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TABLE 1
AVERAGE PERCENT DEVIATION BETWEEN THE MEASURED DISPERSION
AND THE MODELS LISTED IN THE REFERENCES

€, Thickness Zp 3] [4] [5] i6] 7] [8] {2 (91 [10]

9.80 0.655mm 500 0.51 0.37 1.66 3.14 1.27 0.70 0.34 1.41 1.91
9.80 0.655mm 509 0.47 0.55 1.38 2.95 1.69 0.76 0.62 1.83 232
9.80 0.648mm 350 0.38 0.28 1.46 3.07 0.94 1.06 0.69 1.85 3.80
9.80 0.648mm 509 0.39 0.32 1.39 2.92 1.50 0.77 0.43 1.69 223
9.80 0.648mm 700 0.56 0.55 1.35 3.00 1.89 0.95 0.65 1.44 0.84
9.80 0.668mm 500 0.58 0.84 1.13 271 1.99 0.69 0.95 2.16 269
9.80 0.668mm 50Q 0.54 0.67 1.04 2.54 1.84 0.51 0.74 1.85 245
9.80 0.6365mm 500 0.31 0.32 1.31 2.95 1.60 0.78 0.47 1.80 2.24
9.80 0.636mm 70Q 0.32 0.32 1.17 2.80 1.81 0.69 0.41 1.50 1.10
220 1.605mm 50Q 0.56 0.51 0.65 1.18 1.99 2.57 0.78 1.87 267
220 1.606mm 70Q 0.52 0.54 0.41 0.88 1.24 249 0.45 1.61 2.50
220 0.780mm 509 0.56 0.58 0.54 0.48 0.68 1.01 0.53 0.39 1.67
220 0.780mm 70Q 0.53 053 0.56 0.50 0.56 1.01 0.76 0.51 098
233 1.524mm 500 0.48 0.46 0.50 0.45 0.81 1.28 0.61 0.99 1.51
233 1.524mm 35Q 0.46 0.43 0.59 0.51 0.77 1.12 0.86 1.17 1.21
2,17 0.686mm 50Q 0.4 0.42 0.52 0.41 0.80 1.02 0.75 0.50 114
233 0.787mm 509 0.53 0.55 0.57 0.45 0.78 1.10 0.7 0.44 1.59
2.50 0.762mm 509 0.23 0.27 0.47 0.41 0.71 1.14 0.63 0.37 1.50

The results for 18 different resonators are given, and the smallest deviation for
each case is highlighted

models gave the most consistent results for the substrates (2.2 A New Wire Node for Modeling Thin Wires in
€, < 9.8) and line impedances (35 £ < ¢, <75 ) that were tested. Electromagnetic Field Problems Solved by
Caution should be exercised in extrapolating these conclusions to Transmission Line Modeling
substrates and line widths outside this range {13].
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geometry difficult. Various techniques have been used within
TLM models to cope with such geometries, and these have been
termed separated, integrated, and diakoptic solutions [2].

Integrated techniques model the wire within the field solution
by short-circuiting selected nodes or transmission lines, but only
at certain discrete points. The advantage of this technique over
the separated solutions is that reradiation effects are modeled
automatically. However, a fine mesh is required to model a thin
wire accurately. The use of a fine mesh is generally not practical
in that large computer resources are required. The simplest
integrated wire model available is the short-circuit node [2], but
this has poor propagational characteristics and a large, fixed
radius relative to the nodal spacing. Separated solutions compute
only approximate results, and the diakoptic methods present
difficulties when using time and space approximations.

A new TLM node is required which allows the integrated
modeling of wires of small radii but without the disadvantages
associated with the short-circuit node.

II. THE WIRE NODE

The new node reported here is a development of the symmetri-
cal condensed node already used successfully in TLM [3], [4]. The
wire node explicitly includes in its scattering properties the
effects of a wire passing through the node along one of the
coordinate directions, as shown for the Z direction in Fig, 1.
Along the Z direction energy is distributed between the standard
modes (lines 2, 4, 8, 9) and the new “common mode” (lines 13
and 14). Stubs have been introduced into the symmetrical con-
densed node [4] and the new lines 13 and 14 may also be
regarded as a pseudostub. The common mode represented by
lines 13 and 14 models the wirelike properties within the node.
As with the symmetrical condensed node, a physical network is
not available and the scattering matrix of the wire node has to be
determined from Maxwell’s equations and conservation of charge
and energy. The latter condition requires, for a lossless junction,
that the scattering matrix S be unitary [5]:

1)

where Y is the admittance matrix of the transmission lines.
From these considerations .S can be obtained and is
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Fig. 1. TLM symmetrical condensed node with wire (wire node).

The admittance of the common-mode lines can be computed
using the standard formula for a wire within a square coaxial

cavity:
Ve

Yom = 50T (0-5401/7) ®)

where A/ is the internodal spacing and r is the wire radius. ¥ in
(2) is set equal to 2Y,, /Y, where ¥, is the admittance of free
space.

Such a new code can be used in a very coarse TLM mesh to
model a thin wire.

HIL

To confirm that the new wire node can model thin wires (that
is, wires with a radius much smaller than the nodal spacing A/),
the geometry shown in Fig. 2 was modeled in two different ways.

RESULTS AND DISCUSSION

1 2 3 4 5 ¢ 1 8 9 10 1 12 13 14
1 05 05 0.5 ~05
2 05 0.5 ~05 0.5
305 0.5 05 ~05
4 0.5 0.5 -05 0.5
5 05 -a b —a -05 b Yo Yb
6 0.5 b -a b 05 -a Yo Yb
7 -05 ~a b —a 0.5 b Yb Yb
8 0.5 —05 0.5 0.5
9 05 ~05 0.5 05
10 -05 b —a b 05 —a Yo Yb
11 -05 0.5 0.5 0.5
12 05 —05 0.5 0.5
13 b b b b Yo —2b
14 b b b b ~2b  Yb
Y 1
T+ =y

@
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Fig. 2. Open box geometry. Dimensions in meters, hatched lines indicate
open-circuit boundaries.
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Fig. 3. Comparison of the frequency spectra for the geometry of Fig. 2 using

a) fine mesh and b) wire node.

First, a fine mesh (45 X25X25 nodes) model of this geometry
was constructed using the ordinary symmetrical, condensed node,
where the wire was modeled in the normal way by short-circuit-
ing the transmission lines at a distance Al/2 from the wire
center. This is a slightly more accurate model than the short-circuit
node mentioned in Section I and, for the problem under consid-
eration, models an effective wire radius of 0.011 m.

Second, exactly the same problem was modeled using a coarse
mesh of 9X5X5 nodes. In this case a wire of radius 0.011 m
cannot be described by short-circuiting nodes, as the nodal
distance is too large (A/=0.1 m). For this reason, the thin wire
was modeled using the new wire node. Substituting r = 0.011 m
in (3) gives the admittance and hence the scattering matrix of the
wire node.

Both numerical models of the problem were subjected to a
plane wave impulse excitation as shown in Fig. 2. Results for the
wire current obtained from the two models are compared in Fig.
3 (frequency response) and Fig. 4 (impulse response). Solid lines
are for the conventional model using fine mesh and short-circuited
nodes to model the wire. Broken lines are for the coarse mesh
and the new wire node modeling the wire. Considering the
differences in the modeling approach in the two cases, the
agreement is excellent up to 1 GHz. This suggests that the wire
node can accurately model thin wires (r << A/). Agreement above
approximately 1 GHz is less good, but this is not due to the
properties of the wire node. It is due to a general deterioration in
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Fig. 4. Comparison of the time-domain response for the geometry of Fig. 2
Filtered to 1 GHz using «) fine mesh and ) wire node.

accuracy in modeling the field problem, as the number of nodes
per wavelength is too small above this frequency.

The use of the wire node results in enormous benefits. For the
example given, there is a 1/625 saving in computer execution
time and a 1/125 saving in storage with little loss in accuracy.

At present only wires at the center of the node have been
modeled. It should be possible in the future, using this technique,
to model thin wires, off-center and multiconductor wires pro-
vided the scattering matrix can be calculated.

The wire node marks an important development in TLM, as it
makes possible the description of thin wires within a coarse mesh,
thus offering substantial savings in computer storage and run
time.

Work is in progress to study the behavior of the wire node in
different configurations, especially near terminations.
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