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Abstract— This paper presents a procedure for building SPICE
models for via transitions in differential signaling. The method of
extracting parameters of SPICE models from a full-wave
simulation tool is demonstrated. Then the validity of the SPICE
models is studied by comparing the solution from the SPICE
models with that from the full-wave simulation.
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I, INTRCDUCTION

In high-speed digital designs, signal via ftransitions on
printed circuit boards (PCBs) are becoming an important signal
integrity issue. As the data rates increase into the multi-giga-
bit per second range, via transitions can degrade the signal.
Efficient and accurate models for via transitions are necessary
for high bit-rate digital circuit system designs. Further, these
models should be compatible with fast simulation tools.

A number of models for differential vias have been
published. The method in [1] and [2] modeled the coupled vias
as a cascade of capacitances and inductances. A 3-D
electrostatic solver was used to calculate the capacitances while
the formula of a bifilar transmission line was applied to
computation of the inductance values. Another method in [3]
modeled vias in differential transmission lines as transmission
line segments. A layer peeling process was proposed to model
via transitions of single-ended signaling on multi-layer PCBs in
[4-5]. In this paper, this procedure was used to model the via
pair for a differential signal pair. SPICE models for various
vias on a specified PCB stackup are constructed by cascading
“building blocks™, which are SPICE models for elements of the
via structure. Full-wave numerical modeling was used to
simulate the 4-port S-parameters of these “building blocks”.

II.  LAYER PEELING PROCESS

It was shown in the previous work that single-ended via
transition in the multi-layer PCBs could be modeled using a
peeling and partitioning process [4-5]. A via is segmented into
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several parts, and each part is modeled as a SPICE passive
network. The various via transitions in a practical design can be
modeled by putting these basic building blocks together. TFhis
method is denoted as a layer peeling process in this paper. The
models of these parts are called “ building blocks™ or “blocks™.
Solid planes inside the PCBs were used as natural boundaries
for separating the blocks of a via. Similarly, this process was
applied to build the via mode] library for differential signaling.

The main advantage of the layer peeling process is that it
has the flexibility to model various via transitions connecting
signal lines on different layers using a few SPICE building
blocks. It decreases the requirement of time and complexity of
full-wave simulation for model extraction. For a through-hole
via differential signal pair, the via model library includes only
four kinds of building blocks: the transition between coupled
microstrip lines and differential via pair (Block A in Fig. 1), the
differential via pair across two solid planes (Block D), the
transition between coupled striplines and a differential via pair
(Block B), differential via stubs (Block C). At first, simple
combinations of blocks associated with the geometry variantion
were simulated using full-wave tools to acquire n-port S-
parameters. Then a physics-based SPICE model for each block
was built. The values of these elements were extracted by
fitting the S-parameters from full-wave models.

To demonstrate the procedure detailed above, a model
library was constructed for differential signaling on a 10-layer
board. A typical through-hole via pair for differential signaling
is shown in Fig. 1.

After applying the layer peeling process, the six building
blocks were identified and their SPICE model was constructed
as shown in Fig. 2- Fig. 5. The SPICE model for Block A can

"be seen as two coupled m-type circuits. C, models the

capacitance between the pad and the reference plane, while C,,
models the mutual capacitance between two pads. C, represents
the capacitance between the via cylinder and the reference
plane, while C,,; models the capacitive coupling between two
via cylinders. L is the equivalent inductance of the via and M
meodels the mirtual inductive coupling between two vias.
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The SPICE model for Block B was built using a similar
method. Because Block B has six ports and two reference
planes, it requires two different models. One is for the
geometry when the signal comes from top layer and the ends of
vias near the bottom layer connects to via stubs as shown in
Fig. 3(a). The other case is for the situation when signal comes
from the bottom layer and the top layer connects to via stubs as
shown in Fig. 3(b). In Fig. 3(a), Port 1, 2, 5 and Port 6 share
one reference plane and Port 3 and Port 4 use another reference
plane. C;, represents the inter-plane capacitance between two
solid planes. In Fig. 3(b), Port 1 and Port 2 share one reference
plane and Port 3, 4, 5 and Port 6 use another reference plane.

Layer tras = PEL

(a)

.Y BHokA
— | HokB
BokD)
BokD,
BokC

Laver domr = PEC

Figure 1. A typcial through hole via pair for differential signaling, (a)
perspecitve view, (b) side view.

Port 3

Figure 2. SPICE model for Block A.
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Fig. 4 shows the SPICE model for Block C. For this
example, the thickness of the dielectric layer of Bleck C is
0.105 mm, so that the inductance associated with the via stub is
very small and can be neglected. SPICE model for Block D as
shown in Fig. 5 is similar to that for Block A. The difference is
that four Ports do not share ene common reference plane as
shown in Block A. Zin represents the input impedance of the
powerbus structure. For this case, when the size of board is 15
mm by 15 mm and the frequency range is below 5GHz, it can
be modeled as one capacitor. In practical designs, the boards
are generally larger than this example. More complex models
(such as cavity model) for power/ground planes should be used
instead of a simple capacitance.

(b

Figure 3. SPICE models for Block B, (a) when signal comes from the upper
layers and via stubs are in the lower layers, and (b) when signal comes from
the lower layers and via stubs are in the upper layers.
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Figure 4. SPICE model for Block C
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Figure 5. SPICE model for Biock D.

. CmrculT EXTRACITON FOR BLOCKS

To aveid the difficulty of setting the port at the lower edge
of a via and anti-pad, a test geometry as shown in Fig. 6, which
consists of two Block As, was used to extract circuit
parameters for Block A. After the simulation using a full-wave
commercial tool using finite integration technique, the circuit
parameters of Block A were extracted by fitting the S-
parameters.

Luyer type = PEC

Figure 6. Geometry used to extract the SPICE model for Block A
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Using the method described above, the SPICE model was
extracted and the following equivalent-circuit values were:

L= 1.44nH;,

M= 0.648 nH;

C,=0.0964 pF;
=0.0481 pF;

Cy =4.53e-013 pF;
Cpn2 = 0.0295 pF.

Fig. 7 shows a geometry used to extract the SPICE model
for bock D, while a block D; was insert into two block A to
form a four layer structure. After the full-wave simulation, the
SPICE model parameters of block D, were extracted as:

Cpnt = 0.0137 pF;
=0.0163 pF;

L =0.138 nH;

M =17.08¢-4 nH;

C,, = 14.7 pF,

Similarly, the model of block D, was extracted using the same
method. The values of components were:

Cin1 =3.3%-3 pF;
C, =6.02e-4 pF;
L =0.0146 nH;
M =8.38e-4 nH;
C;,= 101 pF.

All parameters of other blocks were extracted using the similar
procedure.

IV. MODELING RESULTS

To check the SPICE results from the extracted circuits, a
test case for a differential via transition on a 10-layer board was
simulated using full-wave simulation tools as shown in Fig. 8.
It consists of Block A, D, D, B and C. Differential signal
traces on first and seventh layer were connected by a pair of
through hole vias. The third, fourth and eighth layer are also
signal layers, which can be seen in Fig. 8 as dashed lines. Fig. 9
— Fig. 12 shows the comparison of the SPICE model and full-
wave simulation results. The difference of magnitudes of Sgq,
is within 3dB while the difference of magnitudes of Sy is
within 0.05dB.
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wave simulation results. The difference is within 3dB up to  and every via on the board can be modeled by a few cascaded
5GH=z. blocks in this library.
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