SCIENCE CHINA
Technological Sciences

\ CrossMark

& click for updates

Special Topic: Current Progress in Solid Mechanics and Physical Mechanics

*Article*

May 2019 Vol.62 No.5: 787-798
https://doi.org/10.1007/s11431-018-9427-9

A frequency domain reliability analysis method for electromagnetic
problems based on univariate dimension reduction method

PING MengHao', HAN Xu'", JIANG Chao', ZHONG JianFeng’, XIAO XiaoYa',
HUANG ZhiLiang' & WANG ZhongHua'

! State Key Laboratory of Advanced Design and Manufacturing for Vehicle Body, College of Mechanical and Vehicle Engineering,
Hunan University, Changsha 410082, China;
2 Nanjing Research Institute of Electronics Technology, Nanjing 210039, China

Received October 10, 2018; accepted January 2, 2019; published online March 29, 2019

In this paper, a class of electromagnetic field frequency domain reliability problem is first defined. The frequency domain
reliability refers to the probability that an electromagnetic performance indicator can meet the intended requirements within a
specific frequency band, considering the uncertainty of structural parameters and frequency-variant electromagnetic parameters.
And then a frequency domain reliability analysis method based on univariate dimension reduction method is proposed, which
provides an effective calculation tool for electromagnetic frequency domain reliability. In electromagnetic problems, perfor-
mance indicators usually vary with frequency. The method firstly discretizes the frequency-variant performance indicator
function into a series of frequency points’ functions, and then transforms the frequency domain reliability problem into a series
system reliability problem of discrete frequency points’ functions. Secondly, the univariate dimension reduction method is
introduced to solve the probability distribution functions and correlation coefficients of discrete frequency points’ functions in
the system. Finally, according to the above calculation results, the series system reliability can be solved to obtain the frequency
domain reliability, and the cumulative distribution function of the performance indicator can also be obtained. In this study,
Monte Carlo simulation is adopted to demonstrate the validity of the frequency domain reliability analysis method. Three
examples are investigated to demonstrate the accuracy and efficiency of the proposed method.
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1 Introduction

In electromagnetic problems, the antenna system is a com-
plex system integrating electromagnetic transmission and
electromagnetic radiation, and it is an important application
of electromagnetic theory. Its frequency domain perfor-
mance indicators are the main goal of design and optimiza-
tion. At present, there have been a lot of researches on the
design and optimization for the frequency-variant perfor-
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mance indicators of broadband antenna and array antenna.
In terms of broadband antenna design, Jung [1] designed
an L-type microstrip monopole antenna with a reflection
coefficient less than —10dB in the frequency band of
3.05-10.9 GHz, which reduces the reflection loss of the
antenna and improves radiation pattern characteristics. Ab-
bas-Azimi et al. [2] proposed a design method for broadband
horn antenna, so that its beamwidth and maximum gain in the
given frequency band meet the requirements. Yang et al. [3]
proposed a novel circularly polarized microstrip antenna that
effectively increases the axial ratio bandwidth and gain
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compared to conventional microstrip antennas while redu-
cing reverse radiation. Klymyshyn et al. [4] studied the im-
pact of TML parameters on the antenna performance when
low-loss and lossy substrates are used and proposed two
different TML-DRA structures, increasing the impedance
bandwidth of the antenna and improving the radiation effi-
ciency. As for the optimization of antenna frequency domain
performances, Choo et al. [5] used genetic algorithm to op-
timize the patch shape of broadband and dual-band micro-
strip antennas to improve their impedance bandwidth.
Mohamadi Monavar et al. [6] used the invasive weed opti-
mization (IWO) algorithm to design the geometric para-
meters of the microstrip patch antenna, and reduced the
return loss in the frequency band while maintaining the gain
and radiation pattern. Abbas-Azimi et al. [7] found the main
parameters affecting the gain of the main lobe by analyzing
the sensitivity of the traditional broadband double-ridge horn
antenna structure parameters, and it was optimized using the
quasi-Newton method to obtain a better radiation pattern in
high frequency and VSWR in the frequency band. In the
design and optimization of the array antenna frequency do-
main performances, Pourahmadazar et al. [8] proposed a
broadband circularly-polarized monopole antenna, and en-
hanced the frequency domain performance on impedance
matching and circular polarization by adjusting the location
of the monopole microstrip-feed. El-makadema et al. [9]
used genetic algorithm and pattern search technology to
optimize the array geometry, achieving the enhancement of
its performances such as directivity, sidelobe characteristics
and beamwidth in frequency band. Wang et al. [10] focused
on the maximization of the system effective multiplexing
gain in the frequency band, by optimizing the individual
antenna positions in the transmit/receive non-uniform linear
antenna arrays.

In the frequency domain performance study of compo-
nents, Okabe et al. [11] designed a new type of hybrid ring,
and optimized its characteristic impedance and transmission
loss in the high frequency range, while reducing the structure
size. Kim et al. [12] proposed a simple parametric modeling
method for frequency-variant transmission lines. The effects
of frequency-dependent parameters such as dielectric con-
stant, propagation constant and characteristic impedance on
the reflection coefficient were analyzed in a broad frequency
range from 40 MHz to 50 GHz, and experimental verifica-
tion was carried out. You et al. [13] proposed a method to
find the optimum source and load impedances that make the
device perform well in efficiency and flat gain within the
required bandwidth.

The above electromagnetic problems are only for the effect
of deterministic input parameters on the performance in-
dicators in the design frequency band. While in practical
problems, the uncertainty of structural parameters and fre-
quency-variant electromagnetic parameters will affect the
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frequency-variant performance indicators (such as im-
pedance, gain, reflection coefficient), so the performance
indicators will be changed from determined value to un-
certainty. Furthermore their uncertainty varies with fre-
quency, causing their reliability to vary with frequency.
Considering the probability that a performance indicator
meets specific design requirement within a specific fre-
quency band, it constitutes a frequency domain reliability
problem. Aiming at those above problems, we propose a
frequency domain reliability analysis method based on uni-
variate dimension reduction method (FRDR), which pro-
vides an effective calculation tool for frequency domain
reliability of electromagnetic problems. Based on the idea of
random process discretization [14], we discretize the fre-
quency domain into frequency points, thus producing a series
of discrete frequency points’ functions.

Then FRDR is employed to convert the frequency domain
reliability problem into a series system reliability problem
concerning discrete frequency points. To solve the reliability
at each discrete frequency point, there are many traditional
methods such as FORM [15-17], SORM [18,19], etc.
However, when those above methods meeting engineering
problems, we have to use the surrogate model, or directly
calculate the derivative of the finite element function, and
that may have a bad effect on the computing efficiency and
accuracy. Furthermore, it will cause more computing efforts
for solving the correlation coefficients of all the discrete
frequency points’ functions.

Therefore, this paper uses the univariate dimension re-
duction method (UDRM) [20-22] to solve the probability
distribution functions (PDFs) of the discrete frequency
points’ functions in the system. Thus when solving the cor-
relation coefficient matrix, we can reuse the calculation re-
sults of the functions which have been solved when
calculating the PDFs. In this way, FRDR simplifies the
analysis process, resulting in higher efficiency and much
better practicability.

2 Frequency domain reliability problem

Performance indicators usually vary with frequency in
electromagnetic problems. Considering the influence of un-
certain parameters on it, the frequency domain reliability of
the electromagnetic problems is defined as: considering the
uncertainty of structural parameters and frequency-variant
electromagnetic parameters, the probability that a perfor-
mance indicator can meet the intended requirements within a
specific frequency band. According to the definition of re-

liability, the failure probability P(f,,f,) of an electro-

magnetic performance indicator in the frequency band

[fiofu]is [23]
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P(f, . fy) = PleX(F), Y.f) < 0,Yf € [fL.ful} (1)

where f is frequency, P{-} represents probability calcula-
tion, g(-) is the performance indicator function, X(f)=

= (X)), X(f), oo

cess vector, Y =(Y,7,

X,(f)] is a m-dimensional random pro-

Y) is a n-dimensional random
vector.

The reliability analysis method based on Monte Carlo si-
mulation (MCS) is the most basic method for calculating the
reliability problem, and can also be used in the frequency
domain reliability analysis. First, MCS is used to sample
random process vector X(f) and random vector Y to obtain

N groups of samples [X(f),Y],i =1,2,..,N. Take these
samples into X(f) and Y of the function g(X(f),Y, /), we
can obtain N  deterministic functions
g()_(iU'),Vi,f),i =1,2,
the i-th group of samples is expressed as g(X(f),Y, f)-

frequency
N. The function corresponding to

Then, find the minimum value in the design frequency band
[f1.»/ ] of each deterministic frequency function. And if it is
less than 0, the corresponding group of samples is considered
to be failure. Finally, count the number of failed groups n,,
the failure probability equals the number of failed groups

divided by the total number of groups, i.e. P(fL , fU) =n;/N.

3 Frequency domain reliability analysis method
based on univariate dimensional reduction
method

The above MCS requires a large number of function eva-
luations, which often causes excessive computational cost in
engineering problems. In this paper, with reference to ran-
dom process discretization and based on UDRM, we propose
FRDR, which not only avoids the expensive computational
cost of MCS, but also is an accurate calculation tool for
frequency domain reliability analysis.

The flow chart of FRDR is shown in Figure 1. By dis-
cretizing the frequency domain function into discrete fre-
quency points’ functions, we first convert the frequency
domain reliability problem into a series system reliability
problem of the discrete functions. Then UDRM is employed
to solve the PDFs of the discrete functions and the correla-
tion coefficient matrix in the system. Finally, corresponding
to the PDFs and the correlation coefficient matrix, frequency
domain reliability can be obtained by calculating the system
reliability and the cumulative distribution function (CDF) of
the frequency domain function can also be obtained. In this
way, after solving the PDFs, it is not necessary to call the
function again to calculate the correlation coefficients, but to
establish a corresponding method to directly obtain the
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correlation coefficient matrix by using the previous calcu-
lation results, thus improving the efficiency of the method.
While for solving the CDF of the frequency domain function,
we only need to repeatedly calculate the system reliability of
different failure thresholds, without increasing the number of
calls to the function.

3.1 Transformation and calculation of the system re-
liability

Discretizing the frequency domain function over [ f;, fy] in
eq. (1) at p+1 frequency points, we can get a series system

reliability problem with p+1 functions, which can be ex-
pressed as follows [17]:
} ()

P(fi.fy)
=1-P {ﬂo[g, X(f),Y.1;) > 0.1, = inf, af= LIk
where gl.(X(fl.), Y, fl) is the function at the i-th frequency
point £, X(f[) = [Xl(fl.),Xz(fl.),...,
of X(f) at f,, the correlation coefficient matrix COV(X(fl. ))
can be obtained by the cross-correlation function matrix of
X(f).

Define g,(X(f,),Y) = g(X()). Y.f;).i = 1

the correlation among the functions at discrete frequency
points, the functions g ,i = 1,2, ..., p, can be regarded as a set
of correlated random variables, of which the marginal

Ju i fL

X,(f;)] is the random vector

2,...,p- Due to

probability density function fe and correlation coefficient
matrix p can be solved by UDRM and maximum entropy
method (MEM) [24]. According to the method of series
system reliability analysis [25], the eq. (2) can be calculated
by the follows:

P +oo
P{,Qogf>0} I J. f g0 dg,
1 1
cppﬂ[cp (FgO(O)),...,cD (11,[(0)),...,
(£, )| )
where f, . is the joint probability density function of
—

Zps &y ©,.1() is the p + 1-dimensional standard gaussian

distribution function, F, is the marginal cumulative dis-

tribution function of g,, p’ is the new correlation coefficient
matrix converted from p after Nataf transformation.

In system reliability problem, when two random variables
are identically distributed and the correlation between them
is close to 1, the two correlated variables can be regarded as
one variable, which has little effect on the calculation ac-
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Figure 1 The flow chart of FRDR.

curacy. This characteristic can be used to define the con-
vergence condition of the quantity of discrete frequency
points. In eq. (3), the quantity of discrete frequency points is
iterated until the correlation of arbitrarily adjacent two
functions reaches a certain value 7 (less than 1), which is the
convergence index set by us. For engineering problems, this
convergence index will be used to balance the calculation
efficiency and calculation accuracy.

It is worth noting that, there is a difference between the
problem above and the conventional series system reliability
problem, because all the components of the latter usually
share the same input random variables, while the compo-

nents of the former do not. For example, gi(X(fl,), Y) has an

input random vector X(fl) while g].(X(fj ), Y)(j # i) has an-
other input random vector X(f,) which is correlated to X(f;).

As a consequence of that, the calculation of p in this study is
different from that in the conventional series system relia-
bility problem. The following two subsections will detail the

calculation of the above mentioned f, and p separately.
3.2 Uncertainty analysis of the discrete frequency
point’s function

For simplicity, hereinafter all the random processes in X(f")
are assumed to be mutually independent and so are the

random variables in Y. In the uncertainty analysis of the i-th
frequency point’s function gi(X(fl. ), Y), UDRM is adopted to
solve the first n-th statistical moments, from which the PDF

f, can be obtained by MEM. So we calculate the moments

first. The k-th moment about zero of gi(X(f;.), Y) is expressed

M = E{gi k(x(fi): Y)} = _[_!‘ gikfX(/i)deX(ﬁ)dY, (4)

in which E represents the expectation operator, € is the in-
tegral domain, f° x() is the joint PDF of the random vector
X(f) = [X(F) Xo(f)s s X,(fi)]s fy 18 the joint PDF of the
random vector Y=Y, Y,,..., Y, ]

There are m + n variables in gi(X(fl_ ), Y), which may cause

the integral in eq. (4) cannot be evaluated analytically.
UDRM [20-22] involves an additive decomposition of a
multi-dimensional response function into multiple one-di-
mensional functions, and approximate the response moments
by the moments of one-dimensional functions. By UDRM,

gi(X(fi), Y) can be expressed as

gi(X(fi)’ Y) = gi(Xl(fi)st(fi)a 9Xm(fz)5 Yl’ Yza T Yn)

:—(m+n—1)gi,o+zgi,xu +2gi,Yv’ &)
u=1 v=1
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in which g, represents gi(ux(/:)aHY)’ gix represents
gi(/u)(l(f;p“'>#X”71(f;)>Xu(fi)>#X”+l(f;)>“'qum(f;)’pY)’ 8y, €

presents gi(px(/;),ﬂyl,...,uyﬂ,YV,,uyM,...,,uY”), Mo () is the

mean of X(f;) = [X,(), Xo(f,), - X,(/;)}: #y is the mean of
Y=[Y,7Y,..., Y, ] Bring eq. (5) into eq. (4), the k-th moment

about zero of gi(X(f[.), Y) can be approximated as

My = E{g,- k(X(fi)’ Y)]

k
E {—(m +n— l)gi,o-i-z gi,X“+Z gi’y‘} .
v=1

u=1

(6)

Applying the binomial formula on the right-hand side of
eq. (6) gives

k

mn n ! —
e = Z[j‘ ]E{Zlgi,xﬁ Zg} [~on+n=Dg|

=0
lq}]

i Ml

q

E

Z giy,

v=1

k—1
X=(m+n—1)g,| (7
Define
u q
Suq_E{Zgi,X/} H (8)
=1

R/ “=E

v I~q
{Z giy, " )
=1

in which ¢ = L, mv=1---ng=1,---,LI=1,--- k.
Using the recursive formula gives

S=Hgw)'  g=1wl

q
Sy'= Z(;I))SIPE{(gi,X qu}; g=1,---1,

p=0

: q (10)
Suq = Z(z))sup lE{(gi,Xu)q p}; q= 19' : '919

: q
SI:I] = Z(ZQ)SW{,*IE{(gi,X”)qip}; q= 19' : '919
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Rll q:E{(gi’yl)l q]’ lfq: 1, ,la
I-q _
R217q = ! g SlpE[(gi,Yz)liqip]; l_q = 1a T '513
p=ol P
oy (11
vaiq = l i SV{IE[(gi,YV)liqip]; l_q = 17 te .515
p=ol P
I—q _
Rnlq: l qSnplE[(giY)lqp];liqzl,""l-
p=o\ P o
Hence, eq. (7) becomes
(VS (D)5 R ] mtn—1yg, 12
M ~ Z / Z q m'tn (m n )gi,O] . ( )
=0 4=0

In egs. (10) and (11), one needs to compute E[(gi,X )"] and

E{(gi’yr)q], g=1, --,1. According to the definition of ex-

pectation
H(eo)] = | (@) oo )d, (13)
E{(gi,Y‘,)q] = I:O(gi,YV)qva )dy,, (14)

where f, 0) is the PDF of X (f,), f is the PDF of Y. The

numerical integration method is used to solve the above
series of univariate integrals, and then bring the result into

eq. (12) to obtain the k-th moment about zero of gi(X(fl.), Y).

MEM [26] can be used for estimating the PDF of a random
variable based on its statistical moments. The principle of
maximum entropy can be described as follows: under given
statistical moments, there exist a lot of possible probability
distributions, one of which can maximize the information
entropy is the least biased, and that is the maximum entropy
probability distribution. Now we take the statistical moments

of gl.(X(fl.), Y) as constraints, and use MEM to find the PDF

of gi(X(fi)’ Y)’
Define f, (g;) as the PDF of g, then its information en-
tropy H is

H==] f, (), (2)dg; (15)

in which Q is the integral domain.
Take the first k-th moments about zero 4 ,r = 0,1, ...,k as
constraints, maximizing the eq. (15) gives

max H
N 16
stou,=Eg)= [ 7, @)dg. r=0.1...k 19

Based on the Lagrange multiplier method [27] and by in-
troducing modified function, the maximum entropy prob-
ability density function is obtained as
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k
1o (8) = eXp[Z;)argi’ , (17)

in which a, is the undefined parameter. Taking eq. (17) into
eq. (16), there yields a set of nonlinear equations

"ldg,, r=0,1,...k. (18)

k
ue=1 8 ’eXp[Z a,g
r=0

Usually, we use the first four-order statistical moments as
constraints. According to the statistical moments, the coef-
ficientsa , » =0, 1, ..., k, can be obtained by solving eq. (18),
then bringing them into eq. (17) can obtain the maximum

entropy probability density function f, of g,.

3.3 Calculation of the correlation coefficient matrix

In the subsection, we will give an approach to calculate the
correlation coefficient matrix p for solving eq. (3). p, ; is an
component of p which represents the correlation coefficient
between g; and g;, and it can be expressed as

_ E(gigj) THe Mg,
pij = Ug—ggj (19)
in which u g Mg ATE the means of g,, g; respectively, s
are the standard deviations of g, g; respectively, and they all
can be solved by the uncertainty analysis in Sect. 3.2. E(g, g)

can be calculated by
E(g,g;) = ffg,-g,fgi,gl_ dg;dg;

= [[Jalx(r) v)e(x (1) ¥)
x( )deX(ﬁ')dX(f/ Jay, (20)

where X(f;), X (f ) are the random vector of X(f) at i-th and
J-th frequency point respectively, f, (1)x ( ) is the joint PDF.
Because of the independence of the components in X (1), we
can obtain f, . X x( =Sy X )f o) (f ), ),

AR
any one of them fx (f ), ...,m, can be fitted by

gaussian copula functlon [28]:

Tx)(r)
=) P

o

X & *‘(ka(fi)); 19)) ’1(ka(j}))

-1/2

@ G- G o

}, 2]

where ka( () ,f x( )are the marginal PDF of ,(f;) and X, (f)

respectively, p, is the correlation coefficient matrix of X,(f;)
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and Xk(f/.), I represents unit matrix. Expand g, and g; re-
spectively using UDRM described above

&X,Y.f)) = ~(m+n— l)gi,o"'zgi,xu"'zgi,yv’ (22)
u=1 v=1

g(X,v.1;) = ~(m+n- 1>g,o+2g,x+2g,y 23)

u=1

Take eq. (22) and (23) into eq. (20)
E(gigj) :J‘J‘gig;fgi,g]_ dgidgj

=(m+n—1)’g, 080~ (m+n—1)g;,

[Z [t s, +ng,ny )dyv]

—(m+n-— l)gjO

[Z_[gzxfxu

u=1

(x,)dx, +ng,yfy(y)yv]

m

3 3 (oo i

u=lu,=1

( )(xu,x )dx,, dx

uz

£y Z [Tt ey, 0)dx,d,

u=lv=

33 [ [egonfify) @l 0,)dx,d,

v=lu=1

30 3 [[e o dr, 0 )5, 0)0, 4, (24)

v \
vi=lv,= 2

It can be found that the high dimensional integral in
eq. (24) becomes a linear superposition of a plurality of one-
dimensional and two-dimensional integrals, wherein every
two-dimensional integral function is the product of two
univariate functions. When performing numerical integration
method to solveeq. (24), we adopt the same integral nodes as
which are used for calculating the statistical moments in
Sect. 3.2, so that avoid calling the function again, so as to
improve the computational efficiency.

Taking solution of eq. (24) into eq. (19), the correlation
coefficient of any two discrete frequency points’ functions
can be calculated. Then the correlation coefficient matrix p
can be constructed. Finally, the correlation coefficient matrix
p' corresponding to the standard normal distribution will be
obtained by Nataf transformation. Combined with the PDF
fgi,i =0,1,..,p
obtained in Sect. 3.2, the failure probability P(f,,f) of
frequency domain function can be obtained by solving
eq. (3). We can also obtain the CDF of the frequency domain
function by solving the eq. (3) at different thresholds, and
this process does not need additional computational effort.
Otherwise, the calculation of the multidimensional Gaussian
distribution function in eq. (3) can refer to the refs. [29-33].
It is worth noting that, in the above analysis, all random
processes in X (f) are assumed to be mutually independent

, of each discrete frequency point function
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and so are all random variables in Y. If they are not in-
dependent, the Nataf transformation and the orthogonal
transformation can be applied to transform them into mu-
tually independent ones so that the above analysis works as
well.

4 Examples and discussion

In this section, three examples are used to demonstrate the
accuracy and efficiency of FRDR. As a comparison, MCS
are adopted in these examples, in which random process
samples are generated by the expansion optimal linear esti-
mation method (EOLE) [34].

4.1 Frequency domain reliability analysis of a numer-
ical example

Construct the frequency domain function as follows:

g(xl’xzap(f)sf)
=3e *xx,f — 1.8¢ x,f > —0.5p(f)+2.01, (25)

in which x,, x, are random variables, P(f") is random process,
f represents frequency. The distributions of all random
parameters are listed in Table 1. It is stipulated that the fre-

quency band is [fL, U], and the allowable minimum is G, then

the failure probability of the frequency domain function is
given by

P(fLﬂfU’ G)
= 1-Pleg(xp().f) = G,V € [f.fu]},

X = [X,X,,X5,%,]. (26)

When the threshold G = 0, and taking 40 Hz as the center
frequency, the frequency domain reliability in different fre-
quency bandwidths is analyzed. Three different Cases 1-3
are considered, where the number of discrete frequency
points N is 15, 29 and 43 respectively. The reliability ana-
lysis results obtained by FRDR and MCS, and relative error
between the two methods are listed in Table 2. In MCS, the
number of samples is set to be 1.4 x 10°. Figure 2 shows that
the failure probability obtained by FRDR and MCS changes
with the frequency bandwidth. Firstly, the results indicate
that, the reliability does not remain constant but gradually
decreases with the increase of frequency bandwidth. Sec-
ondly, it shows the stability of FRDR, of which the results
gradually approach that of MCS as N increases. In the case
of N =43, the minimum correlation coefficient of arbitrary
adjacent discrete frequency points’ functions is above 0.95,
and the curve of this case is very close to that of MCS. In
Cases 1-3, the maximum deviations of the failure probability
obtained by FRDR are 33%, 10% and 1.5% respectively.
That shows a good convergence and accuracy of the method.

From the perspective of computational efficiency, when the
frequency band is [ f;, fi;]=[12,68], MCS called the frequency
domain function 1.4 x 10° times, while FRDR called the
frequency domain function 360 times, 696 times and 1032
times in Cases 1-3 respectively. So it can be found that
FRDR is far more efficient than MCS. In addition, Figure 3
shows the CDF curve of the frequency domain function
obtained by MCS and FRDR in Case 3 within the frequency
band of [ f;, fi;]=[12,68].

4.2 Frequency domain reliability analysis of power
amplifier link

The power amplifier link is an important part of the transmit/
receive (T/R) module of active phased array radar [35-37].
The frequency domain characteristics of the power amplifier
link are the key indicators to measure its performance. And
the frequency domain reliability analysis of the power am-
plifier link can provide an important reference for its design
and optimization to improve its performance. The finite
element model of the power amplifier link is shown in Figure
4 [38], which is mainly composed of two parts: microstrip
lines and printed boards. The printed boards are divided into
two types: FR4 printed board and microwave printed board.
The material and size parameters are different of them, and
so are the microstrip lines’ size.

Consider signal transmission process of the power ampli-
fier link. Let the input electromagnetic signal in the power

amplifier link be 7, = A(cos2xf + ¢, ), and the output will be
I

out

= nA(cos2nf + ¢,,,), Where A denotes the amplitude of
the input signal, » is the amplification factor, f represents
frequency, ¢, , ¢, represents the input and output phases
respectively. In practical application, we are more concerned
about the uncertainty of the phase shift Ap = ¢, — ¢, , and
the phase shift can be expressed as

Ap = A(p(xl, Xy, x3,x4,81(f),82(f),f), 27
where x,,x, represent the thickness of FR4 printed board and
microwave printed board respectively, x,, x, represent the
width of the microstrip line on FR4 printed board and mi-
crowave printed board respectively, and they are all regarded
as random variables. & (1), ¢ ,(f ) represent the permittivity of
FR4 printed board and microwave printed board respec-
tively, and they are random processes. The distributions of all
random parameters are listed in Table 3. The function in-
volved frequency can be expressed as

&y, %2, X3, 20,8 (s (). f )
= A@(xl,XZ,X3,X4,81(f),82(f),f)—,qu,(f). (28)
When the frequency band is [f, ,f,], and the allowable

minimum phase shift radius is Ap,, the failure probability of
the power amplifier link is given by
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Table 1 Distributions of the random parameters for numerical example

Sci China Tech Sci  May (2019) Vol.62 No.5

Parameter Type of distribution Mean Coefficient of variation Autocorrelation coefficient function
X, Normal 1.3 0.01 NA
X, Normal 1.3 0.05 NA
p(f) Stationary Gaussian process 3 0.3 exp[—(0.16A 1 )2]

Table 2 The failure probability of frequency domain function

Frequency (Hz)

Result
40 40+4 40+8 40+12 40+16 40+20 40+24 40+28
MC 0.000202 0.000769 0.00136 0.00194 0.00251 0.00308 0.00368 0.00423
Case 1 0.000205 0.000581 0.000970 0.00135 0.00172 0.00208 0.00248 0.00290
relative error 2.0% 24% 29% 30% 32% 33% 33% 30%
FRDR Case 2 0.000205 0.000706 0.00123 0.00179 0.00228 0.00277 0.00330 0.00392
relative error 1.5% 8.2% 10% 7.7% 9.2% 10% 12% 7.3%
Case 3 0.000205 0.000763 0.00134 0.00191 0.00252 0.00312 0.00372 0.00428
relative error 1.5% 0.78% 1.5% 1.5% 0.40% 1.3% 1.1% 1.2%
45 X107 1.0
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Figure 2 (Color online) The curves indicating the failure probability for
the frequency domain function.

P(fL’fUa [A¢’ - A(pw A(O + Ago,])
(2w )f) > Ap- Ag,
Ng(x, &(f).f) <Ap+Ap, Y[ € [f.ful]
X = [y, X5, %5, %,1,8(0) = [0/, e2(0)]- (29)

Perform frequency domain reliability analysis to this
problem. In the case of the center frequency is 3 GHz and

=1

Ap, = 5°, the frequency domain reliability in different fre-
quency bandwidths is analyzed. Three different Cases 1-3
are considered, where the number of discrete frequency
points N is 15, 29 and 43, respectively. The reliability ana-
lysis results obtained by FRDR and MCS, and relative error
between the two methods are listed in Table 4. In MCS, the
number of samples is set to be 7%10°. Fi gure 5 shows that the

Figure 3 (Color online) The CDF curves of the frequency domain

function in the frequency band of {fL ’ﬁ)] =[12,68].

failure probability obtained by FRDR and MCS changes
with the frequency bandwidth. Firstly, the results indicate
that, the reliability does not remain constant but gradually
decreases with the increase of frequency bandwidth. Sec-
ondly, it shows the stability of FRDR, of which the results
gradually approach that of MCS as N increases. In the case of
N=43, the minimum correlation coefficient of arbitrary ad-
jacent discrete frequency points’ functions is above 0.96, and
the curve of this case is very close to that of MCS. In Cases
1-3, the maximum deviations of the failure probability ob-
tained by FRDR are 4.3%, 2.3% and 1.2%, respectively. That
shows a good convergence and accuracy of the method.
From the perspective of computational efficiency, when the
frequency band is [f;, fi;]=[2.3,3.7], MCS called the fre-
quency domain function 7x 10° times, while FRDR called the
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Figure 4 (Color online) Finite element model of the power amplifier link [38]. (a) 3D electromagnetic simulation model; (b) top view of the model without
the shell; (c) bottom view of the model without the shell.
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Circulator
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Autocorrelation coefficient

Parameter Type of distribution Mean Coefficient of variation function
x, Lognormal 0.7 mm 0.0014 NA
X, Lognormal 0.9 mm 0.0019 NA
X, Normal 1 mm 0.001 NA
x, Normal 2.2 mm 0.0015 NA
a(f) Stationary Gaussian process 4.8 0.069 exp[—(0.9 f )2]
e(f) Stationary Gaussian process 3.5 0.049 exp[—(0.9 f )2]
Table 4 The failure probability of the power amplifier link
Frequency (Hz)
Result
3 3+0.1 3+0.2 3+0.3 3+0.4 3+0.5 3+0.6 3+0.7
MC 0.0263 0.0322 0.0332 0.0349 0.0372 0.0386 0.0395 0.0404
Case 1 0.0265 0.0304 0.0318 0.0334 0.0358 0.0374 0.0385 0.0397
relative error 0.76% 2.25% 4.22% 4.30% 3.76% 3.11% 2.53% 1.73%
FRDR Case 2 0.0265 0.0308 0.0325 0.0341 0.0366 0.0382 0.0390 0.0399
relative error 0.76% 0.96% 2.11% 2.29% 1.61% 1.04% 1.27% 1.24%
Case 3 0.0265 0.0309 0.0328 0.0345 0.0369 0.0383 0.0393 0.0400
relative error 0.76% 0.64% 1.20% 1.15% 0.81% 0.78% 0.51% 0.99%

frequency domain function 450 times, 8§70 times and 1290
times in Cases 1-3 respectively. So it can be found that
FRDR is far more efficient than MCS. In addition, we can

see that the power amplifier link has a good reliability at the
center frequency, and its failure probability is 0.0265.
However, when the frequency bandwidth is up to 1.4 GHz,
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Figure 5 (Color online) The curves indicating the failure probability for
the power amplifier link.

the failure probability increases to 0.0400, about 1.5 times
the initial value. So its reliability in supposed bandwidth
should be taken into account when the power amplifier link
is in the part of design. When the frequency bandwidth is
1.4 GHz, Figure 6 shows that the failure probability of the
power amplifier link varies with phase shift radius within the

frequency band of [f, ,7,,] = [2.3,3.7].

4.3 Frequency domain reliability analysis of phased-
array antenna

Phased-array antenna has been widely used and rapidly de-
veloped in the fields of radar, communication, electronic
warfare, and navigation [8-10]. Its frequency domain per-
formances are the main objectives in design and optimiza-
tion. The reliability analysis of frequency domain
performances can provide an important reference for design
and optimization under uncertainty, and further improve the
performances. Figure 7 shows the finite element model of a
horn phased array antenna, which is consisted of four iden-
tical horn antennas. Each horn antenna has an independent
input current. Focus on the electric field intensity in fre-
quency domain, and it can be influenced by the phase errors
of the input currents and the structural errors of the antenna.
The structural errors are mainly from the heights of the
waveguides z|, z,, z3, z4 and the horns zs, zg, z7, zg, that are all
regarded as random variables. The input currents’ phases are
related to frequency, and are expressed as a(f),a,(f),
a,5(f),a,(f), that are regarded as random processes. The
distributions of the random parameters described above are
shown in Table 5. Considering the these variables, the
electric field intensity of the array antenna can be expressed
as

1.0
0.9t
0.8}

——MC
—+—FRDR

Failure probability

N
N w s o N
— T

©
(=R
T

2 3 4 5 6 7 8 9 10
Radius of phase shift (°)

-

Figure 6 (Color online) The failure probability of the power amplifier
link varies with phase shift radius.

Horn

Wareguide

Input Current

Figure 7 (Color online) Finite element model of the horn phased array
antenna.

E0,p)=E +E,+E;+E,
= B(0, ¢)[Alej“‘(f)+Azej“2(f)
+4,e ) + 4,674, (30)

where B(0, ) is related to antenna structure which can be
seen as the function of z;—zg, 0, p represents the direction
angle of the spherical coordinate system, 4,,i =1,2,3,4 is
the current amplitude. In the case of § = 0,¢p =0, the fre-
quency domain function £(0,0) can be expressed as

g(Zlazza~~~’Zs’0‘1(f)>az(f)»0‘3(f):“4(f))
=B(0, 0)[Ale.ia1(f)+Azeja2(f)+Ase.ia3(f)+A4eja4(f)]_ (31)

When the frequency band is [f,,f,; ], and the allowable

minimum electric field intensity is G, the failure probability
of the phased array antenna is given by

P(fL)fUaG) = 1 _P{g(Z,(I(f)) 2 G,er [fL’fU]}n
7= [ZI’ZZ’ ""ZS]: (l(f) = [al(f‘)aa2(f)aa3(f)9a4(f)]'

Perform frequency domain reliability analysis to this
problem. In the case of G=43.8 dB and the center frequency
is 9 GHz, the frequency domain reliability in different fre-
quency bandwidths is analyzed. Three different Cases 1-3

(32)
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Table 5 Distributions of the random parameters for the horn phased array antenna

Parameter Type of distribution

Mean

Si Autocorrelation coefficient
igma

function
2124 Normal 29 mm 0.29 mm NA
Z5—Zg Lognormal 165 mm 0.297 mm NA
a1 (f)—a4(f) Stationary Gaussian process 0° 15° exp[—(0.75 f )2]
Table 6 The failure probability of the phased-array antenna
Frequency (Hz)
Result
9 9£0.05  9+0.1  9+0.15  9+02 94025 903 9+0.35 9+0.4 9+0.45 9+0.5
MC 0.0136 0.0259  0.0396  0.0528 0.0611 0.0635 0.0651 0.0677 0.0705 0.0801 0.0898
Case 1 0.0139 0.0239  0.0356  0.0468  0.0518  0.0537 0.0553 0.0571 0.0603 0.0691 0.0793
relative error 2.21% 7.72%  10.10% 11.36% 15.22% 15.43% 15.05% 15.66% 14.47% 13.73% 11.69%
FRDR Case 2 0.0139 0.0249  0.0380  0.0512  0.0591 0.0609 0.0622 0.0639 0.0671 0.0758 0.0855
relative error 2.21% 3.86% 4.04% 3.03% 3.27% 4.09% 4.45% 5.61% 4.82% 5.37% 4.79%
Case 3 0.0139 0.0256  0.0391 0.0521 0.0602  0.0623 0.0643 0.0660 0.0695 0.0783 0.0887
relative error 2.21% 1.16% 1.26% 1.33% 1.47% 1.89% 1.23% 2.51% 1.42% 2.25% 1.22%
are considered, where the number of discrete frequency 0.09 ,
points Nis 21, 41 and 61 respectively. The reliability analysis oos| MO,
results obtained by FRDR and MCS, and relative error be- 007l ase 2
tween the two methods are listed in Table 6. In MCS, the £
number of samples is set to be 1x 10 Figure 8 shows that the g 006y e
. T . o — -
failure probability obtained by FRDR and MCS changes 5 005f
. . . o e
with the frequency bandwidth. Firstly, the results indicate 2 004}
. oy . ©
that, the reliability does not remain constant but gradually “ 003l
decreases with the increase of frequency bandwidth. Sec- 0.021
ondly, it shows the stability of FRDR, of which the results
. 0.01 —_—
gradually approach that of MCS as N increases. In the case of 0 00501 015 02 025 03 035 04 045 05

N=61, the minimum correlation coefficient of arbitrary ad-
jacent discrete frequency points’ functions is above 0.95, and
the curve of this case is very close to that of MCS. In Cases
1-3, the maximum deviations of the failure probability ob-
tained by FRDR are 15%, 5.6% and 2.5%, respectively. That
shows a good convergence and accuracy of the method.
From the perspective of computational efficiency, when the
frequency band is [ f;, f;]=[8.5,9.5], MCS called the fre-
quency domain function 1x 107 times, while FRDR called the
frequency domain function 1260 times, 2460 times and 3660
times in Cases 1-3 respectively. So it can be found that
FRDR is far more efficient than MCS. In addition, we can
see that the power amplifier link has a good reliability at the
center frequency, and its failure probability is 0.0139.
However, when the frequency bandwidth is up to 1 GHz, the
failure probability increases to 0.0887, about 6 times the
initial value. So its reliability in supposed bandwidth should
be taken into account when the power amplifier link is in the
part of design. When the frequency bandwidth is 1 GHz,
Figure 9 shows that the failure probability of the array an-
tenna varies with electric field intensity within the frequency

Frequency width (GHz)

Figure 8 (Color online) The curves indicating the failure probability for
the phased array antenna.
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Figure 9 (Color online) The failure probability of the phased array an-
tenna varies with electric field intensity.



798 Ping M H, et al.

band of [ f, f;]=[8.5,9.5].

5 Conclusions

In electromagnetic problems, the reliability in frequency
band is usually lower than the reliability of center frequency,
and the wider the bandwidth, the greater the probability of
failure. This paper defines the frequency domain reliability
problem of electromagnetic problems, and proposes a fre-
quency domain reliability method based on UDRM, which
provides an effective calculation tool for practical electro-
magnetic frequency domain problems. The method firstly
discretizes the frequency domain function into a series of
frequency points’ functions, and then transforms the fre-
quency domain reliability problem into a series system re-
liability problem of discrete frequency points’ functions.
And UDRM is introduced to solve the PDFs and correlation
coefficients of discrete frequency points’ functions, leading
to a much higher efficiency. In the future, FRDR can be
extended to frequency domain system reliability analysis,
frequency domain reliability-based design optimization
(FRBDO), and other relevant important issues.

This work was supported by the National Natural Science Foundation of
China (Grant No. 51490662), and the National Science Fund for Dis-
tinguished Young Scholars (Grant No. 51725502).
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