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Abstract  Reflector antennas have been widely used in various applications, such as tele-
communication and radio astronomy. However, they suffer from electromagnetic (EM) per-
formance degradation caused by structural uncertainties. In this study, a reliability-based de-
sign optimization (RBDO) method for reflector antennas that involves EM performance with 
adaptive kriging modeling is developed for the first time to the authors’ knowledge. An inte-
grated structural-EM analysis procedure for antennas with material property uncertainties is 
introduced. Then, an adaptive kriging-based reliability analysis method is developed to alleviate 
the heavy computational costs. To improve kriging modeling efficiency, a priori knowledge of 
antennas is utilized to reduce the traditional initial sampling region. Finally, the RBDO problem 
is formulated as a double-loop process with a reliability index constraint. Simulation results 
show that the proposed method can significantly improve structural reliability with considerably
less computational cost.  

 

1. Introduction   

Reflector antennas are among the best solutions for the requirements of cost-effective, high-
gain, and high-performance antenna systems [1]; and they have been widely used in remote 
sensing, telecommunication, radio astronomy, and other applications [2]. Nevertheless, an 
antenna’s electromagnetic (EM) performance is invariably affected by structural uncertainties in 
practical engineering, such as manufacturing, material property, geometric, and loading condi-
tion errors. These factors must be considered in the antenna design procedure [3] to achieve 
reliable EM performance. 

Early studies focused on the effects of structural errors on the reflector surface’s root-mean-
square (RMS) accuracy [4, 5]. Radiation performance, i.e., gain loss, can be estimated with the 
RMS value by using the well-known Ruze formula [6]. Nevertheless, this method overlooks 
other aspects of EM performance, such as side-lobe level and cross-polarization [7], which can 
be important in particular applications. Therefore, such antenna designs suffer from essentially 
pure structural design problems with RMS accuracy as the design objective [8, 9]. 

Some researchers [10-12] investigated the effects of random surface errors on EM perform-
ance [6]. The characteristics of the average radiation pattern with the influence of random sur-
face errors were provided [13]. In their study, errors were assumed to have a Gaussian distribu-
tion with zero mean and specific standard deviation. Thus, the task of structural designers is to 
find solutions that satisfy surface RMS requirement. In addition to probabilistic models that can 
quantify uncertain errors, interval models [14] are also utilized to estimate the variation interval 
of the average radiation pattern [15, 16]. Nevertheless, all these previous studies are still unable to 
guide the structural design of reflector antennas efficiently [17] because only average radiation 
performance with respect to the amplitude and distribution of random surface errors is considered.
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An integrated structural-EM concept is developed [18, 19] to 
construct a direct relationship between antenna actual errors 
(not just hypothetical surface errors) and EM performance. 
Moreover, the mean value and variance of far-field directivity 
with respect to structural random dimensional errors are devel-
oped [7]. Then, an optimization framework is introduced with 
the average boresight directivity (the mean value) as the de-
sign objective when the cable lengths of the mesh reflector 
exhibit imperfections. Compared with traditional structural de-
signs, this method can yield design candidates with better EM 
performance [17]. Nevertheless, the variation characteristics of 
the optimal design performance are unclear. Therefore, an-
tenna EM performance reliability, which can provide clear and 
explicit demands to structural design, is difficult to measure. To 
the authors’ knowledge, however, the reliability of an antenna 
structure that considers EM performance has not yet been 
investigated. 

For reflector antennas, EM performance, such as antenna 
gain and side-lobe level, is significantly affected by reflector 
surface distortion. The shape variation of the surface changes 
the phase of EM waves and then severely influences the 
aforementioned antenna performance, particularly when the 
working frequency is high. For example, for a reflector antenna 
working at 8 GHz, a 10 % deviation of Young’s modulus will 
lead to an additional gain loss of 0.2 dB, causing approximately 
1 % shortening of the signal receiving distance, which may 
reach several or tens of kilometers. This condition may not be 
acceptable in certain circumstances. Therefore, the uncertain-
ties of Young’s modulus are considered in the current study. 

By extending the integrated structural-EM concept from the 
deterministic design into the reliability-based design, a new 
reliability-based design method for reflector antennas with 
Young’s modulus uncertainties is developed. This method is 
the major contribution of this work. The design problem is for-
mulated as a structural weight minimization problem with a 
reliability index constraint. An adaptive kriging model is utilized 
to approximate the implicit relationship between uncertain ma-
terial parameters, e.g., Young’s modulus and antenna gain, to 
relieve the computational burden. The optimal design candi-
dates can be obtained with acceptable reliability, which is of 
considerable significance in antenna structural design. 

The remainder of this paper is organized as follows. Sec. 2 
presents the proposed multidisciplinary reliability analysis 
method for reflector antennas that considers EM performance. 
The formulation of the reliability-based design optimization 
(RBDO) is provided in Sec. 3. The framework is described in 
Sec. 4 with different antenna design problems. Conclusions are 
drawn in Sec. 5.  

 

2. Reliability analysis of antenna structure 
that considers EM performance 

Reliability analysis/assessment is extremely important in 
RBDO methodology [20]. Although studies on structural RBDO 
are abundant [21-23], the application of RBDO to antenna mul-

tidisciplinary design is highy limited. In this section, an efficient 
reliability analysis procedure for antenna EM performance with 
respect to uncertain material parameters, i.e., Young’s 
modulus, is developed. 

 
2.1 Integrated structural-EM antenna analysis 

procedure 

The physical optics (PO) method is adopted in this work to 
calculate the far-field pattern of reflector antennas; this method 
achieves good accuracy in the main beam and the first few 
side-lobe regions [24]. Before implementing PO to obtain the 
shape (i.e., the node coordinates) of the distorted reflector, 
finite element analysis (FEA) should be conducted with each 
realization of uncertain material parameters. The formulation of 
the method is as follows [25]: 
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where E  is the electric field intensity, and ,   is the spheri-

cal coordinates. j  1 , /k   2 (   is the wavelength), 
and   120 . r  is the distance from the observation point 

to the coordination system’s origin, and r̂  is the correspond-

ing unit vector. 
ˆ̂
I  is a unit dyadic, and ˆˆrr  is the dyadic of r̂ . 

ˆ( ) in  J r H2  is the induced current; n̂  is the outward unit 

normal vector; and J  and iH  are the induced current and 
magnetic field, respectively. Vector r  locates the integration 
point, and   is the distorted reflector surface. The details of 
the parameters are provided in Fig. 1. 

Antenna gain is a measure of antenna efficiency and directiv-
ity [1]. Gain and directivity are coincident in the current study 
because efficiency is assumed as 100 %. Then, antenna gain 
(far-field directivity) is expressed as 
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Notably, the directivity and gain mentioned below imply the 

 
 
Fig. 1. Reflector antenna illuminated by an arbitrarily located source. 
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values in the maximum radiation intensity direction, which elicit 
the most concern among designers. In practical engineering, 
antenna gains are always smaller than the ideal gain (when the 
reflector has no deformation, i.e., the entire structure is a rigid 
body), and the ideal gain becomes a constant value once feed 
characteristics and reflector size are fixed. Therefore, gain loss 
can be used in antenna design as follows: 

 

ideal .G G G     (3) 

 
2.2 Reliability analysis with EM performance 

A variety of methods have been developed to perform reli-
ability analysis [26-29] in the past decades. The reliability index 
approach (RIA) [30], which is one of the outstanding represen-
tatives, is adopted in the current study. RIA transforms the 
probabilistic constraint in RBDO into a reliability index restric-
tion, and index   can be computed by solving the equivalent 
constraint optimization as follows: 

 

U

Min

s.t. ( ) G 0



   G

 U

U   (4) 

 
where U  is the uncertain parameter vector (Young’s 
modulus) in standard normal space, and UG  is the pre-
scribed upper bound of gain loss. The index is defined as the 
shortest distance between the origin to the limit state surface 
defined by U( ) GG   U 0. The corresponding point in the 
limit state surface is called the most probable point (MPP). 
Probabilistic reliability can be transformed into 

 
U( ( ) ) ( )    Prop G G U   (5) 

 
where   is the standard normal cumulative distribution func-
tion. In Eqs. (4) and (5), the RBDO problem can be formulated 
as a nonlinear optimization problem with an index constraint, 
as described in Sec. 3. 

 
2.3 Adaptive kriging model approximation 

scheme 

The computation of gain loss constraint values in Eq. (4), in-
cluding FEA and EM analysis, is typically implicit and expen-
sive to evaluate. Nevertheless, reliability analysis requires high 
accuracy, and thus, it typically entails a relatively large amount 
of function calls. This heavy computational burden severely 
limits the practical implementation of RBDO in antenna design. 
To alleviate this problem, surrogate model-based methods 
have elicited attention in improving the efficiency of RBDO 
problems by replacing the original limit state functions with 
surrogate models [31-33]. In the current work, the widely used 
kriging model [34] is adopted to approximate the relationship 
between gain loss and material Young’s modulus. 

The function ( )G U  in standard normal space is approxi-

mated using the adaptive kriging model to compute the reliabil-
ity index. The entire calculation process of the kriging model is 
implemented through MATLAB’s DACE toolbox [35] in the 
current study. 

 
2.3.1 Determination of sampling region size with 

prior knowledge 
A large initial sampling region is typically required in a reliabil-

ity analysis [36] to construct the surrogate model if prior knowl-
edge regarding the design problem is scant. Under such condi-
tion, a scheme [37] is provided to determine the size of the 
sampling region on the basis of the maximum target index: 

 

tar(1.2 0.3 ) r nc    (6) 

 
where r  is the radius of the local adaptive region, which is a 
circle (2D) or a super sphere in n dimensions ( n  3). tar  is 
the target reliability index. [0, 1]nc  is the nonlinearity coeffi-
cient, and it maintains a constant value of 0.2 during the entire 
design process in the current work. For additional details re-
garding nc , readers can refer to Ref. [38]. 

In reflector antennas, the relationship between gain loss and 
material Young’s modulus is nonlinear but monotonic, as 
shown in Fig. 2. From the viewpoint of mechanics, structural 
stiffness increases as material Young’s modulus increases. 
The surface distortion induced by the structural load can then 
be alleviated, and gain loss decreases accordingly. In the cur-
rent study, prior knowledge, i.e., monotonic characteristics, is 
used to adjust the initial sampling region to a certain subspace 
that is described as 
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As shown in Eq. (7) and Fig. 3, the original sampling region, 

i.e., the super sphere, can be reduced into its 1 / 2N . The MPP 
is certainly located in the new sampling region due to the 
monotonic characteristics. Approximation accuracy can be 
apparently improved if the same number of samplings is used. 
This condition is important in antenna RBDO problems. 

u
2u

1  
 
Fig. 2. Mesh plot of the constraint function G  in standard normal space.
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2.3.2 Importance boundary sampling (IBS) scheme 
When the limit state function ( U( )G G  U ) is approxi-

mated, the samples should be located near the constraint 
boundary and the MPP to improve efficiency [19]. In the current 
work, the IBS method [39] is adopted to generate an adaptive 
kriging model. The IBS criterion is given as follows: 

 

( )

1
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IBS ( )
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The closer point U  is from current MPPU , the higher the 

importance coefficient I( )U  will be, and the range of I( )U  is 
evidently [0, 1]. An exponential expression ( )eI U  is used to 
identify the critical parts of the current limit state boundaries, 
and   is a constant and set as 20 in the current study. For 
additional details, readers can refer to Ref. [39]. 

1) The procedure of the proposed reliability antenna analysis 
is illustrated in Fig. 4, and the relevant explanations are as 
follows. 

2) The current study adopts the double-loop optimization 
scheme; hence, the current design variables X  should be 
provided before each inner reliability analysis process. 

The initial samples are generated using the Latin hypercube 
method within the region described in Sec. 2.3.2. The number 
of samples in the current work is set as 15 to ensure relatively 
good accuracy that is higher than the required value 
( )( ) /n n 1 2 2  [40]. Then, the constraint values are evaluated 
by applying a multidisciplinary analysis procedure. 

3) The kriging model is constructed using the aforemen-
tioned samples and the corresponding responses. 

4) Reliability analysis is performed with the constructed 
kriging model in the k th iteration.  

5) If the design converges, then the entire process is stopped. 
The convergence criterion is  

 

k k 1 k 1/ ,        (10) 

with   0.001 as the prescribed tolerance. 
6) Otherwise, the current MPP and the point based on the 

IBS criterion are selected in the sample set. Then, the con-
straint values are separately evaluated. 

7) Return to step 4. 

 
3. Integrated structural-EM RBDO 

The formulation of RBDO is given in Eq. (11), wherein the 
failure probability constraint of EM performance (gain loss) is in 
the form of a reliability index. 
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where the design variable X  is the cross-section radius of the 
backup structure (BUS) beams. The objective is to minimize 
structural weight, and the formula is given as 
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2
0

1 1

( ) W
 

  
   

  
 

in

i q
i q

W x lX  (12)   

 
where   is the material density of BUS, i.e., the density of 
steel. NUM i  is the number of beams in the i th group, and 
W0  is the weight of the structural components not involved in 
the optimization, e.g., reflector panels. Structural uncertain 
parameters T

b p( , )p pP  include material properties, i.e., the 
Young’s moduli of the BUS (steel) and reflector panels (alumi-

 
Fig. 3. Sampling region for different designs. 

 

 
 
Fig. 4. Flowchart of the reliability analysis with the adaptive kriging model. 
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num) in the original space. The reliability index   is obtained 
using the method described in Sec. 2. 

 

4. Numerical examples 

The structural design problem of a reflector antenna with a 
diameter of 8 m is investigated to validate the proposed 
method. As shown in Fig. 5, the parabolic reflector antenna 
structure consists of 12 radial beams and 4 rings. Approxi-
mately 1/4 of the reflector panels are hidden in the figure to 
show the antenna BUS. Fig. 6 depicts one of the twelve radial 
beams, the design variables, and the five categories of the 
BUS beams involved in the design problem, which are num-
bered in the figure. The working frequency of the antenna is 
8 GHz, and the structural load is the antenna’s self-weight. The 
upper bound of gain loss UG  is set as 1.2 dB. These exam-
ples are tested in MATLAB with the optimizer “fmincon.” 

 
4.1 Reliability analysis of reflector antennas by 

using different methods 

The IBS method adopted in the current work was developed 
by Chen et al. [39]. In the present study, we integrate the 
scheme that reduces the initial sampling region size via the 
monotonic characteristics into this method. In this section, the 
reliability analysis process with the proposed adaptive kriging 
model, the constraint boundary sampling (CBS)-based adap-
tive kriging model [41], and the real model are implemented 
separately to demonstrate the advantages of the proposed 
method described in Sec. 2.3. Notably, the design vector is set 
as T( , , , , )X 10 10 10 10 10 . 

The results obtained using the real model are assumed as 
accurate. As indicated in Table 1, the proposed model and the 

CBS-based model can obtain relatively accurate results. How-
ever, the computational effort of the proposed model is consid-
erably less than those of the others. Fig. 7 shows the sample 
points during the reliability analysis process. In the figure, “□” 
represents the initial sample point; “*” is the sequentially added 
point during the adaptive kriging modeling; and “◇” is the opti-
mal point, i.e., the most probable point. The region of the pro-
posed model (left figure) is reduced to 1/4 of the region of the 
CBS-based model (right figure) by using the scheme described 
in Sec. 2.3.1. Moreover, the added points are located more 
“wisely,” i.e., the points are all around the final optimal point. 
For the CBS-based model, however, a large number of the 
added points do not contribute to the convergence of the reli-

 
 
Fig. 5. Reflector antenna with a diameter of 8 m. 
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Fig. 6. BUS and design variables. 
 

Table 1. Reliability analysis results of the three methods. 
 

 
Proposed 

kriging  
model 

CBS-based 
kriging  
method 

Real  
model 

  2.7760433 2.7760626 2.7759838 

Number of  
function calls 

13 31 54 

 
Table 2. Material properties in the FEA model. 
 

 
Mean of Young’s
modulus (GPa)

Density 
(kg/m3) 

Poisson’s  
ratio 

BUS (steel) 210 7800 0.3 

Reflector  
(aluminum) 

70 2700 0.3 

 
Table 3. Design parameters for antenna RBDO problems. 
 

  s   

(GPa) 
a  

(GPa) 
tar   

Deterministic Case 0 / / / 

Case 1 20 5 2.5 

Case 2 20 5 2.8 
Different  

target indices 
Case 3 20 5 3.0 

Case 4 10 2.5 3.0 

Case 5 10 5 3.0 

Case 6 20 10 3.0 

Different  
uncertainty levels 

Case 7 25 10 3.0 

 

 
Fig. 7. Sample points for the two methods in the reliability analysis. 
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ability analysis process. This phenomenon can explain the 
differences found in Table 1. 

The structure’s material parameters are listed in Table 2. In 
this work, the two Young’s moduli are assumed to follow the 
Gaussian distribution with mean values. The deterministic de-
sign (case 0) and seven RBDO with different target reliability 
indices tar (cases 1-3) and uncertainty levels (cases 4-7), i.e., 
the standard deviations of the moduli, are implemented. To 
demonstrate the efficiency of the proposed method, for cases 
1-7, the optimization that requires the actual performance func-
tions (real model), i.e., without the kriging method, is also im-
plemented and labeled as the analytical method. That is, this 
method requires FEA and the MATLAB-based PO method in 
every evaluation of antenna gain loss. The optimal results ob-
tained using this method are assumed as accurate. This as-
sumption can be used to justify the proposed method. The only 
difference is that the proposed method utilizes the adaptive 
kriging model in reliability analysis, whereas the analytical 
method does not. The standard variances of the moduli and 
target indices for the design cases are listed in Table 3. 

 

4.2 RBDO of reflector antennas with different 
target indices 

Three indicators are introduced to assess the optimal results 
of the new method. The first two are the relative errors of the 
optimal design ErrX  and the reliability index Err , which are 
shown as follows: 

* * U L
prop AnaErr / ,  X X X X X  (13) 

prop Ana AnaErr /       (14) 

 
where *X  is the optimal design (i.e., 1 5, ,r r ). The two indi-
cators represent the approximation level (accuracy) of the 
kriging-based method over the analytical method from the view-
points of design and index, respectively. The third indicator is 
the ratio   of the function call number of the new method to 
that of the analytical method (provided in parentheses in Tables 
4 and 5). In contrast with the accuracy indicators, the   values 
can be regarded as an efficiency improvement indicator. 

The optimal results of cases 0-3 are listed in Table 4. The 
deterministic design has the lightest weight because it has no 
reliability requirement, and thus, its index is zero. For cases 1-3, 
the optimal weight increases with an increase of the target 
index. For every case, the new method can produce optimal 
results that are as good as those of the analytical method. 

The three indicators are illustrated in Fig. 8, where the two 
relative errors are generally smaller than 1 %. The values of 
  indicate that the new kriging-based method can improve 
design efficiency by more than 50 %. Fig. 9 shows the iteration 
history of the two methods for case 3, with the proposed 
method converging after 18 iterations, while the others need 
more than 30 iterations. 

Table 4. Summary of the optimization results with different target indices. 
 

 1r (mm)  2r (mm) 3r (mm) 4r (mm) 5r (mm) W (kg)   
Number of  

function calls 

Case 0 0.8808 1.7482 1.0916 6.4347 0.8709 645.3301 0 - 

Analytical 2.1289 4.5640 4.1854 12.8234 3.2630 722.6431 2.4993 32284 
Case 1 

Proposed 2.1539 4.6002 4.1884 12.7714 3.3290 722.7115 2.4999 7357 (22.79 %) 

Analytical 2.9986 6.6874 5.7663 15.4696 5.7183 793.1233 2.8000 19152 
Case 2 

Proposed 3.0150 6.7293 5.8199 15.4718 5.5450 793.1008 2.7999 9254 (48.32 %) 

Analytical 4.8207 9.7345 8.6072 18.8655 9.7037 942.9357 3.0000 33033 
Case 3 

Proposed 5.0476 10.5185 8.5367 18.4334 9.0966 943.5916 2.9998 4900 (14.83 %) 

 

 
 
Fig. 9. Iteration history of case 3 with different methods. 

 

 
 
Fig. 8. Comparison of the optimal results with different target indices. 
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4.3 RBDO of reflector antennas with different 
uncertainty levels 

Table 5 provides the optimization results for cases 4-7, and 
the three indicators are shown in Fig. 10. Under different uncer-
tainty levels, the proposed method can still achieve relatively 
better results with few function calls. This finding has consider-
able implications for engineering structure design. The iteration 
history of case 7 in Fig. 11 also proves the higher efficiency 
and better convergence performance of the proposed method.  

Fig. 9 shows a slight change in function value between the 
two methods after approximately 15 iterations. By changing the 
convergence tolerance value, considerably less iteration num-
ber may be expected for the analytical method. Nevertheless, 
the proposed method is still more efficient because it requires 
significantly less number of actual function calls (FEA and EM 
analysis) in each iteration (reliability analysis) with the help of 
surrogate models. 

In Fig. 11, the proposed method performs remarkably better 
than the analytical method. With approximately 20 iterations, 
the optimization procedure can obtain a near-optimal solution. 
By contrast, the analytical method requires more than 40 itera-
tions to achieve a similar design. In addition, Tables 3 and 4 
show that the optimal design and performance of the two 
methods are similar, indicating that the proposed method can 
achieve nearly the same solution with considerably less com-
putational effort. 

In Sec. 2.2, first-order RIA is adopted to perform reliability 
analysis for the antenna design problem. Monte Carlo simula-
tions with actual performance functions are tested here to verify 
the rationality and accuracy of RIA. The reliability PMCS of the 
optimal solutions with cases 3-7, i.e., the probability satisfying 
the gain loss constraint, is illustrated in Fig. 12. All the probabil-
ity values are larger than 99.73 %, indicating that the FORM 
assumption is acceptable for the uncertain antenna design 
problems. 

Fig. 13 provides the nominal values of gain loss of the opti-
mal designs obtained using the proposed method. Given that 
case 0 is the deterministic design, the 0G  value will certainly 
reach the constraint bound UG  after optimization, signifying 
that the design cannot withstand any system uncertainty or 

Table 5. Summary of the optimization results with different uncertainty levels. 
 

  1r (mm)  2r (mm) 3r (mm) 4r (mm) 5r (mm) W (kg)   
Number of 

function calls 

Analytical 1.4376 2.6578 2.2498 8.8954 1.5255 666.4966 3.0013 16587 
Case 4 

Proposed 1.4283 2.6372 2.2634 8.8964 1.5435 666.4717 2.9998 3800 (22.91 %) 

Analytical 1.4011 2.8234 2.4336 9.6786 1.5779 673.1002 2.9999 14031 
Case 5 

Proposed 1.4082 2.7993 2.4623 9.6775 1.5774 673.0997 3.0002 5463 (38.94 %) 

Analytical 12.0642 16.2507 13.2753 33.8312 13.2142 1551.9426 3.0000 10540 
Case 6 

Proposed 13.1283 15.6660 13.3987 34.3392 11.6800 1551.9785 2.9996 5547 (52.63 %) 

Analytical 0.1057 19.4837 22.9958 99.2122 15.4002 4992.6485 3.0000 36854 
Case 7 

Proposed 0.1059 19.5144 22.9200 99.2374 15.3623 4992.1501 2.9999 9545 (25.90 %) 

 

 
 
Fig. 10. Comparison of the optimization results with different uncertainty 
levels. 

 

 
 
Fig. 11. Iteration history of case 7 by using different methods. 

 

 
 
Fig. 12. Reliability testing via MCS for cases 3-7 when the proposed 
method was used. 
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error. For cases 1-3 with the same uncertainty level, 0G  
decreases when the index increases. For cases 4-7, 0G  
decreases when the uncertainty level increases with same 
index. 

 
5. Conclusions 

Uncertainties in the antenna structure typically result in the 
deterioration of EM performance. In the current study, an inte-
grated structural-EM RBDO method is developed to design a 
reflector antenna, and an adaptive kriging model method is 
developed to perform inner reliability analysis. Several antenna 
design examples with various target indices or uncertainty 
levels are tested to verify the accuracy and efficiency of the 
proposed method. RBDO can achieve good balance between 
minimizing objectives and ensuring structural safety by using a 
probabilistic reliability constraint rather than deterministic con-
straints. 

Several conclusions can be drawn as follows. 
1) Material property uncertainties significantly affect the reli-

ability of antenna EM performance, and research on the RBDO 
of reflector antennas is necessary. 

2) The proposed RBDO method can naturally produce reli-
able solutions with unavoidable structural uncertainties. It ex-
hibits significant superiority over traditional deterministic de-
signs. 

3) Compared with the original analytical method, the pro-
posed design method can yield optimal designs with nearly no 
accuracy loss with an average of 70 % less function calls. Effi-
ciency can be improved further if slightly more accuracy loss is 
acceptable. The current work demonstrates the bright pros-
pects of surrogate model-based methods for the RBDO of 
antennas. 

Important topics that remain to be investigated in the future 
are as follows. 

1) The effects of material uncertainties on antenna gain are 
the focus of the current study. Research that considers multi-
source uncertain factors and multi-performance remains to be 
conducted. 

2) The double-loop optimization adopted in the current study 

exhibits high accuracy but low efficiency. Decoupled design 
techniques [42] can be investigated in future work. 

3) For large-dimension reflector antennas, the structure may 
become more complicated and a sensitivity analysis based on 
a multidisciplinary analysis procedure may be necessary to 
identify the critical design variables for further improving effi-
ciency. 
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