper is that it
does not require flipping the antenna or extensive experi-
mental corrections. It should be noted that although the
designed surface considering gravity can effectively guide
the ground adjustment, the surface must be restored to meet
the accuracy requirements after entering the orbit. This
point is the most critical condition for design convergence,
consistent with previous studies.

2. Composition of a Mesh Reflector

A deployed mesh reflector antenna is conceived with the
concept of a tension truss, which is a light and inherently
stiff structure that can be precisely and repeatedly deployed
regardless of the environment. As illustrated in Figures 3
and 4, it is divided into three parts, a supporting truss, a

(a) (b) (c) (d)

Figure 3: Composition of a mesh reflector. (a) Mesh reflector. (b) Truss. (c) Boundary cable. (d) Cable net.
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Figure 4: Schematic of a cable net structure. (a) Front cable net. (b)
Boundary cables. (c) Tension tie cables. (d) Back cable net.
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Figure 5: A cable net unit. (a) Front cable net. (b) Tension tie cable.
(c) Back cable net.
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boundary cable, and a cable net reflector, including surface
cables, tension tie cables, and RF reflective mesh which are
sewn on the net surface. The cable net reflector and the
boundary cables are named the deployable cable net
structure.

3. Pretension Design Method

3.1. Mechanical Analysis of Cable. The space environment is
known as a microgravity environment. Therefore, the
straight-rod elements can achieve calculation accuracy that
meets high efficiency in engineering requirements. Accord-
ing to the principle of virtual displacement, the overall stiff-
ness matrix considering the pretensioned cable element can
be divided into two parts when omitting the second-order
term. They are kE and kG that represent the elastic stiffness
matrix and geometric stiffness matrix, respectively. For a
cable element in the local coordinate system, the coordinates
of both ends are ð0, 0, 0Þ and ðxj, 0, 0Þ. Then, the relation-
ship between nodal displacement and nodal force can be
shown in

kE + kG½ �d = f − r,
r = AclcA

Tσ − f ,
kE = AclcEc ATA

� �
,

kG = Aclc σBTB
� �

,

ð1Þ

where

A = b1 0 0 b2 0 0ð Þ,

B =
b1 0 0 b2 0 0
0 b1 0 0 b2 0
0 0 b1 0 0 b2

0
BB@

1
CCA,

b1 = −b2 = −
1
xj
:

ð2Þ

And Ec, lc, Ac, σ, f , and d indicate the elastic modulus,
cable length, cross-sectional area, cable stress, external force,
and nodal displacement. Then, in the overall coordinate
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system, the above equation can be transformed by the trans-
formation matrix to obtain the stiffness equation of the cable
element.

KE + KG½ �D = F − R: ð3Þ

By assembling the stiffness matrix equations of each
cable element in the global coordinate system, the overall
stiffness equation of the entire cable net structure can be
obtained. When the pretensions have been designed and
the external force is specific, the overall deformation of the
cable net can be obtained through the stiffness equation.

3.2. Effect of Gravity. The pretension design of a cable net
structure aims to determine the cable tension distribution
to obtain the required reflector surface accuracy. The unit
of a cable net structure is shown in Figure 5, where node i
is connected to node j by a cable. The equilibrium equation

of node i can be derived as follows.

〠
j

Fij

xi − xj
lij

= 0,

〠
j

Fij

yi − yj
lij

= 0,

〠
j

Fij

zi − zj
lij

=〠
j

Gij,

8>>>>>>>>><
>>>>>>>>>:

ð4Þ

where Fij, Gij, and lij, respectively, represent the tension
force, the gravity, and the length of the cable between two
adjacent nodes i and j of coordinates ðxi, yi, ziÞ and ðxj, yj,
zjÞ. It can be rewritten in the form of a matrix as follows:

Q3k×r F = C, ð5Þ

where C =
02k×1
Gk×1

 !
.

Q is a coefficient matrix; F = F1 F2 ⋯ Frð ÞT is the
tension force vector of cables; k is the total number of free
nodes; r is the total number of cables.

Since the assumption of nodes located in the required
parabolic surface, the nodal locations and topology of the
cable net structure can be determined. Then, the pretension
design of the cable net structure can be expressed by the fol-
lowing optimization model:

Find F = F1 F2 ⋯ Frð ÞT ,

Min RMS =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑n

j=1ΔS
2
j

n
,

s

s:t: Q3k×r F = C,

8>>>>><
>>>>>:

Fi > 0 1 ≤ i ≤ r,

ð6Þ

where ΔSj is the displacement of the jth free node in the
cable net reflector, n is the total number of free nodes in
the cable net reflector, and RMS is an abbreviation of the
root mean square.

It should be noticed that the length of the cable changes
in each iteration step after being pretensioned. In such cases,
the gravity matrix also changes in each step. However, the
original lengths of all cables before being pretensioned are
considered unchanged.

3.3. Optimization Design Method. For a given antenna sur-
face, the pretension can be designed through Equation (6)
considering the effect of gravity. Nevertheless, the target
position of the antenna reflector is unknown. Specifically,
when gravity is not taken into consideration, the design sur-
face is simply the ideal surface P0 in orbit. However, the
design surface under gravity would be deformed to Pg

2 ,
which means that the target surface is unknown during the
optimization. The difference can be illustrated in Figure 2.
As gravity only works in z direction, the influences of the
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coordinates in the x and y directions are ignored. There is a
deviation Δz, which is unknown, between the target surface
under gravity and the ideal surface. But for every certain
value of Δzi, pretension can be designed for the ith target
surface. Moreover, this undergravity surface should have
the ability to restore to an ideal position on orbit as required.
Gravity is removed through Equation (3) after the design so
that the surface would deform to a new position P2 as shown
in Figure 2. The smaller the gap between P0 and P2, the bet-
ter it is. Obviously, all values of Δz for free nodes are nega-
tive and for boundary nodes the values are 0. The solution
is to find a certain Δz with which pretension design can be
solved. Then, the surface is able to recover to the ideal sur-
face after removing the gravity. The overall algorithm is pre-
sented in the flowchart of Figure 6.

The selection of the initial values of the iteration is a crit-
ical factor in the optimization. An improper selection of the
initial value will cause the result to be a local optimum
instead of a global optimum. And the iteration may not con-
verge in worst cases. To solve this problem, the values are
selected by the combination of the engineering experience
and the calculation results.

3.4. Improvement of Optimization. According to the above
discussion, in the mathematical model of the cable net struc-
ture, each value of Δzi is an optimization variable. In this
case, even if we optimize the mathematical model to the
maximum, the number of variables is still large. Taking an
antenna with a diameter of 10m as an example, the node
number is 182, within the allowable range of the geometric
size of the cable network. The optimization problem of this
dimension not only requires a lot of computing time but also
is prone to nonconvergence. Here, we need a more efficient
method to reduce the number of optimization variables
while ensuring the accuracy.

Fortunately, the cable net structure is a highly symmetric
structure, which allows us to simplify it in different ways.

According to the symmetrical form, half, one-third, and
one-sixth of the cable net can be taken as a characteristic
structure, as shown in Figure 7. However, the boundary of
the characteristic structure is different from the original
cable net. If we only use the characteristic structure for opti-
mization, the cable stress of the nodes at the position of the
red line in Figure 7 will change. When the calculation result
of the characteristic structure is substituted into the cable
net, there will be inevitable deformation. Although this
deformation can be estimated, it will affect the stability of
the optimization. The calculation time will be longer and
even fail to converge, which is contrary to our original inten-
tion. In this case, we should still optimize with variables of
the same dimension, but the total number of variables is
reduced. That is to say, half, one-third, and one-sixth of
the number of variables are used, respectively, and then,
other nodes are valued according to the symmetrical rela-
tionship. Taking an antenna with a diameter of 10m as an
example, we now only set 102, 78, and 42 variables in the
case of half, one-third, and one-sixth, respectively. Then,
other values of Δzi can be settled, and the dimension of Δz
will still be 182. By this method, we can reduce the number
of variables and do not change the boundary conditions of
the cable network.

4. Results and Discussion

4.1. Pretension Design of a 10m Mesh Reflector. A parabolic
antenna with a spatial mesh reflector is shown in Figure 4.
The antenna specifications are as follows:

Diameter of aperture: 10m
Focal length of front cable net: 7.5m
Focal length of back cable net: 7.5m
Number of surface cables: 312 (= 156 × 2)
Number of boundary cables: 108 (= 54 × 2)
Number of tension tie cables: 61
Number of free nodes: 122 (= 61 × 2)
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Figure 10: Surface error of front cable net considering the effect of gravity. (a) Optimization results. (b) Finite element calculation results.
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Height: 2m
Type of facets: triangular
Elastic modulus of cables: 20GPa
Radius of cables: 0:5 × 10−3m
Density of cables: 1450 kg/m3

First, it is important to set the initial value of Δz, which
can be expressed as

Δz = Δz1, Δz2,⋯,Δznf
, 0, 0,⋯0|fflfflfflfflffl{zfflfflfflfflffl}

nb

2
4

3
5, ð7Þ

where nf and nb represent the number of free nodes and
boundary nodes, respectively. This model is simulated in dif-
ferent ways. Corresponding to 3.4, all free nodes, half of the
free nodes, one-third of the free nodes, and one-sixth of the
free nodes are used as optimization variables, respectively.
All values of Δz is constrained to be negative. The tension
forces of all cables are set to 40N initially. Constrained non-
linear minimization is used to solve the problem. The itera-
tion results of interior point algorithm and quasi-Newton
algorithm are shown in Figures 8 and 9, respectively.

When using interior point algorithm, the RMS error
between P0 and P2 of front cable net is lowered from 11:07
× 10−3m to 0:66 × 10−3m. When all free nodes are used as
optimization variables, the integration step is 10711. When
the characteristic structure is used to reduce the optimiza-
tion variables, the integration steps are significantly reduced
and the optimization results remain consistent. The results
show that this method is scientific and necessary when the
aperture increases.

Meanwhile, when the quasi-Newton algorithm is used,
the RMS error between and of the front cable net is lowered
from 12:49 × 10−3m to 0:14 × 10−3m. The integration step is
3936 which is much smaller than the first algorithm. The
optimization result is better at the same time. Likewise, with
the introduction of characteristic structures, the efficiency of
optimization computations continues to increase. It can be
seen from the comparison that although there are many
optimization variables, the optimization results are
completely acceptable in engineering. This is due to the
highly symmetrical feature of the cable net structure. On
the other hand, the choice of algorithm and the initial value
is critical, affecting the optimization efficiency and effectively
avoiding nonconvergence when the antenna aperture is con-
tinuously increased.

The surface of the front cable net considering the effect
of gravity is shown in Figure 10. Only one-sixth of the model
is shown in this figure. All values are negative and are taken
as absolute values in the figure. The maximum nodal dis-
placement of Δz is −0:34 × 10−3m. Compared with the finite
element calculation results, each value of Δz in the optimiza-
tion results has a degree of discrimination, and the finite ele-
ment calculation results are close to the same. However, the
difference between the overall results is small, which shows
that there is little difference between the two methods when
the diameter is 10m. The pretension distribution of the cable
net structure is shown in Table 1. The design surface is basi-
cally in line with the prediction, which confirms the validity
of pretension optimization. On the other hand, the forces in
Table 1 show excellent uniformity that indicates a good sta-
bility in the design results. The maximum and minimum
stress ratios of the front cable net and the back cable net
are 1.062 and 1.096, respectively. More importantly, the sur-
face we find has the ability to restore to the ideal surface
when removing gravity. The minimum RMS between two
surfaces is only 0:14 × 10−3m which is acceptable in
engineering.

In order to verify the accuracy of the calculation, a sub-
divided finite element model is established and distributed

Table 1: Pretension distribution of the cable net.

Item
Pretension values in cables (N)

Maximum Minimum Mean

Front cable net 48.61 44.56 45.76

Back cable net 48.72 44.48 45.77

Tension tie cables 10.61 8.92 9.48

Table 2: Pretension distribution of the cable net with different
aperture diameters.

Diameter of
aperture (m)

Item
Pretension values in cables

(N)
Maximum Minimum Mean

10

Front cable
net

84.20 50.52 69.12

Back cable
net

47.56 28.04 33.52

Tension tie
cables

10.48 7.52 9.40

12

Front cable
net

85.36 48.67 70.12

Back cable
net

47.12 27.44 32.48

Tension tie
cables

10.34 7.36 9.25

16

Front cable
net

86.88 47.64 68.84

Back cable
net

46.88 25.44 31.92

Tension tie
cables

10.28 7.28 9.16

20

Front cable
net

88.94 48.36 70.34

Back cable
net

45.24 21.68 28.48

Tension tie
cables

12.36 6.28 8.83

24

Front cable
net

92.34 53.08 72.56

Back cable
net

42.76 21.56 27.44

Tension tie
cables

11.24 5.84 8.72
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gravity is applied on the model. In the subdivision model,
multisegment elements are used to simulate the catenary
cable. The subdivided model is verified by ANSYS as shown
in Figure 1 in the manuscript. The maximum nodal devia-
tion caused by gravity between the subdivided model and
theoretical method in this paper is 0:37 × 10−3 − 0:28 ×
10−3 = 0:09 × 10−3m, which meets the requirement (less
than 0:1 × 10−3m at least).

4.2. Pretension Design with Reflective Mesh. Taking into
account the needs of large-aperture antennas in engineering
applications, the algorithm is used to simulate antennas of
different apertures with the influence of RF reflective mesh
(5 × 10 − 2 kg/m3), and the results are shown in Table 2.

This method can still effectively carry out the preten-
sioning design when considering the reflective metal mesh.
The optimization method has specific stability when the
antenna aperture is continuously increased. There is no fail-
ure to converge. When only considering the cable mesh
structure, the pretension values of the front and back cable
meshes are the same. However, after considering the RF
reflective mesh, the stress on the front mesh surface
increases significantly, resulting from the gravity of the RF
reflective mesh directly acting on the front mesh surface.
At the same time, the uniformity of pretension decreases

clearly, which is closely related to the boundary of the cable
net structure. On the other hand, although the pretension
values of the tension cable and the back net do not change
much, they also become nonuniform.

4.3. Deviation between Pg
1 and Pg

2 . Generally, the ideal shape
P0 is taken as the target shape during the pretension design
of the antenna reflection surface. And some methods are
used to iteratively calculate it to accomplish the pretension
design and form-finding work. The shape obtained at this
time can be called P1, and the validity of the design is veri-
fied by comparing the RMS value of P1 and P0. When con-
sidering the effect of gravity, a gravity load is applied to P1
surface to obtain Pg

1 . In fact, this method is not accurate
enough due to simplification. Here, the designed surface in
ideal condition under gravity Pg

1 and the designed surface
considering gravity Pg

2 are compared. It can be seen in
Figure 11 that when the antenna diameter is between 10m
and 16m, the RMS deviation of the two surfaces is minimal,
only increasing from 0:402 × 10−3m to 0:697 × 10−3m.
However, when the aperture is further increased, the devia-
tion of the two surfaces increases sharply, and the deviation
has reached 18:2 × 10−3m when the diameter is 24m. This
also confirms that it is impossible to obtain an accurate
ground surface only by loading the gravity on the design sur-
face that does not consider gravity. This is also why the sur-
face cannot be directly used to complete the ground
adjustment in engineering. At the same time, the deviation
of the two surfaces is in the form of the exponential distribu-
tion, which is related to the structure and stiffness of the
cable net. When the diameter of the antenna is small, gravity
is not a significant factor, but when the diameter of the
antenna increases continuously, the gravity has a significant
influence on the precision of the pretension and the surface.

4.4. Effect of Cable Radius. From the previous discussion, it
can be concluded that when the antenna aperture is large,
there is a big difference between whether gravity is consid-
ered in the pretension design stage. A natural question as
whether this is caused by other factors arises. The antenna
reflector mainly comprises cables, so the cable length, cable
radius, and elastic modulus are all critical parameters.
Firstly, the research is carried out with the radius of the cable
as a variable, as shown in Figure 12.

It can be seen from the figure that when the cable radius
changes, the overall RMS value shows a downward trend.
When the cable radius increases, the gravity of the cable net
structure increases, but the gravity of the RF reflective mesh
does not change. It can be concluded that when the stiffness
of the cable net structure increases, the effect of coupling with
the RF reflective mesh will be weakened. However, this weak-
ening does not make the two surfaces Pg

1 and Pg
2 consistent.

That is to say, when the diameter of the antenna is large,
changing the radius of the cable slightly impacts the surface
accuracy. This may be because the gravity of the RF reflective
mesh far exceeds that of the cable mesh.

4.5. Effect of Cable Length. The cable length in the cable net
structure directly determines the fineness of the
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mathematical model. The smaller the cable length, the more
triangle segments along the radial direction. To make anten-
nas of different diameters comparable, the number of seg-
ments in the radius triangle is used as an independent
variable, and the number of segments is inversely propor-
tional to the length of the cable. The results are shown in
Figure 13. The RMS value decreases with the decrease of
the cable length. Thanks to the refinement of the model,
which leads to the smaller calculation error. However, gener-
ally the values tend to be stable within a certain range. This
shows that the deviation between the surfaces Pg

1 and Pg
2 is

not due to geometric errors. It also shows that when the
diameter of the antenna is large, gravity greatly influences
the surface accuracy.

4.6. Effect of Elastic Modulus. The elastic modulus of the
cable directly affects the stiffness. When the elastic modulus
increases, the effect of gravity becomes smaller and smaller.
The data in Figure 14 illustrate the same conclusion. How-
ever, as the elastic modulus increases to a specific value,
the value of RMS no longer decreases but tends to remain

unchanged. This also shows that the two surfaces Pg
1 and

Pg
2 are different. That implies the necessity to consider grav-

ity in the pretension design.

5. Conclusions

A novel pretension design method considering the effect of
gravity is proposed. Compared with previous methods, it
can avoid flipping the antenna or excessive experiments in
the stage of ground adjustment in engineering. At the same
time, the method can ensure that the antenna can restore
to the surface that meets the accuracy requirements after
entering the orbit. Furthermore, with the increase of the
antenna aperture, the method shows specific stability and
does not fail to converge.

Considering that there are too many optimization vari-
ables in this optimization method, the characteristic struc-
ture is selected according to the symmetry of the cable net
structure. Although the dimensions of the variables in the
iterations remain unchanged, reducing the variables still
effectively reduces the number of iterations. Two algorithms
are used for the calculation, and the results show that the ini-
tial values according to engineering experience and calcula-
tion results are valid in the optimization.

Numerical simulations of cable net antennas with diameters
ranging from 10m to 24m are carried out. After introducing
the gravity of the RF reflective mesh, an excellent pretension
distribution can still be obtained. Two surfaces are compared.
When the antenna diameter is not large, the difference between
the two is minimal. As the antenna aperture increases, the RMS
values of the two increase exponentially. Then, the effects of
cable radius, length, and elastic modulus are analysed. When
the cable radius increases, the deviation of the two surfaces will
decrease slightly. The same phenomenon occurs when the elas-
tic modulus increases. However, the deviation tends to remain
unchanged when the elastic modulus increases to a certain
extent. When the length of the cable is changed, which will
refine the model, the deviation of the two surfaces will decrease
but always remain within a specific range.

In general, when the diameter of the antenna increases,
the influence of gravity becomes increasingly significant.
Therefore, the method proposed here can effectively esti-
mate the ground surface of the antenna. At the same time,
the flipping and experimental correction of the antenna are
avoided. This is of great significance to surface adjustment
in engineering. In future work, the comparison of experi-
mental data is needed to verify the proposed method’s effec-
tiveness better.
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The data used to support the findings of this study are avail-
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