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Abstract - In this paper, we present the WCIP iterative
procedure (Wave Concept Iterative Procedure) for solving
continuity conditions in terms of wavesrather than in term
of tangential fields providing a mixed resolution in spatial
and spectral domain taking the best advantage of each
resolution domain and lower computation time. The spiral
inductor with patterned ground shield is taken as an
example of multi-layer structures; the results are in
reasonably good agreement with the experimental data.

I. INTRODUCTION

Silicon-based technology offers many design
parameters to conceive passive elements in particular the
different interconnect levels allowing optimized
conceptions [1-5]. For simulations in the spatial domain,
thin multi-layer stacks are responsible of highly increased
calculation complexity. We will focus in this work on
spiral inductors with patterned ground shield and on their
modeling with the Wave Concept Iterative Procedure
(WCIP) [6]. Spatial domain provides the versatility in
circuit description while spectral domain ensures reliable
description of multi-layer substrates.

1. GENERAL THEORY

The efficiency of WCIP is mainly result of the
building of an iterative procedure, which avoids the
inversion of the integral operator to solve the boundary
conditions problem owing to its waves based formulation.
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Fig. 1 Theideal WCIP structure and the equivalent

electromagnetic circuit

A. Definition of the waves

According to the surface S in Fig. 1, the waves are
defined as a linear combination of the tangentia fields
as:
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with Z, an arbitrary wave impedance, E; and H; the
electric and magnetic tangential fields to the surface and
n the outgoing normal to the surface.

B. Boundary continuity conditionsin terms of waves

On the printed surfaces, the boundary conditions on
tangential fields are translated in terms of waves ; on the
metallic sub-domain Dy, the cancellation condition of
tangential electric fields E, =E, =0 ( the subscript
i=1,2 refers to the two sides of the printed surface )
yields, from the definition (1), thefollowing S matrix to
represent the continuity conditions:
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On the dielectric sub-domain Dp, the conditions

E,=E, and J, +J, =0 give:
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C. Integral operator in the spectral domain

As far as separable geometry is concerned, the set of
functions associated to both TE and TM transverse
electric fields provides a complete set of orthogonal basis
functions suitable to expand electric fields in the boxed
structure as[6-7]:

E.(xY)=Q &, 5 () (®)

amn

in which a denotes the TE and TM mode functions. The
magnetic field is expressed as :

J(xy)=H(Xy) n= & a, Y, i (xy) (6

The expressions (5) and (6) support the expansion in
the spectral domain of theintegral operator Y defined as:
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Hence, from definition (1), the waves can be expanded
on the same set of basis functions than the tangential
fields and the G operator such that B, = GA , where i

=1,2 refersto the sides of surface S, has the general form :

G=a|fnn)Gha(fan ®

J=YE with Y=4§

a,mn

Applying G simply consists in multiplying the modal
amplitude of the waves by the corresponding numbers
G'=and G™in (8), such that
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D. Integral operatorsin multi-layer structures
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Fig. 2 Typical multilayer structure (a) and the equivalent
electromagnetic circuit of the problem (b).

The relations between the waves on each printed
layers are sketched in the equivalent electromagnetlc

circuit in Fig. 2-b by the integral operators Y Y and

Q related respectively to the upper half space, the

substrate under the M2 metal level and the oxide
between the metal 1 (M1) and the metal 2 (M2). All of
these operators are handled through their reflection
coefficient-like version whose spectral expansion form
isgivenin (8).

The modal admittance, Y’ 3y, used in (7) to build the
operator form (9) of \?3 isgivenby :

Y5m,n = Ya’n,n COSh(gSmnh5)
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with g, mip” +ﬂ- ke, » i = 1,23, refers to the

im n_ az b2
layeri, aand b to the dimensions of the calculation
box and Yin,» the mode admittance of modesm, n.

The two port operator@1 has a spectral expansion in
the following form :
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E. Iterative procedure

The whole printed surface being discretized by
pixel-like functions, collecting for each sub-domain the
S-relations (2-4) described in the previous section, the
scheme of the successiveiterationsisgivenby :

} (10)

The toggling between the spatial and the spectral
representation of the waves A and B is ensured by afast
modal transform quite similar to the fast Fourier
transform which takes advantages in the pixel-like
discretization of the printed surface ( see flowchart 1).

Let P be the number of pixelsand N the number of
iterations, the total number of operations Nt for a
simulationisgivenby :

B=SA+B,
A=GB

inthespatial domain

inthespectral domain

Nt = 4NP( 1+ 3In P) (11)

while usual moment methods require (kP)®/3 operations

with K being the ratio between the metallic part of the
circuit and the total surface.
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Flowchart 1 Theiterative procedure of the waves

I11. MODELING OF THE SPIRAL INDUCTANCE

The equivalent circuit of a spiral inductor on silicon
substrateis shown in fig. 3.
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Fig. 3 Theequivalent circuit of the spiral inductor

The lumped elements in the p-network of the spiral
inductor are extracted from the calculated scattering
matrix and the quality factor of the spiral inductance is
deduced by the expression given by Y ue and Wong [3].

IV.NUMERICAL RESULTS

The nominal technological parameters of the one turn
and half self Inductance in Fig. 4-b considered in this
work are 20 W-cm silicon substrate with a 1.5 um thick
diffusion layer, 0.5 um and 6 um of oxide, respectively.
The metal thickness of the inductor is 3 pm with
conductivity of 3.3*10" S/m. The conductors and the line
spacing are 26 um and 8.66 pm wide, respectively, the
overall dimensions are 260*260 um2. The patterned
ground shield is fabricated using 0.3 um thick poly-
Silicon. The spiral and the ground shield are separated by
6 um oxide. After WCIP calculation, current density and
electric field arein readily obtained. The magnitude of the

electric field distribution on the inductor layer and the
patterned ground shield layer isdisplayed in Fig. 5

dl=3mm,s =3.310 S/m

hl=6nMm,€el=45
h2=0.5nm,e2=45
h3=15nmm,e3=11

d2=0.3 nm
h4 =380mMm
e4=11, r =20 W.an

(a)

Fig. 4 (a) Modeling of the multi-layer circuit, (b)
meshing of the printed structure of the spiral inductor
and, (c) Patterned ground shield

(b)

Fig. 5 Computed electric field distribution (a) on the
inductor and, (b) on the patterned ground shield layer
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Fig.6 Comparison of the experimental resultsand the
simulation (WCIP) ) with Patterned Ground Shield (PGS)
and No Ground Shield (NGS) (a) inductance and,
(b) quality factor

TABLE 1
Comparison of the experimental results and the
simulation ( WCPI ) ) with Patterned Ground Shield
(PGS) and No Ground Shield (NGS)

Results Measure WCIP WCIP
(PGS) (PGS) (NGS)
Qmax 16.45 15.3 10.5
Ls (nH) 1.50 1.42 1.28
Rs (W) 1.2 0.92 13
C;s ( fF) 13.5 12 12
R, (W) 3.80 1.20 0.68
Cp (fF) 258 145 127
fomax (GHz) 2.3 2.3 2.3

In Fig.6 and Table 1 the results are confronted to
measurements and the influence of patterned shield is

outlines and shows a Q-factor improvement of around 5

unitsin comparison with the bottom ground plane case.
Fig.7 presents a comparison between the number of
operations ( Nt) in standard Moment Method (MOM) and
WCIP for different numbers of iterations in equation (11).
WCIP isindeed seen as a good candidate to introduce for
example grating ground planesin the simulations.
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Fig. 7 Comparison of the number of operations
between Moment method ( K=0.5) and WCIP versus the
number of iterations

V. CONCLUSION

W(CIP which allows the description of complex and
multi-layer design is seen properly conceived to apply
to integrated circuit modeling without resorting to
extensive computation times; it appears as an efficient
aternative to the standard moment method in these
2.5D and 3D configurations. This method was applied
to the analysis of the spiral inductors topologies
including those requiring more than one metal level
with patterned ground shield. The results were favorably
compared to measurement and published results.

The WCIP method presented in this paper is
expected to have wide applications in multi-layer IC’s.
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