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Abstract—In this work, a circuit model for interconnection
channels with vertical inter-metallic transitions based on the
experimental characterization is proposed. The circuit model and
extraction methodology was verified using a daisy chain structure
manufactured in a 180 nm RF-CMOS process. Both, the
parameters extraction methodology and the circuit model were
considered for their use in RF applications, whereby they take into
account the electromagnetic effects of high frequency. The
obtained results show that the proposed circuit model has a
maximum average error of 5.06% in magnitude when it is
compared with experimental data.
Keywords—On-Silicon Vias, RF-CMOS process, S-parameters.

I. INTRODUCTION
One of the main trends in the integrated circuit (IC) design
is the increases of the operation frequency and integration
density with the technological advances. Interconnections in IC
designs are negatively affected by the reduction of dimensions
in new technologies because the scaling of their cross-sectional
area increases resistive losses. The increased integration of
devices in ICs places greater demands on the number and length
of interconnections, which leads to a higher number of parasitic
elements. Additionally, newer CMOS manufacturing processes
add more metal layers to meet interconnection requirements in
complex ICs [1] and keep the electrical parameters of the global
network at optimal values; however, geometric discontinuities
are introduced between these metal layers (Fig. 1). These
geometrical discontinuities affect the communication channels
between the global and local networks through vertical
transitions implemented with on-silicon vias (OSV). The OSVs
are still considered as RC elements in the design of IC for RF
applications [2, 3]. However, with the increment of the
frequency due to the technological advances, the inductive
behavior of OSVs must be considered as in the case of PCB,
RDL and TSV technologies [4, 5, 6].
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In [7, 8] an analysis of the electromagnetic behavior was
performed for different structures formed by OSV, but it was
only limited to full wave simulation results. Nonetheless, the
obtained results in those works through a systematic analysis
with electromagnetic simulations showed that increasing the
connection area in the vertical interconnections by adding OSV
does not reduce the associated parasites when a high frequency
signal is transmitted through the communication channel. This
behavior is different from that observed in classic IC design and
it is caused by the high frequency effects, which can be seen as
a non-uniformly distributed current in the OSV stacks due to
proximity effects in the closer conductors, redistribution of the
transmission paths and crowding effects. The observed results
for the full wave simulations show that the current tends to
confine in the lateral OSVs of the analyzed vertical structures
as the frequency increases. These effects are notorious in the
electrical characteristics of vertical interconnections, affecting
the design of interconnection networks and passive devices
such as inductors or resonators, and reducing the integrity of the
transmitted signal between global networks and the devices
located at the silicon level.
The obtained results of the full wave simulation [7, 8]
served of motivation to carry out the corresponding
experimental verification and the proposal of an electric
modeling that allows the representation of the vertical OSV
interconnections for the use in circuit solvers while are
considering the high frequency effects. In accordance with the
aforementioned, this work presents the manufacture, simulation
and modeling of a daisy chain structure with two different
OSVs vertical interconnections using an UMC 180 nm
technology [9, 10, 11].
II. DESCRIPTION OF PROTOTYPE
Figure 2 shows the designed daisy chain. The structure
consists of two OSV stacks with different connection area
forming an asymmetric communication channel; in this way
this structure allows to represent realistic scenarios where the

signal is transmitted through a micro-strip line located in global
networks, taken down to local network levels through a stripline, and finally brought back to a micro-strip line by using an
OSV stack.
The OSV stacks used for vertical transitions in the daisy
chain for the 180 nm technology are shown in the Fig. 2. It can
be observed that the OSV stacks are located between the metal
6 layer (i.e., the top metal layer) and the metal 3, which is
commonly used for the devices ports connected to local
networks. The width of the daisy chain structures was selected
by following the topological rules of the used technology, 20
µm is the maximum allowed to reduce the resistive losses. The
short via stack includes 5x34 vias per metal level with a
connection area of 3.2x20 µm2, whereas the long via stack
includes 34x34 vias per level of metal with a connection area
of 20 x20 µm2. From Fig. 3 [7] and Table 1 was found that
increasing of the number of vias in the arrays beyond a certain
amount greatly increases the high-frequency effects and their
impact in the parasitic elements, which eventually provides
unpractical applications of the analyzed communication
channels. For this reason, the lower limit of connection area was
3.2x20 µm2. Figure 4 shows the layout and a photograph of
the manufactured daisy chain prototype in the 180 nm
technology.

Fig. 3. RLC parasitics of via-arrays in 180 nm: a) Resistance and (b) L*C

Fig. 4. SEM Picture of the top view and layout for the measured daisy chain
prototype.

III. CHARACTERIZATION AND MODELING
The experimental characterization is based in the
measurement of the scattering S-parameters from the
manufactured daisy chain. The S-parameters measurements
were performed from 70 MHz to 67 GHz by using a VNA and
ground-signal-ground coplanar RF I67-GSG-100 micro-probes
with a pitch of 100 µm (Fig. 5).

Fig. 1. Intel 10nm BE stack featuring 12 metal layers [1].

Fig. 2. Perspective view of OSV stacks: (a) Short via stack, (b) Long via
Stack.
TABLE I.
Arr1(Area)
68
(1.12x20)

NUMBER OF VIAS AND AREA (µM2) FOR DIFFERENT ARRAYS
Arr2(Area)
170
(3.02X20)

Arr3(Area)
510
(8.4X20)

Arr4(Area)
850
(14X20)

Arr5(Area)
1190
(20X20)

The proposed extraction methodology for the electrical
modeling of the daisy chain was based in the de-embedding of
the different components of the structure (microstrip, stripline,
OVS stacks and pads) helped of electromagnetic simulations.
The prototype was implemented through 3-D models and it was
simulated by using a full wave solver and considering the
material specifications provides by the manufacturer.
Aluminum was the metal used to build the interconnections,
considering the specification material for the implementation of
the final prototype, while silicon dioxide was used as field
oxide. An effective permittivity Ɛr of 3.82 was used (due to the
field oxide is formed by different dielectric layers in the CMOS
process) and calculated in function of the nominal values given
by the manufacturer. Each one of the daisy chain components
(including the OSV stacks) were represented through T-circuit
models because is more appropriated for the modeling of short
transmission lines. Additionally, the probe pads were modeled
with a 34.4fF capacitance based from the data of the
manufacturer, while the resistance was extracted from full wave
simulations to include the high frequency effects in their values.
The pad AC resistance is 0.12 Ω. The values of the electric
elements for the circuit representations of the microstrip and
stripline were extracted from full wave simulations by using the
3D solver EMpro [12].

Fig. 5. SEM test set-up for the performed measurements

Afterward, the parameters for the T-circuit models were
obtained through an optimization in the simulated frequency
range by using the circuit simulator ADS [13]. Figures 6 and 7
shows the circuit models extracted from the microstrip and
stripline, respectively for the implemented prototype.
Additionally, the daisy chain structure was simulated to obtain
full wave representations and increases the precision of the
extracted circuit models for the OSV stacks. By using the
circuit models from the pads, micropstrips and striplines, the
electrical representations of the OSV stacks were deembedding from the full wave simulations of the daisy chain
structures and prototype measurement data.

Fig. 7. Stripline component: (a) Circuit model and (b) Comparison of the
S-parameters between the full wave and the circuit model.

The final model for the measured daisy chain and its
electrical values are presented in the Fig. 8. It can be seen, as
was expected, that the electrical parameters exhibit a
dependency with the frequency while the short via stack has
lower values for its LC parasitic elements compared with those
shown by the long via stack. Comparing the S parameters
obtained from the circuit model and the full wave simulation
with the experimental data, a maximum mean error of 5.06%
was obtained for the magnitude and 1.89% for the phase, as
shown in the figures 9 and 10, respectively.

Fig. 8. Proposed circuit model for the prototyped asymmetric daisy chain
structure in the 180 nm technology.

Fig. 6. Microstrip component: (a) Circuit model and (b) Comparison of the
S-parameters between the full wave and the circuit model.

It can be seen from Figure 8 that the difference between the
return and insertion losses are below of 7.5%, which indicates
that the coupling effects and overall losses of the structure are
predicted with high accuracy. By other hand, for the phase of
the insertion losses, the measured maximum error at high
frequencies is 11.2 %. This error indicates that the simulated
phase constant, varies from the exhibit in the characterized
prototype. This variation is due to the difficulty of accurately
representing the effective permittivity of the field oxide in the
CMOS processes when the property of the dielectric layers
chances between different metal levels in addition to the
presence of dummy metals. On the other hand, it can be seen
observed that to proposed circuit model, a coupling inductance
Lcoupling = 0.35nH was added to model the parasitic path between
the input and output of the microstrip lines. The circuit model
shows the presence of a lossy capacitive ground connection
between the microstrip and the via stacks represented by the

capacitances Closs1, Closs2 and the resistors Rloss1, Rloss2, which
model the effect of the metal dummies in the daisy chain. The
model also includes a coupling capacitance between the two
microstrips with a value of 2.75 pF.
IV. CONCLUSIONS
In the present work, communication channels with vertical
transitions were modeled by using an asymmetric daisy chain
manufactured using an 180nm CMOS process. The maximum
average error between the circuit model and the experimental
data was below of 5.06% for the return losses (i.e., ǀS11ǀ) when
is compared with the experimental data. The measurement data
shows that the vertical transition in the manufactured
communication channels have LC parasitic element mainly for
high frequency applications; this is different to IC low
frequency design where parasitic elements for this type of
interconnections are considered mainly resistive and are
mitigated with the increased of the connection area.
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The obtained results show that in high frequency operation,
by increasing the connection area of the vertical interconnection
not necessarily reduces the value of the associated parasites.
Finally, it was observed that the effects of technological scaling
introduce higher losses in the field oxide due to the increase in
the length and complexity of the OSV stacks with greater
connection areas. It can be assumed that in newer technologies,
with a large number of metal layers and for applications with
higher operation frequencies, the effects of the analyzed
parasitic elements will be greater.
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Fig. 9. S-parameter comparison: Magnitude
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