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Traceability of S-Parameter Measurements Up to
167 GHz Using 0.8 mm Coaxial Standards
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Abstract—To establish traceable S-parameter measurements in
the 0.8 mm coaxial connector system, dimensional measurements
are performed on a set of seven offset short standards. Reflection
coefficients for each standard are calculated numerically and
analytically based on these dimensions. S-parameter measure-
ments are conducted for one-port devices up to 167 GHz, and
an optimization-based calibration is applied, treating material
properties as free parameters. Selected measurement results are
presented, and associated uncertainty budgets are discussed.

Index Terms—Coaxial, least-squares calibration, offset short,
S-parameter, traceability, vector network analysis.

I. INTRODUCTION

THE ongoing development toward the sixth generation
(6G) of mobile communication systems necessitates

advancements in high-frequency metrology, particularly for
high-frequency base quantities such as RF power [1] and S-
parameters [2]. Achieving traceability of these quantities to
the Systéme International d’Unités (SI, International System
of Units) is essential for maintaining comparability between
laboratories and manufacturers in a globalized world.

Established coaxial precision connectors (PCs) like PC 1.35
and 1.0 mm are standardized up to 90 and 110 GHz, respec-
tively [3]. Traceability for these connectors is demonstrated in
[4] and [5]. In [2], the possibility to achieve traceable reflection
coefficient measurements (s11) up to 165 GHz for the 0.8 mm
PC was demonstrated. While it laid out the foundation for
PC 0.8 mm also standardized [3] since 2022, the connection
repeatability was somewhat limited by the temperature fluc-
tuations during the measurement. The maximum achievable
frequency was 165 GHz and no additional two-port devices
under test (DUTs) were measured.

Several improvements have been realized since, which are
thoroughly discussed in this work. These include excellent
connection repeatability, an increase of the upper calibration
frequency limit from 165 to 167 GHz, new commercially
available calibration standards specified and measured up to
167 GHz, and the extension of S-parameter measurement capa-
bilities to transmission coefficients. The design and calculation
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Fig. 1. Primary offset shorts (C2–C8, standing) with offset lengths between
1.153 and 10.000 mm. A flush short (C1, lying) is used as verification.

process of the primary calibration standards is extended upon
in Section II; dimensional measurement techniques and mod-
eling of the effective conductivity are presented. Section III
showcases the measurement setup and resulting improve-
ments in connection repeatability. An initial temperature study
regarding short-term phase drift is conducted. The optimiza-
tion calibration process for the overdetermined least-squares
calibrations defined in [6] is presented. Calibration results,
including uncertainty budgets, are discussed in Section IV
for flush short, broadband open, and broadband match DUTs
and are extended by two-port measurements exemplified by a
beatty line, where applicable, comparisons to [2] are made.

All measurement uncertainty calculations described in this
work are performed using the UncLib [7] by METAS in
conjunction with MATLAB [8]. CST Microwave Studio [9]
is used to simulate connector effects. Procedures given in
[10] and VNA Tools II [11] by METAS are used to evaluate
uncertainties of the vector network analyzer (VNA) setups.

II. PRIMARY STANDARD DEFINITION

Only plug standards are used during the primary calibration
for the 0.8 mm PC. Seven offset shorts (C2–C8) shown
in Fig. 1 are calculated analytically. A flush short (C1) is
measured additionally for verification. The lengths and number
of standards are optimized to achieve a well-defined system
of equations during calibration as well as a large calibration
bandwidth. In total, seven offset shorts with nominal and
measured lengths summarized in Table I are employed to
achieve a calibration bandwidth ranging from 10 GHz to
possibly 169.7 GHz, which is the theoretical cutoff frequency
of the TE11 mode for an ideal 0.8 mm coaxial line with a
characteristic impedance of 50 Ω.

Fig. 2 shows the normalized determinant of the Fisher
information matrix, which, for n = 7, is well above 0.5 for
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TABLE I
NOMINAL AND MEASURED OFFSET LINE LENGTHS FOR PC 0.8 MM

Fig. 2. Determinant of the Fisher information matrix of line length optimiza-
tion according to [13] for n = 7 and n = 3 offset shorts. The frequency range
for valid calibration is defined by a threshold of 0.5. A subset of three offset
shorts with lengths 3.890, 4.554, and 5.179 mm only allows for calibration
within a much smaller frequency range.

the optimized frequency range using [12], [13]. The minimum
number of standards required to calculate the error terms
directivity e00, reflection tracking e10e01, and source match
e11 is 3 [14, p. 132]. However, a restriction of triple offset
short calibration is the limited bandwidth, because of the phase
relation between the offset shorts. This case is additionally
shown in Fig. 2, where a subset (n = 3) of the seven optimized
offset lengths is used: 3.890, 4.554, and 5.179 mm. Three
standards usually offer an uninterrupted relative bandwidth of
approximately 1:1.75. Only by adding more offset shorts can
one increase the calibration bandwidth.

A. Dimensional Measurements

The characteristic impedance of a coaxial line is dependent
on the outer conductor inner diameter (OCID) and the inner
conductor outer diameter (ICOD) [15, p. 56]. To establish
traceability to the SI, these dimensions are measured along
the length of the coaxial standard using traceable dimensional
standards calibrated at PTB. These standards are used to
calibrate the measurement setups. At each position with a
spatial resolution of 10 µm along the length of the coaxial
line, the OCID and ICOD of the DUT are measured at
several angular positions. The standard deviation is a Type
A uncertainty contribution to the measurement result.

The ICOD is measured optically using an optical LED
micrometer device. The systematic Type B uncertainty of the
measurement setup is characterized to be 0.2 µm. It includes
long-term as well as short-term drift effects. Traceability to the
SI unit of length is ensured using six plug gauge standards:
three close to the nominal ICOD of 0.348 mm and three
additional ones close to the nominal pin diameter of 0.200 mm.
Expanded uncertainties (k = 2) of 1.3 µm are achieved.

Fig. 3. Dimensional measurement results for OCID and ICOD of a primary
offset standard used during primary calibration. The interface of the plug
standard is located on the left side (p = 0 mm); the short plane is on the
opposite side (p ≈ 4.554 mm). Shaded areas represent expanded uncertainty
regions (k = 2) according to [16].

The OCID is measured in a contactless manner using air
gauging. The systematic Type B uncertainty of the mea-
surement setup is characterized to be 0.4 µm. Traceability
is established using three gauge ring standards close to the
nominal OCID of 0.800 mm. However, due to the size of
the nozzles on both sides of the air probe, some averaging is
observed. Several angular positions are measured, but no angu-
lar dependencies, e.g., elliptic structures, could be observed
due to the geometry of the air probe. Expanded uncertainties
(k = 2) of 1.8 µm are achieved.

The length of the outer conductor is measured using a tactile
system, with gauge blocks serving as traceable calibration
standards. Each DUT is measured several times. Table I
summarizes the nominal lengths and the measured lengths of
the manufactured outer conductors. The maximum difference
is 6 µm with an achieved expanded uncertainty (k = 2) of 5 µm.
The pin depth is measured using a laser scanning microscope,
with an expanded uncertainty (k = 2) of 2 µm. All offset shorts
show a pin depth of at least 10 µm and exceed the minimal
pin depth observed in [2].

The measurement results, including expanded uncertainties
(k = 2) of OCID and ICOD of the standard with a nominal
length of 4.554 mm, are shown in Fig. 3. Uncertainties from
statistical analysis, systematic influences, as well as calibration
standards used are propagated in accordance with [16]. The
outer conductor is roughly 2 µm smaller than the nominal
value defined in [3]. However, accurate knowledge of the
actual geometry is the decisive factor and takes precedence
over strict adherence to the nominal geometry. At both ends
of the outer conductor, extrapolation is performed to take into
account the limitations of the measurement setup described
above. Expanded uncertainties of around 1.8 µm for the line
segment and 2.7 µm in the extrapolated region are achieved.
The inner conductor exhibits a more uniform diameter profile.
Especially in the vicinity of the short plane (p ≈ 4.554 mm,
right side), nominal values as defined in [3] are measured.
At the short plane, extrapolation is needed because the LED-
µm setup exhibits artifacts at steep discontinuities. Expanded
uncertainties of around 1.3 µm for the line segment and 2.5
µm in the extrapolated region are achieved.
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Fig. 4. Exemplary modeling of the effective conductivity of a two-layer
system consisting of copper–beryllium (σdc = 9 MS/m) coated with gold
(σdc = 43 MS/m and h = 1 µm). The roughness of both materials is
assumed to be 150 nm. In addition, the magnitudes of the magnetic field |B|
and the current density |J| at the transition from air to the conductor at the
frequencies 5 and 165 GHz are shown. All curves are normalized to their
maximum.

The S-parameter S C of the connector interface (p = 0, left
side) is simulated using CST Microwave Studio. A plug as
shown in [5, Fig. 4] is fully described by measured values
for the OCID, ICOD, pin diameter, and pin depth as well as
values from technical drawings for male inner and male outer
chamfers. Each parameter Xi is associated with a nominal
value xi and a standard uncertainty u(xi). During repeated
simulations, each nominal value is varied by a small amount,
typically 1 µm, to calculate the sensitivities ci. The value S c is
the simulation results based on the nominal values xi, whereas
the corresponding uncertainty u(S C) is given as [16]

u (S C) =

rXN

i=1
(ci · u (xi))2. (1)

B. Effective Conductivity Modeling

The primary offset shorts are manufactured from
copper–beryllium bulk material coated with a gold layer of
approximately 1 µm thickness. To accurately model losses in
coaxial lines, work [17] extends the simple model of lossless
conductors. To calculate the propagation constant in the lossy
coaxial line and the reflection coefficient at the short plane,
the frequency-dependent effective conductivity of the material
is required. It can be calculated from surface roughness and
dc conductivity using the model described in [18]. To take
into account the gold coating, the improved layered model
described in [19] is used.

The result for an exemplary multilayer conductor consisting
of copper–beryllium coated with a 1-µm gold layer in air is
shown in Fig. 4. All curves are normalized to their respective
maximum values. The dc conductivity (red solid) ranges from
air (σdc = 0 MS/m) to gold (σdc = 43 MS/m with
h = 1 µm) to copper–beryllium (σdc = 9 MS/m). The
surface roughness of both metals is assumed to be 150 nm
and the susceptibility is set to zero for both materials. In
addition to the dc conductivity profile, the magnetic field
(blue dashed) and current density (orange dotted) distributions
are shown at 5 and 165 GHz, respectively. At 5 GHz, the

TABLE II
OFFSET SHORT MATERIAL PARAMETERS AFTER OPTIMIZATION

magnetic field penetrates the gold layer, and the current also
flows within the copper–beryllium bulk material. The effective
conductivity is therefore influenced by both materials and their
respective material parameters. At 165 GHz, the magnetic field
is confined to the 1-µm gold layer, and the current flows
predominantly within it, clearly illustrating the skin effect
described in [15, p. 19]. Therefore, the effective conductivity
is primarily determined by the outer gold layer.

For each of the seven primary offset short standards, the
effective conductivity is calculated from the following.

1) DC conductivity of the outer, coating layer σc.
2) DC conductivity of the inner, bulk material σb.
3) Respective surface roughness Rq,c and Rq,b.
4) Thickness of the outer, coating layer tc.

As these values do not necessarily coincide with the nominal
values of copper–beryllium and gold, the resulting values after
optimization are summarized in Table II. Since the surface
roughness Rq,b of the bulk material has negligible influence
on the result, the same value of 150 nm was assigned to all
offset shorts, estimated from optical measurements performed
with a laser scanning microscope. It is important to note that
the same effective conductivity is used for both the outer and
inner conductors, although they are manufactured in different
ways, which in turn can only approximate the true parameter
values.

C. S-Parameter Calculation

Using measured values for OCID and ICOD, the outer
conductor length in conjunction with the pin depth, as well as
the effective conductivity of the material, the line impedance
and propagation constant are calculated according to [17] for
each of the N segments with a length of 10 µm. The two-
port S-parameters S L,i with i ∈ {1, 2, . . . ,N} of the individual
line segments are computed using a reference impedance of
50 Ω and are subsequently cascaded to form the complete
line segment S L of the offset short. The simulated connector
S C is cascaded on the left side and the short plane reflection
coefficient sS is calculated as described in [15] and cascaded
on the right side

s11 = S C ⊕
�
S L,1 ⊕ . . .⊕S L,N

�
⊕ sS. (2)

The operation ⊕ describes the cascading of two-port DUTs.
Uncertainties are propagated using UncLib [7] by METAS
together with MATLAB for all calculations and simulations.
The influences of dimensional and material parameters are
discussed in detail in [20].
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Fig. 5. Measurement setup using WR 10 frequency extensions. A direct thru
measurement is used to copy error terms from one port to another according
to [2]. Additionally, liquid cooling plates are mounted below the frequency
extensions and a common LO signal is used for both ports.

III. S-PARAMETER MEASUREMENT SETUP

Measurements of primary calibration standards and several
DUTs are carried out in three frequency ranges: below 67 GHz
using a VNA without frequency extenders, up to 110 GHz
using WR 10 frequency extenders, and up to 167 GHz using
WR 7 frequency extenders. Only primary standards with plug
connectors are used. Jack DUTs can be calibrated by trans-
ferring the error terms from one port (left side, e1) to another
(right side, e2) using a direct thru connection (definition T and
measurement M). This procedure, called copy calibration, is
comparable to QSOLT calibration [21], explained in detail in
[10] and described by

e2 = (e1 ⊕ T )	1 ⊕ M. (3)

The operation 	1 denotes matrix inversion of a two-port.
In comparison with previous work on PC 0.8 mm, the

lower frequency limit for the overdetermined least-squares
calibration is lowered to 10 GHz. This change is possible
because of improved temperature stability and repeatability,
and consequently better interpolation of the open and match
standard used for the QSOLT calibration at frequencies below
10 GHz. The procedure as well as a special averaging scheme
is described in detail in [2]. The measurements are performed
in a laboratory with a controlled temperature of 23 ◦C ± 1 ◦C
and a relative humidity of 25%–35%.

The frequency extenders introduce additional heat at the
waveguide interface and subsequently change the test port tem-
perature: additional drift is introduced and can be especially
observed in the reflection phase measurement results as well
as degraded measurement repeatability. Furthermore, the S-
parameters of the primary offset standards are calculated from
dimensions at a temperature of 23 ◦C. Therefore, water cooling
plates are introduced to keep the waveguide temperature of
the frequency extenders steady at 23 ◦C ± 0.5 ◦C during the
measurement. The measurement setup for the WR 10 band,
in which the highest temperature rise is observed, is shown in
Fig. 5.

The port, at which the primary calibration standards are
measured, is located on the left side. The secondary port,
which is calibrated using a direct thru connection as shown in
Fig. 5, is mounted on the opposite, right side. It is suspended
on springs to ensure optimal alignment between the two ports.

TABLE III
MEASUREMENT SEQUENCE FOR PC 0.8 MM

Additionally, a linear rail system is employed to enable precise
positioning of the test ports. During measurement of the
different frequency bands, different test-port adapters had to
be used to go from PC 1.85 mm/WR 10/WR 7 to PC 0.8 mm.
Nevertheless, as good agreement within the expanded uncer-
tainty region is achieved in the overlapping frequency regions,
the validity of the following results is not undermined.

The measurement sequence, including one-port as well as
two-port DUTs, is summarized in Table III. Before and after
each group of DUTs, a direct thru connection, including switch
terms, is measured (groups 1, 3, 5, and 7). In group 2, one-port
DUTs with a plug connector are measured, including the pri-
mary calibration standards as well as transfer calibration kits.
These include open, short, match, and mismatch standards.
In group 3, only a single measurement of the direct thru is
conducted for copy calibration followed by group 4, in which
one-port DUTs with a jack connector are measured. Followed
by another direct thru measurement in group 5, group 6
includes newly measured two-port DUTs like a matched thru,
a beatty line, and a semi-rigid cable assembly. As evident
by this measurement sequence, cable movements cannot be
avoided for two-port DUTs in this particular case. Especially,
measurements, including VNA extenders, are highly sensitive
regarding cable movements, although a phase correction can be
applied [22]. As described in [23], “if more than one two-port
DUT is to be measured, and cable movements must be avoided
completely, one set of OSM standards has to be measured in
between the DUT measurements to recalibrate one VNA port
after the movement of one cable.”

A. Connection Repeatability

During the measurements, each DUT is connected multiple
times to be able to thoroughly investigate the connector
repeatability based on [10] and modified as presented in [2].
The resulting connector repeatabilities for all three measure-
ment frequency bands are shown in Fig. 6. A significant
improvement of up to 6 dB is achieved in the WR 10
band. Additionally, minor improvements of about 3 dB are
achieved for measurements without frequency extenders up
to 67 GHz and measurements in the WR 7 band. It is diffi-
cult to separate the actual, true connector repeatability from
the superimposed short-term drift, caused by the fluctuating
ambient temperature. The observed changes are attributed
to the stabilization of the laboratory ambient and test port
temperatures, which has reduced the superimposed short-term
drift. In the past, the laboratory temperature fluctuated by
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Fig. 6. Repeatability of PC 0.8 mm obtained during measurement in three
frequency bands indicated by colored, marked lines. Gray lines are taken from
[2]. Improvements are visible over the whole frequency range due to improved
temperature stability of the laboratory and the measurement setup.

Fig. 7. Relation between ambient temperature fluctuations and maximum
phase drift of different offset short standards at 67 GHz. A clear dependency
between sinusoidal ambient temperature and phase drift is observed.

around 2 ◦C within 20 min, whereas now it only drifts by
the aforementioned ±1 ◦C within the entire measurement
day. When discussing uncertainty budgets in Section IV, it
is important to note that VNA drift does not include this
short-term drift observed during repeatability assessment. It
was characterized previously under stable ambient temperature
conditions. Evaluating the different uncertainty contributions
closely follows the procedure presented in [10] and [11].

To further assess the relationship between temperature fluc-
tuations and phase drift, the ambient temperature is varied in a
sinusoidal manner within 20 min between 22.5 ◦C and 23.5 ◦C
as shown in Fig. 7. Several offset shorts are measured four
times over a duration of approximately 6 min. For each stan-
dard, the maximum phase drift across the four measurements is
determined at 67 GHz. When the ambient temperature is at its
maximum or minimum, the phase drift is minimal, i.e., close
to zero. In contrast, when the rate of temperature change is
maximal, around 23 ◦C, the phase drift reaches its maximum.
For this specific setup at 67 GHz, a temperature increase of
1 ◦C results in a phase drift of approximately 1◦. This effect is
mainly caused by additional short-term drift of the electronic
measurement device rather than by thermal expansion of the
standards.

Fig. 8. Residuals of the overdetermined least-squares calibration using seven
offset shorts C2–C8. Material parameters are optimized to minimize the
differences (residuals) between the standard definition and the calibration
result.

B. Calibration Standard Optimization

The metrics to be optimized in the overdetermined least-
squares calibration are the calibration residuals, i.e., the
differences between the calculated calibration standard defini-
tion and the measurement result obtained. Fig. 8 summarizes
the result of the optimization: shown are residuals of magni-
tude and phase of the primary standards C2–C8. Offset short
C2 exhibits the largest differences between 40 and 60 GHz.
Insufficient characterization of the interface, artifacts during
the measurement of the OCID, or eccentricity of the inner
conductor are possible causes. Overall, good agreement is
achieved, with maximum deviations of 0.0005 in magnitude
and 0.25◦ in phase.

IV. MEASUREMENT AND CALIBRATION RESULTS

The error terms obtained from the overdetermined least-
squares calibration in conjunction with the low-frequency
results obtained through OSM calibration are used to de-
embed further calibration standards and obtain error corrected
measurement results traceable to the SI system. During pri-
mary calibration, a broadband OSM calibration kit specified
up to 167 GHz is characterized, to allow fast calibration of
customer DUTs in further experiments. Calibration results of
the following DUTs are presented: high reflect DUTs (flush
short and open), a low reflect DUT (broadband match), and a
two-port DUT (beatty line).

A. Results of a Flush Short

In addition to the seven primary offset short (C2–C8)
standards used for optimization, a flush short (C1) with plug
connector is measured for verification. The resulting reflection
coefficient is shown in Fig. 9(a). The measurement closely
matches the expected behavior of a flush short described
in [10]: the magnitude is near unity and the phase remains
close to 180◦, but both decrease with increasing frequency.
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Fig. 9. (a) Reflection coefficient s11 of a flush short with plug connector
obtained in 2024 [2] and 2025, including expanded uncertainties (k = 2). Good
agreement is achieved between the two results. (b) As shown in the magnitude
uncertainty budget, the connector repeatability represents the largest source of
reflection magnitude uncertainty. Furthermore, the reflection phase uncertainty
budget (c) indicates that the phase uncertainty is additionally influenced by
the primary standard definitions.

This decline is consistent with the expected effects of limited
effective conductivity of the short plane material.

Additionally, values obtained during the 2024 primary
experiment published in [2] are shown for comparison. The

Fig. 10. (a) Reflection coefficient s22 of a match specified up to 167 GHz
with jack connector including expanded uncertainties (k = 2). Values of a
match specified up to 150 GHz from [2] are shown additionally. (b) As
shown in the magnitude uncertainty budget as well as (c) reflection phase
uncertainty budget, the connector repeatability and the primary standard
definitions represent the largest sources of uncertainty.

difference in magnitude is within the achieved expanded
uncertainty interval, which decreased for the 2025 primary
experiment due to improved repeatability of this specific DUT.
Significant improvements are observed for the phase of the
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Fig. 11. (a) Reflection coefficients sxx of two open terminations with plug
(s11) and jack (s22) obtained during a primary experiment including expanded
uncertainties (k = 2). For clarity, the expanded uncertainties (k = 2), shown
again in (b), illustrate the effect on uncertainty of the copy calibration scheme.

flush short. In the 2024 primary experiment, temperature
fluctuations caused problems in the WR 10 frequency range.
These nonphysical discontinuities in phase are eliminated by
providing a stable temperature in the laboratory and at the
test port. Overall, good agreement between both experiments
is observed, even though both experiments were carried out
one year apart. Expanded uncertainties (k = 2) in reflection
magnitude U(|s11|) of 0.002–0.03 and phase U(∠(s11)) of
0.1◦–1.95◦ are achieved.

To assess main uncertainty contributions, Fig. 9(b) and (c)
shows the uncertainty budget of reflection magnitude and
phase, respectively. Magnitude uncertainty is mainly influ-
enced by the repeatability of the DUT. The second most
influential contribution is the uncertainties associated with the
primary standards. Phase uncertainty is highly dependent on
the connection repeatability and the primary standard defini-
tion. Especially, the uncertainty of the outer conductor length
measurement influences the phase uncertainty as it directly
translates into the uncertainty of the position of the reference
plane. As all primary standards are high reflect standards, the
VNA receivers operate at approximately the same operating

point. Due to this correlation, the nonlinearity influence of the
VNA is nearly negligible for the calibration.

B. Results of a Broadband Match

A broadband match specified up to 167 GHz is measured
as part of the primary experiment. In contrast, the 2024
version was only specified up to 150 GHz and showed
resonances around 152 and 156 GHz. Fig. 10(a) shows a
comparison of the reflection coefficient. As expected, the
2025 version does not show resonances while still exhibiting
very good performance of better than or equal to −20 dB
(0.1 linear) in reflection magnitude over the whole frequency
range. Expanded uncertainties (k = 2) in reflection magnitude
U(|s11|) of 0.003–0.015 and phase U(∠(s11)) of 7◦–180◦ are
achieved. Especially, phase uncertainty is highly dependent on
the magnitude so that no direct comparison between the two
measurement runs can be discussed here.

To assess main uncertainty contributions, Fig. 10(b) and
(c) shows the uncertainty budget of reflection magnitude
and phase, respectively. Magnitude and phase uncertainty
are mainly influenced by connector repeatability as well as
the primary standard definitions. Overall, phase uncertainty
is inversely proportional to the actual magnitude value, i.e.,
smaller reflections directly translate to higher phase uncer-
tainty. As the VNA receivers operate at different operating
points when measuring low reflect DUTs, VNA nonlinearity
is nonnegligible. The nonlinearity uncertainty contributions are
not correlated anymore and therefore do not cancel each other
out during de-embedding. Additionally, the influence of VNA
nonlinearity increases for smaller reflection coefficients.

C. Results of a Broadband Open

Additionally, two open terminations with plug (male) and
jack (female) connectors are presented. Fig. 11(a) shows
the resulting reflection coefficients. Both DUTs have similar
electrical lengths, which can be seen in the near identical
phase. The magnitude of both connector types coincides within
their attributed expanded uncertainty, which is remarkable
considering the asymmetric calibration scheme described in
Section III. This underlines the validity of transferring error
terms from one port to another using a direct thru connection.

For better comparison of uncertainties and to assess the
influence of the copy calibration, Fig. 11(b) shows the uncer-
tainties of (a). The influence of the direct thru can be
seen clearly; the increased uncertainty of the magnitude in
particular results primarily from the additional repeatability
contribution. Spikes, observable around 67 and 110 GHz, can
be traced back to the fact that these frequencies are near
the upper operating limit of the VNA and WR 10 frequency
extender, respectively.

D. Results of a Beatty Line

In addition to the one-port DUTs presented above, a beatty
line is measured as a two-port device. It is part of a commer-
cially available calibration kit specified up to 145 GHz and
can be used for verification of the calibration process [10].
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Fig. 12. (a) Reflection coefficient s11 of a beatty line specified up to 145 GHz,
including expanded uncertainties (k = 2). As shown in the magnitude
uncertainty budget (b) as well as the reflection phase uncertainty budget (c),
the connector repeatability, primary standard definitions, and newly added
cable stability represent the largest sources of uncertainty. Cable movement
can be avoided as described in [23].

Fig. 12 summarizes the results of the reflection coefficient
s11 at port 1. This port was moved during calibration so that
an additional uncertainty contribution for cable stability is
added during uncertainty evaluation. The reflection magnitude
in Fig. 12(a) shows the expected behavior of a beatty line; at

even multiples of the fundamental frequency f0 = 13.5 GHz,
the reflection magnitude is minimal (|s11| ≤ 0.06). At odd
multiples of f0, the reflection magnitude reaches its maximum
of |s11| ≈ 0.39. Datasheet values for the line length and
the impedance step are not available. The step length is
estimated to be approximately 5.5 mm, and the impedance
value is estimated to be around 32–35 Ω (inner conductor
diameter around 0.46 mm). Expanded uncertainties (k = 2)
in reflection magnitude U(|s11|) of 0.005–0.022 are achieved
and phase U(∠(s11)) of 3◦–43◦ are achieved. Although these
uncertainties are higher than those of, for example, the match
in Section IV-B, this is attributed to decreased repeatability
during this particular measurement, which will be improved
upon in future measurements. Since cable movement has no
significant impact on the reflection [22], it can be expected that
uncertainties in the range of the match are easily achievable.
At around 148 GHz, a resonance can be observed, which is
most likely caused by the bead and fits the specification of the
calibration kit up to 145 GHz.

Looking at the magnitude uncertainty budget in Fig.
12(b), the main uncertainty contributions are the connec-
tor repeatability and primary calibration standard definitions.
Additionally, cable stability is a significant contributor
of uncertainty. The uncertainty budget for phase in Fig.
12(c) reveals the same conclusion as in Fig. 10(b). Small
magnitude values at even multiples of f0 result in high
phase uncertainty.

Fig. 13 summarizes the results of the transmission coef-
ficient s12 after correction of the phase according to [22].
As port 1 was moved during measurement and no new
OSM standards are measured, as proposed in [23] to reduce
uncertainty, cable stability is expected to be a dominant factor
for transmission coefficient. The transmission magnitude and
phase are shown in Fig. 13(a). Analogous to the reflection
magnitude, the transmission magnitude shows the expected
behavior of a beatty line: at even multiples of f0 the magnitude
reaches its maximum value, whereas for uneven multiples of
f0, the magnitude reaches its minimal value. The phase is
continuous and increases linearly with frequency. Expanded
uncertainties (k = 2) in reflection magnitude U(|s12|) ≤ 0.1 dB
are achieved and the phase U(∠(s12)) of 0.1◦–5◦ is achieved.
Factoring out cable stability, expanded uncertainties (k =

2) in reflection magnitude U(|s12|) ≤ 0.007 dB and phase
U(∠(s12)) ≤ 0.7◦ are achievable. At around 148 GHz, a reso-
nance can be observed, which is most likely caused by the bead
and fits the specification of the calibration kit up to 145 GHz
as well previous observations on reflection magnitude.

Looking at the magnitude uncertainty budget in Fig. 13(b)
and the phase uncertainty budget in Fig. 13(c), the defining
uncertainty contribution is cable stability as predicted in [22].
When factoring out the cable stability, e.g., by measuring
an OSM calibration kit after the two-port DUT [23], the
remaining uncertainties are mainly influenced by the connector
repeatability and the primary calibration standard definitions.
For phase uncertainty, VNA drift also plays a role, because the
measurement sequence shown in Table III indicates the long
timespan between the measurement of the primary calibration
standards and the beatty line.
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Fig. 13. (a) Transmission coefficient s12 of a beatty line specified up to
145 GHz, including expanded uncertainties (k = 2). Phase angle correction
according to [22] is performed. As shown in the magnitude uncertainty
budget (b) as well as the reflection phase uncertainty budget (c), the newly
added cable stability represents the dominating sources of uncertainty. Cable
movement can be avoided as described in [23], leaving connector repeatability,
primary standard definitions, and VNA drift as the main uncertainty sources.

V. CONCLUSION

This article summarizes recent advancements in traceable
metrology for the 0.8 mm PC. Significant improvements,

including enhanced overall repeatability of around 3–6 dB,
are achieved. Furthermore, the maximum frequency, at which
traceable measurements are feasible, has been extended from
165 to 167 GHz, enabling calibration across 98.4% of the
maximum bandwidth of PC 0.8 mm. The required primary
standards are dimensionally characterized and subsequently
analyzed using analytic models and simulations. Using an
overdetermined least-squares calibration involving seven offset
short standards, traceability of one-port and two-port DUTs to
the SI is established. Calibration results, including uncertainty
budgets for magnitude and phase, are presented and discussed
for different DUTs.

The main uncertainty contributions for one-port DUTs
are the connection repeatability and the standard definition
of the primary offset short standards. Especially, the uncer-
tainty of the length measurement is highly influential on
reflection magnitude and phase uncertainty. To improve the
repeatability, the temperature of the laboratory is stabilized to
23 ◦ C ± 1 ◦C. For two-port DUTs, cable stability is the critical
uncertainty contribution. To achieve small uncertainties, the
movement of cables can be avoided by measuring additional
OSM standards after the two-port DUT [23].

Overall, these improvements reinforce the metrological
robustness of the 0.8 mm PC: small uncertainties, good
connection repeatability, as well as mechanical stability. Cali-
bration and measurement capabilities (CMCs), which describe
the calibration portfolio of a national metrology institute,
for various physical measurements are compiled in the Key
Comparison Database (KCDB) [24], maintained by the Bureau
International des Poids et Mesures (BIPM). Regarding PC
0.8 mm, CMCs are submitted for reflection measurements
and will be extended to transmission measurements in the
near future. To further enhance measurement quality and
confidence, a common additional test port adapter from PC
0.8 mm to PC 0.8 mm will be used in the future, to provide
the same test-port interface independent of the measurement
setup. During the measurements shown in Section IV, no
such adapter specified up to 167 GHz was yet commercially
available. A comparison between time and frequency domain
measurements comparable to [25] is currently being conducted
using an electrooptic sampling setup and will be published in
the future.
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