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Abstract

VeCS which stands for vertical conductive structure is an advanced design and process
approach to improve BGA, connectors signal/power integrity (SI/PI), and routing density.
The VeCS has conductive traces surrounded by a conductive shield. Because the VeCS is
a semi-coaxial structure, it has similar advantages that coaxial structures have. The first
advantage is well-managed characteristic impedance along with vertical. The signal
always references the metal shield, thus the characteristic impedance does not vary
vertically. Another advantage is low loss. The loss can be from both insertion and return
losses. The VeCS has a lower return loss compared to PCB vias, which improves the loss.

As scalable models for the via have been introduced, this paper also proposes a
scalable model for the VeCS. The scalable model is an analytical approach to analyze the
VeCS and includes cascaded RLC blocks. 3D electromagnetic (EM) simulations
provided the insertion losses depending on the height of the VeCS, and optimization
algorithms established the scalable model. The optimization algorithms include simulated
annealing (SA) to find the equivalent circuit and linear regression to generalize the
equivalent circuits depending on the height.

In conclusion, this paper introduces the VeCS and proposes its scalable model to
efficiently analyze and design the VeCS. The 3D full-wave simulation shows that The
VeCS has better electrical performances in the time and frequency domain.
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Introduction

Electronic devices include printed circuit boards (PCBs), packages, and other electronic
components to provide multiple functionalities to users. The PCBs include a metal trace
and planes to establish interconnections between packages and high-speed serializer/de-
serializer (SERDES) interconnects such as universal serial bus (USB), and high-
definition multimedia interface (HDMI). Likewise, the packages have interconnections
between the PCB and silicon chip such as processing unit or memory. The PCBs and
packages usually have multilayer structures due to routing and electrical performances.
Compared to a planar structure, the multilayer structure has advantages such as
routability and shorter interconnection. In terms of routability, each trace can be routed
through different layers, which can reduce the required area. The shorter interconnection
can decrease electrical losses. Because insertion loss is proportional to the length, a
channel with a shorter length has better performances generally. To realize the multilayer
structure, vertical interconnection technologies have been introduced for on-/off-chip.

Introduction to PCB vias

As can be seen from Figure 1, PCB has several types of vias depending on routability
depending on a layer configuration: through-hole via, blind via, stacked via, staggered
via, and buried via [1]. A through-hole via is connected to end-to-end layers, i.e., top-to-
bottom layers. A blind via starts on an outer layer but terminates on an inner layer [2]. A
stacked microvia consists of multiple vias layered directly on top of each other [3]. Each
via is first drilled and then metalized, which results in less space on a PCB than other via
types. Likewise, a staggered microvia provides a layer-to-layer connection, however, they
are not overlapped. A buried via is a via between at least two inner layers, which is not
visible from the outer layers [4]. The plated through-hole (PTH) via is the longest via in
the PCB typically, thus the PTH via is the worst via type in terms of electrical
performance. The longest via has the longest channel length, which results in significant
insertion and return losses. Also, as the PTH via goes through many layers, a significant
amount of reference changes occurs. A reference change occurs when the return path of a
signal is changed to another layer [5]. As the number of reference changes increases, the
amount of degradation due to the discontinuities also increases. In conclusion, the PTH
via is the most undesirable type of via in terms of signal integrity.

Blind via

Through-hole via
Buried via

Figure 1 Typical PCB vias
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Introduction to VeCS

Vertical conductive structure (VeCS) is an advanced interconnect technology that
improves PCB signal and power integrity without the need to utilize costly sequential
lamination and/or high-density interconnect (HDI) build-up technologies. As shown in
Figure 2, the differential pair of the VeCS traces and ground shield offer unique
enhancements to channel impedance, insertion loss, and crosstalk performances as
compared to standard plated though-hole (PTH) vias or HDI ground shielding methods.
The main advantage of the VeCS is the absence of discontinuous channel impedance.
Because the signal transmitted over the VeCS trace only references the ground metal
jacket while being routed to another layer. The insertion loss is determined by return loss
and dielectric properties. Under the condition that the PTH via and the VeCS have the
same dielectric properties, the VeCS would have improved insertion loss due to the
suppressed return loss. The crosstalk is noises by capacitive and inductive coupling from
other channels. When some vias are designed near the via of interest, some energies can
be coupled. However, the metal shield protects the VeCS trace against the coupled noises
by adjacent channels. The geometrical properties of the VeCS achieve improved
electrical performances compared to the PTH via.

VeCS trace Metal shield

Figure 2. VeCS (vertical conductive structure)

Compared to the PTH via, the VeCS has several advantages because of its
geometrical properties as discussed above. Figure 3 shows the geometry of the fabricated
VeCS at the top and cross-sectional view. The left figure shows how the VeCS is
fabricated at the top view. The rough area of the VeCS is roughly the same as that of
three PTH vias from the figure. The area of the VeCS trace is smaller than that of each
PTH via, but the length is small enough. Thus, the insertion loss by the smaller area is
negligible in this case. From the cross-sectional view (middle and right figures), the
advantage of the VeCS looks clear. For the given multi-layer structure, the PTH vias go
through nine layers from the top to the bottom layer. In contrast, the VeCS does not need
to go through some layers. The meaning of going through a layer is that the reference of a
signal is changed and return paths for the signal are changed. Therefore, the geometry
properties of the VeCS make the VeCS improve the impedance control and electrical
performances than those of the PTH via.
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Figure 3. Fabricated VeCS (top figure: top horizontal view,
left figure: VeCS trace, and right figure: metal shield at the cross-sectional view)

The VeCs can have a single trace shielded by a metal trace for single-ended
signaling as shown in Figure 4. Compared to the differential signaling, the single-ended
VeCS has a larger space to the metal shield. It means that the characteristic impedance
can be controlled within a wider range. Because the parasitic capacitance of the VeCS is
determined by the geometry, the single-ended VeCS has a width with a wider range than
that of the differential-ended VeCS.

o)d
N‘eta\s\“e\

Single-ended VeCS trace

Figure 4. Single-ended VeCS at the top view
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Comparison between the PTH via and VeCS

To verify the VeCS, the PTH vias and the VeCS are compared in the frequency domain.
The main difference between the PTH vias and the VeCS is impedance discontinuity due
to their geometric properties, thus we compare characteristic impedance Z0 for both
interconnects. The differential return and insertion losses are also compared to identify
how much the VeCS could improve the electrical performances compared to the PTH via
as a conventional interconnect in the PCB.

EM Simulation setup

Figure 5 shows the simulated model for the PTH via in full-wave electromagnetic (EM)
simulator. Twelve PTH vias are simulated and two vias in the center are signal vias. The
signal vias are excited by lumped ports and the other ten vias were grounded and
referenced by the signal vias. The pitch and height of the vias are 1 mm and 1.167 mm,
respectively. For the given pitch, the via has various drill hold sizes (DHS) and clearance
depending on the design. The considered DHS values are 0.15, 0.20, and 0.25 mm and
the via clearance values are D+0.18, 0.20, and 0.23 mm, where D is the DHS. The
simulated values are typically used values in the PCB industry. Figure 4 also shows the
simulated model for the VeCS in the EM simulator. A single VeCS consisting of two
VeCS traces and a metal shield is simulated. The VeCS traces are excited by lumped
ports and the metal shield was grounded and referenced by the VeCS traces. The
simulated frequency was swept from 100 kHz to 70 GHz. The VeCS has the same height
as the PTH via for fair comparison. Also, the PTH via and the VeCS have the same
dielectric material.

4// \‘\\,
Figure 5. Simulation setup for the PTH via (left) and the VeCS (right)

Simulation results

The simulated characteristic impedance Z0 depending on the radius of the PTH via is
obtained by the 3D EM simulation. When the via goes through several layers, two types
of layers appear repeatedly: dielectric and conductive layers. The dielectric layer is a
layer consisting of dielectric material such as resin and prepreg. Likewise, the conductive
layer is a layer that includes some metal planes for either power or ground. Thus, the
characteristic impedance is obtained for the dielectric and conductive layers respectively
as shown in Table I. According to the simulation results, when the PTH via goes through
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the dielectric layer, the simulated characteristic impedance is close to 50-ohm if the PTH
via diameter is close to 0.46 mm. For the conductive layer, the effect of the anti-pad on
the characteristic impedance is also identified. When the PTH via goes through the metal
layer, a smaller via diameter is desirable to make the characteristic impedance as close to
50-ohm. Therefore, we have to consider both types of layers to optimize the via diameter
to minimize the change of the characteristic impedance.

Table 1. Z0 at the dielectric layer (left) and conductive layer (right)

70 at the dielectric layer 70 at the conductive layer
o Anti-pad diameter via diameter [mm]
Via diameter [mm] | Z0 [ohm] [mm] 034036038 040 042 044 046
0.20 86.91 0.98 63.5 60.1 602 538 508 48.0 454
0.22 82.96 0.96 623 588 589 525 496 468 44.1
0.24 79.31 0.94 61.0 576 576 513 483 455 429
0.26 75.92 0.92 59.7 563 563 500 471 443 41.6
0.28 72.75 0.90 584 55.0 55.0 487 457 429 403
0.30 69.76 0.88 571 536 536 473 444 416 389
0.32 66.92 0.86 557 523 523 459 430 402 37.6
0.34 64.24 0.84 543 508 508 445 41.6 38.8 36.1
0.36 61.68 0.82 528 494 494 43.1 402 374 347
0.38 59.22 0.80 513 479 479 41.6 387 359 332
0.40 56.86 0.78 49.8 464 464 40.1 372 344 31.7
0.42 54.58 0.76 483 448 448 385 356 328 30.1
0.44 52.38 0.74 46.7 432 432 369 340 312 285
0.46 50.25 0.72 45.0 416 416 353 324 29.6 269
0.48 48.18 0.70 433 399 399 336 30.7 279 252
0.50 46.17 0.68 41.6 382 382 319 289 26.1 235

Time-domain reflectometer (TDR) result provides how the characteristic impedance Z0
changes in a propagation direction. As can be seen from Figure 6, the solid blue and
black lines represent the set of the simulated characteristic impedances for the VeCS and
the PTH via, respectively. Each set includes the design parameters which are fabricable
and typical in the industry. Therefore, a realistic comparison is obtained by the sets.

The TDR results can be analyzed by three criteria: peak-to-peak values of the
TDR, peak-to-peak values of the derivative TDR, and area of the TDR. The peak-to-peak
value of the TDR shows the range of the characteristic impedance. The derivative of the
TDR means slopes of the TDR. Thus, it shows how much the characteristic impedance
rapidly changes. The area of the TDR represents how far the distribution of the
characteristic impedance is from 100-ohm. The peak-to-peak value of the TDR is 54 and
41 for the PTH via and the VeCS respectively. Also, if how much the TDR values are far
from 100-ohm is calculated for both cases, the characteristic impedances for the VeCS
are far from only 30-ohm. In other words, the PTH via has a wider range of characteristic
impedances than that of the VeCS. In the derivates for the TDR results, the PTH vias also
have a wider range. For the most rapidly changed range, the VeCS has a smaller slope
than the PTH vias. In other words, the VeCS has a smaller amount of signal reflection
than that of the PTH vias. When we compare the area of the TDR, the PTH via has a
much larger area compared to the VeCS. In other words, most of the characteristic
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impedances for the PTH via are out of 100-ohm. In conclusion, the VeCS has less
amount of signal reflection than the PTH via.
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Figure 6. TDR results for the PTH via and the VeCS

The differential return and insertion losses are also compared for the PTH vias
and the VeCS. How much the amount of the signal reflection in the time domain occurs
is shown in the TDR comparison. Because the PTH vias go through both of dielectric and
conductive layers, the TDR results show the overall characteristic impedance in the
propagation direction. Likewise, differential return losses SDD11 also show how much
the signal reflection occurs depending on frequencies. Differential insertion losses
SDD21 show how much the signal loss occurs in the frequency domain. Figure 7 shows
the SDD11 and SDD21 for the PTH vias and the VeCS. The solid blue lines represent the
electrical performances of the VeCS, and the solid black lines show those of the PTH
vias. According to the simulation results, the VeCS has lower SDDI11 values within a
range of 1 MHz to 10 GHz compared to the PTH via. The average value of the improved
SDDI11 is about 20 dB in the range. In other words, the amount of the signal reflection
was decreased by 1/10 times. The differential insertion loss SDD21 is also improved for
the VeCS.

In the differential insertion loss SDD21, the PTH vias have significant losses in a
range of 50 GHz to 70 GHz compared to the VeCS. The identified dips on the differential
return loss SDD11 cause a significant loss in a few tens of GHz range. Because the range
is critical bandwidth in PAM4 at 224 Gbps industry, the PTH vias have to suppress the
dips on the differential return loss. However, as long as the reference changes occur, the
differential return loss is hard to improve. Because the reference changes are caused by
the PTH vias and other layers. In other words, the PTH vias have to be replaced with the
VeCS to achieve PAM4 signaling at 224Gbps.
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Figure 7. 3D EM simulation comparison between the vias and the VeCSs

As discussed earlier, the PTH via has discontinuities when it goes through another plane.
When the signal is transmitted over differential-ended PTH vias, the E-field is distributed
around the corresponding PTH vias as can be seen from Figure 8. Then, the E-field
distribution in the PTH via at the cross-sectional view shows discontinuities at every
layer. While the VeCS has continuous E-field distribution from the top to bottom layer as
shown in Figure 9. Another advantage of the VeCS is identified from the E-field
distribution at the top view. Most of the E-field is concentrated between the VeCS trace
and the metal shield. Therefore, when the characteristic impedance has to be controlled,
the VeCS width is a critical dimension factor that determines the characteristic
impedance. In other words, we only change the width of the VeCS trace to control the
characteristic impedance by changing the parasitic capacitance.
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Figure 8. Visualized E-field for the PTH via (left: top view: right: cross-sectional view)

\ -

Figure 9. Visualized E-field for the VeCS (left: top view: right: cross-sectional view)

Another advantage of the radiated electromagnetic interference (EMI) suppression
is also identified from the visualized E-field. In the PTH via, some energies marked in the
blue area spread out to other regions. However, the VeCS had confined the E-field within
the metal shield. Because the metal shield is conductive, most of the energies are induced
and returned through the metal shield. This suppression is also applicable to the crosstalk.
When the signal is transmitted by the PTH via and the VeCS, the amounts of the coupled
energies to the adjacent channels by capacitive and inductive coupling are different.
Therefore, the metal shield contributes to impedance control, improvement in return and
insertion losses, and radiated energy suppression.

In conclusion, the VeCS is verified by the comparison to the PTH via in time and
frequency domains, and E-field distributions. The introduced VeCS has no discontinuous
characteristic impedance with the metal shield, which results in significant improvement
in electrical performance. If the PTH vias are replaced with the VeCS, the multi-layered
PCBs would improve the electrical performances for high-speed systems.
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Scalable Model for the VeCS

A scalable model for the VeCS is a simplified model, which is equivalent to the VeCS in
terms of electrical performance. And the scalable model herein represents the VeCS with
a variable of height A as shown in Figure 10. The introduced scalable model consists of
cascaded unit blocks. Each unit block has the same values, thus the unit blocks equally
contribute to the electrical performances of the VeCS. A unit block has parasitic
resistance (R), inductance (L), and capacitance (C), which is like a transmission line
model. The number of the unit blocks is determined by the length of the VeCS and
frequency of interest. The electrical performance was simulated up to 70 GHz, thus the
number of unit blocks for the scalable model was chosen by 10.

In this work, optimization algorithms are used to achieve efficient modeling
methodology for the scalable model for the VeCS. The optimization algorithms find the
parasitic RLC values and generalize the found RLC values with a linear equation to make
the VeCS simple. The optimization algorithms include simulated annealing (SA) and
linear regression. The algorithms reference the simulation results depending on the VeCS
height and provide the scalable model for the VeCS.

Runit
L,.:
Cunit unit
H
Runit
L...:
Cunit unit
H

Figure 10. Scalable model for the VeCS

Simulated annealing (SA) optimization to model the VeCS

An optimization process is to find the answer to minimize a pre-defined cost function or
reach goals. Many types of optimization algorithms have been introduced, however,
every optimization algorithm is not always applicable to a problem. SA optimization is
one of the well-known optimization algorithms to deal with highly nonlinear models,
chaotic and noisy data, and many constraints [6-7]. The goal for the scalable model is
defined as follows:

Goal = f |Zlg I:_.F) - le.targetifjldf
4]

Because the scalable model has the RLC values, the single-ended insertion loss S2; is
converted to the transfer impedance Z>; to define a goal in the SA optimization process.
The target impedance Zi2 wreer (f) is obtained from the conversion and the current
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impedance Z;> (f) is obtained by the SPICE simulation. Figure 11 shows a procedure of
how the SA optimization algorithm explores the RLC values to match the 3D EM
simulation results which are plotted in a blue solid line. The maximum iteration number
is set to 500, however, the optimized results start to be saturated when the iteration
number is almost 400.

The height of the VeCS is 1.167 mm, which causes a resonance at a few tens of
GHz. As the height changes, the resonant frequency is shifted correspondingly. The SA
optimization finds the corresponding unit RLC values for the shifted resonant frequency.
The required time for each case was less than 10 seconds. Therefore, the efficient method
to obtain the scalable VeCS model is achieved by the SA optimization.
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Figure 11. SA optimization to find the parasitic RLC value

Linear regression to generalize the scalable model

Linear regression is a method to find a linear equation to represent a given dataset [8].
The given dataset is the unit RLC values, and the variable is the height of the VeCS.
Thus, the linear regression finds the linear equation that the input is the VeCS height, and
the output is the unit RLC value. Figure 12 shows the comparison between the results of
the linear regression and the scalable model for the VeCS. Because the resistance is
proportional to the length, the linear equation for the unit resistance is also monotonically
increased with the VeCS height. The thickness of the VeCS trace is 20 um, the effect of
the thickness on the parasitic resistance is also included by the linear regression. The
resonance frequency is inversely proportional to the length, which results in the unit LC
value being proportional to the VeCS height. The unit resistance and LC values are
expressed in the form of an equation with the VeCS height:

R,.:;: [mohm] = 0.47 - h[mm] + 0.0705

Lomss - Cumee [PH - FF] — 1.325 - h[mm] — 0.4333
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Figure 12. Linear regression to generalize the scalable model

Conclusion

This paper introduces a new vertical interconnection technology for multi-layered PCBs.
Because the PTH via has the worst electrical performances, the VeCS is compared to the
PTH via in time and frequency domain. The VeCS has no discontinuous geometry
properties, thus the VeCS achieves better electrical performances than those of the PTH
via. In the time-domain simulation results, the VeCS had a smaller range of the
characteristic impedance distribution, slopes, and area compared to the PTH vias.
Likewise, in the frequency-domain simulation results, the VeCS had improved
differential return and insertion losses within a range of 1 MHz to 70 GHz. According to
the visualized E-fields for both cases, the discontinuities the PTH vias have were
removed in the case of the VeCS. This paper also introduces the scalable model for the
VeCS for signal integrity analysis. The scalable model consisting of the unit RLC blocks
represents the electrical performances with a variable of the VeCS height. The introduced
scalable model is found by the SA optimization and generalized by the linear regression.
In conclusion, this paper successfully introduces and verifies the VeCS for future PCB
technologies. Also, the scalable model for the VeCS is introduced for signal integrity for
future PCB technologies.

Acknowledge

This article is based upon work supported partially by the National Science Foundation under
Grant No. [IP-1916535 and equipment loaned by Rohde & Schwarz.

References

[1] Blind Vias / Buried Vias / Stacked Vias (saturnflex.com)

[2] Designing Staggered and Stacked Vias | Sierra Circuits (protoexpress.com)

[3] Engineering Tech Brief: Better PCB Design using Stacked Vias - ACDI

[4] Blind Vias & Buried Vias - Multi Circuit Boards (multi-circuit-boards.eu)

[5] Jingook Kim, J. Kim, M. D. Rotaru, Kok Chin Chong and M. K. Iyer, "Via and
reference discontinuity impact on high-speed signal integrity," 2004 International
Symposium on Electromagnetic Compatibility (IEEE Cat. No.04CH37559), Silicon
Valley, CA, USA, 2004, pp. 583-587 vol.2, doi: 10.1109/ISEMC.2004.1349863.

Information Classification: General



[6] S. Kirkpatrick, C. D. Gelatt, and M. P. Vecchi, "Optimization by simulated
annealing," in Science, 220(4598):671-680, 1983.

[7] Agilent Technologies, “Tuning, Optimization, and Statistical Design,”
http://edadownload.software.keysight.com/eedl/ads/2011_01/pdf/optstat.pdf (accessed

August 27, 2023)
[8] Xin Yan, “Linear Regression Analysis: Theory and Computing,” World Scientific,

2009.

Information Classification: General



