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It is significant for the practical application of space-borne mesh-shaped reflectors to reduce the structural complexity under the
condition of the far-field electromagnetic (EM) performance being satisfied. To address this problem, an optimal topology
configuration design method is proposed for the mesh-shaped reflectors. First, a multifrequency optimization model is established
to obtain the mesh-shaped reflector. The reflector nodal deviations in the x-, y-, and z-directions are simultaneously selected as
design variables to design the shape of the mesh reflector and realize the required contoured beams within the whole frequency
band. Then, based on the multifrequency optimization model, an iterative design technology is proposed to obtain the optimal
topology configuration of the mesh-shaped reflector. Finally, a typical example of a mesh reflector with contoured beams covering
the continental United States (CONUY) is investigated to demonstrate the feasibility of the method.

1. Introduction

Contoured-beam reflectors are widely used in modern
satellite communication applications to improve power
utilization efficiency and cover the required areas [1]. Be-
cause the array-feed approach has expensive and complex
beamforming networks, single-feed-shaped reflector an-
tennas are attractive for producing contoured beams [2-4].
On the other hand, there is a great demand for high-gain
space-borne reflector antennas in future space applications.
The large-aperture deployable mesh reflector antenna, which
has the advantages of light mass, large aperture, and low
folded volume [5, 6], has become one typical kind of space
reflector to realize a high gain. Therefore, the contoured-
beam synthesis based on mesh reflectors has been a
meaningful research hotspot.

Most of the current research [2-4] on single-feed shaped
reflectors focuses on solid antennas because the shaped solid
reflectors can be easily manufactured and supported through
structure design. However, the beam gains are limited due to
the aperture size of the solid antennas. To achieve high-gain
contoured beams, the research on the contoured-beam

synthesis for large-aperture mesh reflectors is essential and
significant.

Some related research has been conducted for the
contoured-beam synthesis of mesh reflectors. A beam-
forming design method is presented in [7] for large-aperture
mesh reflectors based on the reflecting surface expansion
method. The shaped reflector is obtained by designing the
coeflicients of some spline functions, and the mesh-shaped
reflector is obtained through the mapping relation of the
aperture plane. In [8], an iterative design strategy that
combines the plane-wave method and force density method
is proposed for the contoured-beam synthesis of mesh re-
flectors. However, in these methods, the approximation
processes will inevitably lead to a certain deviation between
the far-field pattern of a mesh-shaped reflector and that of
the ideal-shaped one. For this problem, an optimization
method based on sensitivity analysis is presented in [9, 10],
in which the reflector nodal deviations in the z-direction are
designed to obtain a mesh-shaped reflector. Unfortunately,
the obtained concave-convex mesh reflector cannot be ef-
fectively supported based on the traditional 2-layered mesh
reflector antenna structures. To address this problem, a 3-
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layered cable net structure with a shaped mesh reflector is
proposed in [11] to realize the force balance of the concave-
convex reflector, as shown in Figure 1. Based on the ap-
proachin [11], an improved design technique is presented in
[12] to improve the deployment characteristics of the 3-
layered mesh reflector antenna, and a corresponding pro-
totype is developed to verify the validity of the 3-layered
cable net structure approach.

However, although the previous research studies indi-
cate the feasibility and effectiveness of the 3-layered mesh
antenna approach, there are still two problems to be solved.
On the one hand, in the previous contoured-beam synthesis
models, the frequency characteristics of mesh-shaped re-
flectors are not taken into consideration, and that only the
reflector nodal deviations in the z-direction are selected as
design variables with the nodal coordinates in x- and y-
directions being unchanged, which limits the maximum
beamforming ability of mesh reflectors. On the other hand,
all the existing methods focus on the shape design of mesh
reflectors with given topology but have not thoroughly
studied how to obtain the optimal topology of a mesh-
shaped reflector under the condition of the far-field EM
performance being satisfied.

To address the above problems, a multifrequency con-
toured-beam synthesis model is firstly established, in which
the frequency characteristics of mesh-shaped reflectors are
taken into consideration to ensure practicability in engi-
neering. Then, based on the multifrequency optimization
model, an iterative design strategy is proposed to reduce the
structural complexity and obtain the optimal topology
configuration of mesh-shaped reflectors under the condition
of the far-field EM performance being satisfied. Finally, a
typical example is investigated to illustrate the feasibility and
effectiveness of the method.

2. Methodology

2.1. Contoured-Beam Synthesis Technology considering Fre-
quency Characteristics. In this section, the mesh-shaped
reflector is firstly designed to generate the required con-
toured beams with the frequency characteristics being taken
into consideration.

If the topology configuration and nodal coordinates of a
mesh reflector are given, the far-field pattern can be figured
out by the Physical Optics method [11].

—jkr ~=
B9 =-jon’—@-m)- [[ T T,
b5

where E (6, ¢) is the electric field intensity at the far-field
observation direction (6,¢), j= V-1, k=2n/A (A is the

wavelength), # = 1207, 7(7" =2iixH is the induced

current, 7 is the outward unit normal vector, FI” is the
incident magnetic field, T is the curved reflector surface, 7’
is the integration point vector of the reflector, and 7 is the
unit vector of the observation direction, as shown in
Figure 2.
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FIGURE 1: A 3-layered cable net structure with a mesh-shaped
reflector. An auxiliary layer of cable net structure is added to the
traditional 2-layered AstroMesh structure to realize the bidirec-
tional force on the reflector.
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FIGURE 2: A reflector antenna illuminated by an arbitrarily located
feed.

In this study, an idealized cosine-Q feed with a fixed-
phase center is adopted to radiate a linear-polarized wave,
whose electric field vector can be expressed as follows: [13]

@SCE (HS)COS ¢s - &sCH (es)Sin ¢s

@SCE (Gs)Sin ¢s + @sCH (OS)COS ¢s

o k. X polarized
r _ D
s 7 polarized
(2)
where
[ Ci(6,) = (cos 6,)", E - plane pattern,
] C4(8,) = (cos 6,)™, H - plane pattern, (3)
A = 1
ST




International Journal of Antennas and Propagation

For mesh-shaped reflector antennas, the far-field di-
rectivity is generally used as its design index. The far-field
directivity can be expressed as follows [12]:

- 2
B (6,¢)
D 0) =T 5
(6.9) P,S/47rrf

(4)
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where P, is the total radiation power of the feed, E s(059,)
is the radiation electric field intensity at the observation
direction (6,, ¢,) in the feed coordinate system, and r, is the
distance between a radiation point and the feed.

For a mesh reflector with a given topology configuration,
the reflector nodal coordinates can be optimized to obtain a
shaped mesh reflector according to [11]. In this work, the
nodal deviations between the designed mesh reflector and
the initial ideal one in x-, y-, and z-directions are simul-
taneously selected as design variables, which theoretically
expands the design space compared with the method in [11]
and is beneficial to reduce the structural complexity of the
obtained mesh-shaped reflectors. Consequently, a multi-
frequency optimization model is established.

PI:

Find Ar = [Ax, Ay, Az]”

=[Axp, .. AX Ay, Ay Az, Az,
(5)
Ni
Min F; = Y wy fy, (6)
k=1
St Ax <Ax;<A%, (j=1~n), (7)
Ay <Ay;<Ay, (j=1~n), (8)
Az <Az;<Az, (j=1~n), 9)
Dkiz 2, (i=l~Nfar,k=l~Nk). (10)

In (6), F is the comprehensive objective of the far-field
electromagnetic performance with the frequency charac-
teristics being taken into consideration. In this study, to
consider the frequency characteristics of mesh-shaped re-
flectors, the frequency bandwidth of the antenna is dis-
cretized into Nj frequency points. f;(k=1~ N) is the
design objective at the kth operating frequency point, and wy,
is the corresponding weight coefficient. f; can be figured out
as follows:

1 N N2
fe=|o— Z“’i(Dki—DObJ>} > (11)

where N, is the number of far-field observation directions,
D is the desired object directivity, Dy; is the directivity of

the ith far-field observation direction at the kth operating
frequency point, and w; is the corresponding selective co-
efficients of directivity errors and can be determined as

follows:
1, D;;<D™
w; = bi (12)
0, D;>D*

In Equations (7)-(9), #n is the number of reflector free

— _ ,-initial . — 1. _ qinitial
nodes and Ax;=x;—x"%, Ay;=y;—y", and
— initial initial , initial initial
Az; = z; — 2", where x ", y M, and 27" are the x-, y-

, and z-coordinates of node j on the initial ideal parabolic
surface and A x, AX, A » Ay, Az, and AZ are the lower and

upper limit values of the design variables. In (10), D is the
lower limit value of the far-field directivity.

In this study, the optimization model PI can be solved
through the particle swarm optimization algorithm [14].

2.2. Topology Configuration Design of Mesh-Shaped Reflectors.
Based on the contoured-beam synthesis technology in
Section 2.1, an iterative design strategy is proposed to obtain
the optimal topology of mesh-shaped reflectors and the
iteration design flow chart is presented in Figure 3. The
detailed design procedure is described as follows.

Step 1. Determine the coverage area of the contoured beam
and the desired object directivity D,

Step 2. Determine the basic electromagnetic and geometric
parameters of the reflector: the operating frequency band
[f1> fu], central frequency f; of the frequency band, aperture
diameter D, focal length F, and offset distance H.

Step 3. Generate the initial geometric configuration of an
offset mesh reflector. In the example of this work, the initial
geometric configuration of the mesh reflector is generated
based on the quasi-geodesic mesh, which has a 6 by 6
“diamatic” pattern [15] with the main cable’s segment
number N* = 5, as shown in Figure 4.

Step 4. Establish and solve the optimization model PI to
obtain a mesh-shaped reflector.

Step 5. Judge whether the far-field electromagnetic per-
formance of the obtained mesh-shaped reflector meets the
design requirements, i.e., F5%! = 0. If yes, reduce the number
of the reflector free nodes, update the initial geometric
configuration of the mesh reflector, and return to Step 4. If
no, then the obtained topology configuration of the mesh-
shaped reflector in the penultimate iteration is the optimal
topology configuration.

It should be pointed out that the node reduction and
mesh updating principles in Step 5 are as follows: (1) For the
mesh reflector in Figure 4, only the nodes in the second and
third rings can be reduced, while the nodes in the center and
those on the first, outermost, and secondary outer rings
remain unreduced to ensure the symmetry and mechanical
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FIGURE 3: Iteration design flow chart.
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FIGURE 4: Initial geometric configuration of a mesh reflector. (a) Classifications of the reflector nodes. (b) One-sixth model of the reflector.
Note. @ is a node on the first ring, @ is a node on the second ring, ® is a node on the third ring, and @ and ® are the nodes on the

secondary outer and outermost rings, respectively.

characteristics of the mesh antenna structure. (2) Once a
node on any ring is deleted, the remaining nodes should be
evenly distributed on the circumference, and then, the re-
flector topology configuration is updated through the
Delaunay triangulation. (3) In the process of node reduction,

if the total number of remaining nodes in the second and
third rings is fewer than half of the initial total number, the
two rings should be merged into one ring.

For the example of this work, if the initial mesh reflector
in Figure 4 is reduced by 19 nodes, the updated reflector
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topology configuration can be obtained, as shown in
Figure 5.

3. Numerical Results and Discussion

The typical example in [11] is investigated to compare the
results of different methods and demonstrate the effec-
tiveness of the proposed approach. The geometric specifi-
cations of the mesh reflector are as follows: aperture
diameter D=2.5m, focal length F=2.5m, and distance of
the aperture center from the paraboloid axis H = 1.55 m. The
parameters of the cosine-Q feed are adopted as
qr = qu = 11.25. The operating frequency band is [2.55, 3.45]
GHz, and the central frequency point of the band is 3 GHz.
The contoured beams within the whole frequency band are
required to cover the CONUS map, and the desired object
directivity D°” is required to be 28 dBi. The configuration of
the initial mesh reflector is shown in Figure 4.

3.1. Obtained Mesh-Shaped Reflector. The optimization
model PI and iterative design strategy in Section 2 are
employed to obtain the optimal topology configuration of
the mesh-shaped reflector. In this example, the lower edge,
the upper edge, and the central frequencies of the frequency
band are chosen to implement the multifrequency optimi-
zation, and the corresponding weight coefficients are shown
in Table 1, which is the most satisfactory case with our many
trials. In the contoured-beam optimization model, A x, A y,
and A z are set to be -0.8 A and AX, Ay, and AZ are set to be
0.8 A.

The far-field patterns of the obtained optimal mesh-
shaped reflector at the lower edge, the upper edge, and the
central operating frequencies are shown in Figure 6, where
the black solid dots represent the observation directions in
the far field. The reflector can generate the desired contoured
beams covering the CONUS with the object directivity 28
dBi being satisfied at all three operating frequencies. In
addition, in order to further show the frequency charac-
teristics within the whole frequency band, the whole
bandwidth is divided into 11 frequency points and the far-
field patterns at all the 11 frequency points are calculated, as
shown in Table 2. We can obtain that the mesh-shaped
reflector can generate the desired contoured beams within
the whole frequency band through multifrequency
optimization.

Figure 7 shows the configuration of the obtained optimal
mesh-shaped reflector. Figure 8(a) and 8(b) show the nodal
deviations between the designed and the initial ideal para-
bolic surface in the oxy plane and z-direction, respectively.
We can readily observe that the mesh distribution of the
reflector changes to a certain extent in the projection plane
and the obtained mesh-shaped reflector is still a concave-
convex surface.

By comparing the obtained mesh-shaped reflector with
the initial mesh reflector in Figure 4, we can obtain that the
structural complexity of the mesh reflector is greatly re-
duced. The detailed data about the node numbers, cable
element numbers, and triangle element numbers of the

FIGURE 5: A configuration of the mesh reflector after node
reduction.

TaBLE 1: The weight coefficients of different operating frequency
points.

Operating frequency (GHz) Weight coefficients

2.55 1/2
3.00 1/6
3.45 1/3

initial mesh reflector in Figure 4, the mesh-shaped reflector
in [11], and the obtained mesh-shaped reflector in this work
are listed in Table 3. Compared with the mesh-shaped re-
flector in [11], the numbers of nodes, cable elements, and
triangle elements of the obtained one are reduced by 19.4%,
22.4%, and 21.7%, respectively. Therefore, for the obtained
mesh-shaped reflector, not only the electromagnetic per-
formance requirements are satisfied but also the structural
complexity of the mesh reflector is greatly improved.

3.2. Obtained 3-Layered Mesh-Shaped Antenna. To further
illustrate the validity and realizability of the obtained mesh-
shaped reflector, a 3-layered cable net structure based on the
design approach in [11] is designed to support the obtained
mesh-shaped reflector, as shown in Figure 9. Here, it should
be pointed out that the aperture of the up cable net is equal to
that of the reflector to reduce the design difficulty of the
support rim truss in our future work. The pretension design
of the obtained 3-layered cable net is implemented, and the
detailed pretension results are listed in Table 4. We can
obtain that the tension range of the whole 3-layered cable net
structure is from 5N to 74.03 N and the maximum tension
ratio of the cable nets is 9.25. The tension distribution and
tension level are similar to those in [11, 12]. Therefore, the
obtained 3-layered cable net structure is realizable in
practical engineering.

In addition, the detailed results about the structural
complexity comparison of the whole 3-layered mesh-shaped
antennas in [11] and this work are listed in Table 5.
According to Tables 3 and 5, with the reduction in the
structural complexity of the reflector, the numbers of nodes
and cable elements of the obtained whole 3-layered mesh-
shaped antenna are also reduced by 17.0% and 20.9%
compared with the results in [11].



6 International Journal of Antennas and Propagation

2 2
g 1 g 1}
& &
o )
L Z L
5 0 9 0
H
£ £
= Z-f
23] 25
2 ' ' ' . f L 2 ' ' ' ' n L L
-4 -3 -2 -1 0 1 2 3 4 -4 -3 -2 -1 0 1 2 3 4
AZIMUTH (degrees) AZIMUTH (degrees)
(a) (b)
2
3
g1
L
)
Z L
9 0
[_4
<
&1t
—
83}
-2

-4 -3 -2 -1 0 1 2 3 4
AZIMUTH (degrees)
(©)
FIGURE 6: Far-field patterns of the obtained mesh-shaped reflector. (a) Operating frequency: 2.55 GHz. (b) Operating frequency: 3.00 GHz.
(c) Operating frequency: 3.45 GHz.

TaBLE 2: Far-field pattern results within the whole frequency band.

Operating frequency (GHz) D; (i=1-73) (dBi)
2.55 28.003-30.908
2.64 28.024-30.906
2.73 28.039-30.889
2.82 28.055-30.860
291 28.069-30.851
3.00 28.081-30.853
3.09 28.088-30.919
3.18 28.064-30.997
3.27 28.029-31.199
3.36 28.012-31.414
3.45 28.002-31.621

(b) (0)

FIGURE 7: The obtained mesh-shaped reflector. (a) Top view. (b) Isometric view. (c) Side view.
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TaBLE 3: Mesh complexity comparison of the mesh reflectors before and after topology design.

Mesh-shaped reflectors

Items Initial mesh reflector in Figure 4 ) )
Premethod in [11] This work
Number of nodes 73 67 54
Number of cables 192 174 135
Number of triangle elements 132 120 94
Tension ties between
reflector and up net Reflector net cables
Up net cables
e
NCTRRES LAy
SRS AR NS
XS
Tension ties between
reflector and down net Down net cables
(b)
FIGURE 9: 3-layered cable net structure with the obtained mesh-shaped reflector. (a) Isometric view. (b) Side view.
TaBLE 4: Pretension distribution of the obtained 3-layered mesh antenna.

Items Maximum (N) Minimum (N) Maximum tension ratio
Reflector net cables 21.89 5.00 4.38
Up net cables 67.52 7.30 9.25
Down net cables 74.03 8.99 8.23
Tension ties between the reflector and up net 10.00 5.00 2.00
Tension ties between the reflector and down net 9.89 5.00 1.98

TaBLE 5: Structural complexity comparison of the 3-layered mesh-shaped antennas before and after topology design.

3-layered mesh-shaped antennas

Items
Premethod in [11] This work

Number of nodes 153 127
Number of cables 512 405




4. Conclusions

In this work, an optimal topology configuration design
method is proposed to reduce the structural complexity of
mesh-shaped reflectors. On the one hand, a multifrequency
optimization model is established to obtain the mesh-shaped
reflector with frequency characteristics being taken into
consideration. On the other hand, an iterative design
method is proposed to obtain the optimal topology con-
figuration of the mesh-shaped reflector. Numerical simu-
lations illustrated the effectiveness of the method. From the
results and discussion, conclusions can be drawn as follows:

(1) The obtained mesh-shaped reflector can produce
satisfactory contoured beams for the required cov-
erage region within the whole frequency band
through multifrequency optimization.

(2) The structural complexity of the mesh-shaped an-
tenna is greatly reduced under the condition of the

far-field electromagnetic  performance being
satisfied.
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