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Abstract—Throughout this paper, signal integrity (SI) prob-
lems in high-speed PCB design have been addressed as being a
result of via stubs and fabrication tolerances that are present
throughout PCB transmission lines. Robust PCB design must
be ensured as signal rise and fall times have shortened, which
is modeled within the 3D EM simulation environment of CST
Studio. It is shown that the insertion loss of the signal is affected
by the resonance frequency of the via stub, and impedance mis-
matches throughout the transmission lines. Shielding techniques
have been investigated to combat these effects on SI, and have
shown a significant improvement in bandwidth as a result.

Index Terms—Via stubs, via shielding, EMI, impedance mis-
matches

I. INTRODUCTION

Moore’s Law had predicted that the transistor density in

chips, which is a measure for the speed, would double

every two years [1]. Data rates have been increasing ever

since, which simultaneously resulted in increased PCB design

complexity. As a result signal rise and fall times have been

decreasing which increased signal integrity (SI) problems

due to the presence of high-frequency components in steep

signal edges. SI predictions and analyses via simulations

turned out to be a critical phase within a design process to

ensure robust PCB design. Various SI problems may arise e.g.

ground bounce, crosstalk, reflections, or degradation of the

signal due to transmission line discontinuities. Electromagnetic

interference (EMI) increases as a result of shorter signal rise

and fall times which need to be addressed. In the case of

transmission line discontinuities, higher frequency components

can be attenuated which results in degradation of the rise

and fall time of the signal and consequently critical timing

errors and increased bit error rates [2]. Throughout this paper,

some causes of SI problems present during multi-layer high-

speed PCB design are addressed which are transmission line

discontinuities in the form of impedance mismatches and

the impact of via stubs. In [3] it was already shown that

the unused portion in a plated through-hole via can load a

transmission line in an undesirable manner. Also, as discussed

in [4] a resonance due to the open-ended stub will occur

in transmission measurements. The stub length is inversely
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proportional to the distance between the propagation layers

of the signal. From the return path point of view, one expects

closely separated signal layers to be preferable, as the parasitic

induction of the transmission line will be reduced. Firstly, the

underlying principles of these problems are explained followed

by modeled structures in CST Studio where eventually design

suggestions are proposed to reduce the effect on SI and

therefore ensure robust PCB design. The 3D simulation can

eventually be applied to investigate the trade-off between a

stub length and signal return path length. Which both can, in

one way or the other, be detrimental to the higher frequency

transmission characteristics.

In Sec. II the theoretical background of reflections origi-

nating from impedance mismatches between the characteristic

impedance of a transmission line and a connected load is

given, which can be used to estimate minimum bandwidth

requirements during PCB design. Consecutively, the effect that

a via stub has on the bandwidth of the signal is demonstrated,

which is related to its resonance frequency. In Sec. III a 3D

full-wave simulation was set up to compare the theoretical

expectations from Sec. II to the simulation results. First by

showing a negligible degradation as a result of fabrication

tolerances, followed by a comparison between a short, long

and guarded via stub. In Sec. IV some concluding remarks

will follow.

II. THEORETICAL BACKGROUND

The degradation of the signal resulting from reflections due

to transmission line impedance mismatches and the impact of

via stubs on SI are theoretically discussed in this section.

A. Transmission line mismatches

Estimation of the characteristic impedance of both mi-

crostrip and stripline traces is used to calculate the reflection

coefficient. A difference can be seen in the propagation

modes of the electromagnetic (EM) waves for microstrip and

stripline, which are Quasi-TEM (Transverse Electromagnetic)

and pure TEM respectively. For a stripline, the electric field

is coupled to both reference planes, one above and below the

substrate surrounding the trace. Whereas, in comparison with

a microstrip, the field is coupled to a single reference plane
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below the substrate. Their characteristic impedance Zo can be

calculated using (1) and (2).

Zo(m) =
87√

ǫr + 1.41
ln

[

5.89h

0.8w + t

]

(1)

Zo(s) =
60
√
ǫr

ln

[

1.9s

0.8w + t

]

(2)

Where ǫr is the dielectric constant of the PCB material, h the

height between the microstrip and its reference plane, s the

distance between both reference planes for the stripline, w and

t the width and thickness of both traces respectively [5], [6].

During the PCB fabrication process variations in transmis-

sion line dimensions can occur and consequently several differ-

ent characteristic impedances. According to [7] an impedance

mismatch of 10% is allowed. A reflection coefficient Γ̂L can

be calculated with (3)

Γ̂L =
ẐL − ZC

ẐL + ZC

(3)

where ZC is the characteristic impedance of the transmission

line and ẐL that of the load [5]. In this situation, ẐL is

considered the mismatched impedance encountered by the

propagating signal.

From (3) a bandwidth (BW ) could be determined and

related to transition speeds. In [8] it can be seen that BW

is inversely proportional to the rise time (τr) and can be

approximated by:

BW =
0.35

τr

E.g. a BW of 0.35
0.125·10−9 = 2.8 GHz is required at minimum

when comparing this with the maximum rise time allowed by

a differential DDR4 memory clock output, as specified in the

DDR4 memory standard by JEDEC [9].

B. The impact of vias

Transitions to other layers within a PCB stackup are done by

the use of via interconnects which allows routing via striplines

on different layers. Although routing capabilities are increased,

these vias are considered transmission line discontinuities that

have a significant effect on SI, and therefore modeling is

required in the case of high-speed applications [10]. In the

situation that only through-hole vias can be used due to a

PCB fabrication budget, not utilizing the whole length of the

via results in a stub in the transmission line [3]. This via stub

has a resonance frequency depending on its inductance and

capacitance which can significantly affect SI [11].

The via inductance Lvia is mainly defined by the length of

the via stub. Intuitively, by a reduction in stub length, f0 is

pushed towards a higher frequency and therefore results in an

increased BW for the implemented via. This effect can clearly

be seen in for instance [11].

In case only through-hole vias can be implemented, methods

can be employed to improve the via’s performance. Imple-

menting shielding/guarding vias to interconnect ground planes,

allows for a lower impedance return path at high frequencies.

Fig. 1: 12 layer PCB stackup configuration with values in µm

Fig. 2: DUT configuration with boundary settings

Also, the robustness of the through-hole via is improved

directly as a result of shielding effects [6].

III. 3D FULL-WAVE SIMULATIONS

A. CST Setup

The impact of impedance mismatches and via stubs on

SI will be demonstrated with a simplified device under test

(DUT) setup. The DUT is a 5 mm x 5 mm PCB including

the mentioned discontinuities to be simulated. An arbitrary

symmetrical 12 layer stackup is chosen along with the material

properties as shown in Fig. 1. The total thickness of the PCB

and therefore the total length of the through-hole via is approx.

1.6 mm. Layers 2, 4, 5, 8, 9, and 11 are reference planes. The

3D EM field simulator in CST Studio Suite is used to simulate

the performance of these structures. (Quasi)-TEM mode wave

excitation is used via waveguide ports that are placed on both

ends of the transmission line, in x̂. The simulation settings are

identical in all cases, and consist of a 0-50 GHz S-parameter

sweep of which the results are normalized to 50Ω. Simulation

background is set to ’normal’, and the boundaries can be seen

in Fig. 2. Where in the ŷ and ẑ direction ’electric’ was used

to enforce the tangent electrical and perpendicular magnetic

fluxes are zero, while ’open’ was used in the x̂ direction.

B. Impedance mismatches

CST is used to determine the characteristic impedances of

both the microstrip on the top layer as the striplines on layer

3 and 10 within the chosen stackup. For a 50Ω transmission
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Fig. 3: S-parameter results for the microstrip 2Ω impedance

mismatch

line, w is calculated to be 137µm and 78µm respectively. Due

to the symmetry of the stackup, the width of of the stripline on

both layer 3 and 10 are equal. Equation (1) and (2) are used

to confirm the accuracy of CST. Zo(m) ≈ 49.0Ω where h =

76µm, w = 137µm and t = 18µm. Analogously, Zo(s) ≈
47.8Ω where s = 180µm, w = 78µm and t = 12µm. Some

discrepancy between the simulated and calculated values is

observed most likely due to inaccuracy of the used equations.

A choice is made to show the impact of impedance mis-

matches caused by fabrication tolerances for a microstrip on

layer 1. A tolerance of 10% on microstrip with w = 137µm

results in w = 151µm which is expected to lower its

impedance by almost 2Ω, which is confirmed by CST. A DUT

is created with an impedance mismatch seen by the Quasi-

TEM wave propagating from a 50Ω to a 48Ω microstrip trans-

mission line. Intuitively, SI is affected by the reflection caused

by this impedance mismatch. Although assumed is that the

power of the reflected signal can be neglected as the mismatch

is only approx. 2Ω. By using (3) Γ̂L can be approximated

by 33.8 dB. The S-parameter simulation results are presented

in Fig. 3. There can be seen that S11 and S22 are around -

33 dB on average. Some discrepancy between the calculated

and simulated values is observed throughout the frequency

sweep. Assumed is that this is caused by neglecting parasitic

effects and the electrical wavelength for each frequency in the

calculations of Zo(m) [5]. Although, there can be concluded

that in the situation that a 48Ω microstrip transmission line is

used between a 50Ω source and load, the effect on SI is caused

by the impedance mismatch as a result of a 10% fabrication

tolerance, is negligible.

C. Via performance

Similarly, the effect on SI caused by a via stub in the

transmission line is investigated. Through-hole vias are used

with a diameter of 250µm, positioned in the center of the

PCB. The pad and anti-pad diameters are 450µm and 650µm

respectively.

Firstly, the via connects the microstrip with a stripline on

layer 3 with the dimensions as given in Sec. III-B, which

results in a stub from layer 3 to 12 of ≈1.4mm. The created

DUT is shown in Fig. 4, wherein all dielectrics are hidden

to accentuate the positioning of the transmission lines. Notice

that the pads on unused layers have been removed so that SI

Fig. 4: DUT including via stub from layer 3 to 12

Fig. 5: S-parameter results of DUT with via stub from layer

3 to 12

is not affected by these extra discontinuities as the effect of

the via stub is of main interest. The S-parameter results of the

performance of this DUT are presented in Fig. 5. A similar

performance as shown in [11] is observed for both S11 and

S21. f0 is visible at around 12.5 GHz which results in a usable

BW of approx. 10 GHz. Intuitively, as discussed in Sec. II-B

f0 can be pushed to a higher frequency when reducing the

length of the stub and inherently Lvia. E.g. in the case of a

stripline on layer 10, the stub length is reduced to 0.2 mm. The

expected and desired improvement of the performance can be

observed in Fig. 6, as f0 is increased to around 17.5 GHz.

The BW of the via has been increased by almost 5 GHz. The

simulation results confirm the expectation of a BW increase

by reducing Lvia. It is advised that in the situation only

through-hole vias can be implemented, the critical signals with

fast transitions are placed deeper down the stackup such that

the impact of Lvia on the BW of the signal is brought to a

minimum.

Even though the problem of f0 can be resolved by either

reducing Lvia or removing it completely, both Fig. 5 and 6

Fig. 6: S-parameter results of DUT with via stub from layer

10 to 12
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Fig. 7: S-parameter results of shielded DUT with via stub from

layer 3 to 12

Fig. 8: Surface currents at 20 GHz in shielded DUT with via

stub from layer 3 to 12

imply that the IL is affected for frequencies above 15 GHz

nonetheless. The cause of this is assumed to be the absence of

a regulated return path for the current as indicated in Sec. II-B.

As proposed by [6], the robustness and performance of the via

can be improved directly by implementing shielding vias. A

new DUT model is created similar to Fig. 4, although now two

extra through-hole vias are positioned ±0.5 mm in ŷ beside the

initial via. All ground planes are connected which results in

a regulated return path for the current. This forces the current

flowing in the reference planes on layers 2 and 4 to flow

through the shielding vias back towards the source. The S-

parameter simulation results are presented in Fig. 7. There

can be seen that the implementation of two shielding vias at

distance ±0.5 mm in ŷ, has improved the BW of the via by

approx. 4 GHz which initially had a BW of approx. 10 GHz.

Also, as expected, the IL has been improved for frequencies

above f0. The DUT is shown in Fig. 8, where the surface

current at 20 GHz is highlighted which is f0 as indicated in the

simulation results. There can be seen that not only significant

surface current is present on the via stub as implied by f0 at

20 GHz, but also significant surface current is present on the

stubs of the shielding vias with an increased current density

towards original via due to the proximity effect [5].

There can be concluded that the performance of a via can

be significantly improved when a return path for the current

is provided even in the situation that a via stub is present.

Also, the number of shielding vias can be increased which

eventually results in a structure similar to a coax, as a ground

reference is provided in all directions surrounding the via [6].

This implies that the via is shielded from other aggressors

in the case of e.g. other EMI sources in the vicinity of the

via. Although the actual implementation of this is beyond the

scope of this paper.

IV. CONCLUSION

The relatively small impact of fabrication tolerances on

impedance mismatches concerning SI has been shown in 3D

full-wave simulations and confirms theoretical expectations. It

can be concluded that in the event of 10% deviation in width

of a microstrip line, the impact is negligible. By comparing

three 3D simulations, the BW of the propagating signal

showed significant degradation due to varying open-ended stub

lengths, while improvements can be made utilizing guarding

vias. A decrease in BW from 15 GHz to 10 GHz was observed

by increasing the stub length but guarding increased the BW

again to approx. 14 GHz. Here was concluded that in the

situation that only through-hole vias could be implemented,

critical signals should be positioned deeper down the PCB

stackup such that the impact of the via stub on SI is brought

to a minimum. Overall, the simulation methodology was

validated by comparing the results to theoretical expectations,

allowing future research into more complex structures to be

possible.
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