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Simulation-Based Calibration Verification for
(Sub-)Terahertz S-Parameter Measurements
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Abstract—This article presents a cost-effective method for
verifying (sub-)terahertz scattering (S-)parameter measurements
using a vector network analyzer (VNA) with frequency extension
modules. The approach reduces the need for physical standards
with rigorous dimensional characterization by using full-wave
electromagnetic (EM) simulation to create a ‘“simulation-driven
reference model” with a predictable uncertainty envelope. This
method utilizes the known manufacturing tolerances of generic
waveguide sections to generate a pass/fail verification bound.
Two simple, calculable waveguide devices (a cross-connected
line and reduced-aperture sections) are characterized in the
WM-570 (330-500 GHz) band. Excellent agreement is achieved
between the EM-simulated predictions and VNA-measured
S-parameters, with the measurements falling within the cal-
culated uncertainty bounds. This work demonstrates that
combining simple hardware with EM simulation is a reliable and
low-cost approach for validating S-parameter measurements and
calibrations at terahertz frequencies.

Index Terms—S-parameters, terahertz (THz), vector network
analyzer (VNA), waveguide, WM-570.

I. INTRODUCTION

HERE is an accelerating increase of interest in
millimeter-wave and terahertz technologies, for applica-
tions requiring large bandwidths such as 5G/6G+ telecom-
munications, security stand-off detection, and defense. To this
end, the importance of accurate measurement at these frequen-
cies is becoming more significant. At (sub-)THz frequencies,
metal-pipe rectangular waveguides (MPRWGs) are a primary
medium for low-loss signal transmission. Their performance
is typically characterized by using a vector network ana-
lyzer (VNA), equipped with frequency extension modules.
Producing reliable results with this instrumentation requires
accurate calibration and subsequent verification to confirm the

measurement system’s accuracy [1].
A crucial step in this process is the use of verification stan-
dards for independent post-calibration validation. Typically,
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the verification standards can be devices with S-parameters
that are accurately predictable from their physical dimensions.
While devices such as cross-connected waveguides (CCWs)
[2] and reduced aperture waveguides (RAWSs) [3] have been
shown to be effective for this purpose at lower millimeter
(mm-)wave frequencies, this approach encounters significant
challenges at (sub-)THz frequencies. As device dimensions
reduce to the sub-millimeter scale, precision manufacturing
becomes considerably more difficult and costly. At these
short wavelengths, even minor fabrication errors, such as
dimensional deviations in the waveguide’s aperture or mis-
alignment between flanges, can become a significant fraction
of the operating wavelength and begin to dominate the overall
measurement uncertainty. Moreover, dimensional analysis for
characterizing verification standards requires higher levels of
precision and accuracy.

To overcome these challenges, this article demonstrates
a simulation-driven verification strategy. Conventionally,
verification standards require rigorous physical character-
ization, such as dimensional metrology performed by a
National Metrology Institute (NMI), to establish their “true”
S -parameters. While highly accurate, this process is expensive
and often impractical for most end-users.

This work proposes a cost-effective alternative: a
“simulation-driven reference model.” Instead of characterizing
the specific physical dimensions of a manufactured artifact,
we utilize full-wave electromagnetic (EM) simulations, based
on the nominal manufacturing tolerances of a waveguide
class. This generates a probabilistic uncertainty envelope.
If the measured S-parameters of a commercial device fall
within this calculated envelope, the measurement system can
be considered verified within those bounds. This approach
serves as a cost-effective and reliable verification technique for
routine laboratory measurements where rigorous primary-level
accuracy is not required.

In this work, two specific examples are considered: a cross-
connected device, realized by rotating a WM-570 line standard
by 90°, and reduced-aperture devices, formed by inserting a
section of WM-380 waveguide between the WM-570 reference
planes. This simulation-driven approach provides a convenient
solution to the inherent challenges of (sub-)THz measurement
verification.

II. CALIBRATION AND VERIFICATION

A. Calibration

For two-port S-parameter measurements, techniques such
as thru-reflect-match (TRM) [4], thru-reflect-line (TRL) [5],
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Fig. 1. WM-570 calibration standards. Long line (left), short line (center),
and flush short (right).

and line-reflect-line (LRL) [4] are commonly employed for
calibrating VNAs. At (sub-)millimeter wave frequencies, TRM
and LRL are common but necessitate the accurate pre-
characterization of at least one standard. Here, the TRL
calibration scheme was employed, as it requires no pre-defined
standards—only that the reflect standards for both ports are
identical [1].

A challenge arises with traditional TRL at these high fre-
quencies. The method typically employs a quarter-wavelength
(1/4-wave) line standard, which provides an in-band phase
change between 20° and 160° [6]. However, for the WM-
570 band, the line standard would be physically too thin (less
than 200 um), compromising its mechanical integrity. As a
more robust alternative, this work employs 3/4-wave lines,
which are physically thicker and provide a suitable phase
delay between 210° and 330° [7]. Here, two line standards
were used, manufactured by Swiss-to-12, to cover the full
frequency range: a 951 um line for 330-394 GHz; and a
651 pm line for 380-500 GHz. A flush short from the same
manufacturer was used as the reflect standard. To achieve a
seamless full-band calibration, the §-parameter results from
these two frequency ranges were merged using a weighting
scheme [8]. The calibration standards employed in this study
are shown in Fig. 1.

B. Verification Standard and Uncertainty Prediction

The geometry and features of the verification device must be
simple enough to be accurately calculable using mathematical
or computational analysis.

In this study, a CCW and RAWs were chosen, as they are
passive components with very simple geometry. Full-wave EM
simulation using CST Microwave Studio is used to predict the
S -parameters of the verification devices. The simulations were
performed using its frequency-domain solver with a tetrahedral
mesh and adaptive mesh refinement to ensure 2% AS conver-
gence. The waveguide surfaces were modeled as gold, using
the default conductivity value of o = 4.56 x 10’S/m from the
software’s material library, to correspond with the gold-plated
surfaces of the physical waveguide sections.

A CCW can be easily realized using any short section of
waveguide line for the same frequency band (WM-570 in this
case) with 90° rotation. As the conventional IEEE 1758-2a
waveguide flange is axis-symmetric, the CCW does not require
any additional adapters or modifications [9], [10]. Here,
a 655 um calibration line standard was selected.

The RAW can also be easily implemented by using any
short section of waveguide line with a smaller aperture size
(i.e., a waveguide line section at a higher frequency band).
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Fig. 2. WM-380 waveguide sections: short line (left) and long line (right).
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Fig. 3. Tllustrated in-plane imperfections and misalignments of a rectangular
waveguide flange aperture.

In this study, two WM-380 lines with nominal lengths of
432 pym multiplly symbol 568 um were employed, as shown
in Fig. 2. These lines were also manufactured by Swiss-
to-12, to be used as calibration standards for the WM-380
frequency band (500-750 GHz). The lines have nominal
aperture dimensions of 380um x 190 ym and are expected
to show partial out-of-band characteristics at low frequencies
(between 330 and ~390 GHz) and in-band characteristics at
high frequencies (between ~390 and 500 GHz). This setup
allows a single device to verify the VNA’s performance in
two distinct dynamic regimes.

Due to fabrication tolerances, manufactured waveguide
sections are expected to have several imperfections asso-
ciated with dimensions of the waveguide and the flange
structure [11], as illustrated in Fig. 3. Here, seven dif-
ferent imperfections are considered, associated with the
waveguide’s physical dimensions. Deviations in the broad
wall, narrow wall, and length dimensions are Aa,Ab,
and Al, respectively. Imperfections due to horizontal, ver-
tical, and rotational misalignments are Ax,Ay, and A6,
respectively. Finally, the corner rounding radius R is
also considered. Previously, a dimensional analysis of
WM-380 waveguide sections [11], provided by Swiss-to-
12, showed that the samples have much better dimensional
tolerance than the standard Grade 1.0 waveguide specifications
[9]. Therefore, in this study, the maximum tolerance (7;) due
to these imperfections and misalignment values (Grade 1.0)
from [9] and [10] is adopted.

As the tolerance values for each imperfection are considered
worst case and are characterized by a uniform probability
distribution, the local standard uncertainties u (7;) can be
established as follows [12]:

T;
NG

The tolerances adopted for this work and the corresponding
local standard uncertainties of the CCW and RAW are shown
in Tables I and II, respectively.

The deviation in the magnitude of the transmission and
reflection coefficients, due to the local uncertainties of the

u(Ty) = (D
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TABLE I

DIMENSIONAL IMPERFECTIONS AND MISALIGNMENT
VALUES OF WM-570 CCW

Imperfection Tolerance Local Standard Uncertainty
i T; u(Ty)
1 Aa +0.0057 mm +0.0033 mm
2 Ab +0.0057 mm +0.0033 mm
3 Al +0.01 mm +0.0058 mm
4 Ax +0.0025 mm +0.0014 mm
5 Ay +0.0025 mm +0.0014 mm
6 A6 +0.40° +0.23°
7 R 0.020 mm 0.012 mm
TABLE 11

DIMENSIONAL IMPERFECTIONS AND MISALIGNMENT
VALUES OF WM-380 RAW

Imperfection Tolerance Local Standard Uncertainty

i T; u(Ty)

1 Aa +0.0038 mm +0.0022mm

2 Ab +0.0038 mm +0.0022 mm

3 Al +0.01 mm +0.0058 mm

4 Ax +0.0025 mm +0.0014 mm

5 Ay +0.0020 mm +0.0012 mm

6 AB +0.40° +0.23°

7 R 0.020 mm 0.012 mm

Local Standard
Uncertainty >
u(Ty)

CST EM simulation

Uncertainty
AS, 1,11i

U95(|A521,11|)

Combined Expanded ]

Fig. 4.
factors.

Simulated uncertainty contributions due to local standard uncertainty

CCW and RAWSs, was predicted from EM simulations. Nom-
inal WM-380 and WM-570 waveguide dimensions and the
local standard uncertainties from Tables I and II are used in
the simulation. The results were then combined to calculate
the expanded uncertainty with 95% coverage, Uogs, as follows:

Uos (|AS2111|) = k- Z|A521,11i‘2 2

i=1

where k = 2 is the coverage factor. A summary of the workflow
for extracting the expanded uncertainty is depicted in Fig. 4.

III. SIMULATION AND MEASUREMENT RESULTS

In this section, measured results are compared with the sim-
ulated predictions. A Rohde & Schwarz (R&S) ZVA 67 VNA
with a pair of ZVA-Z500 frequency extension modules, one
for each port, is used for the §-parameter measurements. As
mentioned in Section II, a 1/4-wave TRL calibration scheme
was performed using the Swiss-to-12 WM-570 calibration Kkit.
The detailed measurement setup can be found in [13].

The comparison presented in this section distinguishes
between the verification device’s geometric tolerances and
the measurement instrument’s residual errors. The expanded
uncertainty bands calculated in Section II solely represent the
geometric limits of the waveguide standards. While a complete
uncertainty budget typically includes VNA residual errors
(e.g., system noise floor, linearity, and drift), this work adopts
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Fig. 5. Measured and simulated transmission coefficient of the CCW.
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Fig. 6. Simulated uncertainty contributions to transmission coefficients due
to local standard uncertainty factors.

a fit-for-purpose approach that is suitable for non-NMI routine
laboratory verification. Therefore, the verification criterion is
primarily defined by these mechanical manufacturing toler-
ances. However, to account for instrument-level factors such
as VNA trace stability, a conservative buffer (<0.5 dB [14]) is
added to the simulated tolerance envelope. Agreement between
the raw measurement data and this combined envelope serves
as the verification criterion.

A. Cross-Connected Waveguide

Measured and simulated transmission coefficients for the
CCW, over the frequency range of 330-500 GHz, are shown in
Fig. 5. The predicted expanded uncertainty and the VNA trace
stability intervals are also shown in Fig. 5. The measured and
simulated results are in good agreement across this frequency
range. Also, the measured transmission coefficient lies within
the expanded uncertainty interval, calculated from simulated
results. Note that the oscillatory behavior in the 330-365 GHz
range is attributed to VNA frequency extender character-
istics near the band edge. The measurements still remain
well within the calculated uncertainty envelope, validating
this method. Also, a small systematic deviation is observed
between the measured and simulated results. This trend is
likely due to the assumption of the idealized geometry of
the CCW in the nominal simulation. In practice, manufactur-
ing tolerances may introduce slight geometric asymmetries,
resulting in the higher transmission levels observed in the
measurement.

Fig. 6 shows simulated uncertainties in the transmission
coeflicient due to the imperfections quoted in Table 1. It can be
seen that the narrow wall imperfection Ab of the CCW is the
most significant contribution to uncertainty. This is physically
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Fig. 7. RAW. (a) Short line (transmission), (b) long line (transmission),
(c) short line (reflection), and (d) long line (reflection).

expected for the cross-connected configuration. Since the
waveguide is rotated by 90°, the broad wall dimension a of one
port aligns with the narrow wall of the other. A deviation in the
narrow wall height directly alters the wave impedance and the
step height of the discontinuity at the interface. Furthermore,
since the b dimension is significantly smaller than a, a fixed
manufacturing tolerance represents a larger percentage error,
resulting in a more severe impact on transmission.

B. Reduced Aperture Waveguide

Measured and simulated transmission and reflection coef-
ficients of the short and long RAWs are shown in Fig. 7.
The predicted expanded uncertainty interval is also shown.
The RAW acts as a high-pass filter, governed by the cutoff
frequency of this central WM-380 section (~390 GHz). Inside
the stopband for the RAW (i.e., 330 to ~390 GHz), measured
and simulated transmission coefficient results show excellent
agreement in Fig. 7(a) and (b). In this frequency range, the
measured transmission coefficient lies within the expanded
uncertainty interval, calculated from simulated results. How-
ever, inside the passband for the RAW (i.e., ~390 to 500 GHz),
the deviation between measured and simulated transmission
coefficient slightly increases.

For the reflection coefficients, the simulated expanded
uncertainty provides a very good coverage interval within the
in-band frequency range, as shown in Fig. 7(c) and (d). This
is expected as imperfections associated with the dimensions
of the waveguide are not the dominating factors for the
uncertainty when the magnitudes of the transmission and
reflection coefficients are close to 0 dB (i.e., high transmis-
sion or reflection). In these regions, factors such as VNA
trace stability become more significant (e.g., <0.5 dB for the
ZVA-Z500 [14]).
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IV. CONCLUSION

In this article, a simulation-based methodology for verifying
(sub-)terahertz §-parameter measurements has been demon-
strated using simple, calculable waveguide devices. A key
finding is that even without access to verification standards that
have undergone rigorous and costly dimensional analysis, full-
wave EM simulation that accounts for nominal manufacturing
tolerances can provide a reliable uncertainty envelope for
measurement verification. The measured responses for both
the cross-connected and reduced-aperture waveguides show
excellent agreement with the simulated predictions, falling
well within the calculated uncertainty. This work confirms that
leveraging EM simulation with simple waveguide components
is a cost-effective and practical approach to validating VNA
calibrations at (sub-)THz frequencies for routine laboratory
measurements where rigorous primary-level accuracy is not
required.
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