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Abstract—This article proposes a novel substrate for a 
handy SG-GS/SG-SG calibration in both horizontal 
and vertical probing measurement. The proposed 
substrate provides two ways of probing for “through” 
calibration in horizontal and vertical positions 
without changing the probe holders. It has “through” 
lines vertically and horizontally using vias and traces, 
respectively, and both “through” lines were designed 
to satisfy 50 ohms of characterization impedance. A 
prototype of the proposed substrate was fabricated 
using FR4 and then tested in the horizontal 
calibration resulting in the successful reproduction of 
all the S-parameters in the horizontal meander test 
board. It was also tested in the vertical calibration, 
and was successful to re-produce all the coupling 
effects in via arrays, demonstrating the effectiveness 
and handiness of the proposed calibration substrate.    
 
Index Terms—Calibration, vertical through 
interconnect, calibration kit, impedance standard 
substrate, microwave probes, short-open-load-
through  

I. INTRODUCTION 

With the trend of miniaturization technology for the 
electronic equipment, vertical connectors such as pogo 
pins in probe card for wafer test and vias in multi-layer 
printed circuit board (PCB) have been widely used in 
various devices [1]. Moreover, semiconductor 
technology has been developing dramatically due to 
successful die stacking technologies in integrated circuits 
(ICs) using through silicon vias (TSV) [1]. Therefore, 
vertical connection such as vias in printed circuit board 
(PCB) or through TSV in 2.5D silicon interposer or 3D 
chips is necessary for the signal propagation in diverse 
hierarchical levels, and the signal transfer characteristics 
from top/bottom to bottom/top plates need to be 
measured as shown in Fig. 1 [2-5]. 

Vector Network Analyzer (VNA) has been exclusively 
used to effectively measure scattering parameters (S-
parameters) for the characterization of components in 
electronic devices especially in high frequency range [6]. 
To ensure the accuracy of measurement by VNA, a 
calibration is required before error-corrected tests are 
performed. The common calibration algorithm used for 
multi-port measurement is known as short-open-load-
through (SOLT) or Through-Reflect-Line (TRL) 
methods [7, 8]. No matter which method we choose, an 
appropriate through design is crucial to the performance 
of calibration as the most transmission parameter for 
error model has been known to be generated in through. 

A conventional horizontal thru impedance standard 
substrate is illustrated in Fig. 2 [9]. The metal surface of 
kit(substrate) is co-planar type for horizontal probing 
SG-GS in (a) and SG-SG in (b). Fig. 3 shows two 
pictures for probing traces/pads on PCB (a) horizontally, 
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and (b) vertically using specially designed probe station. 
Note that each arm was designed to slide as indicated by 
the yellow arrows in Fig. 3(a) to localize the probing 
point and to be rotated as in Fig. 3(b). For the horizontal 

calibration in Fig. 3(a), conventional calibration kits in 
Fig. 2 can be used for thru calibration of Port1-Port2, 
Port1-Port4, Port3-Port2, and Port3-Port4, but for the 
calibration of Port1-Port3 and Port2-Port4, we need a 
vertical thru as described in Fig. 3(b). Without vertical 
thru, we need to change the probe holder for horizontal 
calibration and then re-place it back to the original holder. 
It not only takes time in the calibration process, but also 
generates a risk of precision degradation caused by 
changing the position of the probe tips, which is usually 
very sensitive to the surroundings. So, a novel calibration 
kit which can be used in both horizontal and vertical 
connections, is required. 

In this paper, we propose a handy calibration substrate 
for both use of horizontal and vertical probing. The 
validated frequency of the specific proposed calibration 
substrate is around 8 GHz using FR4 as a substrate, and 
it is very handy to use especially for the calibration of 
both vertical and horizontal probing. Section II 
introduces the theoretical background of thru and 
proposes novel thru structure with its experimental data. 

 

(a) 
 

 

(b) 

Fig. 1. (a) Vertical connection in PCB, (b) Vertical connection 
in 3D integrated circuit, not to scale. 

 

 

(a) 
 

 

(b) 

Fig. 2. Conventional standard kit (substrate) for horizontal
thru’s (a) SG-GS, (b) SG-SG. 

 

 

(a) 
 

 

(b) 

Fig. 3. Pictures for probing traces/pads on PCB (a) horizontally, 
(b) vertically. 

 



JOURNAL OF SEMICONDUCTOR TECHNOLOGY AND SCIENCE, VOL. 21, NO. 2, APRIL, 2021 111 

 

Implementation of the proposed kit on the horizontal and 
vertical interconnects is discussed in Section III. 
Ultimately, a conclusion is described in Section IV. 

II. THEORETICAL BACKGROUND AND 

PROPOSED STRUCTURE 

The characteristic impedance of a transmission line 
can be described as (1) using two port S-parameters. 
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, where ZC and Z0 are the characteristic impedance of the 
transmission line and reference impedance of the system, 
respectively. Propagation constant of a transmission line 
is able to be derived by the S-parameters and length of 
transmission network as in (2), 
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, where γ: propagation constant (1/m), α: attenuation 
constant (Neper/m), β: phase constant (rad/m), and l: 
length of transmission line (m). 

An ideal thru in impedance standard substrate is a 
transmission line with zero-length, no reflection and 
performs pure transmission of signals. However, a 
through in the realistic scenario has a finite length, and 
reflection could be caused by impedance mismatch, and 
loss in transmission. The thru calibration standard is used 
for obtaining the transfer characteristics between two 
ports. Electrical length of a thru affects the phase of 
propagated signal, and generates a bias in the phase. The 
phase bias is able to be compensated in the calibration by 
propagation constant in thru, which cancels the phase 
bias exactly. Compensated propagation constant is 
derived from the measured S-parameters of the thru line 
on the basis of (2). 

The proposed through substrate has two sides 
(surfaces), with the same pattern in each. Each surface 
has a symmetrical structure, and three vias, two for 
grounds and one for signal, were used to connect both 
sides as illustrated in Fig. 4. Fabricated calibration kit 
with SOLT impedance standard substrates is shown in 

Fig. 5, where the thru, load, short, and open are located. 
For the easiness in fabrication, the substrate was 
designed with FR-4 material and copper for the dielectric 
and trace conductors, respectively. Length of pad edge 
and via thickness were intentionally designed as 0.5 mm 
and 0.4 mm, respectively, to provide the similar distance 
for signal propagation in horizontal and vertical traces. 
Note that thru has the same vertical and horizontal length 
of 1.66 (1.67) mm as in Fig. 4. 

Fig. 6 illustrates locations of probes for SG-GS thru 
calibration on the same plane (upper/left), SG-GS on the 
front and behind planes (lower/left), SG-SG on the same 
plane (upper/right), and SG-SG on the front and behind 
planes (lower/right), demonstrating the versatility of the 

Fig. 4. Proposed through structure for calibrations in both 
horizontal and vertical interconnectors. 

 

Fig. 5. Fabricated calibration kit with proposed thru, short, 
open, and load impedance standard. 

 

 

Fig. 6. Calibration for diverse probing types (horizontal probing 
on the same plane for the upper two cases, and vertical probing 
on different planes for the lower two cases). 
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proposed thru substrate. Characteristic impedance (ZC) of 
the thru’s which were obtained from (1) using S-
parameters are shown in Fig. 7(a)-(d): the S-parameters 
of (a) and (b) are from measurement, and those of (c) and 
(d) are from full wave EM-simulation. In the 
measurement, one can find that ZC in the horizontal thru 
does coincide with ZC in the vertical thru for both SG-GS 
and SG-SG calibration as well. Single-ended ZC of the 
proposed thru is 51~53 Ω in the frequency range from 
300 kHz to 8 GHz for SG-SG and SG-GS in both 
horizontal and vertical thru’s. Tolerance of the 
manufacturing process is 200 μm for via diameter, and 
100 μm for pad size. In the full wave EM simulation, less 
than ~1 Ω discrepancy (0.6 Ω ~ 0.8 Ω @ center of 
bandwidth 4 GHz) was observed for the horizontal and 
vertical thru’s which seems to be negligible. 

Comparison of reflection and insertion loss 
characteristics of the proposed and conventional 
commercial Cascade calibration kit is illustrated in Fig. 8. 
In this case, VNA was calibrated using SG-GS 
commercial calibration kit shown in Fig. 2, and then S11 
and S21 have been measured for the Cascade and for the 
proposed SG-GS thru’s as well. Because VNA has been 
calibrated using Cascade thru, S11 of SG-GS Cascade 
thru is very tiny, ideally zero, and the large phase 
fluctuation in Fig. 8(a) is due to the small size of S11. The 
return loss of the proposed thru is higher than that of  

                (a)                           (b) 
 

                  (c)                          (d) 

Fig. 7. Characteristic impedance of the thru’s up to 8 GHz (a) 
and (b) are from measured S-parameters, (c) and (d) are from 
full wave simulated S-parameters. 
 

 

 

 

(a) 

 

 

 

(b) 

Fig. 8. Comparison of (a) reflection characteristics, (b) 
insertion loss characteristics of commercial and proposed SG-
GS thru’s. 
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commercial kit, but it is still acceptable (less than -
20 dB). Fig. 8(b) illustrates the comparison of insertion 
loss between the proposed and Cascade thru’s. The 
insertion loss of SG-GS Cascade thru stays 0 dB in the 
whole frequency range: this is again due to the fact that 
VNA was calibrated using Cascade thru. The maximum 
difference in VNA insertion loss is ~0.2 dB in magnitude 
and ~20° in phase from 300 kHz up to 8 GHz. The large 
phase difference in S21 is due to the difference in length: 
650 μm for SG-GS thru in Cascade while 1,670 μm for 
SG-GS in the proposed one. 

Length of thru’s are intentionally designed to be 
around 1,670 μm for both SG-GS and SG-SG in our 
proposed substrate, and it could be a merit which 
maintains the same propagation bias in different probing 
scenarios while commercial one cannot in this specific 
case (650 μm for SG-GS and 1,650 μm for SG-SG). 

In SG-SG probing, return loss shows similar results to 
those in SG-GS probing as described in Fig. 9(a), and no 
difference of magnitude and phase of insertion loss are 
observed as shown in Fig. 9(b): this is because the 
lengths of thru’s are same in both commercial and the 
proposed thru’s. 

As in Fig. 8(b), there is a phase difference due to the 
length difference between the commercial and proposed 
SG-GS thru substrates. The phase bias is able to be 
compensated if we know the propagation delay in length. 
The compensated insertion loss in commercial SG-GS 
probes is illustrated in Fig. 10: after the compensation in 
length, the phase of the insertion loss moves up to the 
point of the commercial thru. It is good to see that the 
two data from horizontal and vertical thru’s coincide 
very well in all cases, which means they are equivalent 

 

 

 

(a) 
 

 

 

 

(b) 

Fig. 9. Comparison of (a) reflection characteristics, (b) 
insertion loss characteristics of commercial and proposed SG-
SG thru’s. 
 

Fig. 10. Insertion loss-S21 magnitude and phase of SG-GS thru 
substrates: phase bias has been compensated. 
 



114 BO PU et al : HANDY CALIBRATION SUBSTRATE FOR BOTH HORIZONTAL AND VERTICAL PROBING 

 

even though the geometrical shapes are different from 
each other. 

Generally, a VNA has an option for the compensation 
of phase difference. The option can be expressed as a 
group delay, which can be calculated as in (3). 

 

 group

dt l
d

β
ω

= ⋅  (3) 

 
, where tgroup: group delay (s), β: phase constant (rad/m), 
and l: length of transmission line (m). 

The derivative in (3) can be calculated from (2). Table 
1 summarizes the average group delays including the 
group delay of commercial SG-GS substrate. One can 
find that the group delays in both SG-GS and SG-SG are 
same in the proposed substrate, but are different in 
commercial substrates. 

III. IMPLEMENTATION AND VALIDATION OF 

PROPOSED THRU IMPEDANCE STANDARD 

SUBSTRATE 

In order to validate the proposed thru substrate, firstly 
we performed S-parameter measurement on the basis of 
designed symmetrical meander lines. Symmetrical 
meander lines have the characteristic of dense structure 
with high coplanar inductive coupling and is suitable for 
the signal-ground probing. The design and abrication of 
meander lines were discussed in [11], and DUT here has 
a width of 1.25 mm, a length of 5 mm, and 17 turns. The 
PCB is one-sided and is composed of FR-4 and copper. 
S-parameters of meander line were measured after 
calibration using commercial standard kit and the same 
S-parameters were measured after calibration using 
proposed impedance substrates, and then the two S-
parameters were compared. The characteristics of 
measured meander lines on the basis of SG-GS probing 
are illustrated in Fig. 11. Measured S-parameters using 
the commercial calibration kit and the proposed one  

Table 1. Group delay for commercial and proposed thru cases 
in SG-GS and SG-SG scenarios. 

 Group Delay (ps) 
Probing Type SG-GS SG-SG 

Commercial thru 6 11.1 
Proposed thru 11.1 11.1 

 
 

 

 

 

(a) 
 

 

 

(b) 

Fig. 11. Measured S-parameters of meander lines using 
commercial and proposed calibration kits. SG-GS thru substrate 
was used. (a) return loss, (b) insertion loss of meander lines. 
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turned out to match each other almost perfectly up to 
8 GHz for both magnitude and phase. The same good 
agreement for the SG-SG probing is also found in Fig. 12. 
It has been validated that the proposed calibration 
substrate can achieve the same performance up to 8 GHz 
as the commercial ones do, still keeping the merit for 
both use of horizontal and vertical calibration. As a result, 
the proposed kit is appropriate for handy and accurate 
calibration up to 8 GHz. 

Not only the coplanar coupling but also the vertical 
coupling generated in the vias of PCB or TSV in silicon 
substrate are also widely used [12]. As mentioned 
previously, the conventional coplanar calibration kit is 
only able to provide a calibration in the same plane. 
Rotation of probes and location change of cables is 
inevitable, and the proposed substrate can be 
conveniently used without changing location of the 
probes being used, which is very handy and enhances the 
accuracy of measurement. 

The second case study is about the coupling effects of 
the vertical pins. Arrayed vias in the PCB is shown in Fig. 
14 to measure the couplings between the vias, and 
measurement setup is shown in Fig. 13 as well. The vias 

 

 

 

(a) 
 

 

 

(b) 

Fig. 12. Measured S-parameters of meander lines using 
commercial and proposed calibration kits. SG-SG thru substrate 
was used. (a) return loss, (b) insertion loss of meander lines. 
 

Fig. 13. Setup for measurement of coupling effect in via arrays 
on PCB. 

 

                     (a)                     (b) 

Fig. 14. Via-pads in PCB for the measurement of coupling 
effects in the vias (a) top view on the PCB with cross-sectional 
view, (b) four probes to measure coupling effects between 
port1-port2 and port3-port4. 

 



116 BO PU et al : HANDY CALIBRATION SUBSTRATE FOR BOTH HORIZONTAL AND VERTICAL PROBING 

 

are located on the PCB with an interval of 600 μm 
(diameter: 0.2 mm). The port 3 and port 4 are fixed at the 
red pads in Fig. 14(b), and the port 1 and port 2 moves to 
increase the distance between the signal vias: blue (from 
red to blue: 600 μm) → yellow (from red to yellow: 
1200 μm) → orange (from red to orange: 1340 μm) → 
black (from red to black: 1800 μm) → purple (from red 
to purple: 1900 μm)). Thus, the characteristics of each 
via pair (signal-ground) and the coupling effects between 
different via-pad pairs are able to be measured. Fig. 15 
describes the coupling effects of the arrayed vias after 
calibration using the proposed thru. The data clearly 
shows that the further the vias, the less the coupling 
becomes in all the frequency range, which is reasonable 
in the qualitative point of view. Since it was confirmed 
that the three calibration thru’s (one is the commercial 
thru, and the other two are proposed horizontal and 
vertical thru’s) are equivalent with one another in the 
first case study (Fig. 14 and 15), it can be concluded that 
the data in Fig. 15(b) is the right coupling data in the 
arrayed vias on PCB. 

IV. CONCLUSIONS 

In this paper, a handy novel impedance substrate, for 
the calibration on both horizontal and vertical 
interconnects are proposed. Unlike the conventional 
commercial calibration kit which allows probing on the 
planar plane only, the proposed kit has a vertical 
structure that makes probing on the opposite sides 
possible. Therefore, rotation of probe and location 
change of cables are not necessary. Theoretical analysis 
and design of the SOLT impedance substrate, especially 
for the thru case were demonstrated. 

The performance of the proposed substrate was 
validated by the measured return and insertion losses 
after calibration using conventional and proposed 
substrate, respectively. The proposed substrate shows 
high accuracy up to 8 GHz in this specific fabrication 
using FR4, and it is expected that the frequency limit 
could be enhanced great with low loss substrate such as 
alumina and with suitable optimization of the substrate as 
well. Since the proposed calibration substrate can be used 
with all the combination of the probes (SG-GS, GS/SG, 
GS/GS or SG-SG probes) and the location of the ports 
(horizontal or vertical), our proposed thru could be very 
useful in the extraction of coupling effect for the vertical 
connectors such as pogo pins and through silicon vias. 
Note that the proposed substrate is not for replacing the 
standards kit, but provides a very handy way to calibrate 
both horizontal and vertical interconnects keeping 
reasonable accuracy in the designated frequency range. 
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