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ABSTRACT The metallic mesh serves as a reflecting surface on deployable reflector antennas for satellites.
Electrical properties differ for meshes with different knitting patterns. Also, pattern shapes vary at different
tensions due to the elasticity of the mesh. Furthermore, mesh models for electrical performance analysis
become more challenging to construct as the mesh knitting patterns become more intricate. A method based
on model angles and diagonals is developed in this paper to overcome the aforementioned problems. First,
procedures for building a mesh model are described. Then three mesh models of the single Atlas mesh, the
single Satin mesh, and the Max mesh are built. The corresponding performance variations are observed and
stabilities are compared. Moreover, the wire diameter for the mesh model is determined by measuring the
reflectance of the Max mesh and comparing it with simulation results. Afterward, correlations between the
reflectivity and incident angles are presented. In addition, the reflectance and transmittance at different
incidence angles are measured. Measured results align well with simulated results. It verifies the accuracy of
the simulated characteristics and the value of the mesh model in understanding mesh electrical properties.

INDEX TERMS Deployable reflector antenna, electrical property, mesh pattern, metal mesh, wire-grid

model.

I. INTRODUCTION

The rapidly growing interest in large deployable reflector
antennas on board satellites for various applications has
exploded in recent years. Large-aperture deployable
reflectors are currently used in satellite communications,
navigation, remote sensing, radio astronomy, etc. [1, 2].
According to their composition structures, deployable
reflector antennas are classified into four types: rigid
reflector antennas, metallic mesh reflector antennas,
membrane reflector antennas, and inflatable reflector
antennas [3]. Among various antennas mentioned above,
the mesh reflector antenna is an ideal type of antenna on
satellites because of its lightweight, elastic surface, high
package ratio, reduced wind effects, and ability to expand
to large apertures [4, 5]. There are a variety of mesh
deployable reflector antennas based on deployment
structures, such as the rigid-rib antenna (RRA), the wrap-
rib antenna (WRA), the tension-truss antenna (TTA), and
the AstroMesh antenna. Despite diverse antenna forms, the
main parts are carbon fiber supporting structures and metal
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mesh reflecting surfaces. Typically, the mesh surface is
made of gold-plated molybdenum wires or gold-plated
tungsten wires for high-frequency waves, and for low-
frequency waves, nickel-plated stainless-steel wires [5].
The metallic mesh is generally knitted in a specific pattern
designed for distinctive RF characteristics in a particular
frequency band since it significantly impacts how
effectively these antennas ultimately work.

The knitting form is a key element of the mesh surface
because it determines both physical characteristics and
electrical performance. Generally, there are two knitting
methods for fabrics: weft knits and warp knits [6]. Weft-
knitted fabrics have a high ratio of transverse to
longitudinal deformations, which makes them anisotropic
and unsuitable for reflector antennas. Warp-knitted
structures joined by open or closed laps or the combination
of two laps provide more benefits in terms of elasticity,
resistance to detachment, and structural stability. In
addition to yarn material, patterns also play a decisive role
in the elasticity of warp-knitted fabrics. So far, numerous

1



This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2024.3431037

knitting patterns in a warp-knitted manner have been
investigated compared to the initial application of the mesh
on reflector antennas. Fig. 1 shows four examples of
different weaving patterns: single Atlas, back-half tricot,

FIGURE 1. Different weaving patterns. (a) Single Atlas. (b) Back-half
tricot. (c) Single Satin. (d) Two-bar tricot.

As illustrated in Fig. 1, the metallic mesh, usually woven
in periodic structures, makes it possible to extract regular
patterns and build model units. There are three frequently
employed approaches for modeling mesh patterns. The first
is the wire-grid model, which simplifies the mesh
configuration to periodic-quadrilateral grids with three
description parameters for defining the grid model. In this
case, it adopts Astrakhan’s formulation to calculate the
reflection and transmission coefficient matrix [9].
Unfortunately, the limitation of the simplified model is
only applicable to mesh cells in square or rectangular
shapes and woven from a single wire. Another commonly
used method is the strip-aperture model proposed by
Professor Yahya Rahmat-Samii [4]. The merit of this model
is allowing the determination of reflection coefficients
from different mesh cell configurations. However, using
six parameters to define one model lattice makes the
computation for electromagnetic analysis even more
complex. Sooner after, an improved version, the surface-
patch model, is proposed by simplifying six parameters to
three. Accordingly, the surface-patch model is highly
versatile in representing mesh with complex structures. Yet,
the establishment process of this model is not easy. It
requires more than three parameters to build one periodic
mesh cell. For example, the width and length of the strip,
angles between different strips, and the location of periodic
lattices. The above three strategies are fundamental to other
methods for constructing mesh models and analyzing
metallic mesh performance.

Far-field radiation patterns of surface-patch models for
the single Satin and the single Atlas mesh were calculated
and compared with the solid reflector using the extended
PO/periodic Method of Moment (MoM) methodology in
[10]. Here, they used the strip-wire equivalence theory to
replace cylindrical wires with equivalent strips for the first
time. The strip-wire equivalence theory was verified in [11,
12]. They concluded that the equivalent strip width is about
twice the diameter of the cylindrical wire. In [13], a single
Satin and a two-bar tricot mesh were used to exemplify the
equivalent regular wire-grid model. Electrical properties of
the regular wire-grid model with parameters from actual
knitted mesh were simulated in the far field and analyzed
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including amplitude difference, phase difference, and
reflection loss. To simplify the modeling for the complex
mesh, [14] illustrated a succinct process of building an
equivalent wire-grid model for the square tricot knit mesh
by first using strips to cover the area of wires, then
constructing the mesh model by using half of the strip width
as the wire diameter. Unlike the square tricot knitting
pattern with clear unit boundaries, [15] introduced a
method to construct wire-grid models for multi-wire woven
meshes with irregular knitting patterns and unclear
boundaries by adjusting the wire diameter to replace the
average strip width. It is easy to recognize a periodic
pattern from the mesh, but it is difficult to build a weaving
model. First, the number of wires on different sides of a
unit is different for some complex mesh. For example, the
number of wires in horizontal and vertical directions of the
back-half tricot mesh in Fig. 1(b) is different. In this case,
the common strip width does not apply. Multiple yarns in
one unit also make blurry boundaries. Moreover, the single
wire diameter of the multi-wire woven mesh is usually
provided in the introduction but not the number of wires. It
is hard to build a mesh model without knowing the correct
wire diameter, especially for multi-wire woven mesh with
space between wires. Additionally, it is observed that the
weaving pattern varies if the mesh is under different forces
because the metal mesh is elastic. Consequently, the
electromagnetic performance of the mesh changes when the
mesh surface is put on uneven force distributions after the
reflector antenna is deployed. Therefore, it is necessary to
propose a method to build accurate mesh models and
analyze electrical performance variations for multi-wire
woven mesh.

Contributions of this paper are as follows. An efficient
method based on angles and diagonals to construct the
periodic mesh pattern and predict the electrical properties
of the metallic mesh is introduced. Then parallelogram and
triangle models with parameters from actual meshes are
built, along with a circular wire-grid model proposed in this
paper for the Max mesh. Subsequently, variation patterns
of electrical characteristics for the three models are
presented with varying wire diameters and model angles.
Performance stabilities for three mesh models are
compared and analyzed. Furthermore, the reflectivity of the
Max mesh is measured and compared with simulated
results. The measured reflectance and transmittance at
different incident angles confirmed the simulated
correlations. In addition, measurement results of the mesh
with different shape angles verified the ability to predict
performance variation.

Section |1 details the steps of building a model unit for
the complex metallic mesh. Section Il presents simulation
results and electrical characteristics analysis for three mesh
models. Section IV describes the comparison between
measurement results and simulation results. Finally,
Section V concludes this work.
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II. ESTABLISHMENT OF PERIODIC UNIT

Nowadays, mesh patterns are no longer as simple as square
grids woven by single wires as previously utilized. Mesh
structures are becoming more and more intricate in order to
suit various functions. Generally, different weaving patterns
can be equivalent to corresponding approximate geometrical
shapes. However, the pattern shape varies if the mesh is under
different tensions because the metal mesh is elastic. Hence, the
shape of the periodic unit is flexible. From our observations,
changes in shape angle lead to unit shape variations.
Additionally, compared to length and width variations due to
the tension difference, the change of the diagonal length
determined by the distance between nodes is tiny.
Consequently, the diagonal length is considered as the fixed
value in the model. Based on this concept, a rectangular frame
with model expressions is conceived. Fig. 2 shows the mesh
model unit and entailed parameters.

A. STEPS OF BUILDING MESH MODEL UNITS
Detailed steps for establishing mesh units are as follows.

i

FIGURE 2. Model unit and parameters.

Step 1: Extract the periodic unit from the metallic mesh and
determine the corresponding shape of the mesh model.

Step 2: Get a magnified picture of the metallic mesh and
measure parameters of the unit, such as the length | and width
w of a periodic cell and the thread diameter d:. Calculate
required model parameters including the diagonal a and angle
o. for building the unit model.

Step 3: Construct a wire-grid model according to the unit
shape and calculated parameters, and set the initial wire
diameter d as n times the measured thread diameter di. The
model can be expressed as follows,

| =asin(a/2) 1)
w=acos(a/2) 2
d =nd, (3)

Step 4: Calculate reflection coefficients of the periodic
unit by setting n from 1 to 3 and using An=0.5as the first
interval. Compare simulation results with measurement
results to see if there exists a good match. If the measurement
result aligns well with one of the simulation results, then the
equivalent diameter is determined. If not, find two close
match results and corresponding values of n, set An=0.1as
the second interval, and repeat Step 4. If still, set the third
interval An=0.01and repeat Step 4 until finding a good
match result.

According to our experience, the reflection coefficient
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differences between the two simulation results are less than
0.01dB and 0.001dB when the interval Anis 0.1 and 0.01,
respectively, which is accurate enough.

Step 5: Change the model angle «, then the electrical
performance variation can be observed.

B. PARALLELOGRAM MODEL

Fig. 3(a) is a magnified picture of the single Atlas mesh with
actual mesh parameters. The single Atlas mesh is woven by
gold-plated molybdenum mesh with a diameter of 0.0012”".
The length and width values for one mesh unit are 0.0333”’
and 0.0714”’, respectively. Fig. 3(b) shows a parallelogram
model with several model parameters. Among them only
three parameters are indispensable. They are the diagonal
length a, shape angle «, and wire diameter d. After simple
calculations using the length and width of the mesh unit,
model parameters-- diagonal length a and angle a are
determined. As illustrated in Fig.3(c), a wire-grid model unit
with a=0.0788", « =50.0°, and d =0.0012"n for the single
Atlas mesh is built and simulated in CST Studio Suite, a
computer electromagnetic anaIyS|s software.

'nmﬂ'

~s

(b) ©

FIGURE 3. Parallelogram model and the Single Atlas mesh. (a) Single
Atlas mesh pattern and dimensions. (b) Parallelogram model. (c)
Parallelogram model in CST for the Single Atlas mesh.

C. TRIANGLE MODEL

Fig. 4(a) presents a magnified picture of the single Satin mesh
that can be modeled by the triangle model shown in Fig.4(b).
The single Satin mesh is also woven by gold-plated
molybdenum wire with a wire diameter of 0.0012°’, the same
as the single Atlas mesh. But compared to the single Atlas
mesh, the single Satin mesh texture is obviously more
complex. Also, there are more wires constituting one mesh
unit. Length and width values of this mesh unit are shown in
Fig. 4(a). Then after calculation, triangle model parameters
a=0.0757", « =56.4°, and d =0.0012"n are determined.
The triangle model unit can be constructed and simulated in
CST, as shown in Fig. 4(c). Note that the diameters of the
upper and bottom wires in the model are half of the middle

wire for the convenience of maklng periodic mesh structures.
0 mv

- vm»q‘-‘ 0. ()L67"

«\«\"s(\
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FIGURE 4. Triangle model and the Single Satin mesh. (a) Single Satin
mesh pattern and dimensions. (b) Triangle model. (c) Triangle model in
CST for the Single Satin mesh.
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D. CIRCULAR MODEL

Fig. 5(a) is a magnified picture of the Max mesh woven by
gold-coated molybdenum wires and designed for X-band
waves. Unlike the meshes mentioned earlier, this mesh is
woven by multiple ultra-thin wires varying from 10 umto 30
um. According to measurement results, the equivalent thread
diameter is d, = 0.0032", the average length of one periodic
cell is 1 =0.1161", and the average width is w=0.0841".
Fig. 5(b) shows a circular model proposed in this paper. As
intuitively demonstrated in Fig. 5(a) and Fig. 5(b), the
diameter of the circle is cell width w. The calculated model
parameters are a =0.1434", & =108.14°, and d =0.0032"n .
Finally, the circular model is built as presented in Fig. 5(c).

FIGURE 5. Circular model and the Max mesh. (a) Max mesh pattern and
dimensions. (b) Circular model. (c) Circular model in CST.

During the process of building the circular model, it is
found that there is an angle limitation. The range of the
model angle is from 90° to 120°. For alpha less than 90°, two
arcs in the middle of the model are not semi-circles as shown
in Fig. 6(a). In this case, this model is incapable of
composing circles in periodic structures. Also, for « >120°
as shown in Fig. 6(d), two semi-circles on the left and right
sides have no connections with circles in the middle
implying that it is impossible to form a mesh. As a result,
only models with o from 90° to 120° are effective models.
Fig. 6 (b) and (c) are the circular model with « =90° and
120°, respectively. Taking actual situations into

consideration, the mesh is deformed due to excessive force
and the pattern is no longer circular when angle o exceeds
the range. Since the mesh performs at the particularly
designed knitting pattern on deployable reflector antennas,
not deformed patterns, we observe the electrical performance
of the undeformed mesh.

FIGURE 6. The circular model with different angles. (a) Alpha is less
than 90° . (b) Alpha is 90° . (c) Alphais 120° . (d) Alpha is greater than
120° .

lll. ELECTRICAL PROPERTY ANALYSIS FOR
DIFFERENT MESH PATTERNS

Of great significance for the metallic mesh is its electrical

properties. The reflecting performance of the reflector antenna

ultimately relies on how well the mesh surface reflects

electromagnetic waves either from the antenna feed or other
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antennas. In this paper, wire-grid models with different
patterns were simulated as unit cells with Floguet boundaries
in the frequency domain solver using the Tetrahedral mesh
type in CST. Setups about the boundary conditions are as
follows: the ‘unit cell’ boundary condition in X and Y
directions, and ‘open’ in Z direction as shown in Fig. 7. All
three models were in Perfect Electric Conductor (PEC)
material and stimulated by plane waves composed of two
fundamental Floquet modes TEg and TMw. The center
frequency for the single Atlas mesh and single Satin mesh was
set to 20 GHz, while the center frequency for the X-band Max
mesh was set to 9.6 GHz.

Boundary Conditions x

Boundaries Scan Angles | Uit Cell

Homin: [ unit cell | Hma it cel -
min' | unit el | Ymax it cel v

2min’ | open (add space) | ZMA%|open (add space)

0K Cancel

FIGURE 7. Setups of the boundary conditions in CST.

Here, we designed two cases to observe the influence on
reflecting properties from the physical structure variations of
meshes:

1. Different wire diameters d with fixed model angles a.
2. Different model angles « with fixed wire diameter d.

TABLE |
S;1 FOR THREE MESHES WITH DIFFERENT WIRE DIAMETERS
Sy (dB)
" Single Atlas Single Satin Max mesh
1.0 -0.0687 -0.0829 -0.0803
15 -0.0433 -0.0511 -0.0544
2.0 -0.0289 -0.0331 -0.0382
25 -0.0199 -0.0218 -0.0270
3.0 -0.0138 -0.0146 -0.0188

For the first case, the variable is wire diameter which is
indicated by n in Table I. The model wire diameter is simply
calculated by n times the measured thread diameter d;. Table
I shows the reflectivity difference for the three meshes with
different wire diameters. The common feature is that the
reflectivity increases as the wire diameter becomes thicker.
It makes sense because as the wire diameter becomes thicker,
the reflecting surface of the mesh also becomes larger.
Therefore, more waves are reflected by the metal mesh. Note
that thread diameters and cell sizes are different for the three
metal meshes. Therefore, we cannot conclude that the single
Atlas superiors other meshes simply because of the greater
Su1 in this table.

As previously mentioned, mesh shapes vary under
different tensions. It can be represented by the change of the
model angle a. Thereby, the second case is designed to
observe reflectance and transmittance variation patterns of
mesh models. Model parameters of three actual meshes are
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utilized to construct three models and illustrate reflectance
and transmittance variation trends with varying angles. Fig.
8(a), (b), and (c) show variation patterns with varying alpha
and the same wire diameter parameter n=1.17 for three
meshes, respectively.

particular angles that make models isotropic. For example,
the parallelogram model is isotropic if «z=90°, and 60° for
the triangle model. There are three isotropic angles for the
circular model: 90°, 120°, and 113.5°. Among the three
angles, 90° and 120° are isotropic angles for the circular

’ 0 model with any wire diameters. The third angle varies
08 # around 108.50° to 114.10° for different wire diameters with
-0.5 -16 - . . .

e e n varying from 1 to 3. As wire diameters become thicker, the
o 2 third angle becomes smaller.
2 s s 2) For both parallelogram and triangle models, S1: reduces
2 s 4 as a increases between 20° to 150° while Sy increases for TE
175 6 mode. Variation patterns for TM mode are on the opposite.

2 B Adding a horizontal wire in the middle of the parallelogram

225 -2

) 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180
Alpha (degree)
== SI11-TE = S11-TM 8521-TE 821-T™M

model makes it a triangle model. Comparing Fig.8(a) and (b),
it is apparent that variation trends of TE and TM modes for
both Si; and Sy are similar. The horizontal wire mainly
influences the variation scale of Sy1 and Sy1 for TM mode. It
increases Si;1 and decreases Sz, which means that the
performance of the triangle model is more stable. For the
circular model, Si; reduces as « increases to a certain angle
then increases while Sy; is on the contrary. Variation trends

EE e ¥ ? are similar for TE and TM modes, only turning angles differ.
7 08 0 To compare variation patterns for three models precisely
1 50 and because the circular model is only valid from 90° to 120°,

2 0 we observe reflectance and transmittance differences in 20°

0 10 20 30 40 50 60 70 80 90 100 110120130140 150 160 170 180
Alpha (degree)
=== 811-TE = S11-TM S21-TE S21-TM

and 30° intervals, respectively. Through comparing variation
differences, the mesh model that has the most stable

performance under different tensions can be determined.
TABLE II

, ®) , S1: AND S, MAXIMUM DIFFERENCES FOR TE AND TM MODES
o0 5s WITHIN +10° AND +15° OF ¢,
-0.04 5
006 s AS;;_max(dB) AS,;_max(dB)
g G |Aat|=10° |Aa|=15° |Aa|=10° |Aa|=15°
= 0.1 125 =
o a5 TE | ™ | TE | TM | TE | TM | TE | T™
-0.14 175
-0.16 20 Parallelo-
. gram 004 035 007 057 305 107 494 162
-0.18 =225
model
-0.2 -25
90 92 9% 96 98 100 102 104 106 108 110 112 114 116 118 120 Triang|e
Alpha (degree} model 005 002 007 003 263 086 421 134
=== §11-TE === S11-TM S21-TE $21-TM
(© Circular
el 003 003 006 006 221 162 391 4.13
FIGURE 8. Reflectance and transmittance variation patterns with moae

varying alpha for the (a) parallelogram model, (b) triangle model, and (c)
circular model.

As intuitively presented in Fig. 8, the shape angle « has a
large influence on the reflectance and transmittance of three
models. In this paper, TE and TM are defined as the
perpendicular polarization and parallel polarization of the
electric filed for the plane of incidence. From three variation
patterns, some distinguished features can be summarized for
three models.

1) All three models are not isotropic at their current shape
angles because reflectance for TE and TM modes are not
equal as well as transmittance. However, there are a few
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Table Il shows the S1; and S;1 maximum differences for
TE and TM modes within £10° and +15° of the center shape
angle «, , respectively. The center angle for the
parallelogram model is the shape angle (a, =50°) of a
single Atlas mesh, for the triangle model is the shape angle
(o, =56.40°) of a single Satin mesh, and for the circular
model is the shape angle (&, =108.14° ) of the X-band gold-
coated molybdenum mesh. Because the center shape angle
for the circular model is 108.14°, +15° beyond its angle range,
the entire angle range is used instead. From this table, it is
clear that three meshes perform differently in different
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directions. With TE mode waves incident on the mesh, the
circular model presents the minimum variation for both Si;
and Sz1 when different tensions are applied. For TM mode
waves, the triangle model has the minimum difference for

both S1; and Sy with different shape variations.
TABLE Il
MAXIMUM PERFORMANCE DIFFERENCE BETWEEN DIFFERENT
DIRECTIONS WITHIN £10° AND +15°OF ¢,

AS;;_max(dB) AS,;_max(dB)
|Aa|=10° | |Aa]=15° | |Aq|=10° | |Ac|=15°
Parallelogram 147 1.70 16.47 18.84
model
Triangle 0.07 0.09 4.48 6.38
model
Circular 0.04 0.04 286 286
model
Table 11l summarizes the Si;1 and Sz maximum

differences between the X-axis and Y-axis directions within
+10° and £15° of the center shape angle o, , respectively. The
circular model has the minimum difference by comparing the
maximum difference of Si1 for the above three models. The
same conclusion applies to Sz1. Thus, the circular model has
minimum performance variations between different
directions when the mesh is deformed under different
tensions, which means it is closer to isotropic mesh. Since
not every mesh is isotropic, the mesh suitable for linearly
polarized incident waves can be found using Table II.
Suppose the circularly polarized wave is stimulated, the
isotropic mesh can be found using Table 111 and adopted on
the reflector antenna.

IV. MEASURED AND SIMULATED ELECTRICAL
CHARACTERISTICS

A. MESH PERFORMANCE MEASUREMENT

MRS Gold

P
Molybdenum

@

FIGURE 9. Photographs of the Max mesh and compositions of the
metal wire. (a) Magnified photo of the metal mesh. (b) Compositions of a
single metal wire under the FIB microscope. (c) Dimensions of a single
gold-coated molybdenum wire.

Different from the single-wire woven mesh aforementioned,
Max mesh is woven from multiple gold-coated molybdenum
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wires in a unique pattern to achieve isotropy for mechanical
and electrical performance. Since the main purpose is to
solve the problem of building models for multi-wire woven
mesh, the Max mesh is purchased to verify the modeling
method. The reflectivity for X-band waves is at least 96%.
The mesh company emphasizes that compared to the
chemical plating process, gold coating is a kind of physical
process that is more stable. Therefore, the coated gold layer
is not easy to peel off even after a long time. Fig. 9(a) shows
a magnified picture of the metal mesh. Fig. 9(b) is a photo of
the composition of a single metal wire under the Focused lon
Beam (FIB) microscope. The model in Fig. 9(c) presents the
dimensions of a single metal wire. The white core is
molybdenum, and the yellow layer is gold. The size of the
yellow layer in the picture is exaggerated compared to the
real dimension to make it easier to see. The thickness of the
gold coating layer is not exactly uniform over the
molybdenum wire. Therefore, the dimensions in Fig. 9(c) are
average values of measurement results. The 26.6 pm
diameter molybdenum wire and 0.2 um gold layer thickness
make a single metal wire with about 27 um diameter.

In this experiment, the Agilent PNA Network Analyzer
E8362B and X-band WR90 waveguides were used to
measure the reflection coefficients of the X-band mesh. Fig.
10(a) is a photograph of the network analyzer and the
waveguide during the calibration. The top photo of Fig. 10(b)
shows that the mesh is put between two waveguide ports and
the bottom one shows the under-test state. Measurement
results are shown in the following content to compare with
simulation results.

@ (b)

Photographs of the experiment setup. (a) Agilent
PNA Network Analyzer E8362B and X-band WR90 waveguide. (b) Mesh
and the waveguide. The top photo shows the position of the mesh and
bottom photo shows the under-test state.

FIGURE 10.

B. COMPARISON BETWEEN MEASUREMENT AND
SIMULATION RESULTS

The dominant TE;o mode in the waveguide is excited and
incident to the mesh, and the incident angle @ is defined as

0 =cos(1/4,) &)
P — (5)
1-(4/2a)’

where 4 is the wavelength in free space, 4, is the wavelength
inside the waveguide, and a is the long dimension of the
waveguide. For a center frequency of 9.6 GHz, the incident
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angle @ is 43.12°. Subsequently, the simulation settings for the
circular model are f, =9.6 GHz, #=43.12°, and ¢ =90° .
During the process of building a mesh model, the parameter
sweep in CST is adopted in Step 4 to adjust the value of n which
changes the wire diameter of the model. The final wire
diameter is determined by comparing measured and simulated
results. The coordinate system for a circular model and setups
for the parameter sweep in the CST simulation are shown in
Fig .11 (a) and (b), respectively.

Parameter Sweep

z

Simulation type: Frequency Domain Solver v

Sequences

=+ Sequence 1
fen =11, 111, ..., 1.2(11, Linear)

(b)

FIGURE 11. Coordinate system and simulation setups. (a) The circular
model and coordinate. (b) Setups of the parameter sweep.

Fig. 12 presents the comparison between measurement and
simulation results. Since the measured result shows a
fluctuating decreasing trend over increasing frequency, we use
the simulation result to match the trend line of measurement
results. The trend line of measured result Sy; in the frequency
range 0f 9.3 GHz- 9.9 GHz is calculated using the least squares
method. Within this frequency range, the simulation result of
n=1.17 aligns well with the trend line. Therefore, electrical
characteristics of the X-band mesh can be analyzed from
simulations using wire diameter as 1.17 times thread diameter.
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FIGURE 12. Comparison between simulation and measurement results.
Solid lines are simulated results with different wire diameters. Big black
dots are measured results. The small black dotted line represents the
trendline of measured results.

C. ELECTRICAL PROPERTIES OF THE MESH AT
VARIOUS INCIDENT ANGLES
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FIGURE 13. Reflectivity of the circular model for various (a) Theta with
Phi=0, (b) Phi with Theta=0, and n=1.17 at 9.6 GHz.

The reflecting properties of the X-band mesh are shown in Fig.
13, where the reflectivity for TE and TM polarized waves is
observed with varying incident angles. Fig. 13(a) presents the
reflectivity for various theta from 0° to 80° with phi=0° at 9.6
GHz. The reflectivity for TE-polarized wave is above 99.2%.
For TM-polarized waves, the reflectivity is above 98.6%
under the condition that the incident angle theta is no more
than 45°. Fig. 13(b) shows the reflectivity variation with
varying incident angle phi from 0° to 180° for theta=0" at 9.6
GHz. The reflectivity for TM mode exhibits the lowest value
at phi=0°, increases as phi increases to 90°, then reduces to the
same value as phi=0" when phi=180°. The trend for TE mode
is the opposite of TM mode. The maximum reflectivity
presents at phi=0° and 180°, while the minimum shows at
phi=90°. Although the reflectivity fluctuates for both TE and
TM modes, the maximum difference is about 0.3%. Therefore,
the reflectivity difference is insignificant when the incident
angle phi varies. The reflectivity mainly depends on theta. In
addition, combined with Fig. 13(a), it retains at least 98.6%
reflectivity for incident angle theta within 45° with various phi,
and 98% for theta < 57°.
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FIGURE 14. Measurement and simulation results from different angles.
(a) Mesh direction against the waveguide. (b) Comparison of measured
and simulated results of the mesh with varying Phi. Solid lines are
simulated results. Dots are measured results at ¢n=0° , 45° , and 90° ,

respectively. (c) Comparison of measured and simulated results of the
mesh with varying Alpha. Solid lines are simulated results. Dots are

measured results.

To verify the applicability of the mesh model method,
comparisons between measurement and simulation results are
conducted. The reflectivity with different incident angle phi
can be measured by changing the mesh direction between
waveguide ports in turn. Fig. 14(a) presents the mesh direction
against the waveguide. The vertical direction of the long
dimension of the waveguide is ¢, =0° , the longitudinal
direction is ¢, =90°, and between them in the middle is
@,, =45°. Fig. 14(b) compares the measured reflectance and
transmittance with simulated results. The blue and red lines are
the simulated reflectance and transmittance of the circular
mesh model. The orange and green dots are measured
reflectance and transmittance of the mesh at ¢,, = 0°, 45°, and
90°, respectively. Simulation settings are f, =9.6 GHz ,
6 =43.12°,n=1.17. Based on the correlation observed in
Fig. 13(b), the reflectivity is a periodic function of phi. Also, it
is symmetric at ¢ =90° within one period. Therefore, it is
enough to compare simulation and measurement results in the
first half period. From the comparison, the good agreement
between measurement and simulation results verifies the
correlation between the reflectance and incident angle phi.
Fig.14 (c) shows a comparison of measured and simulated
results of mesh with varying alpha. Solid lines are simulation
results of the circular mesh model. Dots are measurement
results of the metal mesh at « = 90°, 95.2°, 103.4°, 108°,
113.6°, and 120°, respectively. According to dimensions of
waveguide and mesh models, the number of mesh units
fitting in the waveguide port area is determined. Then the
metal mesh is stretched to specific shapes corresponding to
six angles. From Fig.14 (c), the measured reflectance and
transmittance at different angles match well with simulated
results and manifest the same variation trend. Therefore, the
prediction of mesh performance variation with varying angle
alpha is confirmed. Moreover, it proves that the method of

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4

constructing mesh models proposed in this paper is useful for
analyzing the electrical properties of the mesh.

V. CONCLUSION

In this paper, an electrical performance analysis and
prediction method based on unit angles and diagonals
designed for metallic mesh with complex patterns is
presented. This modeling method is capable of analyzing
the electrical properties of the metallic mesh. Also, it can
predict electrical property variation patterns when the mesh
shape varies due to different tensions. Detailed steps of
mesh model establishment are introduced. Mesh models for
a single Atlas mesh, a single Satin mesh, and a Max mesh
are illustrated as examples. The corresponding electrical
variation patterns and performance stabilities are analyzed.
Different mesh patterns possess different electrical
properties. It is important to choose a metallic mesh with
suitable weaving patterns for different reflector antenna
designing targets. In addition, the reflectivity of the Max
mesh is measured and compared with simulated results to
determine the wire diameter for the circular model.
Correlations between the reflectivity and incident angles
are observed in the simulation. Further, the reflectance and
transmittance at different incident angles are measured and
matched well with simulated results. The measurement
results with different shape angles also align well with the
simulated results. The above comparisons verified the
accuracy and applicability of the proposed modeling
method for multi-wire woven mesh with complex knitting
patterns. In conclusion, the proposed modeling method is
helpful for electrical performance analysis for reflector
antennas using complex mesh as reflecting surfaces.
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