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Abstract: This paper presents a reliability based design study of multilayered composites 
for electromagnetic interference shielding applications. In this study, uncertainties in the 
design and external variables affecting the shielding effectiveness (SE) are modeled based 
on probability distributions. Monte Carlo simulation is employed at each design point 
generated via Latin hypercube sampling approach to evaluate the probability of failure 
from the limit state function. Subsequently, a response surface approximation is employed 
to approximate the probability of failure in terms of design variables. This approximated 
polynomial is used to compute the probabilistic constraint in the design optimization. The 
design problems so formulated are solved using the real-coded genetic algorithm. The 
plane wave SE theory approach based on transmission line modeling for the multilayer 
shields in arbitrary polarized and incident direction of electromagnetic wave is adopted for 
SE calculation. The proposed approach is illustrated through examples by considering the 
military and commercial shielding requirements. 

Keywords: Structural reliability, reliability based design, response surface, EMI 
shielding, multilayer shielding optimization 

1. Introduction  

The increased deployment of various electronic and electrical equipment/devices in the 
commercial, industrial, and military systems has created enormous sources and receptors 
for electromagnetic interference (EMI). The resulting undesirable effects can impair the 
system performance or affect safety operation of intelligence/secrecy between the various 
services. In order to overcome the difficulty of interference problem arising due to the 
presence of EM waves in the vicinity, shielding of equipment/devices becomes a necessity 
and prerequisite in many applications. The shielding or its efficiency against EM waves is 
measured in terms of shielding effectiveness (SE) and is the ratio of the signal received 
without shield to the received signal with shield [1]. To meet the shielding criteria laid 
down by various regulations [2] or as per specific needs, various optimization algorithms 
have been used to design and develop the shielding materials. Mottahed [3] employed 
optimization techniques to achieve the predefined SE for a single layer material within the 
given constraints of material parameters. However, single layer material cannot achieve a 
desired SE with the latest nanocomposite materials such as polyaniline polyurethane 
(PANI/PU). Therefore, recently more attention has been drawn to prepare thicker material 
combination using concept of multilayer design in an expectation to ensure a higher SE 
for the same thickness as that of a single layer composite material [4]. 
      Preparing multilayer composites leads to a higher potential to get a better material 
with respect to modern shielding requirements (e.g., shielding efficiency, mechanical 
properties, weight and cost) due to increased design possibilities. 
     To design such type of materials for achieving a desired SE of the multilayered 
compound for the requirement of SE~40 decibel (dB) for many industrial/commercial 
applications,  and SE~80 dB  for military applications,  an optimized value of  material 
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parameters of PANI/PU using binary-coded genetic algorithm (GA) are obtained by 
Hoang et al. [4]. This design approach is further extended to a multi-objective 
optimization problem by considering shielding efficiency along with weight and material-
cost [5]. In earlier reported formulations in the literature, SE is evaluated with respect to a 
normal incident field. This may lead to a significant error in the designed shield, because 
one cannot choose the direction, polarization and frequency of EM radiation 
deterministically [6], [7]. Besides, uncertainties in the design variables are inevitable and 
exist due to the manufacturing variability in material properties, structural dimensions and 
measurement errors. The performance of the optimized design under such uncertainties 
may be too conservative and thus may not be efficient. Performance-based design 
involves the consideration of specific performance criteria and the calculation of design 
parameters to meet those criteria with corresponding target reliabilities over the service 
life [6]–[8].  

In this context, the performance based reliability for EMI shield can be defined as the 
probability that the EMI shield will perform its intended function of shielding under the 
specified environment over its mission/service life. Generally, using the reliability based 
design optimization (RBDO), it could be possible to incorporate the uncertainty in data 
and thus provide more accurate design parameters.  

In this paper, RBDO using response surface (RS) method is employed to ensure a 
robust and reliable EMI shield. The approach employs the Latin Hypercube sampling 
(LHS) to generate the design points from the bounds of design variables [9]. The 
probabilities of failures of EMI shield are calculated at the design points using Monte 
Carlo simulation technique (MCS). The calculated probabilities of failures at different 
design points are approximated using the RS. The approximated RS is used in the design 
optimization to find the desired probability of failure under the given constraint of design 
variables ranges thereafter. Besides, the proposed solution approach employs a real-coded 
GA for the design optimization [10]. The proposed approach is illustrated by designing 
the EMI shield for the military applications in the frequency range of 8–12.5 GHz and for 
commercial application in the range of 0.05–2 GHz, respectively.   

2. Limit State Function and Failure Probability for Performance Based Design 

The failure criterion for the EMI shield has been represented by a limit state with respect 
to pertinent random variables (RVs). The limit state of interest is usually defined as the 
performance criteria, Y=0, where Y=g(X)=g(X1,X2,…X i,…Xn), X i(i=1,2,…,n) are the 
RVs. This sets the boundary between the safe and unsafe regions around the random 
variable space such that the shield is considered to be safe if Y>0 and unsafe otherwise. 
The probability of failure (pf) can be calculated by evaluating the following integral: 

n21n21f ...dxdxdxx,...,x,xfPp ∫ ∫ ≤⋅⋅⋅=≤= )(]0)[g( 0)g( XXX                                 (1) 

where )x,...,x,(xf n21X  is the joint probability density function (pdf) of the input RVs, and 
the integration is performed over failure region for which performance function, g(X), 
takes value less than zero. In order to obtain pf from (1), the joint pdf must be constructed. 
But the construction of analytical expression for the above integral is mathematically 
cumbersome and a challenging task due to multi-dimensional integration over the failure 
region. In order to solve this problem and to estimate the pf more efficiently, approximate 
reliability techniques and advanced simulation techniques have been developed [11], [12].  
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The techniques of approximating the failure probability include first-order reliability 
method/second-order reliability method (FORM/SORM) have widely been used for 
RBDO applications. In these techniques, the most probable point (MPP) can be located by 
solving a constrained optimization problem using various techniques such as, a) 
performance measure approach, b) fast performance measure approach, and c) reliability 
index approach [13]–[15]. The researchers have further integrated these methods for 
solving MPP into the optimization algorithm in several ways, and have suggested RBDO 
techniques such as, a) double-loop methods, b) single-loop methods, and c) decoupled 
methods [13]. However, FORM/SORM has certain limitations, firstly, they provide large 
error in approximating highly nonlinear performance function. Secondly, if multiple 
MPPs exist then these methods might give erroneous failure probability. Thirdly, FORM 
and SORM requires first order and second order derivatives, respectively, whereas many 
engineering problems, such as the shielding design problem undertaken in this paper, lack 
design sensitivity information. Therefore, simulation techniques such as, direct 
integration using optimization algorithms and meta-models approximation have been 
employed to tackle with such difficulties in the RBDO [16]. However, this approach 
entails a large number of function evaluations and hence tremendous computational 
efforts. Alternatively, analysis response surface (ARS) and design response surface (DRS) 
are the two popular response surface models used in the RBDO [17]. The ARS is the 
fitted polynomial function in a unified design space in terms of both design and random 
variables. Subsequently, pf at each design point generated via LHS can be inexpensively 
calculated by MCS using fitted polynomial. However, DRS is the fitted polynomial 
function of pf calculated using ARS as a function of design variables, which is used to 
calculate the probabilistic constraint in the design optimization. 

3. Proposed Solution Methodology for Reliability Based Design Optimization 

A conceptual framework of the procedure involved in the RBDO of EMI shielding 
structure is shown in Fig. 1. This approach is a decoupled structure of RBDO and 
performs optimization in a sequential deterministic fashion by converting probabilistic 
constraints to equivalent deterministic constraints [17]–[18]. Since, the search domain is 
unified, it reduces the computational cost as compared to performing optimization 
repeatedly and probabilistically analyzing limit state function at every design point visited 
by the optimizer in the design space. The proposed approach is divided in two phases. 
First phase comprises step 1 to step 5 which determine deterministic optimum using real-
coded GA and construct DRS. However, in the second phase, step 6 and 7, RBDO using 
real-coded GA is performed and convergence criteria are checked. Listed below are the 
essential steps required for the proposed RBDO: 

Phase I 

Step 1: Deterministically optimize design for the required safety factor (SF). 
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Figure 1: Flowchart of the RBDO 

For the deterministic design, SE is evaluated with respect to a normal incident field (i.e., 
incident angle θ0=0) and uncertainties in the design variables are accounted based on the 
safety factor. Refer equation (A7 or A8) and Appendix-A for a summary of equations for 
the evaluation of multilayer EMI SE. The deterministic problem formulation can be stated 
as: 

( )∑ +++=
n

k knknnkk pddddpdpdf log)...(min),,...,,( 21                                    (2) 

subject to    ( ) 0)(1 ≤×− SR gSFg , ( ) 01)...( 21 ≤−+++ Dddd n             (3) 

kUkkLkUkkLkUkkLkUkkL ddd µµµεεεσσσ ≤≤≤≤≤≤≤≤ ,,, , nk ,...,2,1=         (4) 
where, gR is the nominal resistance (strength or capacity) i.e., 20log10|1/T|, gS is nominal 
load (stress or demand) i.e., desired SE, SF is the safety factor considered and pk is the 
mass percentage of the PANI inside the polymer compound for the kth layer (explained in 
section 4). Since, the cost of composite PANI/PU is determined by pk, the objective 
function in (2) is related to the mass percentage [5]. D is the total thickness (in μm) of the 
multilayer composite. Since we have assumed the identical impedance of the media 
around the shield; in such a case PE will be equal to PH and we represent the transmission 
coefficient as T instead of Tm (equation (A6)). The variables in (4); conductivity (σk), 
thickness (dk), permittivity (εk) and permeability (μk) for the kth layer varies in the lower 
(L) and upper (U) bounds of individual layer (σkL, σkU), (dkL, dkU), (εkL, εkU), and (μkL, 
μkU), respectively. To carry out optimization for the problem defined in (2)–(4) we 
employ real–coded GA.   

Step 2: Select the bounds of design variables based on the deterministic design solution.  

Step 3: Sample the design points from the bounds of design variables using LHS. 

Step 4: Extract pf at the chosen design points using MCS from limit state function:  
fix10 SE)T(120log)g( −= XX                                                         (5) 

where T(X) is the transmission coefficient (for the case of identical impedance around the 
shield) as a function of independent RVs  and SEfix is desired SE.  The limit state (5) can 
be expressed in terms of safety factor S as [19]: g(X)=S−1, where S=20log10|1/T(X)|/SEfix. 

Phase II 

Phase I 
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Step 5: Using the probabilistic information obtained in step 4 construct DRS as a function 
of design variables and examines the fitted model to ensure that it provides the adequate 
approximation of the true response. 

Phase II 

Step 6: Perform RBDO using GA on the probabilistic design problem formulated as: 

( )∑ +++=
n

k knknnkk pddddpdpdf log)...(min),,...,,( 21                                    (6) 

Subject to ( ) 01ˆ ≤−fFixf pp , ( ) 01)...( 21 ≤−+++ Dddd n                                      (7)    

kUkkLkUkkLkUkkLkUkkL ddd µµµεεεσσσ ≤≤≤≤≤≤≤≤ ,,, , nk ,...,2,1=         (8) 
Where, pfFix is the desired probability of failure and fp̂  is the approximate probability of 
failure (estimated from DRS fitted in step 5).  

Step 7: Check for the convergence criteria i.e., satisfy reliability requirement, 
approximate DRS with low-order polynomial with good approximation accuracy [20] 
(coefficient of determination (R2~1), adjusted R2 static ( 2

adjR ~1), and root mean square 
error (RMSE~0)), if satisfied stop else,  
IF (the probabilistic design (6)–(8) lies in the unified design space defined in step 2) 

Go to step 3 and increase the number of LHS samples to get more accurate RS model to 
represent all the peaks and valleys and perform probabilistic design optimization 
thereafter. 

ELSEIF (the probabilistic design does not lie within unified space)  
Go to step 2 and increase the design space around the deterministic design point and if 
DRS accuracy is good and design lie within the increased design space, then perform 
probabilistic design optimization.  

ELSE 
Go to step 1 and perform deterministic optimization using safety factor calculated as 
follows. The safety factor for the next iteration SFi+1 of deterministic design 
optimization is evaluated as: 

iii SSFSF /1 ≥+                  (9) 
For the (i+1)th design iteration, the N number of MCS cycles is used to compute the 
safety factor for each simulation response and ordered in increasingly say, 
S i1,…S ib,…,S iN. The value of S i for the p fFix is S ib, where b=Np fFix [19]. 

4. Examples and Results  

4.1 Reliability Based design for 80 dB Shielding Effectiveness 

Let us consider a design of three-layered composite material of PANI/PU and Kapton®. 
The middle layer is made of Kapton® which has high mechanical strength, toughness, 
chemical resistance, and a good interaction with PANI/PU composite in its chemical 
production process. The parameters range considered for the three layered composite 
material is shown in Table 1.   
     Hoang et al. [4] obtained the conductivities (Simon/meter) through experiments at 
different concentration of PANI and reported that the conductivity of PANI/PU at 
different mass fraction of PANI follows the scaling law of the electrical percolation:  

                                                    
t

cppp )()( 0 −=σσ                                                     (10) 



256                                    Heeralal Gargama, Sanjay K. Chaturvedi, and A. K. Thakur 
 

where, σ0=3.2608, pc=0.188, p, and t=2.361 are the reference conductivity, percolation 
threshold, concentration of PANI in the blends, and critical exponent, respectively. 

Table 1: Parameters Range for the Three Layered Composite  
No. of layer Material Permittivity ε Conductivity σ (S/m) Thickness d(μm)† 
1 
2 
3 

PANI/PU 
Kapton® 
PANI/PU 

0.0 
3.1 
0.0 

30–10,000 
0 

30–10,000 

10–300 
125 

10–300 

Phase I 

Step 1: Consider deterministic problem formulation for SF=1.1875 at 8 GHz, with the 
following constraints: 

( ) 0)801875.1(/1log201 10 ≤×− T , ( ) 01400)( 31 ≤−+ dd , 0,1000030 21 =≤≤ σσ  
0,1.3,0,1000030 3213 ===≤≤ εεεσ , 30010,125,30010 321 ≤≤=≤≤ ddd  

In order to achieve the design with the desired SF value, we set the maximum number of 
generation (Gmax) as the termination criteria. Let us assume population size N=100, 
probability of crossover Pc=0.9, probability of mutation Pm=0.01, Gmax=150 and 
tournament size Tn=4. For the problems presented in this paper, the desired SF is achieved 
when the Gmax is less than 150. The resulting solution is tabulated in column 1 of Table 2, 
whereas in other columns we provide the computed values of absorption, reflection, re-
reflections and SE in dB, respectively, at this solution point.        

Step 2: Now, the bounds of design variables are selected as ±15% based on the values of 
deterministic design solution provided in Table 2.  

Table 2: Deterministic Design Parameters for SF of 1.1875 at 8 GHz   
 Material Parameters Absorption Reflection Re-reflections SE 
d1=194.26550, 
σ1=8795.47321 
d3=205.73449, 
σ3=8279.37769  

57.01967   56.90328   −18.92296  95   

Step 3: A quadratic polynomial of four variables would require estimating 15 coefficients. 
In the literature, it is recommended that the number of sampling points should be at least 
twice the number of coefficients [17]. However, we have considered 140 sampling points, 
i.e., more than nine times the number of coefficients, as shown in Table 3, to avoid failure 
of LHS near some corner of the design space, which in turn may lead to a poor accuracy 
around these design points.  

Table 3: Design Points Generated Using LHS   
S. No. d1 σ1 d3 σ3 
1 192.49054 7509.92768 211.27731 7260.83495 
2 199.50543 8407.86789 191.64332 8699.22000 
3 215.94776 8184.18556 205.73626 8769.86930 
· · · · · 
140 174.51557 8339.84442 217.18128 7328.40270 

Step 4: The four random design variables σ1, d1, σ3, and d3 are assumed to follow 
uncorrelated normal distributions. Other random variables are frequency, polarization, and 
angle of incidence which are assumed to follow uniform distribution. The coefficient of 
variation, bounds, and standard deviation of RVs are given in Table 4.  

                                                           
†Here, we take the modification of the lower bound in thickness as presented by Hoang et al., [4] dmin=10 μm. 
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Table 4: Properties of RVs  

RVs Distribution type 
σ1, σ3 Normal (Coefficients of  variation  0.02) 
d1, d3 Normal (Standard deviation 3) 
f Uniform (Bounds (8 GHz, 12.5 GHz)) 
θ Uniform (Bounds (00, 890)) 
Polarization Uniform (Transverse electric (TE), Transverse magnetic (TM)) 

By assuming that each generated design points corresponding to design random variable 
with LHS as the mean values for the normal distribution, the standard deviations for the 
σ1 and σ3 is calculated using the relation coefficient of variation=standard 
deviation/mean, however, for the thickness standard deviation is constant for all points. 
Now using MCS, a set of random samples are generated according to the distributions of 
RVs at each design point and pf is computed for the limit state (5). The percentage error 
calculated in the estimated pf, 0.05 and 0.03 (using equation (4.14) provided in [11]), with 
one million MCS cycles are 0.87178% and 1.13725%, respectively. Therefore, we are 
95% confident that the pf estimated using MCS will fall in the range 0.05±4.35890×10−4, 
and 0.03±3.41174×10−4, respectively. Column 6 of Table 5 shows the pf of the chosen 
design points calculated using MCS. 

Step 5: To construct DRS as a function of design random variables the actual values of 
design random variables need to be coded in the interval [−1, 1]. This coding scheme is 
widely used in fitting the linear regression models. Columns 2–5 of Table 5 contain coded 
values corresponding to actual values of Table 3, where X1i=(d1i−194.26550)/29.13982 
represents d1i, similarly X2i, X3i, X4i represents σ1i, d3i, σ3i for i=1,2,…,140.  

Table 5: Coded Variables and Probability of Failures 
i X1 X2 X3 X4 pf 
1 −0.06091 −0.97440 0.17961 −0.82014 0.05218 
2 0.17982 −0.29379 −0.45661 0.338063 0.03183 
3 0.74408 −0.46333 0.00005 0.394950 0.01530 
· 
· 
· 

· 
· 
· 

· 
· 
· 

· 
· 
· 

· 
· 
· 

· 
· 
· 

140 −0.67776 −0.34535 0.37092 −0.76574 0.05155 

Using the coded variables, the fitted regression model obtained after solving for the 
regression coefficients to represent fp̂  as a function of design variables is fp̂ = 
2.55971×10−2−2.11369×10−2X1−1.29215×10−2X2−2.18308×10−2X3−1.31966×10−2X4+5.9
7210×10−3 2

1X +2.83495×10−3 2
2X +6.91151×10−3 2

3X +2.75812×10−3 2
4X

+5.58723×10−3X1X2 
+1.25192×10−2X1X3+7.56790×10−3X1X4+7.32674×10−3X2X3+4.08947×10−3X2X4+6.438
32×10−3X3X4. The value of statistical measures, R2, 2

adjR , and RMSE for this model is 
0.99707, 0.99674, and 1.29596×10−3, respectively. Since both R2 values are very close to 
1 and RMSE near to zero, indicating, that the quadratic RS model gives an accurate 
representation. 

Phase II 

Step 6: Now, considering RBDO formulation subjected to the following constraints: 
( ) 01ˆ ≤−fFixf pp , ( ) 01400)( 31 ≤−+ dd  
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13982.29
26550.1941

1
−

=
dX ,

32098.1319
47321.87951

2
−

=
σX ,

86017.30
73449.2053

3
−

=
dX , 

19066.124
37769.82793

4
−

=
σX  

28435.952147104.7037,0,79419.1011415223.7476 321 ≤≤=≤≤ σσσ  
59467.23687432.174,125,40533.22312568.165,0,1.3,0 321321 ≤≤=≤≤=== dddεεε

After solving for the required pfFix of 0.05 and 0.03, respectively, the resulting design 
solution are provided in column 1 of Table 6, where rest columns provide the computed 
value of absorption, reflection, re-reflections and SE, respectively, for the optimal design, 
by assuming deterministic parameters. 

Table 6: Reliability-Based Design Parameters  
pfFix Material parameters Absorption Reflection  Re-reflections  SE 
0.05 d1=187.25636, σ1=7977.52707 

d3=212.74364, σ3=7242.46982 
53.76450 55.91289 −18.73454 90.94285 

0.03 d1=168.56092, σ1=9505.87703 
d3=231.43908, σ3=7469.32498 

56.24403 56.79542 −18.89741 94.14203 

Step 7: Since, DRS approximation accuracy with second-order polynomial is good and 
the requirement of pfFix= 0.05 and 0.03 for their respective designs have also satisfied, the 
optimization procedure gets terminated.  

4.2 Reliability Based Design for 40 dB Shielding Effectiveness 

Same procedure is followed for the RBDO of 40 dB SE in the frequency band of 50 MHz 
to 2 GHz for commercial application. The rest of the properties of RVs are kept same as 
provided in Table 4. 
Phase I. Considering the deterministic problem formulation for SF=1.25 at 50 MHz, with 
the following constraints: 

( ) 0)4025.1(/1log201 10 ≤×− T , ( ) 01300)( 31 ≤−+ dd , 0,600030 21 =≤≤ σσ  
0,1.3,0,600030 3213 ===≤≤ εεεσ , 30010,125,30010 321 ≤≤=≤≤ ddd  

Running the GA with N=100, Pc=0.9, Pm=0.01, Tn=4 and Gmax=150, the resulting 
solutions are provided in column 1 of Table 7. 

Table 7: Deterministic Design Parameters for SF=1.25 at 50 MHz 
 Material parameters Absorption Reflection Re-reflections SE 
d1=133.15570, 
σ1=5662.08296  
d3=166.84429, 
σ3=5503.62240 

2.73320   97.07838  −49.81158  50  

To perform reliability analysis and design optimization, thereafter, ±15% perturbation 
over the deterministic results is considered to select the range of design variables. From 
the range of design variables, 140 design points were uniformly generated using the LHS 
method. These design points are evaluated for the pf under the material and manufacturing 
uncertainty as well as external random variables using MCS. In this problem we require 
the pf of the design to be 0.1 and 0.07, respectively. The percentage error calculated in the 
estimated pf with one million MCS cycles are 0.6%, and 0.72899% respectively. Thus, the 
pf estimated will fall into the range of 0.1±6×10-4 and 0.07±5.10293×10-4 with 95% 
confidence. By generating 140 design points and using coded values corresponding to 
actual values of design points, a quadratic RS is approximated using least square error 
method to represent fp̂  as a function of design variables is fp̂
=7.73333×10−2−8.82782×10−3X1−7.81888×10−3X2−1.03816×10−2X3−    
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8.99771×10−3X4+7.51928×10−4 2
1X +6.52572×10−4 2

2X +7.96721×10−4 2
3X +8.84371×10−4

2
4X +2.17224×10−4X1X2+1.21035×10−3X1X3+1.21026×10−3X1X4+1.12248×10−3X2X3 

+1.07164×10−3X2X4+3.92367×10−4X3X. 
The accuracy of the approximated quadratic polynomial is evaluated by statistical 
measures, R2=0.99954, 2

adjR =0.99949, and RMSE=2.50768×10−4, indicating that this RS 
model gives accurate representations of the approximations. 

Phase II. Further, considering RBDO problem formulation subjected to the following 
constraints: 

( ) 01ˆ ≤−fFixf pp , ( ) 01300)( 31 ≤−+ dd  

97335.19
15570.1331

1
−

=
dX ,

31244.849
0896.56621

2
−

=
σX ,

02664.25
84429.1663

3
−

=
dX , 

54336.825
62240.55033

4
−

=
σ

X  

16577.632907904.4678,0,39540.651177051.4812 321 ≤≤=≤≤ σσσ  
87094.19181765.141,125,12906.15318235.113,0,1.3,0 321321 ≤≤=≤≤=== dddεεε  

After solving for required pfFix of 0.1 and 0.07, respectively, resulting design solution are 
provided in column 1 of Table 8, where rest of columns provide respective SE parameters 
in dB at these design points calculated at normal incidence of 50 MHz wave by neglecting 
uncertainties of design variables. 

Table 8: Reliability Based Design Parameters  
pfFix Material parameters Absorption  Reflection  Re-reflections  SE 
0.1 d1=113.18935, σ1=4812.77124 

d3=4678.08242, σ3=4678.08242 
2.51750 95.66879 −49.61162 48.57467 

0.07 d1=136.97903, σ1 =6376.93111 
d3=163.02097, σ3=5610.61988 

2.82501 97.67756 −49.92089 50.58168 

5. Discussion 

It can be observed from the results that the design at 8 GHz frequency i.e., for 80 dB, with 
respect to a normal incident field (without considering any randomness in variables) and 
the reliability based design for the requirement of pfFix=0.05 and 0.03 in the 8–12.5 GHz 
range of frequency, there is ~13.67% and ~17.67% increase in the SE. In other words, in 
order to avoid the variation in the expected SE due to random variables, it seems 
obligatory to consider an extra ~11 dB and ~14 dB margin in the practical shielding 
design. The extra shielding margin can increase or decrease because it is based on the 
required pf and properties of RVs. Similarly, from Table 8 it can be observed that there is 
~21.43% and ~26.45% increase in the SE for commercial application using RBDO 
approach as compared to traditional approach.  

The direct MCS with adequately large number of simulation cycles is used here, 
because the limit state of the design problem (5) is available in closed form and the 
number of RVs involved in the shielding structures design considered in this work is also 
comparatively less. However, increase in the number of structures’ layers and/or change 
in material properties might increase the number of RVs and solution complexity. In such 
case, direct MCS may require a large number of cycles and additionally for each cycle 
limit state evaluation requires solving recurrence formula (A6) which is computationally 
expensive. Such problem can be solved by constructing ARS [17] subsequently pf can be 
inexpensively approximated by MCS or FORM/SORM using ARS. 
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6. Conclusions  

In this paper, RBDO approach for designing the EMI shielding structure under the 
specified performance criteria and target reliability levels has been presented. The 
proposed solution approach has considered the variation in the SE due to various factors 
such as material properties and/or manufacturing variability, and unpredictable nature of 
angle of incidence, polarization and frequency. The RSM method has been found to be 
efficient for RBDO of EMI shielding and the results show that the resulting shield will 
have better performance and desired reliability. 

The applicability of the proposed approach has been adequately demonstrated for the 
target reliability, considering the practical requirement of 40 dB and 80 dB SE. For both 
the cases, a second-order RS model was fitted to the pf in terms of design variables. LHS 
has been used to generate the design points from the range of design variables, and pf is 
calculated at the design point using MCS thereafter. GA is used to solve the defined 
objective function for the required characteristics. It is observed that reducing the 
requirement for the probability of failures increases the SE (i.e., ~13.67% to ~17.67% for 
0.05 to 0.03—military application and ~21.43% to ~26.45% for 0.1 and 0.07—
commercial application, respectively, for the cases taken in this work) computed by 
assuming deterministic parameters, which in turn increases the material properties i.e., 
conductivity, thickness. 

Appendix-A 

Evaluation of Electromagnetic Shielding Effectiveness 
Let us consider a plane is incident on a multilayer planar dielectric media of thickness d1,d2,…,dn at any incident 
angle θ0 with layers’ boundaries at Z(0),Z(1),…,Z(n), respectively as shown in Fig. 2. Each medium is assumed 
to be homogeneous and isotropic with the parameters of the constitutive kth layers are denoted as permittivity 
(εk), permeability (μk), conductivity (σk) and thickness (dk). The 0th and (n+1)th regions are semi-infinite which 
may carry different characteristics. Transmission line (TL) modelling is an effective approach to calculate SE of 
planar shields against normal incident plane wave [21]. TL modelling has further been extended for calculating 
SE of multilayer shield against plane wave in arbitrary polarized and incident direction by Oraizi and Afsahi 
[22]. The permittivity, wave number (kk), propagation constant (γk), and the characteristic impedances for 
transverse electric polarization (ηkTE) and transverse magnetic polarization (ηkTM), for the kth layer are given as:  

 
Figure 2:  Oblique Incidence of Plane Wave on a Planar Multilayer Shield 

kkk jj εεωσεεε −=+−= ))("('                                       (A1) 

kkkk jk αβεµω −== 0 , fπω 2=                                                     (A2) 
where, f is the frequency of EM waves. In the medium left to the shield the wave number is real with the 
components kx=ksinθ0, kz=kcosθ0 with 00εµω=k  and in the lossy medium, kkx=kx and kkz=βkz−jαkz= 
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kzkzkzk jjk βαγ −==                                                                                                                                  (A3) 

Reflected wave 

Incident wave 

Air 

2Region 1nRegion −0Region

Z(0)

00 σ,ε,μ 0

Z(1)

1Region

1d

111 σ,ε,μ

)Z(k 1− Z(k)

kd

kRegion

kkk σ,ε,μ

)Z(n 1−

nRegion

Free Space 

1nRegion +

0θ

1n1n1n σεμ +++ ,,

Z(n)

nnn σεμ ,,

nd

Z(2)

2d

222 σ,ε,μ 1n
1n1n

σ
,ε,μ

−
−−

1−nd

2)Z(n −

0θ

0θ

Transmitted wave 



Reliability Based Design of Multilayered Composites for Electromagnetic Shielding Applications 
 

261 

where, αkz is the attenuation constant (in nepers per meter), whereas βkz is the phase constant (in radians per 
meter). 

)( kzkkTE kωµη = , )( kkzkTM k ωµη =                                                                                                        (A4) 
For the multilayer shield input impedance seen at the left boundary of the kth layer towards the right side is given 
as: 

)dcosh(γη)d)sinh(γZ(d
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)/(
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+
= ,    1,2,...,nk =                                             (A5) 

The transmission coefficients, which are the ratios of transmitted to the incident fields is given by the following 
expression: 
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, for 1,2,...,nk = . By using (A6), the total shielding effectiveness can be determined as: 
Sm = −20log10|Tm|                                                                                                                                       

(A7) 

The factor exp[γ0(d1+d2+…+dn)] in (A6) may affect the SE if 0th and (n+1)th regions possess certain 
conductivity. However, if the impedance of the media on both side of the shield are same, i.e., ZL=ηn+1=η0, then 
the SE of planar shield against E or H incident plane wave will be identical with 000 /εµη = =377Ω, α0=0, 
β0=2π/λ for free space. Assuming the homogeneous media around the shield, absorption loss (A) inside the 
shield, the total reflection loss (R) from both surfaces of the shield, and the correction term (B) due to successive 
re-reflections (all in dB) are given by the following expression:  

( ) BRAd2γexp(q120logp20logdγexp20logSE
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                              (A8)   
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