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ABSTRACT 
The Partial Element Equivalent Circuit (PEEC) formulation is an integral equation based approach for the 

sobtion of combined circuit and electromagnetic (EM) problems. In this paper, a sugface-based PEECfonnuIation 
is presented IIS an alternative to the existing volume-based method. With the rise in the operating frequencies and 
the increasing complexity of test structures on boar&, packages and chips, a sur$ace based formulation is more 
eficient for many problems in terms of the number of unknowns generated. The composite conductor dielectric 
modeling is based on the PMCHWT formulation which is transformed into D PEEC representation using equivalent 
magnetic and electric cirmitr connected by mutual coupling. We are interested in both time and f q u e n c y  domain 
analyser similar to a Spice type circuit solver. 

1. Introduction 
With the increase in operating frequencies, a combined circuit-EM solution is necessary to accurately predict 

the e lec~ca l  pformance of a wide range of electronic equipment from mobile produds to q u t a  systems. Tbe 
non-orthogonal P E E  approach [I] has been developed as a volume-based integral equation solver that tcausforms 
the EM problems consisting of arbitrarily shaped 3D objects into the circuit domain, by the use of circuit elements 
such as resistors, partial inductances, capacitances and dependent current and voltage sources, whose values are 
obtained by solving Maxwell's equations on an appropriately discretized 3D mesh. However, owing to the 
complexity and the variable nature of the test slmctures, the modeling scheme for most problem requires exlxemc 
flexibility. Volumetric formulations are suitable for ceaain mctures while surf'ace based schemes are more 
efficient for others. kcmtly.  surface-based PEEC m&ls have been developed for conductors with surface 
impedance approximations [2-31. 

In this work, we develop a surface-based formulation for modeling arbitrarily shaped 3D composite conductor 
and dielectric strudures as a systematic extension to the existing PEEC solvers. Thc solution of the el- 'C  

pan is based on the surface equivalence principle [4] and the PMCHUrT formulation [SI, which has been effectively 
applied in the past to solve EM Scattering problems [6]. The problem bas been modeled so as to represeni the system 
by a separate equivalent electric circuit and an equivalent magnetic circuit connected by mutual cross-couplings. 
Tbe electric circuit represents the electric field equation and the unknowns rce the electric node voltages Y'and 
electric branch currents IC. The magnetic circuit similarly represents the magnetic field equation and bas magnetic 
node voltages Y" and magnetic branch currents I". Both circuits have special lumped equivalent circuits in tbe 
form of partial inductances, capacitances and deqadent current and voltage sources. ?he derived parlial lumped 
elements of the two circuits are related by the reciprocity of Maxwell's equations. In a combmed circuit-EM 
solution sheme the derived elements of the equivalent electxic circuit are connected to the circuit elements from the 
input SPICE net-list and the entire system is solved in a single circuit matrix. The solver is therefore capable of 
handlimg both circuit excitations, namely voltage and current sources as well as EM excitations in the form of 
localized or global incident electric fields. 

11. Surface Equivalence F'rinciple 

The solution process is based on the surface equivalence principle [4], which states that a closed 3D object can be 
formulated as an interior region problem, and an exterior region problem wherein equivalent magnetic and electric 
currents on the surface can be effectively used to accurately model the internal and extemal fields, respectively. 
Figure la  shows an example problem that consists of a dielecrric object dl (el+,)  smunded by a background 
dielectric (e2.&). Two conducting objects, c l a d  G .  are embedded inside the dielectric object d,and the 
surrounding dielectric, respectively. Using the surface equivalence principle, shown in Fig. Ib the above problem 
can be represented by 2 equivalent problems: regwn, problem models the accurate electric and magnetic fields in 
region 1 (q ,p, ) and the region2 problem models the accurate fields in region 2 ( e2 ,& ). 
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Subsystem>,, Subsystem, . 

Reghn, Problem Subsyskml, Subsysiem,. I 
(a) @) (C) 

Figm I: (a) Physical Problem @) Surface Equivalent Problems (c) PEEC Subsystem Represmtations 

Tbe electric and magnetic cunent densities are related by: 

The surface equivalent problems can thus be represented in a subsystem format as demonsmted in Fig. IC, which 
enables a clear visualization of the mutual couplings between the equivalent currents. Regionl is decomposed into 
subsystem and subsysiemr., which represent the electric and magnetic currents, respectively. Every dielectric- 
dielectric iotafaceS is thcrefon associated with 2 regions S,dandS,. Consequently, h m  a subsystem 
pasPCdive, S is associated with 2 electrical subsystems, namely subsystem-* and subsystem-. , and 2 magnetic 
subsystems namely sukyskm- and subsystem-.. Tbe inddes of conductors are not modeled as separate regions 
and the surfaces of conduaors only support electrical currents. Unlike the volumetric formulation where a l l  EM 
cun-cnts are mutually coupled, in the surface case electrical or magnetic quantities like current and charge rue 
mutually decoupled amss  subsystem, i.e. subsysteml. and subsystemt. are mutually coupled but are individually 
decoupled from subsystemb and subsystem,.., where i # j . 

JF = - Jr ; M"' 4 - - -Mr (2.1) 

111. Integral Equation 
The PEEC formulation usea an iutcgral equation formulation based on PMCHWT [5]. The boundary condition 
applied on a given surface S is given by: 

~ . [ E ' + E , ] = ~ . E , ;  i . ~ ~ + i . ~ , = i . ~ ,  (3.1) 

when f is a non-unique unit vector tangential to the surface, E, and Hi are the scattered electric and magnetic 
fields computed fW Subsystemw,, and Subsystemm,l, E, and H, are the scattered electric and magneiic fields 
computed for Subsystem*. and Subsystem*m and E' and H'are the incident electric and magnetic fields in the 
exterior region. If J,  and MI represent the elechic and magnetic current densities and 4; and qr represent the 
elechic and m a p t i c  charge in Subsystem-and Subsystems,,,,,. ,respectively, then using (2.1) the scattered fields at 
any point r8 in the global coordinate system are given by: 

1 1 

E1.2 612 
EI,~(G) = - j m ~ ~ , z ( r 8  )-v&(r6) --v x &,2 (rs) ; Hl,2(rg) = - jm&,2 (rg) - V& (r,) +-Vx AI,&) (3.2) 

where: 
~l,z(rz) = 8 . 2  I G,,l(~8.r8~)t+.-lJl ; 4,2 (r6) = I (r8 .rs~)t+.-Wl(rs.)d~s~ (3.3) 
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The free-mce full-wave Green's function is eiven bv 

Using (3.2) in boundary condition (3.1). thebasic intepl equations are formulated as: 

I1 
IV. Clrenit Representation 

In d o n  ID, the intea  equations (3.6) and (3.7) have ban 
formulated. In this d o n ,  we determine the discrete. equivalent 
circuits for non-onhogonal geometries. The wntribution of each 
element to the circuit matdx is captured by what is called the (S)-PEEC 
matrix stamp. The basic PEEC discretization is explained in [I] and is 
briefly illustrsted in Fig. 2. Evidently both inductive and capacitive 
cells ere quadrilaterals for thc surface b a d  formulation. 
Equation (3.6) is modeled by an elechic circuit with electric current 
I' and electric voltage P as Mknowns. where: 

capacitive 

Figm2: pEEcDisrdzation 

(3.7) 

drcuit for a unit (S)PEEC dieledtic cell is dam"WI m Fig. 3. 
The Supwcript in the notatim for the circuit elements mdicatcs the subsystem h m  which th+ elancnt o&$mtcd. 
The wbsaipt den& thc cell numbw associated with the element The firs of the 3 pairs of terms in (3.6) are 
represented by the self-inductance Lp and the mutual inductances that are grouped together in thc current controlled 
voltage s o w  vL . Similarly, the second pair is represented by the self-capacitance l l p  and the mutual effects 
captured by the current wntrolled current s o w s  i. The partial inductive and potential elements are given by: 

where SS represents tbe subsystem under consideration. The last pair of terms in (3.6) rep"@ the effect on the 
electzic circuit 6um its magnetic wunterpaa and is captured by current controlled voltage source vt . 

v g  = 1Jha" f f h: [c?xV'G,(r,,r~)]da'db'&db (4.3) 
a b  db' 

lg' ;: & ;: .i: Unlike v, , for vk the controlling currents are magnetic BP shown in Fig. 
4, and the dependence has both a frequency independent tnm as well as a 
linear frequency term. 
Equation (3.7) is modeled similarly using a magnetic circuit From the 
siandpoint of the reciprocity of Maxwell's equations, the circuit tk Pig. 4 
can be obtained fmm the electrical countemart formulated in reciprocsl 

-5 
Figure 4 (S)PEEC unit magneticsell media, i.e., the dielectric constant ( E )  repiaced by the permean& ( p )  

and vice-versa. 
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V. Nomeriral Experiments 
In the first example, we model a !"nission line structure 

as shown in Fig. 5a Each ofthe pair of traces is 1OOpmin 
length and has a square cross-section of 25 pm x 25 pm . An ac 
clment some of 1A is conaected behvcen the traces on one 
side while the other side is elcctdcally shoacd The surface 
impedance approximation is used for the surface founulation 
and therefore magaetic circuib are not required in the modeling. 
The cuaent densities on the structure for IGHz. are plotted in 
Fig. 5b, and it can be observed that the current flows in a 
smaller loop to reduce the inductance. The inductance and the 
resistancc of the -e ohtained h m  the surface and volume 
formulatom are -pared in Fig. 5' and 5'. The sur& 
irnpedaacc model can be asen to be accurate for kqucacies 
where the skin depth is smaller than the conductor cross 
sections. At those frequencies the volume formulation requires very h e  dimetiZation towards the edges. Therefore 
a considerable speedup is obtained with the surface model at high frequencies, e.g., in this case a 50x speedup is 
obtained at 5 G E .  

against volumetric results for the case of a dielectric embedded 
hetween two conductors. All structures have lmmxlmmcross- 
Sections. Ihe conductors are 0.lmm thick each and the dielectric is : 
cenhally placed between them as shown in Fig. 6a For 
experimentation the dieleckic thickness used are 0.05mm and 
0.09mm. The imaginary impedance of this capacitive setup is 
ploacd m Fig. 6b for both thick and thin dielectrics using the 
d c e  and the volume models. 

4 
', . 

i 
.;L'.. '." 

FiBIIR 5: (a). Tlansmisrion line stmcturr and 

vs frequency (d) ~ i r t a n c c  hqucncy 

:i.: 
excitation e) current density at IGHZ (c) ~nductawc 

In the next example, we validate the surface 

In the last example the surface model is validated for 
touching structures as in the transmission line setup of Fig. 
7a The cross-section of the conductors is 
0.001mmxO.OZmmand that of the sandwiched dielectric 
( E ,  =20) is 0.018mmx0.02mm. All structures are 0.3mm 
long. In Fig. 7c, the "my response of the structure is 
shown for the surface and the volume models. The plot 

.'' 

Fw 7: (a) Tbe t"ission line '*- @) b-e demonstrates reasonable agncment between the results. 

VI. Conclndons 
Io this paper, the surface hased (S)PEEC formulation for conductors and dielectrics is presented The surface 

equivalence principle is &.to derive the electric and magnetic circuits required. Though the number of unknowns 
appears to double due to the use of both electric and magnetic circuit, the small number of basis functions owing to a 
sutfacc only fo tmubo ' n leads to time and memory savings for thick structures. Furthermore, like the original 
(V)PEEC metbod this can suppart both time and frequency domain analysis. 
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