The Scalable Modeling of Multi-layer Embedded Capacitor based on LTCC Substrate
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Abstract

Low temperature co-fired ceramic (LTCC) technology is
the preferred platform for integrating multi-layer capacitors
due to excellent high frequency performance and low-loss
dielectric properties. This letter describes a novel approach to
perform modeling of multi-layer capacitors in LTCC
technology. This hybrid approach combines both analytical
modeling and numerical modeling to provide a scalable circuit
model predicting the self-resonance frequency of the multiple
dielectric and electrode layers. Good correlation between the
simulation results and network analyzer measurements has
been also achieved.

1. Introduction

Recently, as an alternative solution for the low cost and
highly integrated system with multiple functionalities,
System-on-Package (SoP) technology has emerged [1] [2].
The SoP brings multiple semiconductor dies of various
semiconductor processes and materials, and passive devices
such as termination resistors, decoupling capacitors,
inductors, waveguide, filters, and antennas into a three-
dimensional package, to create highly integrated products
with optimized cost, size and performance. Markets for the
SoP solution include wireless communication, networking,
computing, and sensor and storage system applications. To
integrate these multiple dies and passive devices into a tiny 3-
D SoP, adoption of high-density multilayer substrate design is
a common approach to mount the multiple dies on a substrate
with the embedded passives, which are laterally or vertically
integrated onto the package substrate. Low temperature co-
fired ceramic (LTCC) technology is the preferred platform for
integrating multi-layer passives due to excellent high
frequency performance and low-loss dielectric properties [3].
To achieve efficient design of LTCC-based SoP, accurate
modeling for embedded passives is an important component
of the design flow [4] [5].

In this paper, we propose a scalable modeling method for
multi-layer embedded capacitor. Even if many papers have
published to accurately model capacitors and their model are
quite accurate, none of them has considered the scalability of
the model for the multi-layer capacitor [6-12]. In LTCC
technology, multi-layer capacitor integration is a key process
and there is a strong need for scalable modeling. Thus the
scalability of multi-layer capacitor has to be taken into
account for the efficient design of LTCC-based SoP. In this
paper, we introduce the scalable model of multi-layer
capacitor which uses the interdigitated via topologies. The
scalable model was verified through 3-D HFSS simulation
and measurement for the 14-pairs capacitor up to 20GHz. The
results for the proposed scalable model show good correlation

with the simulated and measured data. Based on the model,
the library for embedded capacitor design is discussed.

2. Proposed Scalable Model

Two-port multi-layer embedded capacitor based on LTCC
substrate is shown in Figure. 1. The capacitor uses an
interdigitated via distribution with a total of three pairs. The
interdigitated distribution significantly increases the mutual
inductance between the pairs, resulting in the reduced
effective loop inductance and the increased self-resonance
frequency of the capacitor.

Figure 1. Two-port multi-layer embedded capacitor based
on LTCC substrate with N =3

For scalable modeling of the multi-layer embedded
capacitor, we use hybrid approach, which combines both
analytical modeling and numerical modeling to provide a
scalable circuit model for multiple dielectric and electrode
layers. The modeling procedure can be simply explained as 3-
steps. First, obtain the equivalent circuit model, which
consists of plane capacitance, plane inductance, via
inductance, and plane/dielectric loss, for 1-pair embedded
capacitor using the 3-D simulator or hand calculation. The
model parameter depends on the size of plane and the height
of each layer. Second, find the equivalent series inductance
and capacitance for over 2-pair embedded capacitor utilizing
the model parameters calculated from 1-pair embedded
capacitor. At last, we can generalize the model parameters for
multi-layer embedded capacitor, as shown in Figure 2.
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Figure 2. Scalable equivalent circuit model of multi-layer
capacitor.



For the one-port multi-layer capacitor which port is located

at the center of the capacitor, the model equation for C,,,
and L, are as follows.

Coy=Cyo-N
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where N represents the number of plane pair, L, represents
the cavity inductance for 1 plane pair, L, represents the via
inductance between 1 plane pair, L, represents the plane

inductance between signal and ground via, and L, //// N
represents

Ly//Ly// -+ //L,
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If N isodd number, y is1,and If N iseven number, y is

2. The equations for R and G are as follows.
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For the two-port multi-layer capacitor shown in Figure 1,
the model equation for C,,, and L, are as follows.

Cpu=Co-N
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, where L, represents the plane inductance between signal

and ground via of port 1, and L,, represents the plane
inductance between signal vias of port 1 and port 2.

The parameters, Cy, Ly, L,, L,, Ly, and L,, can be
calculated using 3D-full wave simulation.

3. Verification of the Scalable Model using 3D Full-wave
Simulation and Measurement

To verify the accuracy of the proposed scalable model,
test vehicles, which have 2 x 2 mm size, were designed and
fabricated using the Ferro A6 LTCC material with a dielectric
constant of 5.9 and a fired dielectric thickness of 98 um. The
self-impedance, Z11, is used to compare the simulated and
measured results with the proposed hybrid model. The
measured results were compared with the hybrid model.

Figure 3 shows the comparison of the proposed hybrid
model and the 3D full-wave simulation of the Z11 parameter,
self impedance, for one port multi-layer capacitor with N =2,
N =3, N =4, and N =5 up to 15 GHz. The self-resonance
frequency of the one-port multi-layer capacitor with N=2 to 5
has a good correlation with the 3D full-wave simulation
result.
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Figure 3. Comparison of the proposed hybrid model and
the 3D full-wave simulation of the Z11 parameter, self
impedance, for one port multi-layer capacitor with (a)
N =2, (b) N=3, (c) N =4, and (d) N =5 up to 15 GHz.
The Solid line represents the self impedance, Z11,
obtained from the proposed hybrid model and the dotted
line represents the self impedance obtained from 3D full-
wave simulation by Ansoft HFSS.

The self-resonance frequency of two-port multi-layer
capacitor with N =2 to 5 has also a good correlation with the
full-wave simulation results as shown in Figure 4.
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Figure 4. Comparison of the proposed hybrid model and
the 3D full-wave simulation of the Z11 parameter, self
impedance, for two port multi-layer capacitor with (a)
N =2, (b) N =3, (c) N=4, and (d) N =5 up to 15 GHz.
The Solid line represents the self impedance, Z11,
obtained from the proposed hybrid model and the dotted



line represents the self impedance obtained from 3D full-
wave simulation by Ansoft HFSS.
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Figure 5. Comparison of the proposed hybrid model, the
3D full-wave simulation, and the measurement of the Z11
parameter, self impedance, for two port multi-layer
capacitor with N =3 up to 15 GHz. The Solid line
represents the self impedance, Z11, obtained from the
proposed hybrid model, the dotted line represents the self
impedance obtained from 3D full-wave simulation by
Ansoft HFSS, and the dashed-dotted line represents the
self impedance obtained from the measurement.

The comparison of the proposed hybrid model, the 3D
full-wave simulation, and the measurement of the Z11
parameter, self impedance, for two port multi-layer capacitor
with IV =3 up is shown in figure 5. The correlation between
the proposed hybrid model and 3D full-wave simulation is
very good, but there is small error between the measurement
and the proposed hybrid model. It is understood that the small
difference comes from the shrink effect of the capacitor by
LTCC process and the parasitic element of the probe for
measurement.

No. of 3D full-wave | Proposed Error
Capacitor Simulation [Hybrid Model| Percentage
Pairs (GHz) (GHz) (%)
N =1 10.5 10.41 0.86
N =2 7.59 7.562 0.37
N =3 5.72 5.7013 0.33
N =4 4.62 4.61 0.22
N =5 3.82 3.79 0.79
N =6 3.28 3.252 0.85
N =8 2.53 2.493 1.46
N =12 1.73 1.692 2.2
N =13 1.58 1.5706 0.59
N =14 15 1.463 2.47

Table 1. The error percentage between 3D full-wave
simulation and the proposed hybrid model for the multi-
layer capacitor with N =1 to 14.

No. of Capacitor Pairs | C,,,,; [PF] L, [pH]
N=1 2.6 70
N =2 52 87
N =3 7.8 100.2
N =4 10.4 114.5
N =5 13 136
N =6 15.6 153.67
N =8 20.8 195.75
N =12 31.2 282.83
N =13 33.8 307.4
N =14 36.4 327

Table 2. The library of the multi-layer capacitor using the
proposed hybrid model.

Table 1 shows the error percentage between 3D full-wave
simulation and the proposed hybrid model. The difference
between the model and the full-wave simulation is within
roughly 3%.

Using the proposed model, LTCC package designer can
build the library for the multi-layer capacitor they may use
like table 2. As shown in the table 2, the capacitance and
inductance become increase as the number of the capacitor
layer increase, resulting in decreasing the self-resonance
frequency.

4. Conclusions

In conclusion, the hybrid model with scalability was
proposed for LTCC-based multi-layer embedded capacitor to
predict the self-resonance frequency of the multi-layer
embedded capacitor. This hybrid approach combines both
analytical modeling and numerical modeling to provide a
scalable circuit model predicting the self-resonance frequency
of the multiple dielectric and electrode layers. The results for
the hybrid scalable model show good correlation with the
simulated and measured data.
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