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ABSTRACT: A fast and accurate characterization method of differential via holes is pre-
sented based on the equivalent circuit extraction technique. A 3-D model of differential via
holes is created and simulated using a full wave solver and the results are compared with
the equivalent circuit model using Advanced Design System software. Results presented
validate the proposed approach. © 2007 Wiley Periodicals, Inc. Int J RF and Microwave CAE

00: 000-000, 2007.
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I. INTRODUCTION

Via holes are used to connect traces residing on dif-
ferent layers of a printed circuit board (PCB).
Depending upon the geometric structure and place-
ment inside the board, via holes are classified as sin-
gle, differential, blind, or buried. A single via hole is
a vertical connection through the board that could
extend from the top layer to the bottom layer. Simi-
larly, a differential via hole comprises a pair of via
holes, which connect layers in a PCB board. A blind
via hole is a vertical structure that stretches from the
external layer to an internal layer without passing
through the entire vertical stack-up layer. A buried
via hole is a vertical structure that is placed between
internal layers without passing through the entire ver-
tical stack-up layers.

Pairs of via holes, using differential signaling,
have become popular choices for high-speed digital
transmission on a PCB. They offer superior immunity
to crosstalk and external noise, and increase transmis-
sion bandwidth. However, the discontinuities intro-
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duced by via holes are well-known impedance disrup-
tors at high speeds in a PCB. Therefore, researchers
have been studying different characterization methods
for differential vias to improve their performance.

In [1, 2], Laermans et al. used a characterization
method to model differential via holes as a cascade
of capacitances and inductances. This method used
special software, FASTCAP [3], to calculate the val-
ues of the capacitances and inductances at each des-
ignated location on via holes, and therefore calculate
impedances at those points. Chen et al. [4] analyzed a
large number of vias and differential signaling in
multilayered structures using the equivalence princi-
ple, where a vertical via structure was decomposed
into an interior and an exterior problem. In [5], full-
wave modeling for differential signaling was used to
extract a differential SPICE via model. The drawback
is that these methods are time-consuming. Alterna-
tively, in [6, 7], Antonini et al. used an equivalent cir-
cuit extraction technique approach for characteriza-
tion of a single via hole in a PCB. Their approach,
however, was only used for characterization of a sin-
gle via hole and not for differential via holes. This
article extends the equivalent circuit extraction tech-
nique, described in [6, 7], for differential via holes
characterization on a PCB, in a fast and accurate
manner.
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Figure 1. An example of a differential via hole structure
in a multilayered environment.

This approach can be briefly described as follows:
a differential via hole structure in a multilayered PCB
is partitioned into three elementary structures, namely
the top, the intermediate, and the bottom structures.
An equivalent circuit is extracted from each partition
and the scattering (S) parameters of each equivalent
circuit are obtained. Then, a complete equivalent cir-
cuit for the entire differential via geometry is con-
structed by cascading all of the elementary equivalent
circuit structures using Advanced Design System
(ADS) software. To validate the approach used here,
the S-parameters of this circuit are compared with
those obtained from High Frequency Simulation Soft-
ware (HFSS) and the measured S-parameters results
are presented in [1, 4]. This article is organized as
follows: in Section 2, via holes are briefly reviewed.
The extraction technique of the equivalent circuit for
each elementary structure is discussed in Section 3.
In Section 4, the via and equivalent circuit parameters
are calculated. In Section 5, S-parameters results
from ADS, HFSS, and the equivalent circuit are com-
pared. Conclusions are given in Section 6.

Il. VIA HOLES REVIEW

Via holes in a multilayered PCB are used to connect
signal traces from the top layer to intermediate layers
and/or the bottom layer, or between intermediate
layers. Because of the discontinuities introduced by
via holes along the transmission path, there is some
incident wave energy that reflects back to the source.
The amount of the reflection depends upon the mis-
match impedance between the source characteristic
impedance and the transmission path impedance. A
single via hole consists of a central cylinder, as well
as numbers of thin, cylindrical, copper pads. Vias are
passed through a number of copper ground planes by
means of clearance holes (anti-pads). The entire geo-
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Figure 2. Top view of complete structure under study.

metrical structure is embedded into a dielectric mate-
rial, usually FR-4. Differential via holes consist of
two via holes, where the signal is sent differentially
through a pair of strip-lines. Based upon the proper-
ties of a PCB geometrical structure (its trace lengths,
widths, separations, and its thickness), differential via
holes are designed to minimize the reflection and the
attenuation of the signal. An example of differential
via holes structure is shown in Figure 1.

lll. EQUIVALENT CIRCUIT EXTRACTION
TECHNIQUE FOR DIFFERENTIAL
VIA HOLES

In [6, 7], the procedure for extracting the equivalent
circuit of a via hole in a multilayered PCB is done as
follows; a via hole is partitioned in three elementary
structures: one for the top layer, one for the interme-
diate layer(s), and the last one for the bottom layer.
Then, an equivalent circuit is obtained in the form of
a two-port network for each elementary structure,
where the elements of this two-port network depend
on the via resistance (R,;,), inductance (L,;,), and ca-
pacitance (C,j,); pad capacitance (Cp.q), and inter-
planes capacitance (Cjp) values. These parameter val-
ues are calculated using formulas found in [7]. Next,
a complete two-port network, representing the
complete equivalent circuit of the via structure, is
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Figure 3. Top layer elementary structure.
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Figure 4. (a) Elementary structure for the intermediate
layer; (b) Elementary structure for the bottom layer.

obtained by cascading each two-port network of
every elementary equivalent circuit from the top to
the bottom layer.

In this work, we extend the above technique to dif-
ferential via pairs. The top view of the differential
via structure under study here is shown Figure 2, and
it is divided in three elementary structures: top,
(Fig. 3), intermediate (Fig. 4a), and bottom layers
(Fig. 4b).

As shown in Figure 3, an edge-coupled stripline
connects via 1 and via 2 in the top layer elementary
structure. The differential signal enters the structure
at the port 1, travels through the stripline, and then
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Figure 5. Equivalent circuit for the top layer structure.
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exits from the port 2. The characteristic impedance
Zy of the edge-couple stripline is defined in [8]

1.92B+T B
Zo = 01 (LOCBETN (| B
Ve \ 08W +T 4H

W T
H>B 01< 5 <205<025,1<&<l15

where Z; is the characteristic impedance of the strip-
line (Q); &, is the relative dielectric constant; H is
the height of the substrate FR4 under the stripline;
B is the height of the substrate FR4 above the strip-
line; T is the thickness of the trace; W is the trace
width.

We used SCLIN model in ADS to represent the
edge-coupled stripline. The length (L) of stripline is
50 mm. The spacing (S) between stripline is 0.265
mm. The width (W) of stripline is 0.255 mm. The
substrate material is FR4, which has a relative dielec-
tric permittivity &, of 4.0.

Each elementary structure in the differential pair
is modeled as serial interconnection of two two-port
networks, one for each via of the differential pair.
For example, the complete equivalent circuit for the
top layer is shown in Figure 5.

The top portion of the equivalent circuit shown in
Figure 5 represents the equivalent circuit of one via
hole, and the bottom portion represents the equivalent
circuit of the other via hole, which physically corre-
spond to the via-pair shown in the left hand side of
Figure 2 and the side view of the left hand side of
Figure 3. Both parts are connected as series two-port
network to form the equivalent circuit of the top layer
differential via hole structure. Note that one advant-
age of using a two-port network is that if the imped-
ance parameters are known, the behavior of two-port
network can be modeled as an equivalent circuit. For
instance, the impedance (Z) of the equivalent circuit
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Figure 6. Typical via structure.
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TABLE 1. Calculated RLC Parameters of
Via Structures

Top Intermediate ~ Bottom
Via Parameters Layer Layer Layer
Resistance (Ry;,) 0.015Q 0.015Q 0.015Q
Inductance (Ly;,) 3.095pH 5.378pH 3.095pH
Capacitance (Cy;,)  24.64fF 32.3fF 24.64fF
Interplane
capacitance (Cj,) 58.64pF 44.72pF 58.64pF

two-port network, shown in Figure 5, can be
expressed in matrix form as:

Zn Zn
Z =
|:ZZI Zzz}

where Zy1 = (Z.Zy + Zﬁ +ZvZe)/(Zy+ 22y + Ze) is
the open-circuit input impedance, Zj, = Z; = (Zg) /
(Zy + 2Zy, + Z) are the open-circuit transfer impedan-
ces, and Zy = (ZuZv + Z + ZvZe) | (Za + 2721, + Ze)
is the open-circuit output impedance.

Note that each element of the impedance matrix
entry can be determined by substituting for Z,, Z,, and
Ze, where Z, = Ryiy + joLyia, Zy = 1/(joCyiy), and
Z. = 1/(joCip). The second Cpaq in the right hand
side of Figure 5 is due to the stripline connection to
the via (see also Figs. 1 and 3). These impedances
along with Cp,q parameter will be defined in the next
section. Similar impedance calculations are applied to
the elementary structures of the intermediate and bot-
tom layers, which are shown in Figures 4a and 4b.

IV. VIA AND EQUIVALENT CIRCUIT
PARAMETER CALCULATION

In this section, we discuss the via geometry that will
drive its parameter calculation (Ryja, Cyias Lyias €tC.),
which in turn will be used to obtain the equivalent

circuit impedances of each elementary two-port
network. The final equivalent circuit is obtained by
cascading each two-port network.

The stripline shown in the top layer structure,
depicted in Figure 3, was modeled in ADS as an edge-
coupled stripline (SCLIN). The followings are the pa-
rameters of this SCLIN: the substrate material is FR4,
which has a relative dielectric permittivity ¢, of 4.0,
and a loss tangent of 0.015 as described in [1]. In
addition, the stripline model has conductivity per unit
length of 5.8 X 107 S/m [1]. The trace width (W),
thickness (T), spacing (S), and length (L) are 0.255
mm, 0.03 mm, 0.265 mm, and 50.0 mm, respectively.

For each via in the top layer, one of the most im-
portant parameters is the parasitic capacitance from
the via pad to ground. This capacitance (in pF) is
defined in [9] as:

c (1.41)e,TD,

pad ( D2 — Dl)
where D, is the diameter of via pad (2.992 X 1072
in. = 0.759968 mm), D, is the diameter of anti-pad
(5.354 X 1072 in. ~ 1.359916 mm), as shown in Fig-
ure 6, T is the thickness of dielectric material, and &,
was defined earlier.

Another important via parameter is the shunt
capacitances, which are measured from the via to a
ground plane. The amount of capacitance (Cy;,)
depends upon the distance between the radius of the
via and the radius of the anti-pad. In general, the fol-
lowing rule of thumb applies: the shorter the distance
the higher the shunt capacitance. The shunt capaci-
tances contribute to the trace impedance, and thus
cause reflections. In addition, other important via
parameter is the interplane capacitances (Cj,), which
are measured between two ground planes. The
amount of capacitance depends upon the physical
geometry of the ground plane, as well as the thick-
ness of the dielectric material. These via capacitances
are calculated using equations found in [7].
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Figure 7. Actual equivalent circuit of the top layer, including stripline, built in ADS.
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TABLE II. RLC Values of Actual Equivalent Circuit
of the Top Layer

Figure Values
Resistance (R, R») 7 0.015Q
Inductance (L, L») 7 3.095pH
Capacitance Cpaq
(Cl, C3, C4, C7, Cg, ClO) 7 02124pF
Capacitance C\;, (Ca, Cg) 7 24.64fF
Capacitance Cj, (Cs, Ce) 7 58.64pF
SCLIN 7 W = 0.255mm
S = 0.265mm
L = 50mm
Term (1, 2, 3, 4) 7 Z = 50Q

In addition, digital designers have considered the
via inductance to be more crucial than the capacitance
itself. Every via is known to have a parasitic series in-
ductance (L,;,), this is due to the physical structure of
the via being too small, thus the behavior of via is
very much like lump circuit elements. The primary
effect of the series via inductance is that it degrades
the signal that travels through the via, and decreases
the effective decoupling capacitance. The inductance
of the signal via depends upon the location of the
return path associated with the signal via. Via induct-
ance is also calculated using equations found in [7].

In high-speed applications, via and trace resistan-
ces are the combination of DC and AC resistances,
where the AC resistance is due to the skin effect [10].
The total resistance is defined in [10] as follows:

Rrotal (f) Y, RIZDC +R/2xc (f)

where the AC resistance is proportional to the
square root of the frequency [10]. It is important
to point out that the skin effect is already incorpo-
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Figure 8. HFSS versus equivalent circuit simulation Sy,
parameter for the top layer structure. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]
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rated into the ADS software; therefore, accounting
for DC and AC resistances due to all frequencies
of interest.

The via parameter definitions described above
were used to calculate the elements of the two-
port network equivalent circuit used for the top
layer, shown in Figure 5. The impedance
Za = Ryia + joLyi, is associated with the total resist-
ance and inductance of the via, Z, = 1/(jwCyi,) is
the impedance associated with the via capacitance,
and Z. = 1/(joCjp) is the impedance between two
ground planes. As mentioned, the top portion of the
equivalent circuit shown in Figure 5 represents the
equivalent circuit of one via hole, and the bottom
portion represents the equivalent circuit of the other
via hole.

The two-port network equivalent circuits for the
intermediate and bottom layers are similar to the top
layer circuit shown in Figure 5, with proper adjust-
ments for via capacitance, inductance, and resistance.
The calculated values of via resistances, inductances,
capacitances, and interplane capacitances for the top
layer, the intermediate layer, and the bottom layer are
shown in Table I. Note that Columns 1 and 3 are the
same; this may not be necessarily true for other geo-
metries. The total structure including top, intermedi-
ate, and bottom layers as well as the stripline is
shown in Figure 10.

The obtained equivalent circuit network for each
layer is simulated in ADS and its S-parameters S,
(reflection coefficient) and S,; (the transmission
coefficient) are found. These S-parameters are com-
pared with those obtained from the corresponding
differential via structure using HFSS. Next, a com-
plete equivalent circuit network is obtained by
cascading each two-port network equivalent circuit
from the top to the bottom layer, and then the

5;1(dB)

6 1 HF ST
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B
-10
0 2 4 B & 10

Frequency (GHz)

Figure 9. HFSS versus equivalent circuit simulation S,;
parameter for the top layer structure. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]
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Figure 10. Equivalent circuit model of the complete structure.

S-parameters S;; and S,; are determined from ADS.
The S-parameters of the complete differential via
structure are also compared with those obtained from
the same differential via structure using HFSS. All
the S-parameters were evaluated from 50 MHz to 10
GHz. In the following section, results will be pre-
sented, which will validate the derived equivalent

circuit for each of the elementary and complete dif-
ferential via structures.

V. RESULTS AND DISCUSSIONS

The equivalent circuit model for the top layer struc-
ture was implemented in ADS software as shown in

TABLE III. RLC Values of Actual Equivalent Circuit Model of the Complete Structure
Figure Values
Resistance (R;,. . .,R12) 10 0.015Q
Inductance (Lq,. . .,L4, Lo,. . ..L15) 10 3.095pH
Inductance (Ls,. . .,Lg) 10 5.378pH
Capacitance Cpyq (Cy, C3, Cy, Cs, Cq, Cs,
Ci3, Cys, Cig, C17, Cro, Cog, Cys,. . .,Cyg) (top and bottom layers) 10 0.2124pF
Capacitance Cvia (Cz, C6a C14, Clg, C33,. . ~7C36v
Cy1,- - ,Cqq) (top and bottom layers) 10 24.64fF
Capacitance Cjj, (Co,. .., Ci2, C37,...,C40) (top and bottom layers) 10 58.64pF
Capacitance Cyi, (Cay,. . .,Ca4, Cao,. . .,C3p) (intermediate layer) 10 32.3pF
Capacitance Cj, (Cys,. . .,Cag) (intermediate layer) 10 44.72pF
SCLIN 10 W = 0.255mm
S = 0.265mm
L = 50mm
Term (1, 2, 3, 4) 10 Z = 50Q
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Figure 11. HESS versus equivalent circuit simulation S,
parameter for the complete structure. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

Figure 7, with parameter values depicted in Table II.
The reflection coefficient (§;;) and insertion loss
(S>1) parameters, obtained form the simulation of the
above circuit in ADS, are compared with the (Sy;)
and (S,;) parameters, of the top structure 3-D model,
obtained from HFSS, as shown in Figures 8 and 9,
respectively.

The equivalent circuits for the intermediate and
bottom layer structures were also implemented and
analyzed using ADS. The results from ADS were all
in a good agreement with the results obtained from
HFSS. Finally, the equivalent circuit for the complete
structure was obtained by cascading the three equiva-
lent circuits, from the top to the bottom layer, as
shown in Figure 10, with parameter values depicted
in Table III. The comparisons results of the (S;) and
S, parameters from the ADS equivalent circuit simu-
lation and the 3-D model from HFSS for the com-

—x Dl

10

Frequency (GHz)

Figure 12. HFSS versus equivalent circuit simulation Sy,
parameter for the complete structure. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

Characterization of Differential Via Holes 7

plete structure are shown in Figures 11 and 12,
respectively.

It can be seen from Figures 8, 9, 11, and 12, that
there is a very good agreement between the HFSS
differential via model and the circuit extraction
method, which validates our proposed technique for
characterizing differential vias. These results also
agree with measurements from the same via structure
reported in [1, 4].

VI. CONCLUSIONS

The purpose of this article was to characterize a dif-
ferential via hole using an equivalent circuit extrac-
tion technique. The extraction technique was then
used to develop an equivalent circuit model for the
entire structure, which was validated by comparing
the results of HFSS with the equivalent circuit simu-
lation. Overall, the results of the scattering parame-
ters Sy and S,; for the complete equivalent circuit,
and the 3-D model simulation were very close. One
of the advantages of the extraction technique is to
obtain a circuit model that characterizes the differen-
tial via, which in turn, reduces the large amounts of
simulation time on a very complex structure. The
results shown in this article illustrate that the equiva-
lent circuit of a complete structure model matches
with a 3-D HFSS results, thus it is suitable for
quickly predicting the response of the output signal
of the differential via holes. Simulation time in ADS
was less than a minute significantly faster that using
a full wave solver. Further research includes model-
ing more complex middle layers and in-homogenous
dielectric.
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