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Abstract— As technologies continue to shrink in size, mod-
eling the effect of process variations on circuit performance is
assuming profound significance. Process variations affect the on-
chip performance of both active and passive components. This
necessitates the inclusion of the effect of these variations on
distributed interconnect structures in modeling overall circuit
performance. In this work, first it is shown through field-solver
simulations that larger process variations lead to non-Gaussian
PDFs (Probability Density Functions) for the circuit equivalent
parameters of distributed passives. Next, a method for accurate
statistical analysis of coupled circuit-EM (Electromagnetic) sys-
tems without computing the equivalent circuit parameters of EM-
modeled objects is demonstrated. This method also obviates the
need to generate random variables representing the equivalent
circuit parameters, from distributions which are correlated, non-
Gaussian and non-closed-form. The proposed approach relies on
application of the Response Surface (RS) methodology to the
y-parameters of both the circuit and the distributed structures
independently and expressing the eventual performance measures
through a suitable combination of the y-parameters. The eventual
performance measures are expressed through a hierarchical
approach in terms of the underlying Gaussian random variables
representing the process parameters. A rapid Response Surface
Monte Carlo (RSMC) analysis on these derived response surfaces
furnishes the PDF's and can also be used to predict the yield based
on different qualifying criteria and objective functions.

I. INTRODUCTION

The increasing need for higher data rates is continuously
pushing the carrier frequencies of communication systems
higher. This trend is complemented by the scaling down of
device and interconnect dimensions that enable enhanced func-
tionality on a single chip. Unfortunately, technology scaling
and higher frequencies lead to increasing susceptibility of
circuits to process variations which produce lower yields. It
is imperative that schemes be developed in order to capture
the impact of process variations on the performance of circuits
[1]. To this end, there has been significant research on statis-
tical methods applied to circuit and interconnect performance
measures. One category of work looks at the problems of
clock skew and timing analysis in digital circuits ([2]-[5]).
The second category addresses the problem of estimating the
yield of the circuits based on performance metrics like gain,
slew rate, power and noise figure under process variations and
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are primarily aimed at analog and mixed signal circuits. The
work described in this paper falls into the second category. One
approach [6] is to use a combination of analytical techniques
and RS methodology to predict the statistical behavior of
performance measures from the distributions of lower level
process parameters. In another approach [7], RS methodology
has been used with a Technology CAD approach to determine
the spread of circuit performance measures. In a recent work
[8], accelerated methods for asymptotic evaluation of the PDF
of a random variable that can be expressed as a 2" order
response surface have been addressed. The techniques used in
this work significantly speed up PDF evaluation as compared
to performing Monte Carlo analysis.

Compared to the literature on statistical variability in cir-
cuits, little work has been undertaken in the area of statistical
study on the performance of EM structures although this is
of importance in present day design for manufacturability
analysis. The impact of variability on board level signal
integrity using TDR measurements, field solvers and RLGC
transmission line models in HSPICE has been addressed
[9]. In another work [10], a commercial field simulator and
linear regression tool have been used to perform statistical
analysis of filters on LCP substrates. Linear and piecewise
linear approximations are used for the objective functions in
terms of the varying parameters thereby producing Gaussian
PDFs. It has been found that for large standard deviations
of parameters contributing to variability of on-chip passives,
quadratic response surfaces are more appropriate. These lead
to a noticeable deviation from the Gaussian profile for PDF
of the desired objective functions. This observation is true for
circuit variability [8] as well as for variability with respect to
distributed structures, as will be shown in this paper.

With increasing frequency of operation, the on-chip passives
need to be modeled using field solvers in order to accurately
capture all the EM effects. Since process variations affect both
circuits and EM structures, there is a clear requirement for an
automated approach of combining the two analysis tools for
accurate prediction of the impact of process variations on the
overall circuit performance. One approach to do this would
be to include equivalent circuit models for the EM objects
in a SPICE-like simulator and use them in the construction of
the response surface(s). There are two impediments associated
with this approach. Firstly, using circuit models for EM objects
necessitates the complex step of generating parameterized,
passive, and accurate RLC models at high frequencies. Sec-
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ondly, since process variations are getting larger even for EM
objects, the PDFs of the circuit equivalent parameters defining
the passives will be non-Gaussian and correlated in addition
to being non-closed-form.

In this paper, first it is shown that the PDFs of equivalent
circuit parameters of distributed structures are non-Gaussian
for large process variations. Secondly, a hierarchical approach
is described whereby the higher level circuit performance mea-
sures are expressed in terms of the y-parameters of a linearized
network. This helps accurate computation of PDFs of the
overall circuit performance measures by avoiding the need
to compute the equivalent circuit parameters of distributed
structures. It also captures the overall circuit performance mea-
sures in terms of the basic process parameters characterized by
Gaussian PDFs. This facilitates the computation of the PDFs
of the overall circuit performance measures without undergo-
ing the burden of generating non-Gaussian, non-closed-form
and correlated random variables representing the intermediate
equivalent circuit parameters of the distributed EM structures.

The organization of this paper is as follows. Section II
reviews the EM field solver used in this work. The methodol-
ogy for statistical analysis is presented in Section IIl. Section
IV presents some results on the spiral inductor performance
measures. Section V combines the variability in the circuit
and distributed interconnect parts and presents the example of
an LNA. Section VI concludes the paper with a mention of
further issues to be addressed.

II. THE SURFACE INTEGRAL EQUATION BASED FULL-WAVE
FIELD SOLVER

The PMCHWT[11] (Pogio-Miller-Chang-Harrington-Wu-
Tsai after the original contributors) formulation decomposes
the original problem into an equivalent set of interior and ex-
terior problems. The scattering due to each object is then com-
puted via the equivalent electric and magnetic surface current
densities. This is the field solver used for the examples in the
current work. However, in practice, any field solver which can
compute terminal y-parameters (or equivalently s-parameters)
can be used. This section presents some background about
the theory behind the formulation and implementation of the
PMCHWT based field solver.

The cornerstone behind the PMCHWT method is the surface
equivalence principle, that is a mathematical model which
permits the replacement of a homogeneous volumetric material
region by its bounding surface. The electromagnetic effects
are captured by including equivalent electric and magnetic
surface currents. These currents are solved for by the Method
of Moments [11].

Further, the tangential components of the “real” electric and
magnetic fields have to be continuous across the boundary. In
a region characterized by permittivity € and permeability u,
the scattered electric and magnetic fields are given by
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where A, F, 1, ¢ are the magnetic vector, electric vector,
magnetic scalar and electric scalar potentials respectively.
These are given by

A = L /S G, ¥)I(x )ds (2a)
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where r, r are the observation and source points, S is the
source region and p, ¢ are the equivalent electric and magnetic
charge densities obtained by continuity equations

V-J+jwp
V-M+jw( =

(3a)
(3b)

o

G(r,rl ) is the 3D full-wave Green’s function in the region
where the scattered fields are computed, given by

e—jk\r—r/|

G(r,r) = 4)
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Lossy materials can be easily handled by setting ¢ =
(1 t R
mittivity, relative permittivity of the material and conductivity
of the material respectively. The wave number will then be

€0€r ), where €g, €, and o are the free space per-

k= w\/(ueo (1 + ijEO)). The quantity |r-f\ denotes the
distance between the source and observation points.

The continuity of the tangential fields along with the set of
equations (1) yield the governing equations of the PMCHWT
formulation [11]. Triangular elements which are very popular
in computational EM owing to their ability to model the
surface of arbitrarily shaped 3D objects are used to discretize
the individual objects. The equivalent electric and magnetic
current densities are expressed as linear combinations of the
popular Rao-Wilton-Glisson (RWG) [12] basis functions de-
fined over triangle pairs. To solve for the unknown coefficients
a Galerkin testing procedure is adopted. This results in a
matrix equation of the form Zi = v, where Z represents the
impedance matrix, i represents the vector of unknown coeffi-
cients for the current density and v represents the excitation
vector. When the frequency is high enough so that the metal
thickness and width are greater than twice the skin depth,
then the lossy metal part can be accurately modeled using
an equivalent surface impedance. The excitation is introduced
in the form of delta-gap sources which are defined around
specific RWG edges. Solving for the port currents will directly
yield the y-parameters of the device while taking into account
all the electromagnetic effects.
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III. THE STATISTICAL ANALYSIS METHODOLOGY

The flow for the proposed methodology for statistical anal-
ysis of coupled circuit’-EM systems is summarized in Figure
1. The sources of variation in the circuit part and EM objects
are identified a priori. Stepl invokes a SPICE-like circuit
simulator for measuring circuit y-parameters. Step2 conducts
full-wave EM simulations for EM objects. Steps 1 and 2
can be run concurrently at the sampling points given by the
parameter list. Steps 3 and 4 are alike in the sense that they
generate response surfaces for y-parameters, though the former
deals with circuit part and the latter with y-parameters of the
EM modeled objects. Steps 5 and 6 compute each of the y-
parameters required for rapid RSMC analysis. Step 7 involves
computations of the objective functions from these complete
sets of y-parameters for the circuit and EM objects. The output
of step 7 is used to bin the samples in step 8 and to furnish
the PDFs of the overall circuit performance measures in step
9.
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Fig. 1. Flow to extract PDF of circuit performance metrics.

The coupled circuit-EM system is decoupled at the points
where the EM objects connect to the circuit part. Suppose ‘N’
EM objects connect to a circuit to form an overall circuit-EM
system. It is useful to define circuit ports at the locations where
the EM objects connect to the circuit part. Each of these EM
objects can be characterized as a single or multiport passive
device by means of a field solver.

Casting these details in equation form will further clarify
this flow. Let G represent a high level circuit performance
measure, for example the gain of a low noise amplifier. Let
Yicirs =1 t0 Nejpr and yj..,, j=1 to Ny, represent the y-
parameters of the circuit part and the EM parts respectively.
From network theory, it is possible to write

TThe term ‘circuit’ is used to denote the overall subsytem under con-
sideration (for example a low noise amplifier) and also to denote the lumped
portion of the system without the EM objects. The meaning implied is evident
from the context.

_ fl(ylcir7 Y2cir s Ylemr Y2em> )
= )
fQ(ylcir7 y2cir"'7 ylem’ y28m7 )

Here f; and f5 are functions of some or all of the circuit
and EM y-parameters. Now each of these y-parameters are
expressible as quadratic response surfaces of the underlying
Gaussian random variables which represent the process vari-
ations. Thus in a hierarchical manner we can express the
eventual performance measure as

G: gl(plci,-7p29ira"'aplem7p26m7"') (6)
g2(p1cir7p2cir’ "'7plem7p29m7 )

where D1, .P1em-- T€present the Gaussian process-dependent
parameters for the device and the EM structures. By casting the
high level circuit performance measures in the above form, the
extra step of evaluating the equivalent circuit parameters of the
EM objects (typically done by optimization or iterative fitting
procedure) is eliminated. Also, the complexity of the response
surface has been reduced by bringing down the number of
variables invlolved. Finally, the steps needed to generate
non-Gaussian, correlated and non-closed-form PDFs (shown
later) for the equivalent circuit parameters of the EM objects
have been obviated. Further, instead of assuming a Gaussian
distribution with fixed percentage standard deviations for the
equivalent circuit parameters of the distributed structures, the
field solver based characterization through the y-parameters
will automatically capture the exact statistics (including non-
Gaussian pdfs for larger process variations) of the distributed
structures by using only the Gaussian statistics of the basic
process variables affecting their response.

The variables representing the process variations are usually
modeled as Gaussian random variables. They can be indepen-
dent or correlated. Given the covariance matrix, it is possible
to generate vectors of correlated Gaussian random variables
through a Cholesky decomposition of the correlation matrix
[18]. Principal Components Analysis (PCA) [18] can be used
to transform a large number of possibly correlated random
variables into a smaller number of uncorrelated variables. The
important point to note is that both response surface generation
and PCA must handle the process parameters of the EM
objects and the circuits separately.

As pointed out earlier, linear response surface techniques
which lead to Gaussian output profiles for Gaussian input
profiles are not accurate enough to model the growing process
variations with each IC technology generation. Therefore, a
274 order response surface modeling [13] is utilized. If the
objective function y, depends on a vector of input variables
[x1, 22, ..., T,], a quadratic response for y in terms of the input
variables implies that y is expressible as

Yy =ao+ a’x +x"Bx (7)

where x is the n column vector of the input variables, a
is the n column vector of the linear term coefficients and
B is the n x n matrix for the coefficients of the nonlinear
terms. Let there be m evaluations of the objective function.
For a linear response surface, the coefficients are determined
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by minimizing the least square error of a typically over-
determined system, by the solution to the equation

A = (XTX)"XTy 8)

where X is the matrix of size m X (n + 1) where the first
column is all ones and the remaining entries are formed
from the values of the input variables x; corresponding to
the particular objective function evaluation. The vector v is
comprised of the observed values of the objective function.
The 2"¢ order response surface is constructed similarly by
introducing new variables for the square and cross terms.

The response surfaces for the y-parameters of the EM
objects are constructed in terms of the corresponding geometry
parameters and electrical properties. Similarly for the circuit
part, the y-parameters for the N-port system with all the
EM objects removed is considered and the response surfaces
are built for all the port y-parameters. A simple network
analysis following this will yield performance measures like
gain, input/output impedance, and input reflection coefficient
in terms of these y-parameters. These concepts are further
illustrated in Section V which considers the example of an
LNA.

IV. STATISTICAL PERFORMANCE ANALYSIS OF SPIRAL
INDUCTORS

This section focuses on the statistical study of on-chip
spiral inductor performance. Spiral inductors are used in
many critical blocks such as LNAs, delay lines, VCOs, and
transformers. As analog/RF technologies migrate to 90nm
and smaller, process variations directly impact spiral inductor
performance. The authors in [14] consider optimization of
inductor parameters under process variability by using circuit
models for the inductor. This includes geometrical parameters
whose effects can be studied very well with field solvers.
Another parameter of significance is the substrate conductivity.
CMOS grade silicon has bulk conductivity which is quite
high and variable [15]. When distributed interconnect based
structures are built on doped silicon, the local doping density
varies randomly and hence the conductivity also varies. Thus
it becomes essential to model the substrate conductivity varia-
tions accurately since the quality factor (Q) is heavily impacted
by substrate conductivity [16]. In addition, lithography and
DFM constraints result in geometries becoming more prone
to large variations as feature sizes get smaller.

In this work, three independent variables are selected for
the statistical analysis of spiral inductors; the track width of
the metal layer in which the inductor is fabricated, the oxide
thickness and the substrate conductivity.

A 3.5 turn square spiral inductor with an outer diameter of
100 pm, track width of 5 pm, track spacing of 2.5 um in an
RF CMOS process is designed to produce an inductance of
1.3 nH. The frequency of operation is 15.78 GHz.

A three-variable, full factorial design has been adopted to
construct the response surfaces. The overall oxide thickness is
the sum of the individual oxide thicknesses used in the process.
If each of these oxide thicknesses is an independent Gaussian
random variable with mean pr,,. and standard deviation

O Ty » the overall oxide thickness is also a Gaussian random

=Nox

variable with mean 22:1 and standard deviation

HTox
,/Zzzivc’x O'%OX_. In these examples, N, is chosen to be 6.
It should be not'ed that for all the parameters encountered, the
three levels of the design are taken to be © — 50maq, iy 1t +
50 maz, Where o,pq. 18 the maximum standard deviation of the
process parameter encountered. The response surfaces for the
magnitude and phase of the required 2-port y-parameters for
the inductor are built using the results from the field solver
simulations.

An error analysis is performed on the 1°¢ and 2"? order
response surface models to test the goodness of fit. Results
are furnished for a set of 4 parameters which include a mix
of sensitive and non-sensitive parameters. It can be seen from
Table I that the error values are significantly lesser for the 2"¢
order response surface model.

TABLE I
ERROR ANALYSIS FOR FIRST AND SECOND ORDER RESPONSE SURFACES
Sample 15T order 2Nd order
function | Avg error | Max error | Avg error | Max error
[Ya2] 0.68% 2.13% 0.31% 0.82 %
[Ya1] 0.69 % 2.10% 0.32% 0.73%
YY1 0.37% 1.1% 0.1% 0.26%
ENEP) 0.2% 0.68% 0.04% 0.13%

Performance measures selected are the inductance L, series
resistance R and the input quality factor Q. The definitions
used for these follow [17].

imag(5%)

L = - onf (%a)
_ imag(Y11)
@ = real(Y11) (Ob)

The response surfaces for the y-parameters are built and
the objective functions are described in terms of these y-
parameters. A rapid RSMC then furnishes the required PDFs.
Results for L, R and Q for two types of variations are presented
in figures 2, 3 and 4 respectively.

100

Type 1
80r o\ mmmmm Type 2

60

PDF of L

.

1.3 1.32 1.34 1.36
Extracted L in nH

Fig. 2. Influence of variation on the PDF of extracted inductance.

Type 1 has standard deviations of 5% of the total range of
variation considered for all the varying parameters. Type 2 has
standard deviation of 10% of the total range considered for all
the varying parameters.
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Fig. 3. Influence of variation on the PDF of extracted series resistance.

It is noticeable that the obtained PDFs for the extracted
inductance L and the series resistance R are non-Gaussian for
larger variations. To confirm this, the skewness of the PDFs
for L, R and Q are calculated. The skewness of a pdf, « is
defined as follows [5].

3
o B =) w0
o

For a Gaussian PDF, the skewness is zero. For type 1
variability, the skewness of L and R are 0.28 and 0.25
respectively while for type 2 variability they are 0.55 and 0.48
respectively showing the non-Gaussian nature of these PDFs.
The correlation between them is found to be 0.1.

12 _ 14 16 18
Quality factor

Fig. 4. Influence of variation on the PDF of extracted input quality factor.

The change in the PDF for the extracted series L (for type
2 variation) from Gaussian to non-Gaussian due to 2"¢ order
modeling is depicted in Figure 5. This is confirmed from the
skewness values for the two PDFs. The 15t order model gives
a skewness of 0.02 and the 2"¢ order gives a skewness of
0.55 for the PDF of L. This reinforces the claim that for larger
process variations, 2" order modeling which is more accurate,
leads to non-Gaussian PDFs for the extracted equivalent circuit
parameters of EM objects.

V. Low NOISE AMPLIFIER

The proposed methodology has been applied to the statisti-
cal analysis of performance metrics of a Low Noise Amplifier
(LNA). An LNA with an operating range extending from 15.33
GHz to 16.23 GHz, and a center frequency (f.) of 15.78 GHz
is represented in Fig. 6. The gain in the absence of process
variations is 17 dB. The minimum achievable noise figure is

80,

Linear RS
- === Quadratic RS

701

60}
50
[

0 40l
g 30

20r

1928 13 136

132 L34
Extracted L
Fig. 5. Change in the PDF shape from 15t to 279 order modeling.

1.8V

500hms 1.3nH

Fig. 6. The LNA schematic.

1.92 dB. The single-ended LNA [19] in Figure 6 has been
designed using an RF CMOS process in 0.18x technology.
In this paper, random variations in gate oxide thickness,
zero body-bias threshold voltage and reduction in channel
length have been taken into account. The dependence of zero
body-bias threshold voltage on oxide thickness is captured
using correlation between these BSIMv3 SPICE MOSFET
model parameters. Intra-die variations have not been taken into
account in this paper.

An automated flow has been developed to extract all the
necessary y-parameters of circuits that contain EM objects.
The LNA circuit depicted in Figure 6 is one such example. The
circuit ports to which inductors connect become candidates
for circuit y-parameter measurement. A black box approach,
inherent in y-parameter extraction automatically encapsulates
all the intrinsic parasitics of the MOS transistors. All circuit
and EM simulations are performed at a single frequency of
15.78 GHz.

Response surfaces are constructed for each of the y-
parameters by means of a three-variable, full factorial design
as in the case of the inductors in Section IV. As before, the
levels selected are (it — 50maz), p and (4 + 50pqz)- In this
case, b0 has been taken to be 25% of the mean value for
each parameter.

Each inductor may appear in one of the two configurations.
It may have one port shorted to the ground or it may retain the
complete 2-port topology. The former configuration facilitates
replacement by an equivalent admittance for a more simplistic
view of the network. The latter configuration requires the
retention of 2-port y-parameters for the inductor.
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Fig. 7. Y-parameter port definitions for LNA circuit.

The interconnection between the circuit and three inductors
for the aforementioned LNA circuit is outlined in Figure
7. There are four sets of y-parameters, one belonging to
the circuit and the other three belonging to the inductors
respectively. The circuit y-parameters are identified by the
superscript ‘c’ while the y-parameters of the three inductors
are superscripted by ‘117,21’ and ‘3L respectively.

For the ‘Inductorl’, the y-parameters are inclusive of the
source admittance Y, in Figure 7.

The system of linear equations that needs to be solved in
order to calculate all the node voltages of the circuit can be
expressed in matrix form as:

Y5 + ysx YSo YSs vy —yatfvin,
Y51 YSo + it Y53 ) va | = 0
Y51 Yo Yss + Uit |vs 0
(11)
w3 —yst (Y5152 — Y51Y5e — Ysivit) (12)
Vin o A

For the LNA circuit configuration depicted in Figure.
7, the inductor labeled ‘Inductorl’ is modeled as a 2-port
network while the two grounded inductors are modeled as
impedances of values (ﬁ) and (ﬁ). The node voltage vs
in equation (11) actually represents the small-signal gain of
the LNA circuit for a 1 Volt AC input applied to v;,. The
small-signal voltage gain can also be expressed as a transfer
function involving combined y-parameters of the circuit and
inductor elements, as shown in equation (12). The term A
represents the determinant of the matrix involving circuit
and EM y-parameters. Similarly, quantities like input/output
impedance and input reflection coefficient are calculated by
using closed form expressions in terms of both circuit and
EM y-parameters. An RSMC analysis will furnish the desired
PDFs. Some results are presented for the LNA performance
parameters.

Figure 8 represents the PDF of the gain for two different
types of variations as described in Section IV. PDFs for the
absolute value of the voltage gain and the gain in dB are shown
and both are observed to be skewed. This is to show that the
skewness is not due to expressing the gain in dB. The PDF
of the gain in dB (skewness of (-1.51, -2.14)) is more skewed
than the PDF of the absolute value of the gain (skewness of
(-1.38, -1.78)) as expected. An interesting observation is that
the gain mostly worsens from the mean design in the presence
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Fig. 8. PDF of the Gain for 2 different variations at fc.

of process variations and this effect is enhanced by taking into
account the variability in the EM objects.

—Type 1
----Type 2

The PDF of S11
o
N

R TR R T
S11 ?n dB

Fig. 9. PDF of the S11 in dB for 2 different variations at fc.

Figure 9 shows the PDFs for the input reflection coefficient
for the same two variations. Finally, Figure 10 shows the PDFs
for the output impedance. A calculation of the skewness is
made for all the PDFs and are summarized in table II.
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o
o
[*3)

o
o
(9]

o
o
iy

o
o
N

The PDF of the output impedance

P 300 320 340 360 380
Output impedance in Q

Fig. 10. PDF of the Zout in dB for 2 different variations at fc.

Analysis is done both with and without the variability of
EM objects. It can be seen in Figure 11 that variability in EM
objects affects the PDF of the gain significantly. The circuit
variability has been kept the same in both cases. All variations
are type 2 variations as explained previously. This is confirmed
by calculating the skewness measures for both the PDFs. The
one without EM variability has a skewness of -0.34 while the
one with EM variability has a skewness of -1.67.
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Fig. 11. Effect of EM variability on the PDF of gain at fc.

TABLE II
SKEWNESS FOR THE DIFFERENT PDFS OF LNA PERFORMANCE

LNA parameter | Type 1 | Type 2
Gain -1.51 -2.14
S11 -0.94 -1.73
Zout -1.73 -2.10

Also the kurtosis for these PDFs range from 4.9 to 9.5
showing a significant deviation from the kurtosis of a Gaussian
PDF which is 3. Table III shows the yields for different criteria
of performance parameters of the LNA in order to demonstrate
the effect of process variations.

TABLE III
YIELD TABLE

[ Circuit Performance [ Typel Variation | Type2 Variation |

Gain > 16.5 dB 89.28% 70.45 %
S11 <-15dB 96.58 % 77.85 %
Overall 86.23 % 50.06 %

VI. CONCLUSIONS

This paper proposes a methodology for statistical analysis
of coupled circuit-EM systems. It was shown by the statistical
analysis of the on-chip spiral inductors that the extracted cir-
cuit equivalent parameters exhibit non-Gaussian PDFs. These
PDFs become more skewed for larger process variations. This
stems from the fact that for larger process variations, the
objective functions have to modeled using a 2% order response
surface. The circuit and EM objects are decoupled at the
points where the EM objects connect to the circuit in the
netlist. Then the two parts are characterized separately using
y-parameters which are built as response surfaces in terms
the basic variational parameters in the circuit and EM parts.
These parameters are modeled with Gaussian PDFs. Then the
two parts are combined and the terminal quantities of interest
are computed using these y-parameters. Thus the eventual
objective functions are captured in terms of Gaussian random
variables. This facilitates a rapid response surface Monte Carlo
analysis to obtain the desired PDFs. This further enables
calculation of yield measures based on criteria for multiple
objective functions. An automated flow has been developed to
do the statistical analysis on different performance parameters
of an LNA. It has been shown that the inclusion of statistical

variability in the EM objects is very essential for capturing
PDFs of the final performance measures accurately.

Future work will focus on hierarchical and adaptive re-
sponse surface generation to minimize the number of calls
to the field solver, rapid incremental designs within the field
solver, and the application of the proposed methodology to
larger-scale subsystems.
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