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Abstract
2.5D integration using interposer and through via
technologies is one of the promising solutions to enable
systems with higher electrical performance and at the same
time reducing size of the whole systems. To maximize
benefits of the interposer, power distribution network (PDN)
and channels should be well-designed. PDN and channel
properties are heavily affected by the material properties of
the interposer substrate. Depending on the substrate material,
anti-resonance frequency of PDN can coincide with ICs’
switching frequencies. Therefore analysis and comparison of
hierarchical PDN are important. Also channels can be
affected by the PDN design, especially channels
escaping/entering interposers are affected by the properties of
the interposer PDN. Therefore, when designing interposers,
co-design and co-analysis of PDNs and channels are required.
Introduction
Recently Semiconductor industries are having difficulties
to overcome technical challenges associated with the
performance saturation of conventional CMOS processes. For
example, bandwidth of DRAM in mobile application systems
or graphic modules is doubled every year due to the technical
trend that requires higher bandwidth. However it is becoming
a burden for industries to develop and manufacture such
circuits with doubled bandwidth at the period it is needed.
2.5D integration using interposer and through via
technologies is one of the promising solutions to achieve
systems with higher electrical performance and at the same
time reducing size of the whole systems. Interposers have
finer line width and space compare to the conventional
packages thus it is possible to accommodate more number of
I/O channels which will increase the bandwidth of the whole
system.
Especially for the application processors in mobile
devices, 2.5D integration using the interposer could be a
solution to routing issues which cause signal/power integrity
problems since application processors accommodate
tremendous amount of signal and power nets such as memory
channels, HDMI and USB 3.0. For graphic modules that
require much higher bandwidth compared to mobile devices,
adopting interposer technologies will provide more
advantages. Fig.1 illustrates cross-sectional view of 2.5D
HBM module with interposer.
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Figure 1. Cross-sectional View of 2.5D HBM module
On the interposer, each HBM is connected with SoC with
1024 interposer channels. Each channel accommodates 1Gbps
bandwidth which is even lower than that of LPDDR 3,
however total bandwidth dramatically increases to 128GB/s
due to the total number of interposer channels. By using
interposer and TSV technologies, system bandwidth can
increase significantly without enhancing the performance of
ICs based on CMOS technologies. When systems are formed
on the interposer, its electrical performances are heavily
affected by the material properties of the interposer substrate.
In figure 1, possible candidates for the interposer substrate
materials are also listed and advantages and disadvantages of
each material is shown in the previous work [1]. When the
concepts of interposer technologies were first introduced,
silicon substrate was proposed since CMOS process has the
longest history thus most advanced among the semiconductor
fabrication processes. Therefore using silicon as an interposer
substrate can enable very fine metal patterns for channels and
power distribution networks [2]. However, silicon shows high
insertion loss which can degrade performance of the whole
system at the high frequency due to conductivity of substrate
and additionally very high in cost resulting from the fine onchip metal processes. Also the size of silicon wafer and round
shape limit the yield of interposer fabrication. Another
possible substrate material is organic which has been used as
a semiconductor packaging material for long time. Thus low
cost and low loss organic can be used as an interposer
substrate. However scaling of interposer substrate thickness
and width/space of signal channels are limited for the organic
interposer. As an alternative of silicon and organic, glass
substrate is introduce which has ultra-low loss and use panelprocess which has higher yield compared to silicon
interposers based on wafer processes. Even though glass
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interposers are not ready for manufacturing, as technologies
advance, glass substrate may maximize benefits of 2.5D and
3D Integration.
It is apparent that depending on the substrate materials of
an interposer, electrical properties such as channel and power
distribution network characteristics of the whole system could
vary. In this paper, we first analyze and compare impedance
properties of interposer PDN with glass, silicon and organic
substrate. We also compare impedance properties of
hierarchical PDN including 3D stacked chips, interposer and
system board with different interposer substrate. In order to
operate systems, providing power is crucial and operating
ICs’ performance is heavily affected by the hierarchical PDN
impedance. Thus understanding impedance properties of
hierarchical PDN is important. We also analyze signal
integrity for the channels that escape through interposer since
escaping signals communicate with other systems or control
the system itself.
Analysis and Comparison of Power Distribution Network
Impedance Properties with Different Interposer Substrate
Material
In this chapter, PDN impedance properties are analyzed
and compared. First, interposer PDN impedances with
different substrate are compared. Also, hierarchical PDN
(including 3D stacked chip PDN, interposer PDN and
package PDN) impedance properties are analyzed and
compared. In figure 2-(a), cross-sectional view of the
interposer to be simulated and analyzed is depicted. As can be
seen in the figure, 4 metal layers (M#) exist and metal layer 2
and 3 are mainly allocated for the powers and ground. Metal
layer 1 and 4 are allocated for signal lines and ball/bump
pads. Between power and ground planes, dielectric layers and
interposer substrate exist. Material properties of metal and
dielectrics are given in figure 2-(b) with physical dimensions.
To simulate interposer PDN, 3D-EM solver Ansys HFSS was
used. However for analyzing the hierarchical PDN impedance
properties, 3D stacked chip PDN with P/G TSVs is modeled
based on unit PDN models and a segmentation method.
Modeling methodologies and dimensions of structures are
shown with detail in the previous work [3].
Interposer with PDN size 12mm by 12mm is simulated
and the impedance properties are shown in figure 3. Physical
dimensions are fixed; only the dielectric1, 2 and substrate
materials are changed. Under the frequency where first
resonance occurs, capacitance of PDN dominated the
impedance properties. Since silicon interposer has the highest
value of the effective complex permittivity, PDN impedance
is lower than that of glass and organic interposers. Effective
permittivity can be calculated using the equation shown in
[4]. In case of glass and organic interposer, effective
permittivity between P/G is almost identical for the simulated
dimensions, almost identical impedance properties are
observed. After the first resonance, inductance of PDN
dominates the impedance characteristics,

(a)

(b)
Figure 2. Cross-sectional view of interposer is shown in
figure 2-(a). In figure 2-(b), material properties of metal and
dielectrics are given with physical dimensions.
As frequency goes higher, mode resonances are
generated.. These frequencies are determined by the size of
PDN and the location of observing ports. In case of glass and
organic interposer, due to low conductivity of the substrate,
sharp impedance peaks are generated. Since glass substrate
has the lowest conductivity, sharpest impedance peaks are
generated. On the other hand, for the silicon case, due to lossy
substrate, impedance peaks are not observed or relatively
smaller in value compared to the other cases.
When operating chips are mounted, not only PDN
impedance of chip itself affects the performance of ICs, PDN
of interposer also affects the performance. Thus it is
important to analyze PDN properties of the whole system.
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Figure 3. PDN Self-impedance seen at the center of glass,
silicon and organic interposers are shown. Interposer PDN
size is 12 mm by 12mm for all cases.

Figure 4. Top view and lateral dimensions of 2.5D IC
to simulate and analyze hierarchical PDN impedance is
shown.

Figure 5. Impedance properties are simulated for the structure shown in figure 4. Depending on the interposer substrate
material, hierarchical PDN impedance show different impedance profile.
In figure 4, top view and lateral dimension of 2,5D IC to
analyze hierarchical PDN impedance is shown. On the
interposers, 3D stacked chips with P/G TSVs are mounted.
Impedance properties are observed at the edge side of the top
chip located at the center of the interposer. In figure 5,
impedance properties are analyzed and the effects of
interposer substrate on hierarchical PDN impedance are
compared. On the graph, factors that dominate the impedance
properties are listed. Since real value of permittivity for
organic and dielectric mixture in glass substrate is similar,
PDN impedance is almost identical for 2.5D IC with glass

interposer and 2.5D IC with organic interposer. However, at
the frequencies where mode resonances of the interposer
appear, cases with glass interposer have sharper impedance
peaks and it is due to the Q factor difference between the
glass substrate and organic substrate. If silicon is used as an
interposer substrate, PDN impedance is lower than other cases
and it is marked with arrows in the figure 5. Also for the
silicon interposer case, interposer’s mode resonance aren’t
shown in the hierarchical PDN impedance properties due to
relatively large substrate conductivity compared to that of
glass and organic substrate.
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We should note that on the graph, first anti-resonance
occurred around 1~2 GHz. In case of the glass and organic
interposer, frequency of anti-resonance is near 1.6GHz,
similar to the operating frequency of LPDDR4. When
designing hierarchical PDN, target impedance should be
defined and proper decoupling capacitors should be placed to
keep the hierarchical PDN impedance below the target
impedance. Near the operating frequency of the ICs, target
impedance is the lowest [5-6], which means, if the
hierarchical PDN impedance violates the target impedance
near these frequencies, large simultaneous switching noise
(SSN) will be generated, leading to degradation of whole
system’s performance. This anti-resonance can be changed if
the dimensions and shapes are changed, however usually in
this frequency ranges, anti-resonance is generated between
the loop inductance and capacitance of interposer and chip
PDN. Therefore placing on-chip decoupling capacitors and
interposer decoupling capacitors are crucial.
Insertion Loss Comparison of Channels Entering/
Escaping Interposers and Insertion Loss Improvement by
Modifying PDN
In 2.5D ICs with interposer, many channels exist. It is
possible to classify these channels into two categories:
channels on the interposer and channels that are escaping
(entering) of interposer. For the former case, effects of
interposer substrate material on channel properties are
compared in the previous work with different types of
transmission line structures [7]. However, channels those are
escaping (entering) are equally important since they allow
system to communicate with other systems or can be used to
control the systems. In this chapter, insertion loss of channel
entering/escaping the interposer with different substrate is
compared.
When channels escape the interposer, it should go through
the TPV. When signal flows through this via, return current
flows through the substrate (parasitic capacitance). Thus,
when PDN resonances occur, signal quality is heavily
affected by the substrate material properties. Glass interposer
channel is superior compared to that of silicon and organic
throughout frequencies [7] however at resonance frequencies,
it becomes worse and it is well summarized in the previous
work by comparing insertion loss, eye-diagram and P/G noise
coupling [2,8]. In figure 6-(a), Channel escaping interposer is
depicted. The diameter/height of TPV is 100um/170um and
the trace of signal length on top and bottom of interposer is
1mm. Interposer PDN size is 6mm by 12mm and ground vias
are placed 300um away from the signal via. In figure 6-(b),
insertion loss of channels with different interposer substrate
material is compared. As can be seen in the graph, Glass and
organic show similar loss profile on the other hand, silicon
show highest loss due to finite conductivity of substrate. At
resonances, insertion loss increase for the glass and organic
but it is still less than silicon. However, if the interposer size
becomes larger, more loss peaks will be generated and they
will shift down toward lower frequencies. Also for rouability
(TPV pad is much larger than signal line’s width and space),
signals escaping out of the interposer are placed at the side.

(a)

(b)
Figure 6. Channel escaping interposer is depicted in 6(a). In figure 6-(b), insertion loss of channels with different
interposer substrate material is compared.
Therefore, these signals are more vulnerable to mode
resonances since at the side and edge of the interposer PDN,
number of modes that are allowed exist more compare to that
of center. By placing more reference vias or decoupling
capacitors can be solution however if these components are
located, this means that space for signals decrease which will
reduce the number of signal escaping. To resolve these issues,
power size is modified. In power integrity point of view,
designing PDN with P/G lines is not desired since it will
decrease the capacitance of PDN and increase inductance and
resistance of the PDN thus total revision is not desired. Figure
7 shows modified power plane to control the size of the PDN
cavity. In figure 8-(a),(b) and (c), insertion loss with and
without modifying the PDN for each interposer are compared.
For all cases, insertion loss decrease at most frequencies. Also
for the glass and organic interposer, some insertion loss peaks
are suppressed totally.
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Figure 7. Modification of power plane to control
interposer PDN cavity size
Conclusions
2.5D-Integration based on interposer and through via
technologies is promising solution to achieve high system
performance and at the same time reducing the size of a
whole system. To fully achieve these advantages, PDN and
channels should be well designed and these components are
affected by the material properties of the interposer substrate.
When designing PDN, first, hierarchical PDN impedance
properties should be well estimated and analyzed to check
whether impedance peaks do not coincide with switching
ICs’s spectrum. After the comparison, proper decoupling
capacitors should be placed. Also for the signal channel
design, not only channels on the interposer but also channels
that enter/escape interposer should be well designed. In fact,
channels that enter/escape go through the TPV should be
carefully designed since it is affected by the PDN design.
Therefore, when designing interposers, co-design and coanalysis of PDNs and channels are required.
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