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Abstract—In the paper, reliable yield estimation and
tolerance-aware design optimization of circular polarization (CP)
antennas is discussed. We exploit auxiliary kriging interpolation
models established in the vicinity of the nominal design in order
to speed up the process of statistical analysis of the antenna
structure at hand. Sequential approximate optimization is then
applied to carry out robust design of the antenna, here, oriented
towards increasing the yield (defined with respect to design
specifications imposed on the maximum in-band axial ratio level
as well as antenna reflection). Demonstration example of a planar
CP antenna with two feed line stubs is provided. Despite a large
number of independent geometry parameters, accurate yield
estimation is possible at the cost of a hundred EM simulations of
the structure, whereas yield improvement (from the initial value
of 63.5 percent at the nominal design to 99 percent) is achieved at
the cost of 300 EM analyses. Comparison with conventional
Monte Carlo analysis is also provided.
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L.

Design closure of antennas is a process of adjusting the
values of geometry and/or material parameters to ensure
satisfaction of performance specifications imposed on the
structure. In vast majority of reported works (e.g., [1]-[8])
nominal design is considered, i.e., assuming perfect agreement
between nominal and actual (fabricated) structure dimensions.
In practice, various uncertainties, either due to manufacturing
tolerances or technological spread of material parameters,
should be taken into account. In robust design (also referred to
as tolerance-aware or yield-driven design) [9], [10], the
objective is to maximize the probability of the fabricated
component to satisfy given performance requirements under the
assumed statistical deviations from the nominal parameter
values [11].

INTRODUCTION

Statistical analysis (in particular, yield estimation) is a
fundamental step of robust design procedures [12]. Due to
complexity of contemporary antenna structures, reliable
performance evaluation requires expensive full-wave
electromagnetic (EM) analysis. Consequently, conventional
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statistical analysis methods, primarily, Monte Carlo analysis
may be computationally prohibitive. There have been various
techniques proposed over the years to expedite the process.
Some of the methods rely on replacing expensive EM
simulations by auxiliary models (surrogates), e.g., response
surface approximation models [13] or polynomial chaos
expansion [14]. Here, a major disadvantage comes from the
curse of dimensionality, i.e., a rapid growth of the number of
training data samples for surrogate model construction with
the increase of the number of parameters. Certain methods
attempt to reduce the problem dimensionality, e.g., principal
component analysis (PCA) [15]. Another approach is to utilize
physics-based surrogate models, e.g., space mapping (SM)
[16]. The limitation of space mapping is unavailability of fast
coarse models (such as equivalent networks) for majority of
antenna structures. To reduce the cost of building the
surrogate model it is also possible to exploit a particular
structure of the system response (through so-called feature-
based modeling), as demonstrated in [17] for microwave
filters, and in [18] for narrow-band antennas.

In this paper, a simple approach to statistical analysis and
yield optimization of circular polarization antennas is
discussed. A local kriging interpolation model is constructed
in the vicinity of the nominal design that allows for fast yield
estimation using Monte Carlo analysis. Robust design is then
realized by means of sequential approximate optimization, i.e.,
optimizing the yield within the region of validity of the
surrogate, and relocating the surrogate domain by centering it
around the newly created approximation of the optimum.
Here, the yield is calculated with respect to design
specifications imposed on axial ratio of the antenna with
constraints on its reflection response.

II. STATISTICAL ANALYSIS OF CP ANTENNAS USING
SURROGATE MODELS

Let x” be a nominal design, which is optimized for a
specific set of performance requirements. In case of circular
polarization (CP) antennas, one of the objectives is
minimization of the axial ratio (AR) within a frequency
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range of interest, another one is ensuring sufficient
impedance bandwidth. We will denote by AR(x) the
maximum AR within operational bandwidth, and by S(x) the
maximum [Sy;] within the same band. Thus, the nominal
design is obtained as

ey

x” =argmin AR (x)

subject to S(x) <-10 dB.

Let AR« be the acceptance threshold for the axial ratio.
The function H(x) is defined as follows

1 if AR(x)< AR, and S(x)<-10dB
H(x)= )

2

0 otherwise

We assume that the fabricated antenna exhibits certain
deviations dx from x° due to manufacturing tolerances. The
yield Y can be estimated as [17]

ZI;:IH(xO +dx')
N

Y(x%)= 3)

where dx’, j=1, ..., N, are random vectors sampled according
to the assumed probability distribution. This could be, e.g.,
independent normal distributions with zero mean and certain
variance o (e.g., 0.017 mm for standard chemical etching
process), or uniform with a specified maximum deviation. In
general, other uncertainties can also be taken into account (e.g.,
those concerning substrate parameters).

Clearly, performing Monte Carlo analysis (3) directly on
the EM simulation model of the antenna is prohibitive,
especially if the number of geometry parameters is large
(Monte Carlo is slowly convergent and reliable yield
estimation requires a large number of samples). Here, in order
to speed up the analysis, it is performed on a fast surrogate
model, which is created in the vicinity of the nominal design.
The modeling technique of choice is kriging interpolation
[19], whereas the model domain is [x0 -d X+ d], where
components of the vector d are set to be 30. With this choice,
almost all normally distributed deviation vectors dx will be
allocated within the surrogate domain.

III. ROBUST DESIGN USING SEQUENTIAL APPROXIMATE
OPTIMIZATION

In this work, robust design is understood as maximization of
the yield. It is realized by means of sequential approximate
optimization, where the local kriging interpolation surrogate is
optimized (in the statistical sense), and reconstructed in a
relocated domain.

Let Y(x;y) be the yield estimated at the design x using the
surrogate model established at the design y. The surrogate
model domain has to be larger than [y — d, y + d] (cf.
Section IT) in order to allow some movement of the yield
evaluation region within the surrogate model domain. Here,
we choose [y — 2d, y + 2d] as the model domain, which means
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that the yield optimization can be done for the following lower
and upper bounds: y —d <x <d +y.

Yield maximization procedure works as follows (x = x°

is the initial design):

1. Seti=0; ‘
2. Set up kriging interpolation surrogate at the design x";
3. Maximize yield as

(i+1) :

=arg min {~Y,(x;x")}
x—d<x<x'+d

4. Set up kriging surrogate model at the design x
5. 1F Yy(x ™™Dy > v (xPxP) set i = i + 1 and go to 2; else

END.

Note that that surrogate model domain is relocated to the
new design x™*" if the iteration (4) is successful. Figure 1
shows the conceptual illustration of the robust design using
sequential approximate optimization.

“)

X
(i+1),

IV. CASE STUDIES AND RESULTS

The operation and performance of the statistical analysis
and robust design procedure of Sections II and III is
demonstrated using the antenna shown in Fig. 2. The structure
is implemented on a Taconic RF-35 (& = 3.5, h = 0.762 mm).
The antenna is based on the design of [20], where CP operation
is obtained by means of two stubs connected to the feed line.
Here, to improve the AR bandwidth, the low-impedance load is
attached to one of the stubs. Also, the rectangular ground plane
slots are removed. The antenna geometry is parameterized by
nine variables x = [I¢ I3 Is wi; wy, wy g1 811 g3]T, whereas wy= 1.7
to ensure 50 ohm input impedance. Relative variables are [;
0.252" 1 I, = 052", wy = 0.52"w,, wy = 221, I,
0.55w3, 0 = wy;. The unit for all dimensions is mm.

2d  2d
2d | -
O 0 e} 22220 1
e a [x@®
\/\.
2d 1 L / .
K

)\
MC analysis domains \\
n

Initial surrogate domai
Second surrogate domain
Third (and last) surrogate domain

Fig. 1. Sequential approximate optimization for robust design. The surrogate
model domain of the size 4d (cf. Section II) is relocated after each iteration to
the new design x*D_The Monte Carlo (MC) analysis domain is [x —d, x + d],
whereas components of d are 3¢ (variance of the normal distribution pertinent
to assumed manufacturing tolerances). The maximum shift of the MC domain
(therefore, the design) is d so that the analysis is still performed within the
surrogate model domain. In the example shown here, the optimization process
is accomplished after three iterations.
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The computational model of the antenna is implemented in
CST Microwave Studio [21] and simulated using its time
domain solver (1,700,000 mesh cells, evaluation time 10 min).
The model contains an SMA connector. The operational
bandwidth (reflection- and AR-wise) is 5 GHz to 7 GHz.

The initial design is x™ = [15 3 6.5 1 7.5 7.5 0.85 1.7 0.4]"
mm. The nominal design x° = [13.05 3.15 6.40 0.96 7.24 2.28
1.93 2.52 0.33]" mm is obtained by solving the problem (1) using
a trust-region-based gradient search algorithm. Figure 3 shows
the reflection and axial ratio characteristics for the initial and the
nominal designs. The maximum in-band AR at x° is about 1.1 dB.

For the purpose of statistical analysis, we assume the
maximum acceptable in-band axial ratio of 1.2 dB. The kriging
interpolation model has been constructed using 100 data
samples with the model domain of the size d = [0.1 ... 0.1] mm.
Table I shows the yield estimated using the surrogate model and
5000 random samples, assuming Gaussian distribution with the
variance of 0.017 mm, and uniform distribution (with the
maximum deviation of 0.05 mm). For the sake of comparison,
conventional Monte Carlo analysis has been performed using
500, 1000, and 2000 samples. It can be observed that surrogate-
assisted yield estimation is accurate, and, clearly, dramatically
less expensive than EM-based MC. Furthermore, MC realized
with small number of samples (here, 500) is not particularly
reliable due to relatively high variance of yield estimation.
2,000 samples are needed to obtain stable results. Figure 3
shows visual comparison of yield estimation using the surrogate

and MC with 2,000 samples.
z
X
\yy

(@) (b)
Fig. 2. Compact circular polarization antenna for statistical analysis and robust
design demonstration: (a) structure geometry, (b) visualization of the antenna
EM model.
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Fig. 3. Compact CP antenna of Fig. 2 at the initial design x™” (- - -) and the
nominal design x° (—): (a) reflection characteristics, (b) axial ratio.
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Subsequently, yield optimization has been performed using
the methodology of Section III. Table II shows the results
indicating that the yield can be improved significantly both in
case of Gaussian and uniform distributions. Visualization of the
yield estimation at the nominal and optimized designs is shown in
Figs. 4 and 5.
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Fig. 3. Monte Carlo analysis of the antenna of Fig. 2 assuming Gaussian
distribution with o = 0.017 mm, using (a) EM simulations and (b) kriging
surrogate. The black plot indicates the response at the nominal design.
Horizontal line denotes 1.2 dB level (acceptance level for axial ratio), whereas
vertical lines indicate the frequency range of interest (5 GHz to 7 GHz).

TABLE I: YIELD ESTIMATION RESULTS FOR CP ANTENNA

Geometry .
Case  Parameter Yield Estimation Method Estlmated CPU[
L. Yield Cost
Deviations
Surrogate modeling (this work) 0.937 100
Gaussian
EM-based Monte Carlo 0.921 500
0=0.017 mm
EM-based Monte Carlo 0912 1,000
EM-based Monte Carlo 0.907 2,000
Uniform Surrogate modeling (this work) 0.635 100
II  ax. deviation EM-based Monte Carlo 0.610 500
0.05 mm EM-based Monte Carlo 0618 1,000
EM-based Monte Carlo 0.617 2,000

T Estimation cost in number of EM analyses. Feature-based yield estimation utilizes
N = 5000 random samples.

TABLE II: YIELD OPTIMIZATION OF CP ANTENNA

Case Geometry Parameter Yield Estimated Optimization
Deviations Status Yield cost'
Gaussian Initial 0.937
1 200
0=0.017 mm Optimized 0.998
Uniform max. Initial 0.635

I 300
deviation 0.05 mm Optimized 0.990

"Number of EM simulations of the antenna structure.
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Fig. 4. Monte Carlo analysis of the antenna of Fig. 2 using kriging surrogate
and assuming Gaussian distribution with o= 0.017 mm: (a) at the nominal
design, (b) at yield-optimized design. The black plot indicates the response at
the nominal design. Horizontal line denotes 1.2 dB level (acceptance level for
axial ratio), whereas vertical lines indicate the frequency range of interest (5
GHz to 7 GHz).
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Fig. 5. Monte Carlo analysis of the antenna of Fig. 2 using kriging surrogate
and assuming uniform distribution with maximum deviation of 0.05 mm:
(a) at the nominal design, (b) at yield-optimized design. The black plot
indicates the response at the nominal design. Horizontal line denotes 1.2 dB
level (acceptance level for axial ratio), whereas vertical lines indicate the
frequency range of interest (5 GHz to 7 GHz).

V. CONCLUSION

Reliable statistical analysis and robust design of circularly
polarized antennas has been proposed using sequential
approximate optimization. Our technique is simple to
implement and permits considerable reduction of the
computational cost compared to conventional EM-driven
Monte Carlo analysis. For a demonstration example of a
compact microstrip CP antenna, yield improvement (assuming
uniform distribution of manufacturing tolerances) from 63.5
percent at the nominal design to 99 percent at yield-optimized
design has been obtained at the cost of about 300 full-wave EM
antenna simulations.

ACKNOWLEDGMENT

The authors would like to thank Computer Simulation
Technology AG, Darmstadt, Germany, for making CST
Microwave Studio available. This work was supported in part
by the Icelandic Centre for Research (RANNIS) Grant
163299051, and by National Science Centre of Poland Grant
2015/17/B/ST6/01857.

427

(1

[2]

(3]

[4]

[3]

(6]

(7]

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

REFERENCES

Y.S. Chen, “Frequency-domain and time-domain performance enhancements
of ultra-wideband antennas using multiobjective optimization techniques,”
European Ant. Prop. Conf. (EuCAP), pp. 1-4, 2016.

B. Tian, Z. Li, and C. Wang, “Boresight gain optimization of an UWB
monopole antenna using FDTD and genetic algorithm,” IEEE Int. Conf.
Ultra-Wideband, pp. 1-4, 2010.

Y.H. Chiu and Y.S. Chen, “Multi-objective optimization of UWB
antennas in impedance matching, gain, and fidelity factor,” Int. Symp.
Ant. Prop., pp. 1940-1941, 2015.

S. K. Goudos, K. Siakavara, T. Samaras, E. E. Vafiadis, and J. N.
Sahalos, “Self-adaptive differential evolution applied to real-valued
antenna and microwave design problems,” IEEE Trans. Antennas
Propag., vol. 59, no. 4, pp. 1286-1298, Apr. 2011.

M. Ghassemi, M. Bakr and N. Sangary, “Antenna design exploiting
adjoint sensitivity-based geometry evolution,” IET Microwaves Ant.
Prop., vol. 7, no. 4, pp. 268-276, 2013.

S. Koziel, A. Bekasiewicz, “Fast EM-driven size reduction of antenna
structures by means of adjoint sensitivities and trust regions,” IEEE Ant.
Wireless Prop. Lett., vol. 14, pp. 1681-1684, 2015.

D.IL. de Villiers, I. Couckuyt, and T. Dhaene, “Multi-objective
optimization of reflector antennas using kriging and probability of
improvement,” Int. Symp. Ant. Prop., pp. 985-986, San Diego, USA, 2017.
S. Koziel, L. Leifsson, and S. Ogurtsov, “Reliable EM-driven
microwave design optimization using manifold mapping and adjoint
sensitivity,” Microwave and Optical Technology Letters, vol. 55, no. 4,
pp- 809-813, 2013.

R. Biernacki, S. Chen, G. Estep, J. Rousset, J. Sifri, “Statistical analysis
and yield optimization in practical RF and microwave systems,” IEEE
MTT-S Int. Microw. Symp. Dig., Montreal, pp. 1-3, Jun. 2012.

J.F. Swidzinski and K. Chang, “Nonlinear statistical modeling and yield
estimation technique for use in Monte Carlo simulations,” IEEE Trans.
Microwave Theory Techn., vol. 48, no. 12, pp. 2316-2324, Dec. 2000.
H.L. Abdel-Malek, A.S.O. Hassan, E.A. Soliman, S.A. Dakroury, “The
ellipsoidal technique for design centering of microwave circuits
exploiting space-mapping interpolating surrogates,” [EEE Trans.
Microwave Theory Techn., vol. 54, no. 10, pp. 3731-3738, Oct. 2006.

G. Scotti, P. Tommasino, and A. Trifiletti, “MMIC yield optimization by
design centering and off-chip controllers,” IET Proceedings - Circuits,
Devices and Systems, vol. 152, no. 1, pp. 54-60, Feb. 2005.

M. Sengupta, S. Saxena, L. Daldoss, G. Kramer, S. Minehane, and J.
Cheng, “Application-specific worst case corners using response surfaces
and statistical models,” IEEE Trans. Comput.-Aided Design Integr.
Circuits Syst., vol. 24, no. 9, pp. 1372-1380, Sep. 2005.

L.S. Stievano, P. Manfredi, and F.G. Canavero, “Parameters variability
effects on multiconductor interconnects via hermite polynomial chaos,”
IEEE Trans. Components, Packaging and Manufacturing Technology,
vol. 1, no. 8, pp. 1234-1239, Aug. 2011.

J.S. Ochoa, and A.C. Cangellaris, “Random-space dimensionality
reduction for expedient yield estimation of passive microwave
structures,” IEEE Trans. Microwave Theory Techn., vol. 61, no. 12, pp.
4313-4321, Dec. 2013.

S. Koziel, J. Bandler, A. Mohamed, and K. Madsen, “Enhanced
surrogate models for statistical design exploiting space mapping
technology,” in IEEE MTT-S Int. Microw. Symp. Dig., Long Beach, CA,
pp. 1-4, Jun. 2005.

S. Koziel and J.W. Bandler, “Rapid yield estimation and optimization of
microwave structures exploiting feature-based statistical analysis,” IEEE
Trans. Microwave Theory Tech., vol. 63, no., 1, pp. 107-114, 2015.

S. Koziel, and A. Bekasiewicz “Rapid statistical analysis and tolerance-
aware design of antennas by response feature surrogates,” IEEE
Antennas Prop. Symp., 2017.

S. Mohammadi, J. Nourinia, C. Ghobadi, J. Pourahmadazar and M.
Shokri, “Compact broadband circularly polarized slot antenna using two
linked elliptical slots for C-band applications,” IEEE Ant. Wireless Prop.
Lett., vol. 12, pp. 1094-1097, 2013.

T.W. Simpson, J.D. Pelplinski, P.N. Koch, and J.K. Allen, “Metamodels
for computer-based engineering design: survey and recommendations”,
Engineering with Computers, vol. 17, pp. 129-150, 2001.

CST Microwave Studio, ver. 2016, CST AG, Bad Nauheimer Str. 19, D-
64289 Darmstadt, Germany, 2016.


http://mostwiedzy.pl

