IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 45, NO. 6, JUNE 1997 905

Enhanced Spatial Network Method for the Analysis
of Open Microstrip Discontinuities
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Abstract—In this paper, a new technique is presented for the techniques have been used to characterize the electrical prop-
numerical analysis of open boundary three-dimensional (3-D) erties of 3-D microstrip discontinuities. TLM, in its frequency
vias embedded in multilayered strata. This approach is based domain form, has been employed in the computation of the

on an enhanced spatial network method (SNM) algorithm, and g ters for t ission line int ' h .
leads to speed-up factors of 10-12 over the standard SNM -parameters for transmission line interconnects, such as vias

implementation. Absorbing boundary conditions, based on the and air bridges [3]. FDTD has also been utilized in the study of
perfect matching layer (PML) concept, are implemented for open vias, among other irregular geometries [4]. The time-domain
boundary truncation. Unlike the standard PML's, the proposed results of FDTD are usually transformed into the frequency

absorbing boundary conditions (ABC’s) do not require introduc- - qomain using the fast Fourier transform (FFT) to obtain the
tion of additional variables.
S-parameters.

~ Index Terms—Absorbing boundary conditions, finite differenc- In order to analyze open boundary problems, all differential-
ing, microstrip discontinuities, time-domain modeling. equation-based methods need to be linked to absorbing bound-
ary condition (ABC) algorithms. Thus far, the most popular
I. INTRODUCTION types of ABC’s have included factoring of the one-way

HE ADVANCES in microwave integrated circuit (MIC) equations, or introducing artificial lossy layers into part of the

. ) —’ computational domain, which is then truncated by a metallic
technology and the increased need for higher circui : .

o . . . -wall. The latter method is referred to as the perfect matching
densities have resulted in greater proliferation of MIC dis-

continuities. Their effects on circuits, which contain multipl ayer (PML) approach, and to date has been shown to lead

) : WP, the lowest artificial reflection coefficients when used in
signal layers, have to be correctly predicted, especially 'cr(])njunction with EDTD

high-frequency (HF) designs. One of the most common dls-In this paper, the new enhanced spatial network (ESN)

c_ontmu!t|es IS avia, which provides an electrical path betwe?rr]]ethod algorithm, which is derived from the conventional
signal lines on different layers.

o . . . SNM [5], is used in conjunction with PML'’s for the electrical
The characterization of three-dimensional (3-D) mICI‘OStI‘I&] N . . .
aracterization of vias embedded in multilayer structures

dlscontmumfas has b.een prewously cqnflned to “’.V‘.’ Malithin open MIC environments. Compared to the SNM, the
approaches: the semianalytical formulations of specific prob.,, . : .
: . SN is about 10-12 times faster and requires about half the

lems or to the purely numerical general-purpose algorithms. . : ) )
. N memory of previous SNM implementations. The PML'’s are

Both methodologies are capable of yielding results for the

S-parameters in the frequency domain, The semianalytic meﬁ?_ecialized for the ESN and do not require the introduction of
ods are a blend of the method of moments (MoM) with thaddltlonal variables. They are applied for the first time to the

. . SN algorithm and they yield reflection coefficients ranging
spectral-domain approach, which lead, for example, to the . .
X : : from —41 to —26 dB for normal wave incidence, depending
so-called spatial-domain method [1]. This approach has been : : . .
. : on the number of dielectric layers contained in the substrate.
demonstrated in the study of 3-D problems, such as vias em-
bedded in multilayered dielectric strata. At higher frequencies
(for open structures) the surface waves and radiation losses II. THEORY
can no longer be ignored. In this case, to correctly describe
the current along a vertical post between two microstrips, su&h
as the via, pulse functions were used in the MoM formulation’
of the scattering problem [2]. The basics of the SNM algorithm have been described ex-
Presently, for the purely general-purpose numerical tedignsively in [5], and, therefore, will not be repeated. However,
nigues for the modeling of such discontinuities, the bedP pointoutwhere the ESN departs from the standard SNM, the
known methods are the finite-difference time-domain (FDTO®oVverning equations of the SNM are restated for completeness.
and transmission-line matrix (TLM) methods. Both of thes8imilar notations, as well as current and voltage definitions (in
terms of electromagnetic (EM) fields), which were introduced
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\”\ be equal to 4.0—this limit being imposed by the definition of
.\g\’ R. in (2b). Similar equations can also be obtained for voltages
at the magnetic nodes and in conjunction with (2a), can be used
to solve the boundary value problem, as described in [5].

Reduction of the SNM algorithm begins with modifications
to (1) by recasting them in terms of normalized voltages and

Vo(Lj-1/2,K) V.(ij+1/2,k) currents Vrnq = Umg '/ M0, ‘/eq = Veq* \/5_1 Irnq = irnq . \/5_1
| i a.nd.qu.: teq - /0, Whereg = Y, z). To mak-e an gxplicit
distinction between the electric and magnetic variables, the
V. (ijk) vt (i,5,k) terms are replaced with voltages and currents
. using (1) and the normalizations stated above. This leads to
(44 positive gyrator -
N - (4), as shown at the bottom of the page, where the following
& 1 megativegyrator  notation has been used:
Fig. 1. V.. electric node specific to the SNM algorithm. Vitore =V (6,5 +1/2,k) = Vi (4,5 — 1/2,k)
t ; t ;
Vrny(L J7k+1/2)+vrny(L7J7k_1/2) (5)
launched from the surrounding nodes,( (¢, j, £ + 1/2) and Lrore = Lo (65, k +1/2) = I, (i, b = 1/2)
vmz(t,7 £ 1/2,k)), the wave equations are — 11 (6§ +1/2,k) — I} 0 (i, 5 — 1/2, k) (6)
Ve (i, g, k) & Zo - it (i, F) Geex(1, 3, k) = Zo/ (i J F)
= (45, k F 1/2) £ Zo - vl (4,5, k F 1/2) Gea(i, J, k) = Zo/ R(i, j, k) )
= Vo ) and wherel.., is the current through the capacitor (Fig. 1).
vk (0,4, k) & Zo - i) Lo (i, 5, k) To simplify the algorithm for the same electric node
_(anyQ;l(@j; 1/2,k) £ Zo - vl (4,5 F 1/2,k)) Vez(i,7,k), the currents denoted by ;or. in (4) must be
_— (1) expressed in terms of electric and magnetic voltages only.
- ¥34

Each of the currents comprising, o, is derived from nodal
where Zy = \/u0/e0 is the characteristic impedance of thequations written for the magnetic nodes surrounding the
transmission lines. In addition to the currents entering thadectric nodeV, (i, j, k)

Ver (4,7, k) node via the transmission lines, there are also
currents through the resistor and capacitor connected to thgjml S(i, 5,k £1/2)

node. The final nodal equation fet..(¢, j, k) is obtained by t =1 . —1
enforcing Kirchoff's current law, which yields (2a), as shown FVony (63 2 1/2) £ L2, (65 R) + Ve (5, )

at the bottom of the page, where Irnyl 26,5 £1/2,k)
4-At- =FV! (6,5 £1/2,k) F I (6, 5,k) = VI (i, 4,k
Rij k) = At o (2b) = FVi (6,0 £ 1/2,k) F Ly (i, 5, k) = Ve (6,4, k)
€0 - (51‘(17J7 k) - 1) AV (8)
2-Azx
il = L i k) =
R(ij k) = G650 k) = o(i, g, k)’ (2¢) allowing for I* ;.. to be written as a function of, (4, j, k)

The U , (i,, k) terms, given by the right-hand side (RHsfnd the surrounding magnetic voltages
of (1) account for the waves propagating toward thg node

on the four transmission lines surroundingl, is associated  Zrrore = (=Viny (i, 5,k +1/2) + Vi3, (4, J} k—1/2)

with the flow of current through the capacitor and is given by + Vi (6,5 +1/2,k) =V (i, —1/2, k))
Wi, g, k) = VEG, G, k) + Re(i, 4, k) - Lk (i, 4, ). (3) + (L5 (g, k) — 15 (6, 4, k)
According to [5], the ratios = Az/(co - Af), which is 105 (65, k) = Lo (0,5, K)) +4VET (0, . k).
interpreted as the normalized velocity of the algorithm, should (9)

Rc(ivjv k) ) (\Ijinl + \IjinQ + \Ijm?) + \Ijm4) (LvJv k) + ZO i \iji(L’J’ k)

t+1 k
(L Js ) Z0+Rc(i7j7k) (4+Z0 4- G(ivjvk))

(2a)

VH'I(L j k) _ IrtnTOTac + VrflTOTac +gceX(ivja k) Vetgc( J k) +Iéex(i,j, k)
’ 4+gcex(i7j7 k)+gcac( 7 7k)

(4)
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Application of Kirchoff's current law in (9) for the currents The resulting algorithm, which is obtained by repeatedly using
at timet — 1, and the usage of the result in (4), leads to th@1) in the generalized form of (10), is shown below:
following finite-difference expression for (¢, j, k):

VEL (i, 4. k)

VI G4 k) = ((0 = gex(iy 5, K)) - V(i 4, )
= ((4 = geali, 5, K)) - VI (i, 4, ) + Geex (i, k) - V2 (0,4, k)
+ Geex(i,4, k) - V5 (i, F) +2- =V (6,5 = 1/2,k) + Vi, (6,5 + 1/2,k)
2 (=Viho (g = 1/2,k) + Vi (.5 + 1/2,k) Vg (65, k = 1/2) = Vi, (0,4, k +1/2))
+ Vb G gk —1/2) = Vi (i, k 4+ 1/2)) + Geex(is 4 k) - (VA (0,5, k) = 2 VIS (i, 4, k) + -+
+ I iy 4o k) — 150, 4, K)) + (=" 2 V23,5, k) + (=D VA6, F)))
J(4+ gea(i, §, k) + geex(i, 4, k). (10) /(T + geald, 5, k) + geex (. 4, k). (12)

The above expression still contains a restrictive artifact Iirespective of the added benefits in further reducing the

from the SNM, namely, the normalized algorithm veIocit)?;]u?ig()arisozr::ngg;’ggls’;23 Eglr:i-edlfvf\?a[sn:oet lsgézmﬁ Egeezesn;g:j
7 = Az/(co - At) = 4.0. To generalize this algorithm for P ' ! )

any normalized velocity, the 4.0's are replaced withand the time history of every variable to be stored from titne 0

. : up to the present timestep.
Jeex(t, J, k) is redefined ageex(i, 7, k) = 0-(e,-(4, j, k) —1). As P P P
a result, the restriction of can be removed and the stabilit _ .
N . et v " yB. Implementation of PML'’s for Open Boundaries
of the algorithm can be analyzed for a whole range of new
values of the normalized velocity. PML’'s were first proposed in [7] for two-dimensional
With the generalizations mentioned above, (10) represef@sD) problems and later extended to 3-D problems in [8].

equivalent to the SNM scheme, which uses central differenc@svariables at each node within the PML layer, to achieve
for the space and time derivatives. Unlike the SNM thi@dependent attenuation of the field variables. The attenuation

new algorithm employs only 12 variables for each unit celf$ @ccomplished by subjecting the material parameters within
In addition, the proposed scheme is no longer restricted fi¢ PML layers to the following relationship:

a predefined normalized velocity, which was removed by oty 0%y ol
redefining terms related to the dielectric (i.g..x). It should o e o (13)

be added that analogous expressions can also be derived for ) )

the remaining components of the EM fields and used togettftd using the regular FDTD algorithm to update the field

with (10) to solve the field problem. components. This implementation of PML'’s has several draw-
Comparison of the standard SNM algorithm and the pr&acks. First, it increases the computational volume and the

posed ESN reveals that the SNM needs one voltage ber of unknowns. Secondly, it alters the stability of
five associated currents for each of the six nodes in a u main finite-difference algorithm, thus requiring a smaller

cell, adding up to a total of 36 variables per unit cell. Th t/Aw ratio, which leads to longer computation times.

ESN reduces the number of variables per unit cell from 36 Thus far, only FPTD speqﬂc PML’s have been |mple
o ented in the solution of guided-wave problems. The direct
to 12, utilizing only one voltage and one current for eac ) . - ) : ) .
= . . e of PML’s, with splitting of field variables, as described in
node. In addition to saving computer memory, this approa

| d h b f ; ) | was found to trigger numerical instabilities in the ESN.
also reduces the number of computer operations per unit overcome this, a modified form of the PML algorithm was

from six assignments, twenty additions, four multiplicationgy, ,jemented, based on the finite-differencing scheme of ESN.
and one division to two assignments, ten additions, four; should be added that since Higdon ABC's have small
multiplications, and one division. _ _ reflections at grazing incidence, and do not require additional
As a slight point of departure, it is also informative 0 adgariaples, they were used on all sidewalls of the lattice. At
that further reduction in the number of variables per unit cpundaries normal to the direction of propagation, however,
can be achieved. This is done by replacing the remainifige ESN-specific PML’s were used, assuming that the basic
capacitor currents in (10) with expressions containing electii§ode of propagation is quasi-TEM.
voltages only. Applying a central finite-difference approxima- As can be seen from (2) and (10), both the SNM and
tion to thewv—i characteristic of the capacitér= C - dV/dt, ESN contain expressions for the losses (terfhsand g..,
allows for I, to be recursively defined as follows: respectively). This suggests that sufficient attenuation of the
fields within the PML layers [whose parameters are subjected
. o .o 1 to (13)] could be achieved without splitting the variables.
Lex(8,5, k) = geex(4,5, k) - (VS (6,5, k) = VETH(4,5,F)) Initial use of (10), with PML layers added to the ESN
—I'7M4, g, k). (11) Ilattice, for attenuating the transverse components of the fields,

cex
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produced reflections as high as those due to Higdon ABC's

for normal incidence<23 dB). However, these reflections are

not due to the lattice truncation boundary, but are attributed

to the interface of the first PML layer. Further numerical

investigation revealed that the regular ESN algorithm within

the PML space exhibits near exponential decay. As a result, &

when a sufficient number of PML layers (16 layers) was used, (§<

the reflections from lattice boundaries became negligible. -
Since the greatest source of reflections was found to be

the conductivity of the first PML layer, its effect within the

PML space had to be de-emphasized. This was accomplished

(after an extensive numerical study) by neglecting the lossy

terms in the denominator of (10), while still retaining the

nearly exponential decay of the wave along the direction

of propagation. As a result, the modified form of the ESN

algorithm within the PML layers is given by

VER (4, k) ,
= ((ﬁ_gcw(ivjvk)) Vetgc_l(LvJvk) (b)

+ gcex(ivjv If) ' Veta;(LaJa If) Fig. 2. Model of the via. (a) Geometry. (b) ESN discretization.

+2- (=Vina(in5 = 1/2,k) + Vi (i + 1/2,k)

+Vr$ly(L7J7k_ 1/2) - Vrfly(ka-i-l/?)) 11

+ Lex(i, 5. k) = LG (0, 5.K)) /(T + geex (1,5, ). 1

(14) %

The decay of the wave along the direction of propagation%w
which is built in (14), is less steep than that reported fofos
FDTD PML's. This requires a thicker absorbing wall (24 cells% 05
as opposed to eight), but eliminates the use of additional varg>

ables, without causing significant reflections or instabilities? °> L o

Compared to the Higdon ABC's, the ESN-specific PML’s do *? S S

not require a larger computational volume and lead to better’

performance £23 dB versus—34 dB). The results of the °_ . 5 . ) o p 12
above-proposed boundary truncation are presented in the next Frequency (GI1z)

section. Fig. 3. Normalized phase velocity versus frequency for a uniform microstrip
line.

I1l. NUMERICAL RESULTS AND CONCLUSION

In order to assess the performance of the new ESN ghown from simple calculations using empirical results [13].
gorithm, multilayered discontinuities within open boundarﬁ‘” the slight variations of the phase velocity reported in Fig. 3
environments were studied and the results were compaf8 mainly attributed to the numerical dispersion of the ESN
to previously published data. A via connecting signal linedgorithm.
on different layers of the dielectric, which is isolated by a The performance of the proposed PML's was assessed by
ground plane, are shown in Fig. 2. The aim of the study waslyging three different uniform microstrip transmission lines.
obtain theS-parameters in the frequency domain. The standa@®ne consists of a strip suspended in free space, the second
approach for time-domain methods is to excite the structupé & strip placed on a grounded substrate with= 2.2,
with a Gaussian pulse and to store the incident, transmitt@fd the third is identical to the second, but is covered with
and reflected waveforms. Thg-parameters are subsequently superstrate layer af. = 10.2.
obtained with the help of fast Fourier transform (FFT). This The geometrical details of the problem are shown in the
methodology is correct as long as both the physical dispersitset of Fig. 4. The discretization along, y-, and z-axes is
of the structure and that of the numerical algorithm are lowpiform with A = 0.25 mm and the computational space is
and the reflections from the ABC’s can be neglected. subdivided into a 3% 32 x 60 lattice. The absorption factor is

The numerical dispersion of the ESN algorithm was anghosen to bcex = geey = gemx = gemy = 0.1 and the PML
lyzed for a uniform microstrip«¢ = 0.9 mm, h = 0.9 mm, wall thickness is 32 cells. The reflections, shown in Fig. 4, are
ande, = 2.2), shown in Fig. 3, for a frequency range of 5—12mallest for uniform medidR = FErefiected/ Eincigent = 0.9%),
GHz. The computed phase velocity for each frequency poiand increase with the increasing number of dielectric layers.
was normalized with respect to the phase velocity at 10 GHn. the case of a single substraieis 1.9% and increases to
The physical dispersion of this microstrip is small, as can [#1% with the addition of the cover layer.
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Fig. 7. S11 and S2; parameters of a through via with the rod diameter of

In order to estimate the influence of the numerical reflectiofi ™™
on theS-parameters, the following numerical experiment was
carried out. An open microstrip linex(= 3.2 mm), suspended The computeds-parameters of the two vias were compared to
at a distance ofh = 1.6 mm in the air over a ground measured data and FDTD generated data available in [4]. Note
plane, was chosen for the simulation. It was discretized intbat the agreement between the measured data, the FDTD,
a 18 x 28 x 200 lattice A = 0.4 mm), with absorption and the ESN is very good. The minor discrepancies in the
factors (geex = geey = gemx = gemy) Of 0.15, 0.1, and 0.05, measured and ESN data can be attributed to the differences
respectively, used to assess the performance of a PML layethe actual geometry and the staircase approximations used
composed of 24 cells. The total simulation time was 2408 the ESN. On the other hand, the differences between the
timesteps, for which the time-domain reflections, shown SN and FDTD data can be related to different discretization
the inset of Fig. 5, were 2%, 6%, and 11%, respectively. Thmeethods—variable and uniform grids used in [4] and ESN,
error in the frequency-domain, due to the artificial numericagspectively. To generate the data with the ESN, the geometry
reflections, was computed from the percent error definedhs uniformly discretized into 3% 40 x 184 cell lattice
as 100 - (VI'OT(f) - Vincidem(f))/vincidenl(f)r where VI'OT and (A =02 mm)
Vincigent @re Fourier transforms of the total and incident voltage The numerical computations, based on the ESN, and pre-
waveforms. When converted to decibels, the same resudented in this paper, were carried out on i486DX2-66 MHz
show thatVigr differs from Viggene By 1.1, 0.5, and 0.2 dB, and P5-90 MHz platforms. On the i486DX2-66 MHz platform,
respectively, for the three selected values of the absorptithe simulation time was 0.16 ms/(cedl timestep), and 0.056
factors. ms/(cell x timestep) on the P5. For comparison, the regular

The frequency response of the via structure, shown in Fig. 2NM implementation of the same problem takes 1.5 ms/(cell
is given in Figs. 6 and 7 for via diameters of 0.7 and 1.5 mnx, timestep) on the i486DX2-66 MHz platform and 0.52
respectively. It should be noted that since the discretizationmi/(cell x timestep) on the P5. At the same time, the memory
the ESN is based on the rectangular coordinates, the circulaguirements for data storage were significantly different. For
shape of the via, pads, and the hole through the ground plahe via problem with the lattice of 3% 40 x 184 cells,
were modeled using a staircase approximation (see Fig. @pproximately 33 Mbytes of memory were required for the
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