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Except near cutoff, the nominal width of a frequency bin
centered at f is

4 ¢

2msB(f)  2LB(f)

Thus, say, a device which uses an air dielectric waveguide and
which is to achieve a resolution of 100 MHz needs to be a litle
more than 2 m long when operated midband ( f =1.5 £,). The use
of a dielectric with higher index would allow a shorter waveguide.

Now consider the undesired output term S;. Its amplitude
dependence on k is of the form

sinh[ n( jok /N + ys)]
sinh( 7wk /N £ vs)

which peaks when k is a multiple of N and is small elsewhere.
Thus, this term only interferes with at most a few of the usable
values of k. To avoid such interference, the range of inputs must
be slightly curtailed, so that slightly less than »n /2 resolution cells
may be covered.

Although the system was described above using rectangular
waveguide, any other guiding medium, such as stripline, would
do. Dielectrics with slow propagation velocity may be used to
decrease the size of the apparatus.

One of the crucial questions to be investigated is whether the
detector coupling can be achieved without introducing significant
reflections. Such reflections would be misinterpreted as new
frequency components. ’

Several generalizations of the above system are possible. One
such modification is to include weighting of the autocorrelation
samples to provide more desirable crosstalk characteristics. By
weighting these terms, the function W may be given lower side
lobes at the expense of a wider center lobe.

Another observation is that the integrators need not be strict
integrators as described, but can be simpler low-pass filters. (The
filtering may occur naturally as the detector response.) Further,
these low-pass filter outputs need not be sampled and held, but
need only be sampled by the analog multiplexer.

IV. CONCLUSION

A scheme of performing spectrum analysis over large band-
widths has been presented and briefly examined. Engineering
questions, such as the ability to couple energy into the detectors
without causing significant perturbations and the dynamic range
limits imposed by the detectors, have yet to be addressed.

The approach allows simultaneous monitoring of all frequency
bins within the band of interest and, unlike IFM methods, can
operate with multifrequency inputs. The proposed scheme does
not suffer from the bandwidth limit imposed by acoustooptic
input devices or the bandwidth limit imposed by output sampling
in compressive receivers. The approach also overcomes the slow-
ness and ambiguity of scanning methods.
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Modeling of Arbitrarily Shaped Signal Lines
and Discontinuities

BARRY J. RUBIN, MEMBER, IEEE

Abstract —The propagation characteristics for signal lines and disconti-
nuities embedded in a homogeneous medium and having any shape com-
posed of steps along the Cartesian coordinates are obtained through an
extension of the author’s work on scattering from periodic apertures. The
approach is specifically applied to high-performance computer packages,
where previously employed capacitance and inductance techniques may not
be appropriate. Numerical results are given for representative structures
that involve signal lines, mesh planes, vias, and crossing and coupled lines.

1. INTRODUCTION

Techniques for analyzing uniform transmission lines [1], [2]
and discontinuities of regular shape [3] are well known. Unfortu-
nately, a general solution technique has not existed for nonuni-
form lines or 3-D discontinuities of irregular shape, although it
would be invaluable for analyzing computer modules [4], where
signal lines bend and numerous discontinuities are encountered
in the path between chips.

A section of such a module (Fig. 1) shows a signal line situated
between mesh reference planes and connected to a second signal
line through a via. Vias, stubs, right angle bends, and adjacent
but nontouching other lines and vias represent discontinuities.
The delay and impedance of, and coupling between, these struc-
tures must be determined so reflections that cause circuits to
falsely switch can be avoided [5].

Various quasi-static and quasi-TEM approaches [6], [7] may be
applied, but only 1o pieces of the problem. A more general
approach involves three-dimensional capacitance and inductance
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Fig. 1. Section of multichip module showing reference planes and signal

lines interconnected through a via.

calculation [8], [9], but the inherent circuit approximations [10]
may lead to inaccuracies. Our purpose here is to describe a
guided wave solution that does not suffer from the above limita-
tions, to demonstrate it on a few representative structures, and to
discuss convergence and other practical considerations.

II. SoLuUTION TECHNIQUE

The structure, to be consistent with the solution technique,
must first be represented as periodic along x and y, with x the
direction chosen for propagation. The propagation characteristics
will then be determined from the propagation constant and
current distribution.

The structure is thus represented by a unit cell. The periodicity
along x not only makes propagation possible, but also eliminates
specification of end regions, whose presence in finite structures
may obscure the propagation characteristics sought. The period-
icity along y, however, gives rise to coupling between unit cells
that is generally undesirable but can be minimized. For instance,

if we wish to analyze an isolated signal line above a mesh plane,

we define a unit cell having y periodicity much greater than the
signal line’s height above the mesh plane so that the coupling
between signal lines is small. If we wish to model two adjacent
signal lines, then signal line positions within the unit cell, along
y, are intentionally left vacant. Thus, coupling is essentially
limited to those adjacent lines that reside in the same unit cell.

As described in [11}, the current in the unit cell is approxi-
mated as a linear combination of coefficients multiplied by
rooftop shape functions [12] (Fig. 2) and a complex phase factor
that involves the propagation constant. Current continuity at the
edges is ensured through half-rooftop functions that form corner
functions. At junctions of planes, two or three corner functions
unambiguously represent the current. The electric field, obtained
through application of the Floquet condition and standard
Fourier series techniques, is integrated and tested over line seg-
ments to satisfy the electric field boundary condition.

The resulting eigenvalue problem [13] is solved first for the
propagation constant, using a Newton search, and then for
current distribution. Voltages, which are path dependent for
non-TEM structures, are calculated by integrating the electric
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Fig. 2. A section of a unit cell which shows rooftop elements and integration
paths for a mesh plane (S, =6, S, =6, S, =2).

field. Effective values of per-unit-length capacitance C and in-
ductance L may be calculated, for lossless structures, through
to=VLC and Z,=\L/C, where Z, is the characteristic
impedance (obtained from the voltage and current) and ¢, is the
delay (obtained from the propagation constant). By analyzing
signal lines with and without discontinuities, equivalent circuits
for the discontinuities may be inferred. For instance, to model a
via running through a ground plane, signal lines with and without
such vias would be analyzed. The difference in C gives the via’s
capacitance and the difference in L gives the via’s inductance.

III.  Unit CELLS DEFINED FOR COMPUTER MODULE

The computer module considered (Fig. 1) involves mesh planes
that have period d,, along x and y, thickness ¢, and are formed
from overlapping strips having the same width w and thickness
as the signal lines. Signal lines and mesh planes, vertically sepa-
rated by distance A, are so aligned that their projections on the
plane z = 0 coincide, while vias have square cross section, side #,
and are centered with respect to the mesh openings. :

For each structure we define a new unit cell, having respective
periodicities d; and d, along x and y, that is subdivided into §,,
S,, and S, intervals along x, y, and z [11]. The unit cell section
of Fig. 2, which for simplicity shows only one period of a mesh
plane so that d, = d, = d,,,, is subdivided according to S, = §, =6
and S, =2. The conductors are hollow, lossless, and situated in
free space. Results are calculated at low frequency, where the
dispersion curves are linear. The characteristic impedance is
calculated between facing conductor surfaces along indicated
paths and the delay is normalized to that of light.

IV. RESULTS AND DiISCUSSION

The algorithm employed to generate the matrix in the eigen-
value problem is a version of the one described in [11], but
adapted for propagation. Enhancements were needed to reduce
analysis time to only minutes on a general-purpose mainframe
computer, as even the simplest 3-D structures of interest require
repeated calculation (because of the Newton search) of a large
matrix. These enhancements include truncation, in appropriate
matrix elements, of space harmonics highly attenuated along z
and improvements in the table lookup facility. For most cases,
the run time is determined by the Gauss elimination, not the
matrix setup.

We first consider convergence, determining the number of
subsections (or grid size) needed for reasonable accuracy. For a
signal line above a single mesh plane (d; =d, =d,, =1.0 mm,
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Fig. 3. Umt cell for via running through infinite array of mesh planes.

TABLE I

PROPAGATION CHARACTERISTICS FOR VIA STRUCTURE OF FIG. 3
t (mm) [ Z,(Q) C(pF/cm)| L(nH/cm)
no mesh 1.000 103.21 0.322 3.44
0.0625 1.236 80.54 0.511 332
0.1250 1.250 76.58 0.544 3.19
0.2500 1.271 69.51 0.610 2.94
0.5000 1.263 57.67 0.730 2.43
0.7500 1.194 46.73 0.852 1.86
1.0000 1.000 36.46 0.914 1.23

dy=d,=10 mm, d,=30 mm, w=050 mm, r=025 mm, S, varies,
S, =24, 5,=8.

1 - Mesh Plane
. Y-Signal Line
Ih T - . .
2h ] Strap X—Signal Lines
Voo O Mesh Plane
‘ kwsle— 5 —l
| d2 1
Fig. 4. Unit cell for coupled signal lines situated between mesh reference
planes

w=0.25 mm, t=01 mm, =05 mm) the grid S, =5,=4,
S. =6 yields a #, of 1.0374 and a Z, of 221.1 {. Overall changes
of less than 0.3 percent in ¢, and 2.0 percent in Z, were observed
when the grid size was gradually reduced until S, =S, =16,
S, =12 was reached. Between 84 and 474 rooftop currents were
needed, with corresponding computation times on an IBM 3090
of 0.2 min and 4.2 min. An equivalent but zero-thickness struc-
ture, over the same range in S, and S,, displays relatively poor
convergence, as indicated by a 1, that ranges from 1.0627 to
1.0494 and a Z, that ranges from 311 Q to 284 Q. The above
indicates that even a coarse grid is satisfactory for structures that
have thickness. ‘

Fig. 3 shows a via running through an infinite array of mesh
planes, with guiding made possible by an image via that carries
return current. Here, the mesh planes lie in the y—z plane, with
the distance between mesh planes given by d;. The via's
impedance and delay can be used to find the reflection that
occurs when a wave exits a signal line to travel vertically within
the module. Table I shows that Z, decreases with mesh plane
thickness, but that ¢, remains fairly constant. Calculated from Z,
and t,, C increases with thickness but L, because of surface eddy
current, decreases about as fast. The entries no mesh and ¢=1
mm, where the mesh acts as a continuous rectangular enclosure,
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TABLE II
CHARACTERISTICS FOR COUPLED LINE STRUCTURE OF FIG. 4

refer | y Line | mode | 3 C L Cy Cpa Ly Ly,
plane () (pF/cm) | (aH/em) | (pF/cm) | (pF/cm) | (oH/cm) | (nH/cm)
mesh | no even | 1017 7442 0456 2.523

0476 00207 | 2393 0.130
mesh | no odd | 1006 6747 0.497 2262
mesh | yes | evenj 1098 6730 | 0.544 2.463

0.556 0.0116 | 2.328 0.135
mesh | yes | odd | 1.058 6219 0.567 2.193
solid | no even | 1001 69.00 0.483 2301

0499 0.0153 | 2232 0069
sobd | no odd | 1000 64.87 0514 2.162
solid | yes | even| 1.068 62.93 0566 2240

0.574 00078 | 2.169 0071
solid | yes | odd | 1.048 60.06 0582 2.098

dy=d, =3.0 mm, dy=90 mm, w=h=5=10 mm, =05 mm, §, =3,
S, =36, 8. =7

represent TEM cases. Two-dimensional calculations, through
procedures described in [1], show respective capacitances of 0.324
pF/cm and 0.904 pF /cm, agreement so close to give confidence
for the nonuniform cases.

Coupled signal lines situated between reference planes, with
and without crossing y-signal lines, are considered in Fig. 4. The
unit cell has two x-signal lines, separated by distance s = d,, with
one signal line position intentionally left vacant. To preclude
multiple even modes (two reference planés and a signal line, each
continuous along x, support two modes) but minimally alter the
field, a zero-thickness strap (width 1.0 mm and aligned with the
y-directed mesh strips) is inserted between the mesh planes.

Table II gives the propagation characteristics for both solid
and mesh reference planes. Symmetry along y permits an even-
and odd-mode analysis. The self- and coupling capacitances, Cy;
and C,,, and the self- and coupling inductances, L, and L,
are listed between the entries for even and odd modes. Two-
dimensional calculation for the solid case with no y-lines gives
€y, =0.503 pF/cm, C, =0.0152 pF/em, L;;=2.211 nH/cm,
and L, = 0.0668 nH/cm. The agreement is excellent. Near-end
coupled noise and far-end coupled noise (due to contra- and
codirectional coupling), which depend respectively on the sum
and difference of the capacitive and inductive coupling coeffi-
cients, may then be calculated. Crossing y-signal lines, through
significant decrease in capacitive coupling, respectively decrease
near-end but increase far-end noise. The mesh, providing less
shielding and greater nonuniformity than a solid plane, increases
both noises. Structures which are nonsymmetric or have more
than two signal lines cannot be described through even- and
odd-mode quantities but can be alternatively handled [13].

V. DiscussioN

A sample of signal line and discontinuity structures that are
found in computer modules have been characterized. The excel-
lent agreement shown, for those cases that lend themselves to
two-dimensional analysis, gives us confidence in the results for
those structures that cannot otherwise be accurately modeled.
Based on this agreement and the rapid convergence observed for
3-D signal lines, accurate results can be obtained with even a
coarse grid. In a comprehensive characterization of a multichip
computer module, which the author plans to report on, conver-
gence and expected results were observad for structures requiring
over 2000 current elements.

Though not considered here, transmission lines having helix or
other shape can be analyzed (even at frequencies where quasi-
TEM approaches break down) as can non-TEM waveguides and
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their discontinuities. Nonuniform grids or layered dielectrics can
be included [14], but would substantially increase the algorithm’s
number of nonredundant table lookup elements, increasing stor-
age requirements and run time. By representing the conductors as
a honeycomb, with internal planes having finite sheet resistance,
solid structures having even anisotropic resistance can be han-
dled. Though the additional rooftop elements increase computa-
tional effort, a wide variety of problems involving skin effect
could be accommodated.
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