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Analysis of a Large Number of Vias and Differential
Signaling in Multilayered Structures

Houfei Chen, Qin Li, Leung Tsandrellow, IEEE Chung-Chi Huang, and Vikram Jandhyadiéember, IEEE

tical vias in multilayered integrated circuits. The analysis of the in- 1dle via
terior problem is based upon the cylindrical wave expansion of the
magnetic field Green’s function. The multiple interaction among
vertical vias is modeled by the Foldy—Lax 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- “ _ g/ Shorting via
proach. The exterior and interior problems are combined into a -
system of equations to facilitate the solution of a large number _ i . ) ) ) ) L
of vias. Using this approach, the scattering matrix of problems of F19- 1'h TtYp'CaJ m.L”tt'a"a S."Lé%t“rﬁ '”g't“d'”g a pair Oﬁ.d'ﬁer%”“f" s'g”a“”%h
several thousgnd vias can bg calculated with moderate (;PU and ?/c:llaes’visaso%n?h\galfclg_ € neighbornood fo reduce coupling and aiso many other
memory requirement. Numerical results have been obtained for

different via configurations and for a large range of frequency. Also

Abstract—A method is presented for full-wave modeling of ver- /D,iffe;e“‘ial
signaling
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I. INTRODUCTION Retrence P]m icror
ECAUSE OF THE ever-increasing speed, density, an 1 / v, T I,
routing complexity in integrated circuit (IC) design, via £ 8 o 2=-d/2 el ge9
structure is extensively used to connect signal traces residi —
on different layers. The impedance difference between vias a L Signaluuce l
signal traces introduces reflection. The nature of the multilay Bxerior [ " e ]Ef‘
ered geometry introduces the parallel plate waveguide effe proviem Il ™
- A

which results in significant coupling among vias. Coupling
through parallel plate waveguide modes generally decasig. 2. Decomposition of vertical via structure.
slowly as the square root of distance and poses a significant
challenge to reliable, high-speed IC operation. Numerous praipproach [3]-[5] or empirical formulas [6]. A circularly sym-
lems arising there (such as larger delays, loss of signal integrityetric via has been modeled using a quasi-static approach [7].
and false switching of devices) can lead to the malfunctionirigore recently, a method of moments (MoM) full-wave analysis
of overall systems. has been applied to through-hole via geometry [8], [9]. The ver-
In the past, different types of vias have been investigatéidal via structure in multilayered geometry has been analyzed
using various methods. The inductance of a via connectionusing equivalent circuit and microwave network analysis [10].
two striplines was analyzed [1] by using the partial electric eléwn attempt to account for coupling noise between coupled vias
ment circuit (PEEC) model [2]. The capacitance and inductanissshown in [11]. The electromagnetic coupling between two ad-
of a through-hole via has been analyzed using the quasi-sta@icent vias in a multilayered IC was analyzed by means of equiv-
alent magnetic frill array models [11], [12] incorporated with the
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The interior problem consists of magnetic sources betwetre via aperture. The electric currents are then found on the sur-
plane conductors and vias as well as cylindrical via structuréace of via cylinders. The admittance matrix of the via is then
Recently we solved the interior problem of several hundrexbtained which fully describes the interior structure of a vertical
vias using Foldy—Lax equations in vector cylindrical waves anda.

waveguide modes [14]. The solution of Foldy—Lax equations 1) Cylindrical Wave Expansion of a Dyadic Green’s Func-
was computed by matrix inversion. The exterior problem wamn Between Two PECsConsider two perfect electric conduc-
modeled by a transmission line with a characteristic impedanters atz = d/2 andz = —d/2 (Fig. 2). Let the magnetic current

In this paper, we make the following major extensions argburce be at’ that is between the two PECs and flow in the hor-

improvement of the previous method. izontal plane. Then the Green’s function is
1) The exterior transmission line is modeled by bent wires
using the MoM approach, thus including the effect of re- G = ﬁp + ﬁR 1)

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. whereGp and Gy are the primary Green’s function and the

2) The case of multilayered geometry is considered. response Green’s function, respectively. The Green’s function

3) To facilitate the solution of the case of several thousai two parallel PECs [16], [17] will be the primary field for
vias, the equations for the exterior problem are combindldis case as the source between two parallel plates generates the
with the Foldy—Lax equation for the interior problem tgncident field onto the cylinder scatterer. In the following, we
form a single system of equations with the incident arigSe the upper sign for < 2, the lower sign for: > 2’, and
reflected wave amplitudes as unknowns. I; = @& + gy is the transverse dyad.

4) Numerical results are illustrated for common-mode and Forp < p’, we have
differential-mode signaling with idle and shorting vias.

Section Il of the paper gives the formulation of the interior ~ Gp (7, 7') 1

problem, which includes the vector cylindrical wave expansion n (=1)nH 2k o (7))

[15] of the Green’s function of a cylindrical scatterer between T 4d T2 fe (1 e )
two parallel PECs and the multiple scattering formula using ¢ ot

Foldy—Lax equations. Given the voltage at the via aperture, a ) e—ﬂm(z’qu/Z)RgFgM(kpe7 ke, By 2 £ d)2)
magnetic frill current is used as an equivalent source. The mag- o,

netic frill current excites cylindrical waves of magnetic field —n(kpe, kze, p')e"™? T,

inside the parallel plate waveguide. The port currents are ex- in (—1)"’” _ /

pressed in terms of the solutions of the Foldy—Lax equations. + ‘i—d [ (1 + 2k=e(z *‘1/2))
An admittance matrix is given for a single via. A simple ana- n,t rt

lytic formula in the short via limit is also derived. In Section IlI,
we extend the MoM approach of [8] to treat the exterior problem
of coupled wires bent into vertical vias outside the parallel plate T n(bpe, ke, p/)ey‘ndﬂ T, 2)
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, numel1€re.fe = 1/2fort=0,fe=1fort =1,2,...,n= Vil

ical results of the scattering parameters and loss are iIIustra\‘E&he wave |mpedince, ang; = l?/d' £=0,1,2,....For

for a large frequency range and for various multilayered via cof-> #'» Gr(7; 7') - I; can be obtained by symmetry.
figurations. We also illustrate results for cases with thousands of! "€ magnetic modal solutions are defined in [14]. The sum-

. e_jkz'f(z/:Fd/?)RgF EE(kpZ-/ kz@-/ ﬁ? z+ d/2)

vias in differential signaling. mation of the modal solutions starts with= 0 for TM waves
and starts withY = 1 for TE waves, and summation of har-
monics are fom = —oo to co.
2) Dyadic Green’s Function of a Cylindrical Scatterer Be-
Il. FORMULATION: INTERIOR tween Two PECs:To include vertical vias into this structure,

we model the vertical vias as conducting cylindrical scatterers
and derive the Green'’s function of a conducting cylindrical scat-
A single vertical via is decomposed into interior and extéerer between two parallel PECs.
rior problems as in Fig. 2 using equivalent magnetic sourcesConsider a perfectly conducting cylinder placed between two
at the apertures. The via cylinders are modeled as conducti@jallel plates at = d/2 andz = —d/2. The cylinder is of
cylindrical scatterers between two PECs. A cylindrical wave exadiusa and is centered @t = 0. ThenGp, is the Green’s func-
pansion of a dyadic Green’s function of a cylindrical scatteréion accounting for the scattering by the cylinder. For a response
in terms of waveguide modes is used. Based upon the Gree@reen’s function, the regular TM mod&gH '™, has a scat-
function, we excite the structure using a voltage source at tteging coefficient of ™ for scattering by a cylinder, while the
port, which is equivalent to a magnetic current ring source eggular TE modeRgH 'F, has a scattering coefficient @™ .

A. Single Via
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In the following, we use the upper sign for source’at d/2 5) Analytic Formulas for Short ViasFor the case of short
and a lower sign for source at = —d/2 as vias when the layer thickness is smdlli(« 1), note thatd is
the layer thickness and not the via length as there are sections of

Gr(F,7')" f the via outside the layered structure. The section of the via out-
7 1)n+t (N TN side the Igyers_is includgd in the exterior problem. If we assume
=54 Z feT" H 5 (kpe, kze, Py 2 £d/2)  thatthe via radius and via aperture are smiall & 1, kb < 1),
n, £ then we retain only thé = 0 term in the expressions. Using a
i (kpey Koot ﬁ/)ejnzi)’ jt small argument approximation for the Hankel function, we have
; —1)nte - B Y11 =Y
+ % 2 % ST HTE () kg, B, 2 £ d)2) =Yy
7 o =-Yy
: ﬁ—n(kpl-/ kziv ﬁ/)ejnqﬁ : [t (3) - _ 27FJ (8)
wid [~log (%3*) = j 5]

where the T-matrix scattering coefficients  are
L= (k) /B (k) and 1Y =

(o (bipea) [ HD (Kipea). J A
3) Magnetic Field and Surface Current Density on the 7 — j, K% {_ log <g> _jg] —jwL+ R (9)

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

Cylinder: Let the source be located wifi > a. The surface 2m 2
current density on the cylinder is Note that the inductanck has anw log w dependence while the
resistancer is linear withw. The capacitance will be included

J. — Jk (- 1)

7D Pk ffjfy(kp, k., z+d/2) if we include higher order modes 6f> 0.

For the case of a multilayered via, if the total length of the
o entire via through all the layers is still small, then the above
: / dp' T—n(kpe, kee, 7')e’"°7 - Mo (5) expression is still valid witld replaced by the sum of the lengths
k e of the different layers. This means thatcorresponds to the
- Z JTE(k ko, z % d/2) total length of the via inside the layers. Results of_ the S|mple_
2d it formula have been compared to the exact analysis and are in
good agreement in the short via limit.

- 'd_’ﬁ_n koo, ke oG Mu(p') (4
/ g (ot ke, ') @@ B. Multivia
where the modal solutions of surface current density 1) Multiple Scattering Among ViasFor multivia coupling,
T (kp, ke, 2) and J 33 (Ky, k-, 2) are defined in [14]. we consider coupling among all the vias. Consider two per-
4) Admittance Matrix of a Single ViaTo obtain the admit- fect electric conductors at = d/2 andz = —d/2. In the
tance matrix of a single via, we excite the structure using voltaggultiple-via coupling problem, the equivalence principle is in-
sources of magnetic frill and solve for the magnetic field. Theoked with equivalent magnetic sourceszat= +d/2. Con-
surface current on the cylinder can be calculated from the magder.V via cylinders between the two parallel plates centered at

netic field. 71, P» - - - P and magnetic surface current density, = M ,,,
The current on the surface of the cylinder in the positive at (5’ 2’ = d/2) andM, = M, at(p', 2/ = —d/2).
direction is 2) Excitation of Magnetic Frill Current: Let there be mag-
o netic frill currents at the aperture of vigj = 1,2, 3, ... N.
I = /0 ats - 2dg At 2/ = d/2, we have
ATV o (=1)" 1 Mo(p') = L <2>_, fora < |5'—7,| <b
“nd Int 2t |7/ =5, g 77" ’
na-n g ot Hy" (kpa) (10)
;o .
Aeosku(z £ d/2)} [HE (hyeb) = HE (kyea)] . @) 2792 = g W; jave
= jb 5 o
The admittance matrix elements are then Ma(p") = - 5/ —7;|In L O fora < |p"—p;| <b.
J a
47rwa] kp[b) ] ) (11) ]
Z ﬁ 1 (6)  With these sources, only TM modes are excited. After multiple
Hy™ (kpea) scattering, the final exciting field of cylinderis

@ HE=w " RH M (kye. kee, 5=7,, 2 £ d/2) (12)

m, ¢

TM(p) ;

47rw5J Z 1) fe [Héz)( peh)
p HéZ) (kpia)

and due to symmetry we hag; = Y7, andYss = Yi;. wherew,, " is exciting field coefficients.
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i i i i A
T_he Foldy—Lax multiple scattering equations are in the fol- e e
lowing form [17]: o Stor i
B :t
N 'S} ——— Exterior T I,
w;FnM((I) = a;fé\l((l) + Z Z H’r(LQJm m&w oroblem
L |
" m@%ﬂ 9% . - Wire antenna
= _ = j(n—m)¢— ™ e bl
(ke [7, = 2g]) TP TN w1 (13) problem
whereafy(q) is the incident field of the current source onto ... - NO——

cylinderq. In the Foldy—Lax equation there is no coupling beﬁig_ 3. Decomposition of the exterior problem.
tween differen?’s because eachcorresponds to a specific;.

We solve Foldy-Lax equations f@mﬂ“‘” and find current o, voltage sources at upper apertute= d/2, let the voltage
I on the cylinders, which is current at= d/2 due to source \ector7 ¥ be of dimensionV, with (V' *); = V.. In matrix
atz’ = d/2. Similarly we find current’®*, which is current at form, the Foldy—Lax equation is
z = —d/2 due to the source at = d/2. The cases with sources _ _
atz’ = —d/2 can be done similarly, giving current&® andr®". Fan\" =E v (18)

3) Matrix Notation for the Interior Problem:Suppose we
haveN vias, and we keep t6 = L,,., and multipoles up to

n = £ Nmax. Then the dimension afi; is (2Npmax + 1) X N.

Solving (18), we have current on th¢h cylinder at the upper
aperturel ““ and current at the lower apertuf&* given by

Using a combined indeg of cylinder indexq = 1, 2, ... N T@uu — Z Bw, @ (19)
and multipole index = — Nyax, —Nmax+1, .- 0, 1, Ny, ¢
we havef(q, n) = (2Nmax + 1) X (¢ — 1) + 7+ Npax + 1. (p)bu _ TM(p)u
Thus,3 = 1,2,...M where M = N X (2Npax + 1). Let 1 - ; Dewgg (20)
superscripfl’ denote the transpose of matrix
where
=T _ |, (1) (1) (1) ¢
Wy = [wz(_N,m) Wo(—Namax+1) " We(Nipax) ) = 4(()_41) (21)
2
(2) (2) (N) Hy" (kyea
wZ(—]\Tmax) . wl(Nmax) - - wl(Nmax) ] R 77 0 4( ,’7[ )
(14) (22)

=
”H(()2)(kpla)

The Foldy—Lax matrixt”e is of dimensionV (2Nmax + 1) x Similarly, we have for voltage sources at lower apertdre=

N(2Npax +1) = M x M

—d/2,
i 2 _ _ = = __
|:F[:| qn,pm - 6nm6qp - (1 - 61"1)H7(1*)m (k.p[ |pP - qu) Ffmgb) :Efvb (23)
. ej(n—m)¢5pﬁ Tr(nN) (15) TPub _ Z BlngOM(p)b (24)
4
whereq andp are cylinder indices and andm are multipole bh TM(p)b
indices. IO =3 " Dewgg™ " (25)
Define E, to have dimensions/ x N to represent the inci- ‘
dent field coefficients The port current is the sum of current due to upper and bottom
- sources
(Ez)qn,p = [Ezp]qn . (16) 7w — (p)uu + T(P)ub (26)
For the case of magnetic current sources ALY (OLE (DL (27)
_ gk (=1)* 27
= — _— 61’7.
[Wp]qn 2 kiﬂ fe lng 0 [ll. EXTERIOR PROBLEM
@) @) ) The exterior problem consists of a transmission line of bent
) [Ho (Kpeb) — H (kpla)] ] ifqg=p wire. For a single via, we solve the exterior problem using the
R, MoM technique following [8], [9] (Fig. 3). In Fig. 3, the exterior
_Jr % fer(Lz) (kp[ |ﬁq — 5P|) Ay problem is decomposed into a short-circuit problem and wire
2d  k,, antenna problem. For the wire antenna problemYlgt be the
5 input admittance of the wire antenna, d@hg; be the amplitude
. [_ﬂb [Jo (keb) — Jo (k‘pza)]] , if ¢ # p. of the excited TEM mode in wire antenna with a unit voltage
In across the aperture. For the short-circuit problem;Jebe the

(17) reflection coefficient of the short-circuit problem, ahd be the
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current at the short-circuit end when the structure is excited with

a unit TEM wave incidence. The quantitigsand B are the

incident and reflected TEM waves at the port, an@ndI are

the port voltage and current at the aperture. Ground plane —
In general, the exterior problem of a multivia structure can

consist of large number of transmission lines that are bentf§- 4 Coupled exterior structure.

connect to the sections of vias that are outside the parallel plate _ )
waveguide. In this paper, we consider two types of exterigy 11(s) andIy(s). The integral equation that the currents have

Equivalent
e

problem. to obey is

1) Case A—Exterior Problem With Uncoupled Transmission A —, , 0? an N N o1y
Lines: In this case, there ar® transmission lines/bent wires’“¢ ¥ B (s) = / Li(s) 9s0s’ k=s - 8" G(s, s') ds
above the parallel plate waveguide that are uncouplednd 52 A
transmission lines/wires below the parallel plate waveguide that +/]2(5') [ - — 24, s’} G(s, s')ds'
are also uncoupled. For simplicity, we shall assume that the ds0s
transmission lines are identical. The exterior problem has the (32)
matrix equation as follows. For theh via, we have wheres is the point on the two transmission lines ands the

unit vector tangential to the transmission line at the point.of

By ~ [Tse Tant AP 08 G(s, s') = e7/*E /47 R is the Green's function of free space
I 7 | Le Yanel | —v® (28)  whereR = |5 — s’|. The incident fieldE *(s) on the wire is
“ determined by the frill magnetic current
(p) (p)
Bb Fsc Tant Ab =i N —1 ,
0N R o (29) Fi(s)=V x / 2 Gls, 7YV (F) A2
b ‘ b

—=\A7_ (="' /
for the upper port and the bottom port, respectively. +/2 (G, T Mo(T7) 2 } - (33)

2) Case B—Coupling Among a Small Number of Lines/Wirgg,ation (32) can be solved using the method of moment [19].

in thg Exterior F?rollt)lem.: We next consider the case vvhere th@Jsing the triangle basis function, currdts) andl,(s) can be
exterior transmission lines are only coupled to their nearggtyressed as

neighbors. Then the exterior problem of many lines will be oN

decomposed into block matrices. In this paper, we consider the Ii(s) = Z el £ () (34)
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 I(s) =3 cnfa(s). (35)

can be readily extended to coupling among a finite number of . . o .

lines.) We extend the MoM approach in [8], [9] to consider th qbstltutlng t.h(,a above equations into integral equation (32) and
case of coupled bent wires. Let lines 1 and 2 be the two coupllé%ing Galerkin's method, we have

lines/bent wires. Then we have Nl . y :
> (200 + 200, ) b+ 250k

n=0

2N

Bq(Ll) ] i 1_‘scll 1_‘sc12 Tantll Tant12 1 Agl) n=1
2) r r T T (2) N , )
Bzil) _ sc21 sc22 ant21 ant22 Az(tl) (Z,,(;l?(,,?) + Z,sll)(;fszn) 6121 + Z'y(ri?(]\%)c?\f
Iu Iscll Isc12 Yant22 Yant22 _Vu n=1 ’
(2) (2) . : ; , )
Iu | L Isc21 Isc22 Yant22 Yant22 4 L _Vu (30) — V151L) — (Zr(:z)(()l) + ZT(';)(;K,) c(l) — (Zf:l)(OQ) + ZT(:L)(;]%Y) 6(2).
Bl Ty Taws T Tz | A %9)
”2 scll  tscl2  Santll  fantl2 "2 The index ofi = 1 means the testing point is on wire 1 and
B;E ) | Tse2r Tscoz Tant2r Tane22 A;(, ) i = 2 on wire 2. In (36), the impedance matrix elements are
— (1) B Isc Isc Yan Yan & . 2 i ()
I, 11 12 t22 t22 1A Z()0) _ //fm (s(i))fn (s’(j)) 87 2 g\( ) ;\,
_1(2) L Isc21 Isc22 Yant22 Yant22 B V(2) mn J. ‘ l 88(1)831(])
b A L Vs
(31)

e (Sm, S/(j)) ds'D) ds  (37)

Using the equivalence principle and the image theory, the t/#§d the column vector elements are

coupled transmission lines shown in_the Ieft_ of Fig. 4 can be Vygi) _ jwe/fm (s(i)) /g(%) ok (s(i)) ds(®) (38)
treated as the new structure shown in the right of Fig. 4. We

extend the approach in [8]. Let the two transmission lines e solve matrix equation (36) and find the current distribution
thin wire so that the current density on them can be representetthe two wires. Using the matrix pencil method [18], the am-
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plitudesA and B of the incident and reflected wave on the twdVe solve (51) to get the reflected waisg at port 1 and trans-
wires can be extracted from the current distribution. mitted waveB; at port 2. Then the scattering parameters are
Let the voltage drog/ between the via and ground planegiven by
be zero and enforce a current source such ¢hat 1 at the
: A . S11=B1/A1 =B 52
truncated end of the first transmission line. The amplitudes 1 1/4 ! (52)
As, By, andBs are calculated as discussed above. Therand S12 = By /A1 = Bs. (53)

I;c are given by For a symmetric structure§y; = Si2 andSys = Sq1. For an

A1B; — AsBs asymmetric structure§,; and.S,; can be obtained by exciting
Psenn = ALA, — AyA, (39)  the structure at port 2 instead of port 1.
For multilayered geometry, we cascade the single-layer struc-

Tec1o = 4Bz — 4B, (40) ture using a transfer matrix. After the cascading of transfer

ArAr = Az Ay matrices, the result transfer matrix is then converted back to
[ Al — Aslp (41) Y matrix and we use (51) and (52) to calculate the scattering
scll = A1A1 — A2A2 matrix.
Lyy = % (42) A. Multivia
LT e In this paper, we consider two coupled bent transmission lines
Next letVY = -1, V{? = o, ¢y = ¢3 = 0. Then thel,,,’'s and the rest of theV — 2 lines are uncoupled for the exte-
andY,,:'s are given by rior problem. However, théV vias are coupled in the interior
problem.
Tant11 = B1 — Tec11 41 — Tic1242 (43) In the previous paper [14], we solved the interior problem of
the Foldy—Lax equation by matrix inversion to calculate the ex-
Tont12 = By — Dye21 A1 — Tgeon A 44 o A
o2 2 21 2202 (44) citing field coefficientswy,. Next these are used to calculate the
Yont11 =11 — Isc11 41 — Isc1249 (45) magnetic fields and currents which are related to port voltages.
The relation between the currents and voltages in the interior
Yant12 = IZ - 15021141 - ISC22A2' (46) g

problem are then substituted into the exterior problem matrix

The above method illustrates the case for two coupled lines t|s§,gluation to find the relation between incident and reflected wave
are bent to connect to the vias outside the parallel plate wa@0Plitudes of the transmission line. The previous method is not

guide. ForN lines/bent wires in the exterior problem, we haveuitable for the case of several thousand vias or more. In this
paper, to make the algorithm applicable for thousands or more

BY — iczu — imvu (47) vias, we combine the interior and exterior equation into a single
_ - - _ set of matrix equations so that iterative method can be used for
I =1cA" = YanV (48)  the resulting matrix equation.
B Ziczb in 7o 49 .In the |nter|0r.problem, forthé =0 mode, we mcll_Jde cou-
B +_ ¢ (49) pling of all the vias. For small layer thickness, the higher order
I =T, A°+Y,. V" (50) modes are evanescent. Thus, the higher order modes are coupled

in the near field only. In the simulations, we include coupling of
We assume that coupling only exists among a small numberiaé higher order modeg (> 1) for the several vias that have
lines/wires where the rest are uncoupled. Then Taut, I, coupling in the corresponding exterior problem. For the 0
andY ., are N x N sparse matrices in block form with nomode, including allV vias, we have
coupling among the blocks. For example, if only two lines are = =0 = T
coupled, then we have a2 2 block and the rest of th& x IV FoW O = By (54)
matrices are diagonal. FoW O —F, 7 (55)

whereF, andFE, are denseV x N full matrices. ForZ > 1,
we have
The combination of the results of the interior and exterior
structure is carried out by relating the port voltage and current.
For a single via in single-layered geometry, Jgt = 1 and EW (b :EV” (57)
A, = 0, and then we have the following matrix equation for the

entire via structure: whereF, and E, are given in (15) and (16). The elements in

F, and E, are zero if the corresponding lines in the exterior

IV. THE COMBINATION OF INTERIOR AND EXTERIOR PROBLEMS

FW O =, 7 (56)

L0 Lo 00 0 By Lser problem are not coupled. Thus, for higher order modes (),
0L T 000D h L we have block sparse matrices Bf and E,. Letting P, =
0 0 0 1 0 _Tant2 Vl _ 0 ——1—
0 0 0 0 1 —Yao!| |B2| | 0 |- F, E;, we have
Ol w00 e Iz 0 W ©Ou _ P,y u (58)
00 You 0 1 Yoo Vs 0 o _

(51) W(/)b :ngb‘ (59)
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Note that taking the inverse of block matricBs, ¢, Pe (£> Using (70), (66) can be rewritten as
1), Tse, Tant, Isc andY ,,,; are computationally inexpensive. N L — =
From the interior problem we have Vi=-T_4 [—B“ + Tratio (A" + Ab)] + T T A?
Tu :T'uu +7ub
0o 0o nt ant ant
=Y BWO +3" DO (72)
=0 £=0

:?_IFU - ?_lfratiozu+?_l I:?sc_ fratioil Zb~

oo oo We multiply (60) byFy. Then
=ByW " 4+ DoW O + 3" B, W O 43" D (O

=1 (=1 foju = (Bofo + fo? thra) v
=BoW (O)U+DOW (O)b+?ggtravu+?gﬁtravb (60) + (Dofo + ?o?gitra) Ve, (73)
K :DOW (O)U—I-BOW (O)b_i_?z;étrav,u_i_?gitraVb (61)

SubstitutingV’ *, V' ?, andl * into (73), we have

whereY s ?Zﬁm ?’g;tm, andY’ extra re calculated from _ _ o B
the block matrices [Fo(~Van+ ¥ s + ¥ 20) +(Bo + Do) Bo| T 1 - B
Y extra Y extra Z B[P[ (62) = [_FO (Isc + YantT;nltFSc) - (BOEO + FOY g;:tra) 1_‘sc
=1
= = °© = - D(]f() + ?0? lcl)l: ra)?a_nl frati0:| N Z"
Yg)l:tra = Ygztra = Z DZPK' (63) ( ' '
=1

- T + (DoBo+FoY )T ok [Tee = Toavio|- 4% (79)
Note thatY *“ andY “

extra extra

SinceBy = Dy, we have

are alsoN x N block matrices.

- o Note that onlyfo andfo are dense full matrices in (74).
Tv —_Tb = (7;‘;‘“&1 — 7:;)’{'“&) (V“ — V") . (64) Equation (74) represents the combined matrix equation in-
corporating both the exterior and interior problems. It Bas

From the exterior problem we have unknowns in column vectaB “. It can be solved foB “ using

_|_
The results of our method have been compared in [20] with
Tt =V, T \Bb— (TSC + ?anf;ftic) Al (68) the single-via and coupled-via cases in [10] and [11] and are
) ) in good agreement. The computational algorithm in this paper
Subtracting (65) and (67), respectively, from (66) and (68) aRd efficient. Simulation of 2500 vias is completed in 56 s on a

substituting into (64), we have PC with an AMD Athlon processor of 866 MHz and 512-Mb

T u :?a—nltﬁu _ ?a—nltpsczu (65) an iterative method. AfteB “ is solved,B? can be obtained
_ — = = with (70).

Vtb=_T_ 1B+ T T, A" (66)

_ = = . _ = = = =\ — V. RESULTS AND DISCUSSION

1" = VauT B+ (T 4 VauT i) A" (67)

~Y T o (B* +B?) memory [20].
_ . Fig. 5 shows the propagation characteristics of a through-hole
+ (TS(‘, +YanT ;nlt_sc) (A" +4°) via, a single-layered vertical via, and a nine-layer vertical via.
- . The inner radius of the via is8 = 0.127 mm, the outer ra-
= (ngjtra — YZ,ftra> dius of the via isb = 0.381 mm, and the layer thickness of
L each layer isl = 0.254 mm, with a layer relative dielectric
[Ta_nlt (B"+B")-T il (A" + Z”)} . (69) constant of:, = 2.2. For the exterior parameter, the wire ra-

dius is the same as the via inner radius, and the wire bend is at

Hence B h = 1.016 mm. Fig. 6 shows the loss comparison of these three
(B"+B") = Trasio (A" + A7) (70) kinds of vias. The loss is defined ds= 1 — |S11|* — |S21*.
Loss is due to: 1) radiation by the wire along the planar wave-
where guide; 2) discontinuity at the wire bend and the via aperture;
Tontio = Tt [?ﬂm + (?:;m _ ?Z)Lc,tra)} -t and 3) parallel plate waveguide modes excited between metal

layers. We can see clearly that a through-hole via has the least

) [ic n (?am n ?g:(ttra _ ?g)l()tra) ?gtzsc} _ radiation loss; a single-layered vertical via} has more radiqtion

- o loss because of the parallel plate waveguide effect of the inte-

(1) rior structure. A nine-layer vertical via has the most loss among

Note that the matrices in (71) are all blodkx N matrices, so the three. Note that the layer thickness of each layer is constant.
taking the inverse is not computationally expensive nor is thef@ius, nine layers have a larger total thickness than one layer.
much requirement for the memory. Thus, the more layers there are, the more energy will be coupled
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Fig. 5. .5 parameters of three kinds of vias. Fig. 7. Loss comparison of a nine-layer via with different layer thicknesses.

as in Fig. 5, except that the layer thickness of each layer is
== d =0.254, 0.3048, and0.381 mm. The comparison shows that
" radiation loss of a nine-layer vertical via increases as the layer
T - 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. There are many otheridle vias

Through hole vial . . .
--- Single layervia | 1 0N aPCB. The two ends of a shorting via are directly connected

L ".
-20 Pte
.

Loss (dB)
\
\

25

30F .-

-35

—™ 9layer via to the ground planes. Thus, the voltages of the upper and lower
40 1 ports of the shorting vias are zero. Let there be two active vias,
45 ; Nt terminated idle vias, anl¥s shorting vias. The total number
0 1 . .
0 frequency (GHz) 10 of vias is
Fig. 6. Loss comparison of three kinds of vias. N =2+ Np + Ns. (75)

Let the shorting vias be labeled @81 + 3), (N7 +4), ...

into the parallel plate waveguide. The energy is subsequer‘@y+ Nz + Ns). Then we can rewrite (73) a7s
dissipated or radiated through the edges of the waveguide. It is

noted that the power loss for the interior problem computed by= (1) = @2)\ +. _ = ==, \O —,
the proposed model is only valid for the infinite parallel plate Fo o +Fyg ) I* = (BOEO +FoY extra) v
which is assumed in the previous section. They are due to the

ub . b
fact that energy is coupled from the via to the parallel plate + (DOEO +FoY ema) v

waveguide modes. This coupling represents loss from the signal S — )

vias. In real-life situations, the finite parallel plates are used and + (BOEO + FoY Z;;Ltra) v
could be connected at their edges for some other applications. - @)

The parallel waveguide mode can propagate to the edges of the + (DOFO +FoY ;‘)’(’tra) VP (76)

ground plane and be reflected or be radiated from the edges of
the ground plane. This in turn will affect the radiation loss of In the above matrix equation, the matrices are labeled with
the signal via. On the other hand, before the waveguide modesperscripts (1) and (2). For matrices with superscript (1), the
reach the edges of the ground plane, they can also be attenufitstl N+ + 2) column elements are their original elements and
by dielectric loss in the material and the skin effect loss of thbe others are zeros. For matrices with superscript (2), the last
conductors. This will reduce the influence of the edges of th€s column elements of the matrix are their original elements
finite ground plane to the signal via radiation. and the others are zeros. The |a& elements in the column
Fig. 7 shows the loss comparison of a nine-layer vertical viectorsV * andV * are zeros. Thus, the last two terms on the
with different layer thicknesses. The parameters are the sarnght-hand side of the equation will be zero.
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Note that there is no exterior part for the shorting vias and 1--\ ' ' }
thus no corresponding exterior problem. Substitufifiy, V', O-QW
andl * into the above equations and rearranging, we have 038 ‘\\

_ _ _ _ o 0.7

[T (~Vant + Y tera + ¥ s ) +(Bo + DOE V| T $ 05 N [ Do
2 ===-_Common mode

— (DOE o +FV'Y cxtra) T amrratio} <A Frequency (GHz)
=), T ub F-1[F S b Fig. 8. The transmission and reflection characteristics of two vias in
+ (DOEO +Fy Yextra) T ant [Fsc - Fratw} A differential signaling.
(77)
1;”“‘“\
Note that there aré/ unknowns in total in the above equation. 08
The first(Nr + 2) unknowns are elements &“ and the rest 0.8
of the Ng unknowns are elements of*. 0.7
é 0.6 AN
B. Differential and Common Modes € od
(7} . \\
Consider two active vias 1 and 2, so thét= 2. This is a § 04
four-port problem with four ports labeled &g, 1;, 2., and2;. 0
Vias are labeled as 1 and 2 and ports are further labeled as upper y : |
0.2 — Differential mode, o

and bottom ports 04 Lo Commonmode | vl |

B S Stuz2e St S Alv

ou lulu 1u2u lulb 1u2b ou o 5 10 15 20 25

B — S2ulu SZuZu SQulb SZqu A Frequency (GHz)

B Sibiu Stz St Siezp ALY

B2b Soviw  Sov2uw Sopis Sapop A2b Fig. 9. The transmission characteristics of four vias with two shorted, in

differential and common modes.

For the differential modeA'* = 1/2, A* = —1/2, and
A = A% — (. The reflection coefficienti® = B'* — B?* = Active vias

(S1utu — Stuzu — S2utu + S2u2u)/2. The transmission coeffi-
cientisT = B'* — B2 = (S1b1u — S1b2u — S2b10 + S221 )/ 2.
For the common modej'* = 1, A%* = 1, andA' = A% =
0. The reflection coefficienti®® = B = S1414 + S1u2u. The
transmission coefficient i¥ = B = S1p14 + S1p2u-

In the numerical results, we consider two active vias in either
the common mode or the differential mode. In Fig. 8, the tranBig. 10. The geometry of four vias. Two of them are active and two are shorted.
mission and reflection of two coupled active vias for common
and differential modes are shown. The magnitudes of reflec-Shorting vias are put in the neighborhood of the active vias to
tion and transmission coefficients are plotted as a function k#fduce the power loss. In Fig. 9, the transmission of two coupled
frequency. For this case, we consider the effects of both wias with two shorting vias is plotted as a function of frequency.
terior and exterior coupling. Parameters are: via inner radilihe geometry is shown in Fig. 10. The four vias are put in a
a = 0.127 mm, via outer radiu$ = 0.381 mm, separation of row, with two active vias in the middle and the two shorting vias
the two viass = 1.016 mm, and layer thicknegs= 2.286 mm. at the two ends. The separation of the two active viad is=
The material permittivity is = 2.2¢. It can be seen that trans-1.016 mm and the separation of the active and the shorting vias
mission for the differential mode is larger than the commos s2 = 2.032 mm. Other parameters of vias are the same as in
mode, particularly at high frequency. At very low frequencykig. 8. It can be seen that transmission increases for both modes
the results for the exterior problem lose accuracy because of tigen compared with the case without shorting vias (Fig. 8). To
thin wire approximation. For more accurate results, we recenttgmpare the losses with and without shorting vias, the power
have used a realistic trace to model the transmission line thags for this four-via case is plotted in Fig. 11. Here, power loss
is bent into the exterior part of the via [20]. The trace results defined ad — P;,..s — P.et- The dashed and solid lines are for
show that the reflection will decrease as frequency decreasies case of two active vias without shorting vias. The dashed-
[20]. The more complicated cases of traces and bent wirescincle and solid-circle lines are for the case of four vias with
layered media are presently being studied. two shorted. Fig. 11 shows that the shorting vias can reduce the

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

with shorting vias. Frequency (GHz)

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

0.073_
0.06; 0
0.05° —— 2 active, 1006 shorted
: -10} | —— 2 active, 2445 shorted
0.04
0.03% 20|
s differential mode
0.02; )
: g -30;
0.01; @
0;‘ S -40}
0
-50
Fig. 12. Locations of the 1008 vias with two signal vias at the center. The
labeling of the axes is in meters.

-1 0 1
power loss for both differential and common modes, particularly 10 10 10

at low frequency Frequency (GHz)

Next we treat the cases of thousands of vias. The structgig 14. Comparison of loss between different numbers of shorting vias
for the numerical simulations are shown in Fig. 1. Two of th@lifferential mode).
vias are connected to the signal wires for differential signaling

of the common or differential mode. There are shorting vias in 0
the neighborhood to reduce coupling. Furthermore, there can be —=— 2active, 1006 shorted
. . . . 0F L+ 2 active, 2445 shorted
many other vias labeled as idle terminated vias on the PCB that
might influence the signal integrity. 20!
Now we show the capability of the proposed approach to cal- common mode
culate the interactions among a large number of vias. Fig. 12 @ 30
shows the distribution of 1008 vias and two signal vias at the g
center. A similar distribution is generated for 2447 vias. The = 40
surrounding idle or shorting vias are randomly distributed with 50!
a fractional volume of 1%, where the fractional volurnfie=
noma? andng is the number of vias per unit area. The inner 60|
radius of the vias is 0.127 mm, the outer radius of the vias 3 o P
is 0.381 mm, and the separation between two signal vias is 10 Frequﬁcy (GH2) 10

1.016 mm. Fig. 13 shows the power loss of two active vias sur-

rounded with randomly distributed 1006 and 2445 idle vias, féfg. 15. Comparison of loss between different numbers of shorting vias

the differential and common modes. It can be seen that the {f2mmen mode).

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 thatirith Fig. 13, the power loss is greatly reduced for both common

the differential mode. The same cases are plotted in Figs. 14 amdl differential modes because the shorting vias provide addi-
15 with all the idle vias replaced by shorting vias. Comparintipnal paths for the return currents.
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VI. CONCLUSION [16] L. Tsang, J. A. Kong, and K. H. Dindscattering of Electromagnetic
Waves: Vol. 1 Theory and ApplicatiansNew York: Wiley Interscience,

The method presented in this paper can be applied to the via_ 2000

discontinuity problem with thousands of vias in high-spee

17] L. Tsang, J. A. Kong, K. H. Ding, and C. A&cattering of Electromag-
netic Waves: Vol. 2 Numerical SimulationsNew York: Wiley Inter-

circuit from very low to very high frequency with modest CPU science, 2001.

and
ofa

relates the exciting, incident, and scattered waves from eaghy,

memory. It starts from the formulation of Green’s function[18] Y.B.Huaand T. K. Sarkar, “Generalized pencil-of-function method for

cylindrical scatterer between parallel plate waveguides and ~ &xtracting poles of an EM system from its transient respon§£E
y P P 9 Trans. Antenna Propagatvol. 37, pp. 229-234, Feb. 1989.

R. F. HarringtonField Computation by Moment MethadsNew York:

cylinder by Foldy—Lax equations. The interior problem gives  Macmillan.
the admittance matrix and is related to the exterior probleni20] H. F. Chen, “Fast electromagnetic simulation for interconnects on high

by equating the port voltages and currents. In this paper, the

speed circuits,” Ph.D. dissertation, Dept. Elect. Eng., Univ. Washington,
Seattle, WA, 2002.

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 Ccmﬁgl“|—'|oufei Chenwas born on October 27, 1973, in Shanghai, China. He received
rations and for differential signaling. The simulation technique B.S. and M.S. degrees from the University of Science and Technology of
is also used to solve the coupling problem in multivia structurghina, Hefei, China, in 1995 and 1998, respectively, and the Ph.D. degree from

(1]

(2]

(3]

(4

(5]

(6]

[7]

(8]

Bl

[10]

(11]

(12]

(13]

(14]

(15]

the University of Washington, Seattle, in 2002, all in electrical engineering.
He is currently a Development Engineer with the Advance System Research
Laboratory, MICRON, Boise, ID.
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