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Inductance Extraction of Multilayer Finite-Thickness is simulated by circulation currents with piecewise-constant density.
Superconductor Circuits This numerical technique is proved enough and leads to the system of

linear equations with positively definite symmetric dense matrix. The

Mikhail M. Khapaev results of calculations for a substantially 3-D problem, strip over hole

in ground plane, are presented.

. . ) o The numerical technique and program of current research are not
__Abstract—in this paper, an efficient numerical technique is presented for o yricted to only superconductor circuits. Setting London penetration
inductance extraction and current calculation in multilayer planar super- denth h be imol df . . |
conductor microelectronic circuits. The rigorous definition of a three-di- ~ d€Pth to zero, the program can be implemented for quasi-static anal-
mensional problem based on London equations and stream function is pre- Ysis of perfectly conducting foils with possible application to various

sented. The finite thickness of conductors is taken into account. The results transmission-line discontinuities, baluns, and inductors.
can be directly applied to perfect and extended to normal conductors.

Index Terms—Finite-element method, impedance, inductance, normal Il. PRELIMINARIES
conductors, perfect conductors, sheet current, stream function, supercon- . ) .
ductivity. In this paper, we study the currents in conducting layers separated by

layers of dielectric. Let,, be the thickness of conducting layers and
dy be the thickness of dielectric layers, andn be the numbers of the
. INTRODUCTION layers. Conducting layers can contain few single-connected conductors

In this paper, the problem of three-dimensional (3-D) electroma@f arbitrary shape. Let the number of conductors in all layer¥’band
netic modeling of superconductive multilayer planar multiconnectdfe total number of holes in all conductors will Be,. Each conductor
microelectronic circuits is considered. These circuits can be digital, §fn have current terminals.
perconducting quantum interference devices (SQUIDs), some moderiror alarge class of microwave and digital circuits, it can be assumed
high-T.. [1], [2], or microwave devices. )

The shape of modern circuits can be very complex. Magnetic field in
such layouts essentially has a 3-D structure. This circumstance practi- e LTt KT Am ~ tm @

cally excludes the implementation of simplified two-dimensional (2-D)heret is the typical lateral size of the circuit in plate, y), and,»
models, transmission line or planar [2]. is the London penetration depth. o
One of the problems we meet is that conductors cannot be acceptefl,-h conductor occupies space domEin = Sn, x [hC,, Bl

g
as infinitely thin because the thickness of conductors and dielectfjc _ |

'TIL]I
! ‘ .., N.. The 2-D domainS,,, is the projection of the con-
layers and London penetration depth are of same order of magnitygietor on the planér, y). We call the boundary of the conducts,.,
3], [9]; ) . the boundary of the prOjectioﬁm. LetdSy., « be the boundary of the
Earlier, the problem of 3-D inductance extraction for supercondufg|e with numbei: anddS..:. . be the external boundary of theth

tors was considered in [3]-{6]. These works are based on a technigugqyctor. We assume that all current terminals are on the external
that is known for normal conductors [7] as the partial-element €4Ui¥sundary of the conductors.

alent-circuit (PEEC) method. For superconductors, the most completerye magnetic field is excited by currents circulating around holes

realization of this method is presented in [3]. It was found [3], [2] thalnq cyrrents through chains of terminals on the conductorsVLée

pr.actical calculations can b.e very time and memory consuming evgll number of these terminal chains. Thus, the total nuriber ; +

with fast solvers [8]. Thus, it was necessary to continue the develog; of excitation currents is the dimension of the inductance matrix. As

ment of a more efficient numerical technique. the extraction of the inductance matrix includes the current simulations,
The implementation of stream function (BFfunction or vector po- e wjll concentrate on the problem of inductance calculation.

tential representation) can overcome these problems. For further convenience, I&, P, stands for points in 3-D space, and
For inductance calculation of perfectly conducting foils (sheet cuf- . - stands for points on plane. Also, consider differential operators
rents), a stream function was u.sed in[10]. In our case, methods [10] 8= 9/0x,0, = 0/9y, andV,, = (9,. 9,)
inadequate because we consider more complicated structures. More-
%/E:bt/r;%numerlcal technique [10] is not accurate enough and can qﬁ. L ONDON EQUATIONS FORCONDUCTORS OFFINITE THICKNESS
In this paper, we propose a new numerical approach, which can im-The basic equations for further coDsideration are static London equa-
prove the PEEC method for planar objects. The rigorous definition 69ns [1]. Let; be the current densityj be its magnetic field, and be
the problem based on London equations and stream function is pfee London penetration depth. The basic equations are
sented. All excitation currents are defined by simple boundary condi- 5 4 =
tions of the first kind in the way similar to Laplace equation. The matrix A"V X j + B =0, @)
of self and mutual inductances is defined using full energy. VxB= 1oJ- 3)
The numerical technique of current research is a further development
of [11]. The finite-element method on a triangular mesh with linedrrom (1) andr, y components of vector equation (2) folloyis ~ 0,
finite elements is used. For these finite elements, the current dendit J(z, ¥). Thenz-component of (2)

1o (927, (Po) = 0,72 (Po) ) + B(Po) = 0 @)
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The magnetic field in (4) is calculated by means of average currdmiundarysS,... We define the total current circulating around a hole
density.J,, (r)/t. and the Biot—Savart formula in S,, as the total current through any curve joinii§®, and the
N boundary of the hole. The total current does not depend on the choice
~ o =~ [ 1o i 1 ‘ of the joining curve.
B(h) = A Z /‘ t Jn(r) X Vp |P — P dvp.  (6) Substituting (13) into (9), we obtain the set of equations for functions

n=1

U (r),m =1,..., No
Consider London penetration depth for films N
. y 1 INg o fo . i B
)\7877 = )\7277/tm (7) _/\mAl" m(r0>+E Z] // (vlt 77,(7“), vvr‘men,(r, r())) d‘?, =0.
=S,
Averaging (4) over the thickness of conductors, we obtain the following (14)

equations for the sheet currents in conductors . .
Let I » be the full currents circulating around the holes

A (8T 5 (70) = 8y T, 2 (r0)) @8 *=1..... Nu, the boundary conditions for (14) are then
N, op ,
- — v = J
+ L Z // (Jn (71) X vm/Gmn,(‘r-/ 710)> dSr = O I/hn(r) _Ih’k, T E aSh’kV L - 1’ Tt Z\k (15)
4m g z Ym (1) = F(7), 7 € OSext,m; m=1,...,Ne. (16)
©) FunctionF:,.(r) is defined by the properties @f(r) and terminal cur-
wherer, € S,..m = 1. ..., N., and rent distribution.F’,.(r) are linear in the limits of terminals, are con-
' U stant on the nonterminal boundaries, a@g(r) = 0 ondS%,, m =
-hl h 1 N.
m n 1 5 5 ce
G (1, 10) = T /10 dzo /ho oD dz. (10)  Equation (14), together with boundary conditions (15) and (16),

completely define the current distribution in the circuit and allow us to
Equation (9) must be completed by the charge conservatiortow define the inductance matrix.
Jn=0,m=1,..., N..KermnelsG,.. (r, 7o) (10) can be calculated ~ Perfectconducting foils are incorporated in (14)—~(18y;if = 0 and
analytically and have logarithmic singularitysif= ro. For smallx, kernels are as shown in (11).
calculations with this singularity can be unstable. Therefore, we sub-
stitute both of the one-dimensional integrals in (10) by quadrature for- V. MATRIX OF INDUCTANCES
mulas of rectangles or trapezoids.

Forh,, € [hY, L], the formula of rectangles gives us the following,
kernels:

For the definition and calculation of an inductance matrix, we use an
ergy approach. The functional of full energy has the form [1]

N
1< f - -
Grun(r70) =1 [Vl =10 + (b = b 2. (12) E=3% / (oA (PY +.J(P)- A(P))av (a7)
n=1 '

Obviously (11) is an infinitely thin current sheet approximation where - - - .
sheets have heights, . In this case, values, are fitting parameters of Where- is a vector potentials = V x 4. For the stream function,
the method. the approximate expression for full energy is

To avoid fitting parameters that have a strong influence on the ac- Ne  pp
curacy of the method, the trapezoid formula is used.;koe »,the F = ”_0 Z // A;‘(Vul'n)z ds,,
kernel has the form 2 = d.

I N o pr op
{1 1 o / , // e :
T = = + . + d&n / Wn wwL)G‘mn d'57n-
Cnmn(rv 7'(]) 9 <|T — T‘Ul |7' — 7,0|2 T f%l> (12) T Z Z (

n=1 m=1 S S
. . . . (18)
This approach show good precision and numerical stability for prob-
lems with finite thickness of conducting and dielectric layers. Letl' = (In1, ..., In, Ny Ity oo I v, ), wherel, ; are full cur-
rents through terminal sequendes 1, ..., N; (N = N, + N¢). As
IV. STREAM FUNCTION the problem (14)—(16) is linear, then (18) is a positive quadratic form

For the sheet current, well-known stream function representation/fin respect tal. It means that there is aN' x N symmetric posi-
used. Stream functiof ¢function) v, () is defined for each single- tve—definite matrixZ
connected conductor on the base of charge conservation law. In our
case,

2F = (LI, I).
Matrix L is the matrix of self and mutual inductances.

Inductance matrix. allows us to calculate fluxoids related to holes
and terminal currents. Fluxoid is the contour integral over a closed
or open [11] curvd” € S,,

(19)

Jrn,,r,(r) = 81/1’{’777.(7') ']m,‘l/(r) = _8-7?1/5"7" (T) (13)

or, if ¥ = (0,0, ¢(r)), thenJ,, = V x ¥,
1 (r) has the sense and dimension of a full current.ILet .S be

any open curve irb,,, with the originro and endr;. The full current - B = "
through this curve is thefi(ro, r1) = ¥m(r1) — ¥m(ro). The full e = /F (*‘0’\8 T + A) ~dir. (20)
current does not depend on a specific curve joillhgnd P; .

Let us introduce the necessary agreements concerning functihsxoids® = (®4, ..., Px)canbe easilycalculatedis: Lf[ll].

/

Y (7). We assume the normal current distribution through terminalis contrast with [10], it is not necessary to introduce special contours
is homogeneous and,.(z, y) = 0 on a nonterminal pa®S>, of for calculation of these values.
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VI. NUMERICAL TECHNIQUE Tem. 2

The method of computation of elements of the inductivity matrix w Tem. 3
consists of the solution of sequence of boundary value problems
(14)—(16) with special excitation currents and calculation of the free
energy.

As® = LI, itis possible to findL calculating fluxoids (magnetic d 2
fluxes for perfect conductors [10]). In our case, it appeared to be more D D
complicated, more time consuming, and less numerically stable than a
full-energy approach (18), (19).

The finite-element method for (14)—(16) is the extension of the

method [11]. For simplicity, we consider the case of one conductor. ! ' !
The extension on a multiconductor case is straightforward. Below, the
conductor indexes are omitted. "
The bilinear forma(u, v) for “weak” [12] formulation of the Term. 4 w
problem (14) is
Term. 1

a(u, v) = /\5//‘ (Vu(r), Vo(r))ds

Fig. 1. Strip over hole in ground plane (top view).

5
—|—$// dso// (Vu(r), Vo(re))G(r, 7o) ds. (21) 2 ————
S S 1

184 | —a—L 3

The principal value integral in (14) was integrated by parts. Form 164 _.__C: 3

a(u, v) is symmetric and for thin enough conductors positively :5.14_' —A—L,; 3

definite because far = v it coincides with the expression for the full 8 12 ]
; ] /

energy (18). ©
For the triangulation of5, let I be the set of indexes of internal g 8] __— / ]
points of the mesh andlbe the indexes of all nodes including boundary 2] " //' 4

A
nodes. The unknown funct_ion(x. y) is approximated by linear finite 4] ;/_’/1:///v h
elements [12]. The prescribed boundary valuesg ©f, y) are taken 3
into account by the following approximation: 0 2 4 p 6 8 10
pm
G, y) " (2, y) =Y g (e, y) (22)
jeJ Fig. 2. Inductance coefficients for a strip line over a hole in the ground plane

; ) ) obtained by the finite-thickness approach.
wherey; are the approximate values©fz, y) in the nodes of mesh

and u?(w, y) are the basic functions of finite-element interpolation o .
[12]. Setting in (2L)u(z, y) = &"(x, y), v(z, y) = u"(z, y) one over ground plane. The strip is 10?(1 width, 4Q1I,m length, andly, =
can derive the following system of linear equations: t1 = 0.15 um. The ground plane is 0.Am thick and\ = 0.09 pum.
The exact inductance is 0.773/10n. Our result is 0.77/1¢m; the

> atul, uf) ¢l =0, i€l (23) error is 0.1%. These results were obtained on the mesh with 693 un-
jeJ knowns with cells diameter of about/m. Total CPU time (WIN-

Equation (23) can then be rewritten as system of linear equations R)QWS NT, P-166) was 200s. Th? ground plane was meshed and mag-
¢k, i € I with a symmetric dense matrix where the nonzero rigtﬂet'C field penetration was taken into account.

part is formed by terms with prescribed boundary vakies, ) (15), Our program appeared tq be fast and accurate enough_ to calculate
(16). We solve finite-element equations using a Cholesky CLAPACWOUnd'pl"’m_e effects._ Treating the ground plane as a “mirror plane
routine. leads to a difference in results up to 20% [2].

The program implementation of finite-element method meets some
difficulties. Expression (21) contains quadruple integrals. Calculati(%
of these integrals over triangles is the most CPU time-consuming paronsider essentially a 3-D two-layer problem, strip over hole in
of the algorithm. Singular integrals are calculated analytically [13§round plane (Fig. 1). This structure is a typical element of many cir-
Nonsingular integrals are calculated numerically. The order of quadrasts. The hole leads to an increase of the inductance of the strip.

Strip Over a Hole in the Ground Plane

tures depends of the proximity of mesh cells. The inductance matrix has dimension tulg; is the selfinductance
The program includes an internal mesh generation preprocessdmole, L;. is the self inductance of the current path, which includes
There are no restrictions on the shape of the circuits. a strip and ground plane with a current flowing from one side of the

Our program is written on C. Except visualization, the program 8ole, andZ» is mutual inductance. The inductivity of the strpis
platform independent. It is possible to convert AutoCAD draw to inpuwtalculated under the condition of zero fluxoid in the héle= Ly; —

file format of our program. Lfg/LH.
For a stretched hol@ (< 7 in Fig. 1), L can be approximately calcu-
VIl. EXAMPLES lated by means of 2-D transmission-line programs [9]. In [9], the results

of measurements and calculations for the next values of parameters are

presentedl = 12.7 ym, D = 5.1 um, to = 0.32 um, do = 0.41,
Recently, the survey of inductance extraction programs was pub-= 0.223 pm, and\ = 0.125 um. Settingl = 50 um,w = [ (Fig. 1)

lished [2]. The preliminary version of our program ML participated irfor the finite-thickness conductors, we obtdin= 0.336 pH/um. From

this comparison. In completing of [2], consider a simple problem: str{8], L = 0.34 pH/um. The results coincide with good accuracy.

A. Strips Over Ground Plane
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For a square or narrow gag (£ 2D + ), two-dimensional ap- A Design of the Ceramic Chip Balun Using the Multilayer

proximation is irrelevant. Our results for finite-thickness conductors Configuration

are shown in Fig. 2, wherg = 0.1 gm, do = 0.15 um, t; = 0.2 um,

A = 0.09 um, and! = 5, D = /2, 2w + d = 4l. The values of Dae-won Lew, Jun-Seok Park, Dal Ahn, Nam-Kee Kang,
Ls»> andZ do not converge to the inductance of the strip without a hole Chan Sei Yoo, and Jae-Bong Lim

because the current in ground plane needs to flow around the cut.

Abstract—This paper presents the design method and performance

VIIl. CONCLUSIONS characteristics of a chip-type balun using a multilayer structure. The
. . . esign method for a chip-type balun is based on the lumped-element

In this paper, we have proposed a new numerical technique Eiuivalent circuit of quarter-wave transformer. The proposed design
analyzing planar multilayer superconductor circuits. The developafthod and equivalent circuit can make it easy to design the ceramic
program allows us to calculate inductances for realistic 3-D circuitsultilayer chip-type balun. The size 2012 and 3216 chip-type baluns
yielding very reasonable CPU time. were designed and fabricated using the proposed design method and the

. . . equivalent-circuit model of a quarter-wave transformer. Fabrications
Our program can be applied for calculation of inductances of perfeaﬁd measurements of designed chip-type baluns show smaller size than

conductors simply setting to zero the London penetration depth.  conventional chip-type baluns and good agreement with simulated results.

The results of this paper can be extended to the case of impedancleo| T Multl ruct : ransh 2012 and
calculation of normal conductors. naex lerms ultilayer structure, quarter-wave transformer, an

. . 3216 chip-type balun.
The program can be implemented as a component in electromagnetic

computer-aided design (CAD) complexes.
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