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Enhancement of Differential Signal Integrity
by Employing a Novel Face Via Structure
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Abstract—This paper proposes a novel differential via structure,
which is dubbed as face via, to improve the impedance discontinu-
ities at the via transition. The performance of the proposed face via
is verified by simulated and measured impedances in time domain
reflection responses and by equivalent circuit modeling. In this pa-
per, the conventional cylinder via and the proposed face via were
designed and fabricated to demonstrate the effectiveness of the
face via in differential signal channels. The analysis indicates that
the proposed differential via structure provides a very effective way
to minimize the impedance discontinuities at vias by controlling the
size of face in the via. The analysis of the eye diagram identified
the improvement of signal integrity in channel characteristics. Fur-
thermore, in order to consider the complexity in digital system at
high speed, the performance of face vias in multiple via transitions
and the effect of return current vias are also investigated. Finally,
the effectiveness of the proposed face via has been successfully
validated by the simulation and experiment results.

Index Terms—Differential signal channel, differential via, face
via, impedance discontinuities, signal integrity, via transition.

I. INTRODUCTION

IN THE latest modern digital system, the operating frequency
has drastically increased, and it requires multilayer printed

circuit board (PCB) structure due to its increasing geometrical
complexity, which produces many geometrical discontinuities
and electromagnetic (EM) coupling. To obtain safe signal in-
tegrity in this complicated system, differential signaling has
been widely used in significant signal delivery because of its
superior noise immunity and broad transmission bandwidth [1].
The differential signal traveling in the PCB has been known to
effectively reduce coupling noises, but it still needs to be im-
proved in terms of signal integrity, as a digital system requires
higher performance in high-end electronic products.

One of the most influential causes of signal integrity degra-
dation in differential signaling is the impedance discontinu-
ities along the transmission line where the differential signals
travel. Along the line, these impedance discontinuities need to
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go through a via, which is composed of a pad, an antipad, and
a central cylindrical barrel, and so on. These geometrical dis-
continuities can degrade signal integrity, of course, in terms of
via impedance, which is affected by the pad capacitance and the
barrel inductance [2].

So far, numerous researches in characterizing the behavior of
the via structure have been presented [3]–[8]. The impedance
mismatch of a single-ended signal at the via transition has been
minimized by adjusting the via parameters, such as via diame-
ter, height, stub length, pad size, antipad size, and ground via
locations [3]–[5]. The impedance mismatch in differential sig-
nals at the via transition has also been reduced by changing the
pitch of the signal vias, the distance between the signal via and
the ground via, and so on [5], [6]. The shape of the antipad has
been changed to alleviate the impedance mismatch problems
[7], [8]. Despite all these efforts, however, signal integrity in
the differential lines has not improved quite much, especially in
terms of impedance discontinuities.

In this paper, we propose a new differential signal via struc-
ture, which is called face via, to match the impedance of the
differential trace with that of the via in differential signaling. So
far, the typical through hole via has been treated as a cylindrical
structure [9], [10], and the equivalent circuit for a pair of through
silicon via has been also developed on the basis of the cylin-
drical structure [11]–[13]. Therefore, a simple twin-rod model
could be used to estimate the performance of a differential via
[14]. The suggested via, however, uses a face barrel instead of
the cylinder barrel to provide an intuitive method to control
the characteristic impedance in a differential via. By choosing
appropriate geometrical parameters, the proposed via structure
maintains the impedance fluctuations efficiently and enhances
the differential signal integrity dramatically, especially in mul-
tiple via transitions. Furthermore, the fabrication process of the
proposed via does not require a complicated process; it only
needs one additional drilling, which could be quite optimistic in
the application of the mass product.

This paper is organized as follows. Section II introduces and
describes the proposed face via structure and its manufactur-
ing process in the PCB. In Section III, frequency domain and
time domain simulations are investigated to demonstrate the
effectiveness of the proposed via structure using an EM simu-
lator. Then, the performance of the proposed via structure for a
single via transition is verified through an experimental mea-
surement in Section IV. Finally, experiments for multiple via
transitions and simulations for return current vias are investi-
gated in Section V, and a conclusion is addressed in Section VI.
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Fig. 1. Conceptual illustration of a conventional cylinder and the proposed
face via at (a) top view and at (b) side view: via distance = 1.6 mm for both
vias, drill diameter in the cylinder via = 0.3 mm, first drill diameter in the face
via = 0.5 mm, and second drill diameter in the face via = 1.0 mm.

Fig. 2. Comparison of the two fabrication processes (a) in a conventional
cylinder via and (b) in the proposed face via in PCB.

II. FACE VIA

Conventional through hole via connects the two pads in differ-
ent layers, physically and electrically, through the copper-plated
through hole. As the common drilling process is employed for
this process, the vias are cylindrical shape in the PCB. Ac-
cordingly previous papers have been about the cylindrical via
structure so far. It seems that the control of impedance in a
cylindrical via, however, has not been easy in a wide range,
especially in the control of capacitance. In this paper, we pro-
pose a flat via structure as shown in Fig. 1: this is to control the
impedance of the differential via in a wide range with more ease,
having flat walls facing each other instead of cylindrical walls.
As the impedance change of the face via can vary in a wide
range depending on the area and distance of the two flat walls,
we can easily control the differential impedance by widening or
thinning the face size.

Fig. 2 shows the comparison of the two fabrication processes
for cylinder via and face via. As illustrated in Fig. 2(a), in

Fig. 3. Geometry of face via for the EM simulation with a PCB stack-up and
each port description.

conventional multilayer PCBs, the PCB layers are laminated,
drilled, and then metalized the through hole with copper. Af-
ter copper plating, the unused copper surface is etched out to
achieve the desired circuit patterns [15]. The basic PCB fabri-
cation processes of the proposed face via are similar to those
of the conventional via except for one more additional drilling
process. The oblong hole is obtained by performing the first
drilling process, as shown in Fig. 2(b), and then copper plating
is performed to connect the conductors between the layers. After
copper plating, the second drilling process is carried out on both
ends of the oblong hole to separate the plated oblong hole into
two different face vias. This step is considered the only large
difference in the conventional process for the cylinder via. Con-
sequently, the middle walls of the oblong hole remain, and each
face wall serves as a barrel that connects the layers. In summary,
only one additional drilling process is required to fabricate the
face via.

III. EM SIMULATION

In this section, we describe the simulated results of the scat-
tering parameters (S-parameter) in the frequency domain and
the characteristic impedance in time domain for the proposed
face via. The frequency domain simulation was conducted up to
10 GHz using a three-dimensional (3-D) EM full-wave solver
ANSYS high frequency structural simulator (HFSS), and the
Agilent advanced design system (ADS) software was used for
the time domain simulation. ANSYS Q3D was adopted for the
parasitic parameter extraction in the differential via. The effects
of surface roughness, etch factor, woven fiberglass substrate,
and photo-imageable solder resist ink were not considered in
the simulation.

A. Frequency Domain Simulation

Fig. 3 shows a four-layer PCB with a top signal layer, two in-
ner ground layers, and a bottom signal layer, which was used for
the EM simulation. The port numbers of the differential lines are
described in Fig. 3, and the PCB stack-up and cross sectional
dimension of PCB are also presented. The PCB is 60 mm ×
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TABLE I
DETAILED GEOMETRICAL DIMENSIONS IN THE PCB FOR SIMULATION

Case ID Via Type Trace Width
(mm)

Trace Space
(mm)

Face Size
(mm)

First Drill
Size (mm)

A2 Face 0.25 0.1 1.00 0.5
B2 Face 0.25 0.1 1.25 0.5
C2 Face 0.25 0.1 1.50 0.5
D2 Face 0.25 0.1 1.75 0.5
E2 Face 0.25 0.1 2.00 0.5
R2 Cylinder 0.25 0.1 - 0.3

Fig. 4. Comparison of Sdd11 for the conventional cylinder via and the pro-
posed face via with various face sizes.

10 mm in size and 0.716mm thick. All substrates are of FR-4
with a relative dielectric constant of 3.7 and a loss tangent of
0.02. We assume the copper conductivity of 5.8 × 107 S/ m.
The length of the microstrip line in each top and bottom layer is
30 mm, and the layer is transited at the middle of design under
test (DUT). The via distance in the two differential lines, as de-
scribed in Fig. 1(a), is mainly determined by the second drilling
size. Since the second drilling size of 1.0 mm in consideration of
PCB manufacturing process capability, via distance is 1.6 mm.
For later comparison, other geometries related to the traces are
identical in the left and right portions of Fig. 1(a), except for
the geometry of the two vias. The detailed vias and the PCB
dimensions of DUTs for simulation are summarized in Fig. 1
and Table I, respectively. Note that the differential transmission
line systems usually target 85–100 Ω. In this paper, however, the
differential impedance targets 70 Ω because of the PCB man-
ufacturing limitation. If the face size below 1 mm is available,
the differential characteristic impedance of the face via will be
85 Ω.

The simulated Sdd11s, which are the reflection in the dif-
ferential mode, and Sdd21s, which are the insertion loss in the
differential mode, are depicted with different sizes of the face
via, as shown in Figs. 4 and 5. The size of the face varies from
1 to 2 mm with a 0.25 mm step interval, whereas a drill bit
with a diameter of 0.3 mm is used in the cylinder via. The
S-parameter plots in Figs. 4 and 5 are normalized to 70 Ω of the

Fig. 5. Comparison of Sdd21 for the conventional cylinder via and the pro-
posed face via with various face sizes.

differential impedance in the microstrip line to observe the face
via performance without reflection noise effects in each port.

It is clear that Sdd21s increase and Sdd21s decrease as the
frequency goes up, and the performance of the face via could be
superior to that of cylinder via from 0 to 7 GHz. Furthermore,
when the face size is 1.25 mm, in the “B2” case, the reflection
of the signal is the least and the transmission of the signal is the
greatest. Beyond 7 GHz, the superiority of the face via seems to
end possibly due to the resonances caused by second drilling. It
has been confirmed that these resonances can be eliminated by
using smaller drill bit size in the EM simulation. In summary,
the Sdd11 and Sdd21 of the face via vary according to face size and
an optimal face via size could be determined, which maintains
the better signal transfer characteristics than the cylinder via.

B. Time Domain Simulation

The S-parameters extracted from the EM simulation in the
previous section are imported into the ADS simulator to examine
the behaviors in the time domain. Fig. 6 shows the time domain
transmission (TDT) responses of the DUT with an incident
step input signal of 35 ps rise time and 1V magnitude. The
propagation time from port 1 to port 2 is about 333 ps. Fig. 7
illustrates the time domain reflection (TDR) responses in the
cylinder via and in various face vias with different face sizes.

The impedance of the differential microstrip line with
0.25mm width and 0.1mm distance between the lines is cal-
culated to be 69 Ω, and Fig. 7 shows the expected impedance
except at 380 ps, where the impedance fluctuates. Since it takes
323 ps to arrive at the fluctuating impedance, this occurrence
can be due to the impedance mismatches in the vias because
they coincide with the propagation time (333 ps) in the TDT
responses in Fig. 6.

In Fig. 7, the cylinder via acts as an inductive load, whereas
the face via gradually acts as a capacitive load when the face
size increases. Moreover, it is clearly shown that there exists
an optimal face size. The capacitance and inductance of the
face via are strongly influenced by face size, thus indicating
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Fig. 6. TDT responses of the DUT in the circuit model. The S-parameters
used in the analysis are from the EM simulation.

Fig. 7. Comparison of the circuit-simulated TDR responses between the cylin-
der via and the face via with face size variations.

that we can control the differential impedance of the face via
by adjusting the face size. As compared with the cylinder via,
the differential impedance discrepancy between traces and vias
is reduced from 17 Ω(86 − 69 Ω) to 3 Ω (66 − 69 Ω) when
the face size is 1.25 mm. The following section describes the
analysis of the equivalent circuit model that can validate the
results of the ADS analysis.

C. Differential Via Modeling

To characterize the differential via, we compute the capaci-
tance and inductance separately and neglect the possible cou-
pling between the magnetic field and electric field, i.e., with
quasi-static approximation. This approximation is valid when
via hole is much smaller than the wavelength, as stated in [16].
The equivalent circuit model for the differential via is described
in Fig. 8. Cii represents the self-capacitance of a single via and
Cij represents a mutual-capacitance between the vias. Likewise,
Lii represents the self-inductance of a single via and Lij repre-
sents a mutual-inductance between the vias [17]–[20].

Fig. 8. Equivalent circuit model for the differential via [17]–[20].

TABLE II
COMPARISON OF THE PARASITIC PARAMETERS IN THE DIFFERENTIAL VIA

FROM Q3D AND ADS ANALYSES

Case
ID

Via type Q3D ADS

C11 (pF) C12 (pF) L11 (nH) L12 (nH) Zdiff (Ω) Zdiff (Ω)

R2 Cylinder 0.193 0.0006 0.473 0.075 90.5 86.0
B2 Face 0.430 0.0251 0.670 0.193 63.0 66.0

The differential impedance (Zdiff) is twice the odd-mode
impedance (Zodd) when the odd-mode impedance is defined
by the ratio of odd-mode inductance (Lodd) to odd-mode capac-
itance (Codd),

Zdiff = 2 × Zodd (1)

Zodd =
√

Lodd

Codd
(2)

where

Lodd = L11 − L12 (3)

Codd = C11 + 2C12 . (4)

Consequently, the Zdiff of the differential via can be calculated
as

Zdiff = 2 ×
√

L11 − L12

C11 + 2C12
. (5)

Table II describes the parasitic parameters extracted by Q3D,
and the calculated differential impedance Zdiff by using (5) and
Zdiff from the ADS analysis. These data show a good agreement
in both methods, and minor deviations within 5%. With an
accurate drilling process in PCB fabrication, we can control the
face size more precisely for better impedance matching.

IV. EXPERIMENTAL VERIFICATION

A. Structure of the Designed Test Vehicle

Fig. 9 shows the designed and fabricated test vehicles. All
characteristics, such as the dimension and material parameters
in the PCB, are identical to those used in the EM simulation
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Fig. 9. Test vehicles for measurement. (a) Top: cylinder via(R2) and bottom:
face via(B2) with a face size of 1.25 mm. (b) Enlarged view of the fabricated
face via.

as described in Figs. 1 and 3. On the basis of the EM simu-
lation results, we fabricated the “B2” case, which shows good
impedance matching with a trace width of 0.25 mm, and the
“R2” case for the cylinder via for comparison. For the TDR
measurement, the SubMiniature version A (SMA) connectors
were added at the ends of the microstrip lines. The E5071C ENA
series network analyzer was used to measure the TDR responses
and S-parameters.

B. Differential Impedance in TDR Measurement

The test vehicles were connected to the four port TDR meter
with a 35 ps rise time and a 20 GHz bandwidth for each case.
Fig. 10 shows the simulated and measured TDR responses be-
tween the cylinder and face vias. The large fluctuations in the
TDR responses up to 270 ps are due to the SMA connector, and
another fluctuation at around 600 ps in R2 is due to the dis-
continuity in the cylinder via. Therefore, the waveform can be
divided into five areas: 1) SMA area at differential port 1 from
0 to 270 ps, 2) differential line area from 270 to 550 ps, 3) via
dominant area from 550 to 650 ps, 4) differential line area again
from 650 to 930 ps, and finally 5) SMA area over 930 ps. A
via transition occurs at around 600 ps. These timing sequences
related to the signal propagation are well matched with the mea-
sured and simulated values in TDR and TDT, except for a small
difference in the magnitude of Zdiff.

The impedance mismatch of 6 Ω(75 − 69 Ω) turned out to
be due to the over etching in the microstrip line, and it makes
the width as smaller as 210 µm, which corresponds to the char-
acteristic impedance of 75 Ω. Even with this deviation, how-
ever, we can observe that the cylinder via acts as an induc-
tive load. By employing the proposed face via, the self- and

Fig. 10. Comparison of the simulated and measured TDR responses from the
conventional cylinder via and the proposed face via. The measured peak Zdiff
in the cylinder via is 85 Ω and the measured Zdiff in the face via in the same
instance is 76 Ω.

Fig. 11. Block diagram of the channel model for the transient simulation.

mutual-capacitances at the via transition can be increased, thus
making the impedance of the differential via smaller. Note
that the difference between the peak impedance and the line
impedance is about 10 Ω in the cylinder via, whereas the differ-
ence is about 1 Ω in the face via in the same instance. So it is
clear that by employing the proposed via structure, we can make
the impedance fluctuation minimally at the via transition area.

C. Channel Simulation Using the Measured S-Parameters

An eye diagram has been used as a common way for charac-
terizing the channel performance [21]. Channel topology con-
sists of a differential transmitter model (Tx), measured four port
S-parameters, and a differential receiver model (Rx), as de-
scribed in Fig. 11. The probe point for the eye diagram is in
front of the Rx and Tx includes the functionality of a pseudo-
random binary sequence (PRBS) source. Each eye diagram is
obtained by using the PRBS source with voltage amplitude of
1.2 V, a rise-fall time of 35 ps, and data rates of 3.2 and 6.4 Gbps.

Fig. 12 shows the eye diagrams through the cylinder via and
the proposed face via at a rate of (a) 3.2 Gbps and (b) 6.4 Gbps,
respectively. It is apparent that the eye opening of the face via
is improved quite a lot and the overshoot and undershoot have
been decreased in the proposed via. With the face via, the eye
heights are improved by 14% and 132% at a data rate of 3.2 and
6.4 Gbps, and the timing jitters are improved by 5% and 20%,
respectively. The eye heights and timing jitters are summarized
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Fig. 12. Comparison of the eye diagram in the cylinder and face vias using
the measured S-parameter at a data rate of (a) 3.2 Gbps and (b) 6.4 Gbps.

TABLE III
EYE DIAGRAM PARAMETERS OF THE CYLINDER AND FACE VIAS

Date Rate Case ID Via Type Eye Height (mV) Timing Jitter (ps)

3.2 Gbps R2 Cylinder 1095 31.3
B2 Face 1243 29.7

6.4Gbps R2 Cylinder 279 79.7
B2 Face 649 64.1

in Table III. The improvement in the eye diagram by employing
the face via is clearly verified as the data rate increases. Based
on the impedance measurement in TDR and the eye diagram
analysis, it seems that the validity of the performance of the
face via is successfully demonstrated.

V. APPLICATIONS OF THE FACE VIA

So far, the performance of the standalone face via has been
discussed in the previous sections. In this section, the extended
applications of the face via are described. The channel character-
istics with multiple vias are investigated in the face and cylinder
vias. The effects of the return ground vias are then analyzed to
suggest a design guide for the PCB designers.

A. Analysis of a Large Number of Via Transitions

As the more components are integrated together into a small
form factor system with increased signal complexities, signal
traces are frequently routed through multiple vias [22]. For
example, the address signal of a DDR4 un-buffered memory
module which adopts fly-by topology penetrates several vias to
interconnect dynamic random access memories [23]. Therefore,
the effect of multiple via transitions in signal integrity needs to
be analyzed.

Fig. 13 shows the designed and fabricated test vehicles with
nine differential vias. The distance between differential vias
is separated by 15 mm to be free from the influence of the

Fig. 13. Test vehicles for measurement for multiple (nine) via transitions.
Top: cylinder via(R2) and bottom: face via(B2) with a face size of 1.25 mm.

Fig. 14. Comparison of the measured TDR responses for multiple via transi-
tions between the cylinder via and the face via.

Fig. 15. Comparison of the eye diagram for multiple via transitions between
the cylinder via and the face via using the measured S-parameter at 3.2 Gbps.

previous differential via and the traces are routed on the outer
layers which mean that only full via transition is considered.
The other design parameters, such as trace width, space, drill
sizes, via distance, and stack-up, are identical to the parameters
in the previous sections.

The measurement results of the TDR responses are described
in Fig. 14. The TDR waveform of the conventional channel is
composed of nine ridge-and-valleys coming from the nine vias
for every two TD, where TD is the time delay of the distance
between the two adjacent differential vias (15 mm). Note that
the TDR waveform of the face via is almost flat because of
the proposed face via. A 60ps time delay is observed in B2 in
comparison with the signal in R2. This time delay is due to the
increase in the capacitance and inductance in B2 in comparison
with the data in R2, as shown in Table II.
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TABLE IV
EYE DIAGRAM PARAMETERS OF THE CYLINDER AND FACE VIAS WITH

MULTIPLE VIA TRANSITIONS (NINE VIAS)

Date Rate Case ID Via Type Eye Height (mV) Timing Jitter (ps)

3.2 Gbps R2 Cylinder 611 128
B2 Face 923 67

Fig. 16. Illustration of a conventional cylinder via and the proposed face via
with return current vias: return via distance = 1.0 mm for both vias.

Fig. 15 presents the eye diagram for multiple via transitions
using the measured S-parameter. With the PRBS input signal of
3.2 Gbps at the Tx of the conventional channel, an eye height
of 611 mV and a timing jitter of 128 ps are observed at Rx,
respectively. On the other hand, the eye height of 923 mV and
a timing jitter of 67 ps are transmitted to Rx in the proposed
face via channel. The eye diagram performances are summa-
rized in Table IV. In summary, the reflected noises associated
with the impedance mismatch are increased as the signal prop-
agates through more vias. Therefore, it is concluded that the
proposed via is more effective in the long channel with multiple
via transitions.

B. Analysis of the Effect of Return Current Vias

With the advances in high-speed and high-density systems, a
return current via is required for each signal via to achieve the
high performance circuit. In order to investigate the influence
of the return current vias, which usually improve the signal
integrity, we added two ground vias around the signal vias in
the EM simulation, as shown in Fig. 16. These ground vias
provide low inductance paths for the returning currents [24].

Fig. 16 describes the geometrical via structures with return
current vias in the EM simulation. All return current vias are
located at the same distance from the center of the signal lines
and the other design parameters are identical to the parameters
in the previous sections. Fig. 17 shows the eye diagrams through
the cylinder via and the face via at a rate of 6.4 Gbps (a) without
and (b) with return current vias, respectively. The improvement
of the eye height by adding the return current vias is 49 mV
in the cylinder via and 34 mV in the face via. That is, the
improvement caused by installing the return current vias around
the conventional cylinder vias is larger than that around the face
vias, in this specific example. The distance from the (center
of the) signal line to the (center of the) return via is 1 mm
in both cases, but note that the effective distance in the face

Fig. 17. Comparison of the eye diagram in the cylinder and face via using the
simulated S-parameter at 6.4 Gbps (a) without and (b) with return current vias.

TABLE V
EYE DIAGRAM PARAMETERS OF THE CYLINDER AND FACE VIAS WITH AND

WITHOUT RETURN CURRENT VIAS

Return Current Via Case ID Via Type Eye Height (mV) Timing Jitter (ps)

Not applied R2 Cylinder 1228 38
B2 Face 1333 24

Applied R2 Cylinder 1277 34
B2 Face 1367 23

via is farther than that in the cylinder via, which could make the
return current via less effective. The eye diagram parameters are
summarized in Table V. In summary, the return current vias are
more effective in the cylinder via, but because of the intrinsic
improvement of the face vias in the signal integrity, the eye
opening in the face vias (1367 mV) became larger than the eye
opening in the cylinder vias (1277 mV).

VI. CONCLUSION

In a high-speed digital system with a multilayer PCB, smooth
transitions between the differential trace and the via are desirable
to minimize the impedance mismatch because the impedance
discontinuities cause signal reflections and deteriorate the sig-
nal integrity in differential signal channels. In this paper, we
present a novel differential via structure, which is dubbed as
face via, to control the via impedance. First, the EM simulation
was performed to extract the S-parameters for both the conven-
tional cylinder via and the proposed face via. And then the TDR
responses were calculated using a circuit simulator, and found
that a reflection-less face via can be designed by controlling the
face size.

Based on the simulation results, test vehicles with an optimum
face size were designed and fabricated. By measuring the TDR
responses, the reflection-less performance of the face via for
differential signaling was experimentally validated. To demon-
strate the effectiveness of the face via considering the practical
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application, channel simulations for multiple via transitions,
and single via transition were performed using the measured
S-parameters. The results show that the face via is more and
more effective than the cylinder via as the data rate and layer
transitions of the signal are increased.

Since only one additional process of drilling is required in
the proposed face via and the enhancement in signal integrity is
large as described in Section V, the proposed face via structure
is expected to be extensively used for next-generation’s high-
performance digital systems, especially with the enhancement
of the precise PCB fabrication technology.

REFERENCES

[1] V. S. Pandit, Power Integrity for I/O Interfaces: With Signal In-
tegrity/Power Integrity Co-Design. Englewood Cliffs, NJ, USA: Prentice
Hall, 2010.

[2] S. H. Hall, High-Speed Digital System Design A Handbook of Interconnect
Theory and Design Practices. New York, NY, USA: Wiley, 2000.

[3] K. T. Hsu, W. D. Guo, G. H. Shiue, C. M. Lin, T. W. Huang, and R. B.
Wu, “Design of reflectionless vias using neural network-based approach,”
IEEE Trans. Adv. Packag., vol. 31, no. 1, pp. 211–218, Feb. 2008.

[4] W. Y. Chang, K. Y. See, and E. K. Chua, “Comprehensive analysis of the
impact of via design on high-speed signal integrity,” in Proc. Int. Conf.
Electron. Packag. Technol., 2007, vol. 9, pp. 262–266.

[5] Z. Shen and J. Tong, “Signal integrity analysis of high-speed single-ended
and differential vias,” in Proc. 10th Int. Conf. Electron. Packag. Technol.,
Dec. 2008, pp. 65–70.

[6] S. Pan and J. Fan, “Equivalent mixed-mode characteristic impedances for
differential signal vias,” in Proc. Int. Symp. IEEE Electromagn. Compat.,
Aug. 2009, pp. 74–79.

[7] W. D. Guo, W. N. Chine, C. L. Wang, G. H. Shiue, and R. B. Wu,
“Design of wideband impedance matching for through-hole via transition
using ellipse-shaped anti-pad,” in Proc. 15th Int. Conf. IEEE Microw.
Optoelectron., Oct. 2006, pp. 245–248.

[8] X. Duan, A. Hardock, I. Ndip, C. Schuster, and K. D. Lang, “Optimiza-
tion of microstrip-to-via transition for highspeed differential signaling on
printed circuit boards by suppression of the parasitic modes in shared
antipads,” in Proc. Int. Symp. IEEE Electromagn. Compat., Aug. 2014,
pp. 234–239.

[9] H. Chen, Q. Lin, L. Tsang, C.-C. Huang, and V. Jandhyala, “Analysis of a
large number of vias and differential signaling in multilayered structures,”
IEEE Trans. Microw. Theory Tech., vol. 51, no. 3, pp. 818–829, Mar. 2003.

[10] S. Park, J. Kim, J. Yook, and H. Park, “Ultilayer power delivery net-
work design for reduction of EMI and SSN in high-speed microprocessor
system,” J. Electromagn. Eng. Sci., vol. 2, no. 2, pp. 68–74, Nov. 2002.

[11] S. Piersanti, F. de Paulis, A. Orlandi, M. Swaminathan, and V. Ricchiuti,
“Transient analysis of TSV equivalent circuit considering nonlinear MOS
capacitance effects,” IEEE Trans. Electromagn. Compat., vol. 57, no. 5,
pp. 1216–1225, Oct. 2015.

[12] S. Piersanti, F. de Paulis, A. Orlandi, D. H. Kim, J. Kim, and J. Fan,
“Equivalent circuit modeling of dielectric hysteresis loops in through
silicon vias,” IEEE Trans. Electromagn. Compat., vol. 57, no. 6, pp. 1510–
1516, Dec. 2015.

[13] J. Pak et al., “GHz EMI characteristics of 3D stacked chip PDN with
through silicon via (TSV) connections,” J. Electromagn. Eng. Sci., vol. 11,
no. 4, pp. 282–289, Dec. 2011.

[14] L. Simonovich, E. Bogatin, and Y. Cao, “Differential via modeling
methodology,” IEEE Trans. Compon., Packag., Manuf. Technol., vol. 1,
no. 5, pp. 722–730, May 2011.

[15] C. F. Coombs Jr., Printed Circuits Handbook, 5th ed. New York, NY,
USA: McGraw-Hill, 2001.

[16] E. Laermans, J. De Geest, D. De Zutter, F. Olyslager, S. Sercu, and D.
Morlion, “Modelling differential via holes,” IEEE Trans. Adv. Packag.,
vol. 24, no. 3, pp. 357–363, Aug. 2001.

[17] E. Bogatin, Signal Integrity Simplified. Englewood Cliffs, NJ, USA:
Prentice-Hall, 2004.

[18] C. Wang, J. L. Drewniak, J. Fan, J. L. Knighten, N. W. Smith, and R.
Alexander, “Transmission line modeling of vias in differential signals,”
in Proc. Int. Symp. IEEE Electromagn. Compat., Minneapolis, MN, USA,
Aug. 2002, vol. 1, pp. 249–252.

[19] H. He, P. Wu, F. Liu, H. Xue, B. Li, and D. Shangguan, “Parasitic parameter
extraction and modeling of via of high speed differential pair,” in Proc.
16th Int. Conf. Electron. Packag. Technol., Changsha, China, Aug. 2015,
vol. 1, pp. 955–959.

[20] B. Pu, K. H. Kim, S. Kim, and W. Nah, “Modeling and parameter extrac-
tion of coplanar symmetrical meander lines,” IEEE Trans. Electromagn.
Compat., vol. 57, no. 3, pp. 375–383, Jun. 2015.

[21] T. L. Wu, F. Buesink, and F. Canavero, “Overview of signal in-
tegrity and EMC design technologies on PCB: Fundamentals and latest
progress,” IEEE Trans. Electromagn. Compat., vol. 55, no. 4, pp. 624–638,
Aug. 2013.

[22] J. Fan, X. Ye, J. Kim, B. Archambeault, and A. Orlandi, “Signal integrity
design for high-speed digital circuits: Progress and directions,” IEEE
Trans. Electromagn. Compat., vol. 52, no. 2, pp. 392–400, May 2010.

[23] DDR4 SDRAM UDIMM Design Specification Rev 1.21, May, 2016.
[Online]. Available: http://www.jedec.org.

[24] I. Ndip et al., “Modeling, quantification, and reduction of the impact of
uncontrolled return currents of vias transiting multilayered packages and
boards,” IEEE Trans. Electromagn. Compat., vol. 52, no. 2, pp. 421–435,
May 2010.

Dongyoon Seo received the B.S. degree in electronics
engineering from Ajou University, Suwon, South Ko-
rea, in 2007. He is currently working toward the M.S.
degree in research on system-level signal integrity
analysis from the College of Information and Com-
munication Engineering, Sungkyunkwan University,
Suwon.

His research interests include signal integrity
and power integrity analysis for high-speed digital
systems.

Hosang Lee received the B.S. degree in information
and communication engineering from Dongyang Mi-
rae University, Seoul, South Korea, in 2014. He is cur-
rently working toward the Ph.D. degree in research on
stochastic EMC from the College of Information and
Communication Engineering, Sungkyunwan Univer-
sity, Suwon, South Korea.

His research interests include signal/power
integrity and electromagnetic interference/compa-
tibility. In particular, his current research topics focus
on the system-level EMC and stochastic EMC.

Myeongkoo Park received the B.S. degree in electri-
cal engineering from Chungbuk National University,
Chungju, South Korea, in 2016. He is currently work-
ing toward the M.S. degree in research on system-
level ESD analysis from the College of Informa-
tion and Communication Engineering, Sungkyunwan
University, Suwon, South Korea.

His research interests include the accuracy of the
electrical parameter extraction for cable and antenna
and include signal/power integrity/ electromagnetic
interference for a system level.

Wansoo Nah (M’01) received the B.S., M.S., and
Ph.D. degrees in electrical engineering from Seoul
National University, Seoul, South Korea, in 1984,
1986, and 1991, respectively.

Since 1995, he has been with Sungkyunkwan Uni-
versity, Suwon, South Korea, where he is currently a
Professor in the College of Information and Commu-
nication Engineering. He was a guest collaborator at
the Superconducting Super Collider Laboratory in the
United States from 1991 to 1993, and was also with
the Korea Electrical Research Institute, Changwon,

South Korea as a Senior Researcher from 1991 to 1995. His research interests
include electromagnetic interference/compatibility analysis and design.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


