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Simulation of High-Speed Interconnects
In a Multilayered Medium in
the Presence of Incident Field

lhsan Erdin, Roni Khazaka&tudent Member, IEEEANd Michel S. NakhlaFellow, IEEE

~ Abstract—Simulation of high-speed circuits and interconnects conditions for inhomogeneous structures introduces errors in
in the presence of incident electromagnetic interference is be- the results at high frequencies, as demonstrated in this paper.
coming an important step in the design cycle. An accurate and Accounting for the inhomogeneity of the layered medium
efficient method for the analysis of incident field coupling to traces . th lculati f the fields i h tel
in inhomogeneous medium is described. The method is based onrequwes e Cfi culation or the |e_ S In each layer s_epara ely.
the application of the physical optics technique. An interconnect This computation can be done using full wave techniques such
circuit simulation stamp is derived. This stamp provides an easy as the finite element method (FEM) or the finite-difference
link to current simulators and to recently developed model reduc-  time-domain (FDTD) method. These techniques, however,
tion techniques. In addition to accounting for the inhomogeneity ; T ; : ;

of the medium, this method provides significant in computational require prohibitively high central processing unit (CPU) and
efficiency improvement over conventional approaches. memOfY resources. . .

In this paper, an efficient method is proposed for the
accurate simulation of the traces in a planarly layered inho-
mogeneous medium. The fields in the layered medium are
calculated using the physical optics technigque. Based on the
|. INTRODUCTION field distribution, a stamp for circuit simulation is then derived.

IGNAL integrity degradation due to interconnect effect§0r @ large class of practical cases, this technique provides
SS currently an important performance limiting factor " &ccuracy S|m|lar to that of the full wave technlques while
high-speed systems [1]-[9]. In addition to the effects dfAUiring a fraction of the CPU cost. The main advantages of
crosstalk, delay, and reflections, electrically long interconnedféS technique are summarized below.
function as spurious antennas to pick up emissions from othed) The effect of the layered dielectric is accounted for. This
nearby electronic systems. The coupled fields may cause signal provides a significant improvement in accuracy over the
degradation and false switching which makes signal integrity ~homogeneous assumption which is commonly found in
a challenging task for high-speed designers. the literature.

Simulation of interconnects with incident field coupling, 2) The field calculation is done without relying on compu-
requires a stamp which can be included in the modified tationally expensive full wave methods.
nodal analysis (MNA) [10] circuit equations. For interconnect 3) The resulting forcing functions are put in a similar form
analysis in the absence of EMI, this stamp is derived from  to those resulting from the homogeneous assumption.
the solution of the telegrapher’'s equations. The same applies This allows the use of currently developed simulation
for the case of incident field coupling to interconnects, but  techniques for the analysis of the transmission line
with additional distributed sources added to the telegraphers stamp.
equations. These forcing functions depend on the incident field#) The form of the transmission line stamp is compatible
and the geometry of the structure. The presence of a layered Wwith recently developed model reduction techniques
dielectric structure would therefore have a significant effect ~ such as complex frequency hopping (CFH) [28], [29].
on the value of these forcing functions. Various simulation ~ These techniques provide orders of magnitude of CPU
techniques have been proposed for the analysis of incident improvement over conventional SPICE analysis.
field coupling to interconnects [11]-[27]. In general, these This paper is organized as follows. In Section II, the
techniques treat the medium surrounding the interconnectstamsmission line equations with incident field excitation are
homogeneous when performing incident field calculations. Tfermulated for the interconnects in a layered medium. The
inhomogeneity is only accounted for in calculation of the peuse of physical optics to compute the fields within a pla-
unit length parameters of the interconnects. Imposing suphrly layered medium is presented in Section Ill. In Section
IV, the circuit simulation aspects for solving the proposed
Manuscript received March 30, 1998; revised September 27, 1998. Tﬁ@msmiSSion line stamp are discussed. A brief overview of
work was supported in part by Defence Research Establishment Ottatke full wave method used to validate the accuracy of the
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Publisher Item Identifier S 0018-9480(98)09212-6. are presented.

Index Terms—Circuit simulation, electromagnetic susceptibil-
ity, model reduction, physical optics, transmission lines.

0018-9480/98$10.001 1998 IEEE



2252 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 46, NO. 12, DECEMBER 1998

X In the transverse plane, the total electric figld; can be
written as follows:

(Xms¥m) - ET,i(-/L'a Y, Z)
" - _ [(Ag;ﬂ‘,e_jkr’im +BT776’1klﬂm)&T

y d h \\S\O\ + (ijie—jkw,iw _ Byﬂﬁﬂw,iw)&y]e—jkyye—jk;z. (4)
“ _ — £ The line integral of the transverse field between the ground

¥ & trace and thenth trace positioned in théh layer is written

~_Z as follows:
Fig. 1. A layered PCB structure with conducting traces. V(x Y 7) - / ET ‘(p 7) d; (5)
my dmy <~ ) — AN LR .
p(z,y)

Il. EXTERNAL FIELD COUPLING TO TRANSMISSION If the reference and the signal traces do not lie in the same
LINES IN INHOMOGENEOUSMEDIUM layer, the integration in the transverse plane must include the

In this section, expressions of the forcing functions wikffect of each layer in between. The solution of (5) yields the
be presented for incident field coupling to transmission linésansverse component of the forcing function in thie layer
in a multilayered medium. For conductors extending in thend at themth conductor position as
z-direction, the transmission line equations with an incident

field excitation are given as [12]-[14] Vi@, Ym, 2)
e_j(ka:,imm‘i'kyy'r‘ﬂ) —1

B — 4 -
& V() 4 SLIG) + RIC:) I Tt gy (i + Ay i)
) a . . ej(ka:,imm_kyy'r‘a) —1 o
= — e < }nc 4 - Bacz m B'z Ym _Jk;k/-
9z //)(m7y) E(p, z) dp + EX(Tm; Ym., ) FoniTm — kytm (Bo,iz y,ilm) | €
— EX(0, 10, 2) 1 6)
0 I(z) + GV(2) + sCV (z) The longitudinal component of the forcing functi@y, can
0z _ _ be written in a similar fashion
R B (02 dp=sC [ By A
p(zu) rlz,u) EL(xnlvynlvz) = (Ez,i(xnlvynlvz) - Ez(xo,yo,z))az (7)
(2)

) ) _ where
where R, L, C, and G are the per-unit-length resistance, in-

ductance, capacitance, and conductance, respectVElyand  E. (2., Ym, 2)
£ are transverse and axial components of the incident field, = (A, e _ B iejkm,wm)e_jkyyme_jk;z. 8)
andp is a parameter of andy in the transverse plane (Fig. 1). " "
In the layered mediumg;™ and £2* will take on different  gince the reference conductor is at the origin of the coordi-
values from those in free space, which can be determined fyte systen{z, = 4 = 0), one obtains
the physical optics method.

According to physical optics, a plane wave incident on a
planarly layered medium undergoes multiple reflections and
refractions, which results in two sorts of waves in each layer:

EL($WL7 Ymy Z)
[Azyi(C—j(km,wm—l—kyym) —1)

1) transmitted and 2) reflected waves. Assuming the reference — B, (el ke immhoun) _)]emikezg o (9)
conductor is placed at the origin of the coordinate system,
those waves can be written as follows [30], [31]: Equations (6) and (9) are of the same form as those
. obtained in [11] for the homogeneous case, except that the
E'(z,y,2) =(Agiliy + Ay iy + Az a2 ;82) field amplitudesA and B in this case depend on frequency.
. o—ihe i@ =ik k.2 Incorporating these equations to (1) and (2), one obtains
E" L,Y,%2) = Bav,z&ac + B, ,i&' + Bz,i&z,i&z 0 o
) ( ejkna,;me—jkiyey_jk:z ) 3) % V(s z) + sLI(s,z) + RI(s,z) = Vim(s, 2) (10)

wherek; is the wavenumberd; and B; are the amplitudes of 9z (s, 2) + GV(s,2) + sCV(s,2) = Ipm(s,2) - (11)

the waves traveling in the same direction as the incident an?[l

reflected waves, respectively, with the subscfiptferring to where

the layer number. Calculation of the coefficiedsand B; in 9
(3) is the objective of the next section. The total field within Vem(s,2) = T oz Ve(@m, Y, 2) + EL@m, ym, 2) - (12)
the ith layer is the sum of the transmitted and reflected fields. Ir...(s,2) = —sCVi(Zm: Ym, 2) — GVi(Tm, Ym, 2z). (13)
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Einc M for TM-polarized waves. Along with the Snell's law of re-
A fraction
% e -} B
‘ Kine 7] ref ki | sin6; = |kiyr |sin 61 (21)
En
_ the field amplitudesA and B in (17) and (18) can be solved
& for and substituted in (6) and (9) to evaluate (12) and (13),

respectively.

W5

IV. LINKING TO CIRCUIT SIMULATION

Fig. 2. A general multilayered structure. The distributed forcing functions can be expressed as

[ll. CALCULATION OF THE FIELDS WITHIN THE LAYERS F(s,z)= [IF(S’Z)} (22)

’ Vi(s, 2)
In order to solve (10) and (11), the fields in the layered
medium must be calculated with conducting traces removipere F(s) is the vector representing the distributed sources
and the dielectric medium in place. For a plane wave who¥@(s; z) and Ir(s, z) defined in (12) and (13). The telegra-
wavefront is normal to thez plane and which is incident on Pher's equations given in (1) and (2) can be rewritten in a
a layered medium at an angtewith respect to ther axis Mmatrix form

(Fig. 2), (4) takes on the following form: i |:V(z,s):| — _(D+ sE) [V(z,s)} +F(z,s) (23)
Eri(x,y,2) dz [ 1(z,s) I(z,s)
— (ijie_jkix cos 8; + ijiejkiac cos Gg)e—jkizsin@ . (14) where
The boundary conditions at = d; are _|0 R _ |0 L
y p=[2 %] e=[0 ]l e

1. Eu(di,y, ):Ei-l—l 4( iy Yy % )
i, E;  (di,y,2) = Eit1,,(di,y, 2)
1il. “(dz,y, ) z-l—l 4(dzaya ) Vil V

iv. Hiy(di,y,2) = Hiy1,4(diy, 2). (15) [I((g))} =T(s) [I(((())))} +5(5) (25)

From the Maxwell-Faraday equation, one obtains the fono%here the state transition matri&(s)
ing relations:

The transmission line stamp is the solution of (23) and can
be written as

and the equivalent
sources due to the impinging fields) are given by
k.

H, =—"2 (Ayje %7 1 B elh=T)e ih== ol T Ty
Cliu , . , T(s) =™ = To1 Tao (26)
H, =2 (Aye—ﬂvmw —i—Bye]k”)e_]kzZ i
WZ b(s) = / e F(z,s) dz (27)
gy = AZ —Jkax _ BZ Jkexy —jkzz 16 0
! wpcost (4. e (16) where
where k., k,, and k., are thez,y, and » components of o =D+ sE. (28)

the wave vector, respectively. At the boundaries, tangential
components of the electric field are continuous, whereas theThe above stamp can be directly stenciled in the circuit
tangential component of the magnetic field is discontinuoldNA equations. The advantage of this approach is that the
by the amount of surface current density. Assuming a lossleadistributed source#'(z, s) have the same form as in the case

medium, the following basic equations are obtained at easchhomogeneous medium and previously published simulation

boundary: techniques for the homogeneous case are still applicable
ke il ki il with minor modifications for the simulation of multiconduc-
Ki(A, o770l — B, jelfeili) o X - . e .
: ’ : tor transmission lines within nonlinear circuit environment.
— A . —dkeipihs _ B Gk it1hi (17) . . .
= Ay,it1€ ' y,i+1€ Two general approaches are possible for the simulation. The
Ay iyre TRl BTkl first is based on determining a time-domain model for each
= Ay e ikeinihi L B o1 TRl (18) intgrcpnnect separately. This approa}ch usually relies on a
variation of the method of characteristics [11]. The second
where approach determines a reduced-order time-domain model of
K — ke i (19) the whole linear subcircuit including the interconnects. It is
" kpin based on the recently introduced moment matching techniques
it y g q

for circuit simulation such as the complex frequency hopping

(CFH) algorithm [28], [29]. This technique allows for very
(20) efficient generation of a time-domain macromodel that can be
ki1 cosO; incorporated in a SPICE nonlinear simulation.

for TE-polarized waves, and

k; cos 0;
K, — cos 1
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The steps of the overall algorithm for simulation of in-
terconnects in the presence of incident field are summarized
below.

1) The refracted and reflected fields within each layer are
calculated using (17), (18), and (21).

2) The transverse integral and the longitudinal electric field
are evaluated using (6) and (9).

3) The forcing functions are determined using (12) and

(13).
4) The transmission line stamp and associated lumped 1=6"
equivalent source defined in (27) are computed. h=0.1" £

5) The transmission line stamp is linked to circuit sim-

ulation using CFH [28] or method of characteristics _ _ o
[11] Fig. 3. Test object geometry and coordinate definitions.

w=4"

T T T T T T T T T

V. VALIDATION OF THE PHYSICAL-OPTICSBASED MODEL

- FDTD Selution
Approach-|
Approach-Il

n
To validate the results of the physical-optics-based method, val
the finite difference time-domain method (FDTD) was applied
in two separate steps. In the first step, fields in the absence®|
of the traces and with the dielectric medium in place are o«
calculated using the FDTD field solver. In the second step, o2
partial derivatives in (1) and (2) are discretized in space angd
time and approximated with difference equations. The field
values are then substituted in the forcing functions and the™

0

2k

following expressions are obtained: 04 7
1 L nt/2) _ m—(1/2) o 1
5 Vi = Vi) + 5 (1}, - I ) 08 :
R n+(1/2 n—(1/2 1+ |
+5(Ik(/)+1k(/)) e
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
1 time (seconds) X 10
=- / E%k+ldp_/ Ery dp
9z p(z,y) ' o(z,y) ’ Fig. 4. Coupled voltage waveform at the near end of the line
1 (6 = 30°, &, = 4.5).
+ 5 ( 27k+1 (-Trnv Ym, Z) + Ez7k($rnv Ym, Z))
1 neglecting the inhomogeneity of the medium. In the discus-
— = (E} 40, 2) + ET 1 (z0, 90,2 29 , . .
2 (BL 41 (%0, v0,2) + B 1 (%0, 90, 7)) (29) sions and figures below, the latter approach and physical-
1 (In+(l/2) B In+(1/2)) + g (Vn+l v optics-based model are referred to as Approach | and Approach
9z -k k=1 ot~k K Il, respectively. The test structure whose physical parameters
+ g (Vn-l-l + VY are given in Fig. 3 was taken as a dielectric board sand-
2 Mk wiched between two traces. The electrical parameters of the
_C ntl g B g test structure were computed by method of moments. In all
T ot () Tk P~ o) Tk 4P examples, azimuthal incidence angtewas kept constant at

—90° and longitudinal incidence anglewas varied between
n G / Ept dp+/ B dp] 30) O and 90. In Figs. 4-9, terminations were matched to the
2 plz,y) ' p(z,y) ’ line characteristic impedance. The comparison was made in

the time domain for an incident field in the form of a Gaussian

Where_éz andét are cell size and time_ step value, res_pectivel_)bulse envelope waveform whose amplitude falls 120 dB below
Equations (29) and (30) are solved in a bootstrapping fashign, peak value at 15 GHz. As can be seen from Figs. 4-8, a

with appropriate te_rminal_conditiops [11]. C_Oﬂsidering that t_hi ood agreement is obtained between the proposed physical-
approach was validated in [25] with experimental results, it tics-based model (Approach Il) and the FDTD full wave
especially preferred for the validation of the proposed meth% alysis

in this paper. A summary of the numerical results is presente 'At normal incidence of the incoming field, Approach |

in Section V. does not cause a substantial error. However, as the angle of

incidence is declined from the normalfc= 30°, a large error

is observed especially at the far end of the line. Figs. 4 and
In this section, the proposed approach is compared whhillustrate this case for an epoxy-glass subst(ate= 4.5).

previous techniques where incident field coupling is calculatddhe error is relatively small for a duroid substrate = 2.2)

VI. NUMERICAL EXAMPLES
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Fig. 5. Coupled voltage waveform at the far end of the lind-ig. 7. Coupled voltage waveform at the far end of the line
(6 = 30°,¢e, = 4.5). (6 = 30°,e, = 11.7).

T T 2 T T T

- - - FDTD Solution - - - FDTD Solution

Approach-| , i
——  Approach-Il 1.5r ; Approach-I il
7 E— Approach-Il

0.5

volts
=]

051

15 I I I I ' I I L L > I I I I L I I L L

time (seconds) %1607 time (seconds)

Fig. 6. Coupled voltage waveform at the far end of the lingmig. 8. Coupled voltage waveform atthe far end oftbie= 75°,c, = 4.5).
(6 = 30°,e, = 2.2).

] o i roperly as in Approach Il, the results will be erroneous. The
whose relative permittivity is, also, comparably small (Fig. 6}ie|q magnitude, on the other hand, is hardly affected unless the
For a silicon substratés,. = 11.7), however, whose relative eqge effects and surface waves begin to dominate at grazing
permittivity is high, a larger error is observed (Fig. 7). As thcidence angles. Hence, when an arbitrarily polarized incident
incidence angle is increased éo= 75°, the error resulting field is decomposed to its TE- and TM-polarized parts, the
from Approach | becomes more substantial to the extent thatect of the inhomogeneous medium on the TE-polarized part
the coupled pulse is inverted compared to the solution obtaingdnot substantial.
from FDTD and proposed physical optics approach (Fig. 8). As the incidence angle is increased to higher valifes-

The numerical examples clearly point out the shortcongse), some deviation between FDTD and physical optics
ings of Approach | in circuit applications. The reason ofesults are observed (Fig. 9). This stems from the fact that
this deficiency can be explained as follows. With the firshe physical optics method is based on the assumption that
illumination at the near end of the trace, a voltage waveforméslayered medium planarly extends to infinity. Hence, edge
excited. Consequently, there are two kinds of waves traveliaffects cannot be accounted for and simulation of an endfire
toward the far end: 1) incident electromagnetic waves in tkcitation based on the proposed method is not possible.
medium and 2) voltage and current waves on the trac@$nally, Fig. 10 depicts the case where mismatched near- and
According to Snell's law of refraction, the axial componenfar-end terminations were taken as 586
of the wavevector is the same in all layers. However, the To sum up, in a small angular zone close to the horizontal,
component in the direction of inhomogeneity depends on thecuracy of the physical optics results suffer. The width of
relative permittivity of the medium. If it is not accounted forthis angular zone mainly depends on the frequency contents
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Fig. 9. Coupled voltage waveform at the far end of the line[2]
(6 = 85°,e, = 4.5).
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Fig. 10. Coupled voltage waveform at the far end of the line
(6 = 30°,¢, = 4.5). [11]

[12]
of the incident field and the relative permittivity of the layered
medium. As demonstrated, for practical circuit applications,
the physical optics method matches the full wave techniqugs]
successfully over a broad angular region up to a frequency
level of 15 GHz. [14]

VII. CONCLUSIONS [15]

In this paper, a method is proposed for the analysis of
external field coupling to high-speed interconnects in an in-
homogeneous dielectric medium. The new method is basiéfl
on using the physical optics technique for determining the
field in the layered medium. For large classes of practicaly
applications, this approach was shown to provide similar
accuracy to full wave techniques while requiring a fraction ((1158]
the CPU and memory resources. The distributed sources
to the external field are put in a similar form to those resultinﬂ
from the homogeneous assumption. This allows the use o?]
currently developed simulation techniques for the analysis

2 - - - of the transmission line stamp. In addition, the form of the
transmission line stamp is compatible with recently developed
model reduction techniques. It was also shown that neglecting
the inhomogeneity of the dielectric medium leads to erroneous
results at high frequencies. The accuracy of the proposed
model was verified using the FDTD technique.
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