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Analysis of alLarge Number of Vias and Differential
Signaling in Multilayered Structures

Houfei Chen, Qin Li, Leung Tsang, Fellow, IEEE, Chung-Chi Huang, and Vikram Jandhyala, Member, |EEE

Abstract—A method is presented for full-wave modeling of ver-
tical viasin multilayered integrated circuits. Theanalysisof thein-
terior problem isbased upon the cylindrical wave expansion of the
magnetic field Green’s function. The multiple interaction among
vertical viasismodeled by the Foldy—L ax scattering formula. Mul-
tilayered effects are included by using cascaded network of the
single-layer components. The exterior problem of the via and the
transmission line is analyzed using the method of moments ap-
proach. The exterior and interior problems are combined into a
system of equations to facilitate the solution of a large number
of vias. Using this approach, the scattering matrix of problems of
several thousand vias can be calculated with moderate CPU and
memory requirement. Numerical results have been obtained for
different viaconfigurationsand for alargerangeof frequency. Also
illustrated areresultsfor common and differential modein differ-
ential signaling with surrounding idle and shorting vias.

Index Terms—Differential signaling, scattering parameter, via-
coupling.

|. INTRODUCTION

ECAUSE OF THE ever-increasing speed, density, and

routing complexity in integrated circuit (IC) design, via
structure is extensively used to connect signal traces residing
on different layers. The impedance difference between vias and
signal traces introduces reflection. The nature of the multilay-
ered geometry introduces the paralel plate waveguide effect,
which results in significant coupling among vias. Coupling
through parale plate waveguide modes generally decays
sowly as the sguare root of distance and poses a significant
challengeto reliable, high-speed | C operation. Numerous prob-
lemsarising there (such aslarger delays, loss of signal integrity,
and false switching of devices) can lead to the malfunctioning
of overall systems.

In the past, different types of vias have been investigated
using various methods. The inductance of a via connection of
two striplines was analyzed [1] by using the partial electric ele-
ment circuit (PEEC) model [2]. The capacitance and inductance
of athrough-hole via has been analyzed using the quasi-static
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Differential
signaling

Idle via

Fig. 1. Typica multi-via structure including a pair of differential signaling
vias, shorting vias in the neighborhood to reduce coupling and aso many other
idle vias on the PCB.
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Fig. 2. Decomposition of vertical via structure.

approach [3]-{5] or empirical formulas [6]. A circularly sym-
metric via has been modeled using a quasi-static approach [7].
More recently, amethod of moments (MoM) full-wave analysis
has been applied to through-hole viageometry [8], [9]. The ver-
tical via structure in multilayered geometry has been analyzed
using equivalent circuit and microwave network analysis [10].
An attempt to account for coupling noise between coupled vias
isshownin[11]. The electromagnetic coupling between two ad-
jacent viasinamultilayered | C was analyzed by means of equiv-
alent magneticfrill array models[11], [12] incorporated with the
even- and odd-mode approach. Also, a differential via pair has
been analyzed in [13]. Some of the above analysis are only for
low frequency. Some are only for through-hole vias instead of
viasin amultilayered structure. Some are only for two-via cou-
pling and some analysis needs special feed-in assumption and a
symmetric structure.

In this paper, we analyze the vertical via structure in layered
geometry. A typical multivia structure is shown in Fig. 1.
Using the equivalence principle, a vertical via structure is
decomposed into an interior and an exterior problem (Fig. 2).

0018-9480/03$17.00 © 2003 IEEE
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The interior problem consists of magnetic sources between
plane conductors and vias as well as cylindrical via structures.
Recently we solved the interior problem of several hundred
vias using Foldy—L ax equationsin vector cylindrical waves and
waveguide modes [14]. The solution of Foldy—Lax equations
was computed by matrix inversion. The exterior problem was
modeled by atransmission line with acharacteristic impedance.
In this paper, we make the following major extensions and
improvement of the previous method.

1) The exterior transmission line is modeled by bent wires
using the MoM approach, thusincluding the effect of re-
flection in the exterior problem. We further extend the
MoM approach of single bent wire in [8], [9] and con-
sider coupled bent wires in the exterior problem.

2) The case of multilayered geometry is considered.

3) To facilitate the solution of the case of severa thousand
vias, the equations for the exterior problem are combined
with the Foldy—L ax equation for the interior problem to
form a single system of equations with the incident and
reflected wave amplitudes as unknowns.

4) Numerical results are illustrated for common-mode and
differential-mode signaling with idle and shorting vias.

Section |1 of the paper gives the formulation of the interior
problem, which includes the vector cylindrical wave expansion
[15] of the Green's function of a cylindrical scatterer between
two parallel PECs and the multiple scattering formula using
Foldy—Lax eguations. Given the voltage at the via aperture, a
magnetic frill current is used as an equivalent source. The mag-
netic frill current excites cylindrical waves of magnetic field
inside the parallel plate waveguide. The port currents are ex-
pressed in terms of the solutions of the Foldy—Lax equations.
An admittance matrix is given for a single via. A simple ana
lytic formulain the short vialimit isalso derived. In Section 111,
we extend the MoM approach of [8] to treat the exterior problem
of coupled wires bent into vertical vias outside the parallel plate
waveguide. In Section IV, matrix equations are derived to rep-
resent the combined exterior and interior problem. An iterative
method is applied to calculate the solution. In Section V, numer-
ical results of the scattering parameters and loss are illustrated
for alargefrequency range and for various multilayered viacon-
figurations. We alsoillustrate resultsfor cases with thousands of
vias in differential signaling.

Il. FORMULATION: INTERIOR

A. Sngle Via

A single vertical via is decomposed into interior and exte-
rior problems as in Fig. 2 using equivalent magnetic sources
at the apertures. The via cylinders are modeled as conducting
cylindrical scatterers between two PECs. A cylindrical wave ex-
pansion of a dyadic Green’s function of a cylindrical scatterer
in terms of waveguide modes is used. Based upon the Green's
function, we excite the structure using a voltage source at the
port, which is equivalent to a magnetic current ring source at

the via aperture. The electric currents are then found on the sur-
face of via cylinders. The admittance matrix of the viais then
obtained which fully describestheinterior structure of avertical
via

1) Cylindrical Wave Expansion of a Dyadic Green’s Func-
tion Between Two PECs. Consider two perfect electric conduc-
torsat » = d/2and » = —d/2 (Fig. 2). Let the magnetic current
sourcebeat 2’ that is between thetwo PECsand flow in the hor-
izontal plane. Then the Green’s function is

=Gp + Gr @

Qll

where Gp and Gy are the primary Green's function and the
response Green's function, respectively. The Green’s function
of two parallel PECs [16], [17] will be the primary field for
this case as the source between two parallel plates generatesthe
incident field onto the cylinder scatterer. In the following, we
use the upper sign for =z < 2/, the lower sign for z > 2/, and
I, = 24 + ¢y isthe transverse dyad.
For p < p', we have

N’
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where f, = 1/2for £ =0, fo=1foré = 1,2, ...,n= /n/e
is the wave impedance, and k.; = In/d, 1 =0, 1,2, ....For
p>p,Gp(7, 7') - I, can be obtained by symmetry.

The magnetic modal solutions are defined in [14]. The sum-
mation of the modal solutions starts with ¢ = 0 for TM waves
and starts with ¢ = 1 for TE waves, and summation of har-
monics are for n = —oo to co.

2) Dyadic Green's Function of a Cylindrical Scatterer Be-
tween Two PECs: To include vertical vias into this structure,
we model the vertical vias as conducting cylindrical scatterers
and derive the Green’ sfunction of aconducting cylindrical scat-
terer between two parallel PECs.

Consider aperfectly conducting cylinder placed between two
paralel platesat » = d/2 and z = —d/2. The cylinder is of
radius e and is centered at 5 = 0. Then G isthe Green’ sfunc-
tion accounting for the scattering by the cylinder. For aresponse
Green's function, the regular TM mode, RgH ™, has a scat-
tering coefficient of 7N for scatteri ng by acylinder, while the
regular TEmode, RgH ', hasascattering coefficient of T,
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In the following, we use the upper sign for sourceat »' = d/2
and alower sign for source at 2’ = —d/2 as

Gr(, 7)1,

_

___dz
n,t

. m—n(kpéa kzév ﬁ/)ejnqb . Tt

in (1)t
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where  the  7-matrix scattermg coefficientsr are
™ Ik i) [ HE (kpea))  and T =
—(Ju(kpea)/ HE (hyea).

3) Magnetic Field and Surface Current Density on the
Cylinder: Let the source be located with p' > a. The surface
current density on the cylinder is

kN~ D

=57 E: fJTM(k k., z+d/2)
n, nt
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where the moda solutions of surface current density
JIE(k,, k., z) and T EM(k,, k., 2) are defined in [14].

4) Admittance Matrix of a Sngle Via: To obtain the admit-
tance matrix of asinglevia, we excitethe structure using voltage
sources of magnetic frill and solve for the magnetic field. The
surface current on the cylinder can be calculated from the mag-
netic field.

The current on the surface of the cylinder in the positive z
direction is

27
I, :/ al, - 2dg
0

fed T(kp, ko 2 £ d/J2)

jk 4nV (-1)* ; 1
— £
nd Int Z ke HSQ)(kpa)

cosko(z £ d/2)} [Hé” (kb)— HS? (/Wa)] . (5
The admittance matrix elements are then

47rw51 Z fg [H(Q) (kpeb) 1]
H? (kyea)
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dlnl p Hé2) (kpea)

and due to symmetry we have Y>; = Y12 and Yoo = Y15.

5) Analytic Formulas for Short Vias: For the case of short
vias when the layer thicknessis small (kd <« 1), notethat d is
the layer thickness and not the vialength as there are sections of
the via outside the layered structure. The section of the via out-
sidethelayersisincluded in the exterior problem. If we assume
that theviaradiusand viaaperturearesmall (ka < 1, kb < 1),
then we retain only the £ = 0 term in the expressions. Using a
small argument approximation for the Hankel function, we have

Y1 =Y
=—Yp
=Yy
2mj

- _ 8
ond [ log (%54) — 5 3] ®

where o« = 1.781. This can be expressed in terms of a simple
series impedance for the via of

7 = jwtd [—bg(“—’“‘) —jg} —jwL+R. (9

2T 2

Note that the inductance L has an w log w dependence while the
resistance R is linear with w. The capacitance will be included
if we include higher order modes of I > 0.

For the case of a multilayered via, if the total length of the
entire via through all the layers is still small, then the above
expressionisstill valid with d replaced by the sum of thelengths
of the different layers. This means that d corresponds to the
total length of the via inside the layers. Results of the simple
formula have been compared to the exact analysis and are in
good agreement in the short via limit.

B. Multivia

1) Multiple Scattering Among Mias. For multivia coupling,
we consider coupling among all the vias. Consider two per-
fect electric conductors at z = d/2 and z = —d/2. In the
multiple-via coupling problem, the equivalence principleisin-
voked with equivalent magnetic sources a »* = +d/2. Con-
sider N wacylmders between the two parallel plates centered at
D1, Po -+ - P @d magnetic surface current denSIty M,=M,,
at(ﬁ’,;« =d/2yand M, =M, a (p', 2/ = —d/2).

2) Excitation of Magnetic Frill Current: Let there be mag-
netic frill currents at the aperture of viaj, j = 1,2, 3, ... N.
At 2’ = d/2, we have

v Vu n — —

M) = — L fora <|p’—p;| <b
p'=7;|m 2 w0

and at 2’ = —d/2 we jave

— V. o

Ma(p') =~y ¥ fora<|p’=p,| <.
fp _ij ny

(11)
With these sources, only TM modes are excited. After multiple
scattering, the final exciting field of cylinder p is

H® =" w, "D RgH 2 (kpe, ke, 5-0,, 2 £ d/2) (12)
m, £

TM(p)

where w, is exciting field coefficients.
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The Foldy—Lax multiple scattering equations are in the fol-
lowing form [17]:

N oo
w;rri\“‘l) ;Fé\'i(q) + Z Z Hr(LQ)rn
pag MO
— — jln—m)p— 7 M
(pe [, = ]) &0 700 TN M (13)
where aTM((I) is the incident field of the current source onto

cylinder ¢. In the Foldy—Lax equation there is no coupling be-
tween different ¢’ s because each ¢ correspondsto aspecific k;.
We solve Foldy—Lax equations for w}}q(q) and find current
I** onthe cylinders, whichis current a z = d/2 due to source
a 2 = d/2. Similarly we find current 1°%, which is current at
z = —d/2 duetothesourceat z’ = d/2. The caseswith sources
a2’ = —d/2 canbedonesimilarly, giving currents 7** and 1.
3) Matrix Notation for the Interior Problem: Suppose we
have N vias, and we keep to ¢/ = L, and multipoles up to
n = £Npax. Then thedimension of @, iS (2Npax + 1) X V.
Using a combined index g of cylinder index ¢ = 1,2, ... N
and multipoleindex n = — Npax, —Niax+1, -..0, 1, Nyay,
we have 3(q, n) = (2Nmpax + 1) X (¢ — 1) + 1 + Nyax + 1.
Thus, 5 = 1,2,...M where M = N x (2Npax + 1). Let
superscript 7' denote the transpose of matrix
Wi = [w§<) Novax) wé(<1)—me+1) "' wé?A>

(2) s a2

W= Nanax) Wi Nuwax) Wi Nomax)

(14)

(N) }

The Foldy—Lax matrix F is of dimension N(2Nax + 1) x
N(2Npax +1) = M x M

[?Z} an, pm = 6’”"’”6’117 - (1 - 6P’I)H’r(127)’rn (k/?[ [ﬁp - pq[)

SOTRE N (15)

where ¢ and p are cylinder indices and » and m are multipole
indices.

Define E, to have dimensions M x N to represent the inci-
dent field coefficients

() =

For the case of magnetic current sources

(16)
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Fig. 3. Decomposition of the exterior problem.

For voltage sources at upper aperture Z' = d/2, |et the voltage
vector V' be of dimension N, with (V' *); = Vj,,. In matrix
form, the Foldy—Lax equation is

Solving (18) we have current on the pth cylinder at the upper

aperture 7 “* and current at the lower aperture 7 ** given by
I(P)'uuu, _ Z BéwéTOM(p)u (19)
4
TPu Z Déw[Tol\rI(P)u (20)
£
where
4(=1)*
=) (21
nHy” (kpea)
4
= (22)
nHéQ)(kpéa)

Similarly, we have for voltage sources at lower aperture 2’ =
—d/2,

Fal =EV" (23)
J@ub _ Z Béw;rol\q(p)b (24)
Jo. Z Dyw TM(p)b (25)

The port current is the sum of current due to upper and bottom
sources

J@Pu _ f(puu + TPub (26)

J@b — pbu | pp)bb (27)

IIl. EXTERIOR PROBLEM

The exterior problem consists of a transmission line of bent
wire. For a single via, we solve the exterior problem using the
MoM techniquefollowing [8],[9] (Fig. 3). InFig. 3, theexterior
problem is decomposed into a short-circuit problem and wire
antenna problem. For the wire antenna problem, let Y,,,; be the
input admittance of the wire antenna, and 7,,., be the amplitude
of the excited TEM mode in wire antenna with a unit voltage
across the aperture. For the short-circuit problem, let ', bethe
reflection coefficient of the short-circuit problem, and I, bethe
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current at the short-circuit end when the structureis excited with
a unit TEM wave incidence. The quantities A and B are the
incident and reflected TEM waves at the port, and V' and I are
the port voltage and current at the aperture.

In general, the exterior problem of a multivia structure can
consist of large number of transmission lines that are bent to
connect to the sections of viasthat are outside the parallel plate
waveguide. In this paper, we consider two types of exterior
problem.

1) Case A—Exterior ProblemWth Uncoupled Transmission
Lines: In this case, there are N transmission lines/bent wires
above the parallel plate waveguide that are uncoupled and NV
transmission lines/wires below the parallel plate waveguide that
are also uncoupled. For simplicity, we shall assume that the
transmission lines are identical. The exterior problem has the
meatrix eguation as follows. For the pth via, we have

II(Jp) B Isc Y;,nt —V(p)
BIEP) Fsc ant A(P)
:{ } (29)
—Iép) Isc Y;nt V;)(p)

for the upper port and the bottom port, respectively.

2) Case B—Coupling Among a Small Number of Lines/\Wires
in the Exterior Problem: We next consider the case where the
exterior transmission lines are only coupled to their nearest
neighbors. Then the exterior problem of many lines will be
decomposed into block matrices. In this paper, we consider the
case of two coupled transmission lines that are bent into the
two vertical via sections outside the parallel plate waveguide
(Fig. 4). Thus, the exterior problem of many lines consists of
sets of two coupled lines and uncoupled lines. (The method
can be readily extended to coupling among a finite number of
lines.) We extend the MoM approach in [8], [9] to consider the
case of coupled bent wires. Let lines 1 and 2 be the two coupled
lines/bent wires. Then we have

BV et Doctz Tamerr Tamiz] [ AY
B | Tser Docoz Tanwor Tami22 AP
IP | | Lar Leerz Yamzz Yaweoo | | -V
IL(LQ) ] L e Ise22 Yamzz  Yantoo Vu@)
(30)
Blgl) ] [Dseir Lseiz Tantir Zanti2 ] _Al(»l)
352) Fscor Tscoo Tantor Tant2o2 Ag(,Q)
—Ilfl) " Lt Ltz Yamoz  Yawzo Vb(l)
_152) | L lec21 Lsc22 Yant22  Yant2o | i Vb(Q)
(31)

Using the equivalence principle and the image theory, the two
coupled transmission lines shown in the left of Fig. 4 can be
treated as the new structure shown in the right of Fig. 4. We
extend the approach in [8]. Let the two transmission lines be
thin wire so that the current density on them can be represented

Equivalent
——

Ground plane

Fig. 4. Coupled exterior structure.

by I:(s) and I>(s). Theintegral equation that the currents have
to obey is

. N =4 A
jwes - E (s)z/]l(s’) [8383’ — ks

A
s’} G(s, s')ds

s - 9:| G(s, ') ds'
(32

where s is the point on the two transmission lines and 5 isthe
unit vector tangential to the transmission line at the point of s.
G(s, s') = ¢ 9% /47 R is the Green’s function of free space
where R = |5 — §/|. The incident field E'(s) on the wire is
determined by the frill magnetic current

v x {/20(3, FOML(F) dSY

+/2-G(3,F’)E(F’)d9’}. (33)

Equation (32) can be solved using the method of moment [19].
Using the triangle basisfunction, current ; (s) and /»(s) can be
expressed as

Ei(s) =

2N

Ii(s) =Y cnfals) (34)
n=0
2N

I(s) =Y fals). (35)

n=0
Substituting the above egquationsinto integral equation (32) and
using Galerkin’s method, we have

N-1
3 (Zf,?%” + 290 )ci + 2OV,
n=1

N-1 ‘

> (202 4 2B+ 20D
n=1

=D (Z00 4 2R b (20 + Z9R)
(36)

The index of ¢ = 1 means the testing point is on wire 1 and
1 = 2 onwire 2. In (36), the impedance matrix elements are

9 RO
€167 (Z) /(J) 2 ey
Zrn n //f ) [88(7)88/(1) k= s s
e (3@)7 3/@)) ds'0) ds  (37)
and the column vector elements are
@ _ A Fi (D) g
Vo = jwe | fm (s ) s -k (s ) ds'".

We solve matrix equation (36) and find the current distribution
on the two wires. Using the matrix pencil method [18], the am-

(39)
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plitudes A and B of the incident and reflected wave on the two
wires can be extracted from the current distribution.

Let the voltage drop V' between the via and ground plane
be zero and enforce a current source such that ¢§ = 1 at the
truncated end of thefirst transmission line. The amplitudes A;,
As, By, and B, are calculated as discussed above. ThenI'.. and
I are given by

Lie11 = % (39)
i1z = % (40)
Lsen = % (41)
laa = 2 =22 (@)

Nextlet VI = —1, V? = 0, ¢} = ¢2 = 0. Then the Tup,'s
and Y,,;'s are given by

Tont11 =B1 — Lsc11 A1 — Doci24o (43)
Tont12 = Bo — Isco1 A1 — lico0 Ao (44)
Yant11 =11 — L1 Ar — Lic1242 (45)
Yant12 =1z — Lica1 A1 — Lic22 4. (46)

The above method illustrates the case for two coupled lines that
are bent to connect to the vias outside the paralel plate wave-
guide. For N lines/bent wires in the exterior problem, we have

BY =Ty A" — TauV " (a7
Tv=T.. A"~ Y V" (48)
BY =Ty A + Tane V' (49)
TV =T A"+ YV (50)

We assume that coupling only exists among a small number of
lines’wires where the rest are uncoupled. Then Isc, Tax, Isc,
and Y .. are N x N sparse matrices in block form with no
coupling among the blocks. For example, if only two lines are
coupled, then wehavea2 x 2 block and therest of the NV x IV
matrices are diagonal.

IV. THE COMBINATION OF INTERIOR AND EXTERIOR PROBLEMS

The combination of the results of the interior and exterior
structure is carried out by relating the port voltage and current.

For asingle viain single-layered geometry, let A; = 1 and
A, = 0, and then we have the following matrix equation for the
entire via structure:

1 0 — antl 0 0 0 Bl Fscl
01 - antl 0 0 0 Il Iscl
00 0 10 —Twel || _ | o0
0 0 0 0 1 —Yue By | 0
01 Yy 00 Yo I 0
00 Y 0 1 Yo Va 0

(51)

We solve (51) to get the reflected wave B; at port 1 and trans-
mitted wave Bs at port 2. Then the scattering parameters are
given by

Su=B/A =B (52)
S12 IBQ/Al = Bs. (53)

For a symmetric structure, So; = S12 and Sz = Sy;. For an
asymmetric structure, So; and S22 can be obtained by exciting
the structure at port 2 instead of port 1.

For multilayered geometry, we cascade the single-layer struc-
ture using a transfer matrix. After the cascading of transfer
matrices, the result transfer matrix is then converted back to
Y matrix and we use (51) and (52) to calculate the scattering
matrix.

A. Multivia

Inthis paper, we consider two coupled bent transmission lines
and the rest of the V — 2 lines are uncoupled for the exte-
rior problem. However, the IV vias are coupled in the interior
problem.

In the previous paper [14], we solved the interior problem of
the Foldy—L ax equation by matrix inversion to calculate the ex-
citing field coefficients wy,. Next these are used to calculate the
magnetic fields and currents which are related to port voltages.
The relation between the currents and voltages in the interior
problem are then substituted into the exterior problem matrix
equation to find the rel ation between incident and reflected wave
amplitudes of the transmission line. The previous method is not
suitable for the case of severa thousand vias or more. In this
paper, to make the algorithm applicable for thousands or more
vias, we combine theinterior and exterior equation into asingle
set of matrix equations so that iterative method can be used for
the resulting matrix equation.

In theinterior problem, for the £ = 0 mode, we include cou-
pling of all the vias. For small layer thickness, the higher order
modes are evanescent. Thus, the higher order modes are coupled
inthe near field only. In the simulations, weinclude coupling of
the higher order modes (¢ > 1) for the several vias that have
coupling in the corresponding exterior problem. For the £ = 0
mode, including al N vias, we have

Fow Ou —F v u (54)
(55)

where ?0 and fo aredense N x N full matrices. For ¢ > 1,
we have

FoW O =Ev*

FWOu =, 7 (56)

(57)

where ?Land fz are given in (15) and (16). The elements in
I', and E, are zero if the corresponding lines in the exterior
problem are not coupled. Thus, for higher order modes (£ > 1),
we Elave block sparse matrices of I, and E,. Letting P, =

F, E,; wehave

F WO =EV?

W Ou P,y (58)

Wb P,V (59)



824 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 51, NO. 3, MARCH 2003

Note that taking the inverse of block matrices E, E, E (£ >
1), Tses Tant, Ise and Y 4, are computationally inexpensive.
From the interior problem we have

=Y BT Y DT
£=0 £=0

=BoW O 4+ DoW O + 3" B O 43" D O

=1 =1
=BoW O DgW P4y ue Ve4Y 2.V (60)
TP = DoW O BoW Oty bu Fu Yt b (6])
whereY ¢ yuu  yuu andy ur  grecalculated from

extra’ extra’ extra’ extra

the block matrices

?g;ra :?gitra = Z BZFZ (62)
{=1

Yg}l;tra :Yg}litra = Z Dé?é' (63)
{=1

Notethat Y “* and Y “

extra extra

Since By = Dg, we have

arealso N x N block matrices.

T'=T" = (Vi =V i) (V" =V (69)
From the exterior problem we have
Ve=T_B*-T T, A" (65)
Vo=_T 1B+ T_ T, A (66)
1" = VT B+ (T + VanT ohToc) A" (67)
7" =Y..T_.B"— (? 4+ YauiT ;}tﬁc) At (69)

Subtracting (65) and (67), respectively, from (66) and (68) and
substituting into (64), we have
Yol 22 (B*+BY)

ant

+ (?sc + ?ant?a_nltrsc) (Zu + Zb)

" |:750 + (?ant +?g;(utra -

Note that the matricesin (71) areall block N x N matrices, so
taking the inverse is not computationally expensive nor is there
much requirement for the memory.

Using (70), (66) can be rewritten as

V=T 2k [-B" 4 Traio (A" + A%) |+ T AT, A
= ? ;nltg " — ? ;nlt?ratioZ " + ? ;rilt [?sc - f1fa,ti0:| Z b
(72)

We multiply (60) by Fo. Then
Fol® = (Bofo +FoY ;g’;;ra) Y

+ (Dofo +ToY gj;m) Vb (73)

Substituting V'*, V¥, and I “ into (73), we have

[?O (_?ant‘i_ ?g;(utra + ?g}gtra) +(B0 + Do)ﬁo}?;;t ) FU

= [_?0 (}sc + ?ant? ;rlltrsc) - (Bofo + ?0? gﬁra)?sc

— ( Dofo + ?0? ub >? o ?rati0:| '

extra ant

+ (DOEO + FOY gitra)T;r}t [Fsc - Fra,tio:| ° Zb' (74)
Note that only Eq and F are dense full matricesin (74).

Equation (74) represents the combined matrix equation in-
corporating both the exterior and interior problems. It has NV
unknowns in column vector B “. It can be solved for B * using
an iterative method. After B is solved, B* can be obtained
with (70).

V. RESULTS AND DISCUSSION

The results of our method have been compared in [20] with
the single-via and coupled-via cases in [10] and [11] and are
in good agreement. The computational algorithm in this paper
is efficient. Simulation of 2500 vias is completed in 56 s on a
PC with an AMD Athlon processor of 866 MHz and 512-Mb
memory [20].

Fig. 5 showsthe propagation characteristics of athrough-hole
vig, a single-layered vertica via, and a nine-layer vertical via
The inner radius of the viais a = 0.127 mm, the outer ra
dius of the viais & = 0.381 mm, and the layer thickness of
each layer is d = 0.254 mm, with a layer relative dielectric
congtant of £,, = 2.2. For the exterior parameter, the wire ra-
diusisthe same as the viainner radius, and the wire bend is at
h = 1.016 mm. Fig. 6 shows the loss comparison of these three
kinds of vias. The lossis defined as L = 1 — |S11)* — |Sa1 %
Lossisdueto: 1) radiation by the wire aong the planar wave-
guide; 2) discontinuity at the wire bend and the via aperture;
and 3) parallel plate waveguide modes excited between metal
layers. We can see clearly that a through-hole via has the least
radiation loss; a single-layered vertical via has more radiation
loss because of the parallel plate waveguide effect of the inte-
rior structure. A nine-layer vertical via has the most |oss among
thethree. Note that the layer thickness of each layer is constant.
Thus, nine layers have a larger total thickness than one layer.
Thus, the more layersthere are, the more energy will be coupled
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into the parallel plate waveguide. The energy is subsequently
dissipated or radiated through the edges of the waveguide. It is
noted that the power loss for the interior problem computed by
the proposed model is only valid for the infinite parallel plates
which is assumed in the previous section. They are due to the
fact that energy is coupled from the via to the parallel plate
waveguide modes. This coupling representslossfrom the signal
vias. Inrea-life situations, thefinite parallel plates are used and
could be connected at their edges for some other applications.
The parallel waveguide mode can propagate to the edges of the
ground plane and be reflected or be radiated from the edges of
the ground plane. This in turn will affect the radiation loss of
the signa via. On the other hand, before the waveguide modes
reach the edges of the ground plane, they can a so be attenuated
by dielectric loss in the material and the skin effect loss of the
conductors. This will reduce the influence of the edges of the
finite ground plane to the signal viaradiation.

Fig. 7 shows the loss comparison of a nine-layer vertical via
with different layer thicknesses. The parameters are the same

825

Loss (dB)

=== 0.305 mm
=-=+0.38] mm

25 L

frequency (GHz)

Fig. 7. Losscomparison of anine-layer viawith different layer thicknesses.

as in Fig. 5, except that the layer thickness of each layer is
d = 0.254, 0.3048, and 0.381 mm. The comparison shows that
radiation loss of a nine-layer vertical viaincreases as the layer
thickness increases.

A. Shorting Vias

In the following, we illustrate results for thousands of vias.
The via structures are shown in Fig. 1. Two of the vias are con-
nected to differential signaling. There are shorting vias in the
neighborhood to reduce coupling. Thereare many other idlevias
on aPCB. Thetwo ends of ashorting viaare directly connected
to the ground planes. Thus, the voltages of the upper and lower
ports of the shorting vias are zero. Let there be two active vias,
Np terminatedidlevias, and N shorting vias. Thetotal number
of viasis

N =2+ Ny + Ns. (75)

Let the shorting vias be labeled as (Nr + 3), (Np +4), ...

(2 4+ Nt + Ng). Then we can rewrite (73) as

(?él) +?é2)) Ju _ (Bofo +f0Y§;§im)(1) -

+ (Doﬁo +?0?Ub )(1) Ve

extra
+ (BoBo+FoY fea) -V

+(DoBo+ To¥ ) @ v e

In the above matrix equation, the matrices are labeled with
superscripts (1) and (2). For matrices with superscript (1), the
first (Ny + 2) column elements are their original elements and
the others are zeros. For matrices with superscript (2), the last
Ns column elements of the matrix are their original elements
and the others are zeros. The last N5 elements in the column
vectors V'* and V' * are zeros. Thus, the last two terms on the
right-hand side of the equation will be zero.



826 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 51, NO. 3, MARCH 2003

Note that there is no exterior part for the shorting vias and
thus no corresponding exterior problem. Substituting V' ¢, V',
and I * into the above equations and rearranging, we have

[f(()l) ( ?an + Yextra + Y extra) +(B0 + Do)f (()1):| Tarilt

F (1)Y s;;tra) arlltrrat10:| ) Zu

+ POV gf;m) 7L [ic _ ﬁaﬁo} AL,
(77)

Note that there are V unknowns in total in the above equation.
The first (N7 + 2) unknowns are elements of 5 * and the rest
of the Ns unknowns are elements of 7 *.

B. Differential and Common Modes

Consider two activevias 1 and 2, so that N = 2. Thisisa
four-port problem with four portslabeledas 1,,, 15, 2,, and 2.
Viasarelabeled as1 and 2 and portsare further label ed as upper
and bottom ports

Bt Stute Stuze Stuts Stuze Atw

B2 1 Soutu Sowzu S2u1b Sou A%

BY | 7 | Sute Suze Suw Sua Al?

B Soptu S2v2u S2e1s S2b28 A?
For the differential mode, A'* = 1/2, A** = -1/2, and
A = A% = (. Thereflection coefficientisR = B'*—B?* =
(Stutw — Stu2u — S2u1u + S2uz.) /2. The transmission coeffi-

cientis7 = B* — B% = (S1p1u — S1b20 — S2b10 + S2620 )/ 2.
For the common mode, A'* = 1, A%* = 1, and A = A% =
0. Thereflection coefficientisE = B = Syy1u + Stu2w. The
transmission coefficientis7 = B = S1p14 + S162u-

In the numerical results, we consider two active viasin either
the common mode or the differential mode. In Fig. 8, the trans-
mission and reflection of two coupled active vias for common
and differential modes are shown. The magnitudes of reflec-
tion and transmission coefficients are plotted as a function of
frequency. For this case, we consider the effects of both in-
terior and exterior coupling. Parameters are: via inner radius
a = 0.127 mm, via outer radius b = 0.381 mm, separation of
thetwovias s = 1.016 mm, and layer thickness, = 2.286 mm.
The material permittivity ise = 2.2¢. It can be seen that trans-
mission for the differential mode is larger than the common
mode, particularly at high frequency. At very low fregquency,
the results for the exterior problem lose accuracy because of the
thin wire approximation. For more accurate results, we recently
have used a redlistic trace to model the transmission line that
is bent into the exterior part of the via [20]. The trace results
show that the reflection will decrease as frequency decreases
[20]. The more complicated cases of traces and bent wires in
layered media are presently being studied.

"— Differential mode]
===+ Common mode

0 5 10 15 20 25
Frequency (GHz)

Fig. 8. The transmission and reflection characteristics of two vias in
differential signaling.
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Fig. 9. The transmission characteristics of four vias with two shorted, in
differential and common modes.

Active vias

Shorting vias Shorting vias

Fig.10. Thegeometry of four vias. Two of them are active and two are shorted.

Shorting vias are put in the neighborhood of the active viasto
reducethe power loss. In Fig. 9, the transmission of two coupled
viaswith two shorting viasis plotted as afunction of frequency.
The geometry is shown in Fig. 10. The four vias are put in a
row, with two active viasin the middle and the two shorting vias
at the two ends. The separation of the two active viasis s1 =
1.016 mm and the separation of the active and the shorting vias
iss2 = 2.032 mm. Other parameters of vias are the same asin
Fig. 8. It can be seen that transmission increases for both modes
when compared with the case without shorting vias (Fig. 8). To
compare the losses with and without shorting vias, the power
lossfor thisfour-viacaseis plotted in Fig. 11. Here, power loss
isdefined as 1 — Pipans — Pren- Thedashed and solid linesarefor
the case of two active vias without shorting vias. The dashed-
circle and solid-circle lines are for the case of four vias with
two shorted. Fig. 11 shows that the shorting vias can reduce the
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0.6 | -~~~ Common mode |

Power toss

Frequency (GHz)

Fig. 11. Comparison of loss with and without shoring vias; circled lines are

with shorting vias.

Fig. 12. Locations of the 1008 vias with two signal vias at the center. The
labeling of the axesisin meters.

power lossfor both differential and common modes, particularly
a low frequency.

Next we treat the cases of thousands of vias. The structure
for the numerical simulations are shown in Fig. 1. Two of the
vias are connected to the signal wires for differential signaling
of the common or differential mode. There are shorting viasin
the neighborhood to reduce coupling. Furthermore, there can be
many other viaslabeled asidle terminated vias on the PCB that
might influence the signal integrity.

Now we show the capability of the proposed approach to cal-
culate the interactions among a large number of vias. Fig. 12
shows the distribution of 1008 vias and two signal vias at the
center. A similar distribution is generated for 2447 vias. The
surrounding idle or shorting vias are randomly distributed with
a fractional volume of 1%, where the fractional volume f =
noma? and ng is the number of vias per unit area. The inner
radius of the vias is 0.127 mm, the outer radius of the vias
is 0.381 mm, and the separation between two signal vias is
1.016 mm. Fig. 13 shows the power loss of two active vias sur-
rounded with randomly distributed 1006 and 2445 idle vias, for
the differential and common modes. It can be seen that the in-
crease of number of idle vias has a small effect on the loss of
active vias. The loss in the common mode is larger than that in
the differential mode. The same casesare plotted in Figs. 14 and
15 with al the idle vias replaced by shorting vias. Comparing

common mode

Loss (dB)

| —e— 1008 vias
—8— 2447 vias

10 10° 10’
Frequency (GHz)

Fig. 13. Comparison of loss between different numbers of vias (differential
and common modes).

0
—— 2 active, 1006 shorted
=10} | —— 2 active, 2445 shorted
-20
differential mode
i.',i -30
w
w
S -407
-50

10° 10° 10’
Frequency (GHz)

Fig. 14. Comparison of loss between different numbers of shorting vias
(differential mode).

—e— 2 active, 1006 shorted
-0t L™ 2 active, 2445 shorted

common mode

Loss {dB})

10° 10° 10
Frequency (GHz)

Fig. 15. Comparison of loss between different numbers of shorting vias
(common mode).

with Fig. 13, the power lossis greatly reduced for both common
and differential modes because the shorting vias provide addi-
tional paths for the return currents.
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V1. CONCLUSION

The method presented in this paper can be applied to the via
discontinuity problem with thousands of vias in high-speed
circuit from very low to very high frequency with modest CPU
and memory. It starts from the formulation of Green’'s function
of acylindrical scatterer between parallel plate waveguides and
relates the exciting, incident, and scattered waves from each
cylinder by Foldy—Lax equations. The interior problem gives
the admittance matrix and is related to the exterior problem
by equating the port voltages and currents. In this paper, the
system matrix of the interior and exterior problem is further
combined to give a total matrix of system to be solved by
iterative method.

Numerical results are obtained for vias in different configu-
rations and for differential signaling. The simulation technique
is aso used to solve the coupling problem in multivia structure.
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