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Abstract— This article describes an established D-band waveg-
uide impedance standard. The eight-term vector network
analyzer (VNA) error model is used for our measurement system.
A set of shims, a flush short, thru, and a reciprocal device are
used as calibration standards to determine the error coefficients
of the VNA error model. From the measured raw scattering
parameters and dimensions of each shim, the error coefficients
of the error model, the propagation constant of the shim, and the
reflection coefficient of the flush short are found using nonlinear
optimization. Then, we evaluate the uncertainty in the scattering
parameter measurement by combining the fitting uncertainty, the
dimension uncertainty of the shims, and the random effects of the
VNA into the residual uncertainty model. Finally, we calculate
the calibration and measurement capabilities (CMCs) of our
measurement system.

Index Terms— Impedance, measurement standards, measure-
ment uncertainty, residual model, sub-terahertz (sub-THz),
waveguide.

I. INTRODUCTION

VARIOUS studies are currently being conducted to
support the development of 6G communications. 6G

communication is intended to achieve speeds of 10 Gbps,
latency within 0.1 ms, and coverage of 10 km, requiring
more than a bandwidth of 10 GHz [1], [2]. Accordingly,
the millimeter-wave (mm-wave) band and the sub-Terahertz
(sub-THz) band are being discussed as candidate frequen-
cies for 6G communication [3]. The sub-THz band is more
attractive than the mm-wave band since the sub-THz band
can continuously use a bandwidth of several tens of gigahertz,
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while the mm-wave band has already been allocated for other
purposes.

In the metrological area, studies have been conducted
on establishing traceability of waveguide impedance in the
mm-wave and sub-THz bands [4], [5], [6], [7], [8], [9].
However, only a few national metrology institutes (NMIs)
have registered sub-THz band impedances as calibration and
measurement capabilities (CMCs) on the International Bureau
of Weights and Measures (BIPM). In [10] and [11], we briefly
introduced a scattering parameter (S-parameter) measurement
method with traceability in the D-band and presented the
evaluated random effects of a vector network analyzer (VNA).
Unlike previous studies, instead of using the thru-reflect-
line (TRL) algorithm, we applied a nonlinear optimization
algorithm, similar to [12]. This made it possible to calculate
the uncertainty of the optimization parameters from the fitting
residuals. In addition, it can use multiple shims and reciprocal
adapters as calibration standards to improve measurement
results without any discontinuity from 110 to 170 GHz. This
also allows for the rigorous estimation of uncertainty, similar
to [6] and [13], including the random effects of the VNA.
In the sub-THz band, a different evaluation method than the
guidelines in [14] is required. We propose a new technique to
evaluate the measurement system’s drift, nonlinearity, and test
port cable stability.

The reflections and transmissions of electromagnetic (EM)
waves in a linear network are described by the S-parameters,
and usually, a VNA is used to measure them. The funda-
mental concept and the procedure for establishing impedance
standards are described extensively in [15]. The reference
plane for the S-parameter measurements is defined at the
end of the test port adapters, waveguide, or coaxial connec-
tor, to which calibration standards and a device under test
(DUT) are connected. The eight-term VNA error model is
used to correct the systematic error. The error coefficients
consisting of the error model are determined from the raw
S-parameters of the calibration standards using known prop-
erties. The properties of the calibration standards are modeled
using conductivity and dimensions traceable to SI units. The
measured raw S-parameters of the DUT are corrected with
the error coefficient determined through calibration using the
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Fig. 1. Waveguide dimensions (4.087 mm for D-band is from IEEE
1785.2-2016). a and b are the width and height of the waveguide aperture,
and 1a and 1b are the deviations of the aperture center of a shim under test
from the aperture’s assigned center, the midpoint of a line segment connecting
the centers of the two dowel pin holes. Note the dowel pin alignment baseline
is perpendicular to the line segment during geometry measurement.

calibration standard. As a result, the error coefficient’s uncer-
tainty determines the DUT measurement’s uncertainty. The
uncertainty of the DUT also depends on the random effects
of the VNA, including auxiliary devices such as waveguide
frequency extenders. Therefore, to evaluate the measurement
uncertainty, we need to include the random effects of the VNA
error model.

The remaining parts of this article are as follows. Section II
discusses the dimension measurement and modeling of a
waveguide calibration standard, i.e., shims. In Section III, the
eight-term VNA error model is described and the S-parameter
modeling of waveguide calibration standards is detailed.
Section IV describes the measurement system and techniques
for enhancing system stability. Section V explains the mea-
surement uncertainty evaluated using the residual model. The
random effects of the VNA are evaluated in Section VI and
the CMC management is explained in Section VII. Concluding
remarks follow in Section VIII.

II. SHIMS AND THEIR MODELING

In this work, shims, a flush short, thru, and a reciprocal
device are used as calibration standards. Among those stan-
dards, the S-parameters of the shims are modeled here and
numerically validated. For this, the dimensions of each shim
are measured and the S-parameters of the shims are calculated.

A. Dimension Measurements

The dimensions of the shims are measured using a vision
system that is calibrated using a calibration chart on which ref-
erence patterns have been printed in various sizes from 0.02 to
4 mm. The dimensions of each pattern of the calibration chart
are calibrated from the Length Group of the Korea Research
Institute of Standards and Science (KRISS). The measured
dimension of the shims and the expanded uncertainty (k = 2)
are summarized in Table I. The uncertainty contributions are
the uncertainty of the calibration chart, manufacturer’s specifi-
cations, and repeated measurements. In sub-THz measurement,
a dowel pin is highly recommended [8]. Thus, all dimensions
are measured using the upper tangential line of the dowel pin
as a reference line (see Fig. 1). a and b represent the width
and height of the shim. 1a and 1b indicate the offset values,
and l is the length of the shim.

Fig. 2. Eight-term VNA error model. S11, S21, S12, and S22 are the
S-parameters of the DUT. e00, e11, and e10e01 are directivity, port-1 match,
and reflection tracking, respectively. e33, e22, and e32e23 are directivity, port-2
match, and reflection tracking, respectively.

B. Modeling of Shim

Based on the measured dimensions, we calculate the
S-parameters of the shim using the closed-form formula [16]
and compare it to the commercial 3-D EM software, HFSS,
for validation. In the comparison, the reflection S11 shows a
negligibly small difference in both magnitude and phase, while
transmission S21 shows a slight difference in magnitude. How-
ever, this small difference is not crucial since the propagation
constant γ of the shims is found in the calibration process.

The reason for using the closed-form formula, not the
commercial 3-D EM software, is to calculate the S-parameter
uncertainty due to the uncertainty of the dimension mea-
surement. In HFSS, a fine mesh is required to obtain high
accuracy in the finite element method (FEM) analysis, and it
usually takes more than 15 min per structure. Thus, to calculate
the sensitivity for the dimensions, 15 min per parameter is
required. But if we use the closed-form formula, we can
significantly reduce time while maintaining accuracy.

III. VNA ERROR MODEL

The eight-term VNA error model used is shown in Fig. 2.
We determine the error coefficient of the VNA error model
using the measured raw S-parameters of shims, thru, a flush
short, and a reciprocal device. To convert the raw measure-
ments based on the switched source to an eight-term error
model, we need to correct the switch error term in the
measured value [17], [18]. Since the scattering coefficient
is the relative ratio, e10 can be normalized to 1. The total
cascaded scattering matrix is

SDUT,meas =

[
e00 e01
e10 e11

]
⊕

[
S11 S12
S21 S22

]
⊕

[
e22 e23
e32 e33

]
(1)

where ⊕ represents the cascade of the S-parameters [19].
Since the cascade of the S-parameters is complex, it can be
represented as simple form T-parameters, i.e., a transmission
(ABCD) matrix

TDUT,meas = XTDUTY. (2)

The T-parameters of DUT can be obtained by de-embedding
each port error box, X and Y , from the measured value.
Thus, it is necessary to find the error coefficients of the
eight-term error model so that the de-embedding value of
X−1TDUT,measY −1 approaches to that of TDUT as close as pos-
sible within a specified tolerance. Usually, this is a nonlinear
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optimization problem. In this article, the error coefficients
of the eight terms, the conductivity σshim of the shims,
and the reflection coefficients 0refl of the reflection standard
were found by nonlinear least squares optimization using the
“lsqnonlin” function of MATLAB, as follows:

f (G) =

∑
|ydef − yfit(x)|2, (x = e00, e11, . . . , σshim, 0refl).

(3)

This becomes a problem to find the x that minimizes f (G).
Here, yfit and ydef are as follows:

yfit = X−1TREF,measY −1 (4)

ydef = TP−1
X TREFTP−1

Y . (5)

TP−1
X and TP−1

Y represent the T-parameters converted from the
S-parameters generated by misalignment and dimensions of
the test ports, port-1 and port-2, respectively [16], [20].

The S-parameters corresponding to the T-parameters of
calibration standards TREF in (5) are as follows. Note that the
S-parameters and T-parameters are readily convertible to each
other.

First, the scattering coefficient of the thru is, by definition,
as follows:

SThru =

[
0 1
1 0

]
. (6)

Second, the scattering coefficient of the shim can be
calculated from the measured dimensions as described in
Section II-B. Although the conductivity of the shim is
unknown, it is assumed that all shims have the same loss. The
surface roughness of the walls on the shims causes additional
loss. Accurate surface roughness measurement is possible
using laser scanning [21]. The vision system we used is
difficult to measure the surface roughness. Thus, we model the
conductivity σshim, including the effect of surface roughness,
as follows [15], and the values of σDC and σHF are determined
in the calibration process:

σshim = σDC −

√
f

1 GHz
σHF. (7)

Then the attenuation constant α10 and the phase constant
β10for the TE10 mode are as follows:

α10 =
Rm

abβ10k0z0

(
2bk2

c,10 + ak2
0

)
(8)

β10 =

√
k2

0 − k2
c,10 (9)

where the wavenumber in free space k0, the cutoff wavenum-
ber for the TE10 mode kc,10, the surface resistance for the
waveguide wall Rm , and the characteristic impedance of free
space z0 are as follows, with ω = 2π f ( f is frequency in Hz),
the permeability µ0, and the permittivity ε0 in free space [22]:

k0 = ω
√

µ0ε0 (10)
kc,10 = π/a (11)

Rm =

√
ωµ0

2σshim
(12)

z0 =

√
µ0

ε0
. (13)

TABLE I
MEASURED DIMENSIONS OF SHIMS AND EXPANDED

UNCERTAINTIES IN mm

Therefore, the scattering coefficient of the i th shim is

Sshim,i =

[
S11,i e−γ li

e−γ li S22,i

]
(14)

with the propagation constant

γ = α10 + jβ10 (15)

where α10 and β10 are given by (8) and (9), respectively. Note
that all shims have the same propagation constant γ. Here,
S11,i and S22,i are the reflections caused by the shim aperture
size (a, b) and the misalignment, and li represents the length
of each shim.

Third, it is assumed that the scattering coefficients of the
reflection standards measured at both ports are the same

Srefl =

[
0refl 0

0 0refl

]
. (16)

In this article, we apply the flush short as the reflection
standard, and the impedance zrefl and the reflection coefficient
0refl are modeled as [15]

zrefl = z1 +

√
f

1 GHz
z2 +

f
1 GHz

z3 (17)

0refl =
zrefl − zo

zrefl + zo
. (18)

Finally, a reciprocal device is used as a calibration standard.
In this way, the transmission coefficient after calibration is
optimized so that Srecip,S21 = Srecip,S12 .

If there are many variables in the optimization, the result
may reach the local minimum depending on the initial value.
In this study, to solve this problem, we find the initial value
of the error coefficients, the conductivity σ of the shim, and
0refl of the reflection standard found from the multiline TRL
method [23].

IV. MEASUREMENT SYSTEM

Fig. 3 shows the overall configuration of the impedance
measurement system. A VNA and frequency extender(s) are
used to measure the S-parameters. We also designed and
installed an alignment system, cooling system, and cable
support fixture for precise measurement.

A. Alignments

The higher the frequency, the shorter the wavelength,
so aligning the measurement system is essential to obtain
good raw data. A frequency extender is usually required to
measure signals above 67 GHz using a commercial VNA.
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Fig. 3. Photograph of the measurement system.

Fig. 4. Alignment system for VNA frequency extenders.

A frequency extender is a device that multiplies the VNA’s
signal into a target frequency band. The alignment of the
frequency extender is essential because it connects directly
to the DUT.

As shown in Fig. 4, we configure the frequency extender to
be movable on the rail and install height adjustment terminals
at each of the four places to adjust the height. In addition,
to adjust the position of the plane, a stage that can move
left or right was installed at the front and rear, respectively.
This makes it possible to arrange the frequency extender at an
arbitrary position in the 3-D space. The cable supporter keeps
the cable in the same position even if the frequency extender
moves to measure the DUT or shim, as shown in Fig. 3.

B. Common Local Oscillator (LO)

To operate the frequency extender, a LO and RF signals are
required. In our system, the RF signals are generated at ports
one and two, respectively, and LO signals are generated at
ports three and four of the VNA. Suppose the LO signals on
ports three and four are connected separately to each frequency
extender. In that case, the automatic level loop control (ALC)
circuit will operate separately for each port, resulting in
a phase change during long-term measurements [6], [24].
Therefore, to prevent this, after receiving the LO signal from
a single port, it is amplified and branched using a splitter and
distributed to each extender. Since the power of the LO signal
is insufficient (usually, a power of 10 dBm per extender is
required), the LO signal is amplified using an amplifier before
branching, as shown in Fig. 5(a). Fig. 5(b) and (c) represent the

Fig. 5. Drift due to LO. (a) Common LO measurement setup. (b) S21 without
common LO. (c) S21 with common LO.

Fig. 6. Cooling system for (a) frequency extenders and (b) common LOs
amplifier.

difference in S21 depending on the time when with and without
common LO. Over time, the phase is drastically changed when
applying an individual LO. However, the common LO results
in a phase ten times more stable than that of the individual LO.

C. Cooling System

The frequency extender is composed of non-linear active
elements, so heat is inevitably generated (it usually heats up
more than 30 ◦C). Therefore, even if the laboratory temper-
ature is stably managed at 23 ◦C, thermal expansion occurs
on the calibration standards or DUT, making it difficult to
measure the S-parameters accurately [25].

Thus, the waveguide section on the frequency extender,
which is usually connected to the DUT, should be maintained
at 23 ◦C. In our case, we applied a cooling water system.
Fig. 6 shows the setup to supply cooled water to the bottom of
the stage installed by the frequency extender and the bottom
of the amplifier of the LO. Fig. 7 shows the effect of the
cooling system. The temperature of the waveguide sections
and the chassis of the frequency extenders is reduced by about
23 ◦C. Next, we measured the 2-port S-parameters of the shim.
Fig. 7(c) shows the measurement result. The cooling system
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Fig. 7. Cooling effect. (a) Temperature of the frequency extenders and test
port without cooling. (b) Temperature of the frequency extenders and test port
with cooling. (c) Phase variation of the shim with time.

shows a faster saturation result on measuring the phase of the
transmission coefficients S21 and S12. Note that the amplitude
of all S-parameters did not change critically. It may be that
the temperature variation due to the RF source has more effect
on the length of the shim, not the aperture size. Anyway, the
cooling system used can significantly reduce the temperature
saturation time.

D. Connecting the Waveguide

Bolts are usually used to connect the two waveguide flanges.
However, this can take a long time, even for experienced
users, due to its small size and space. To solve this problem,
we employ a waveguide connection clamp [6], [26]. Fig. 8
shows a comparison of the bolt and the clamp, respectively.
The repeatability is the standard deviation of ten measure-
ments. The result shows that their repeatability is almost
identical. Accordingly, we apply the clamp, which immensely
helps to reduce the connection time.

V. UNCERTAINTY ANALYSIS

We can evaluate the uncertainty of the error coefficients
found in the optimization by applying a calculation method for
the uncertainty of parameters in a nonlinear regression [27]

σ 2
fit =

∑
|ydef − yfit|

2

v
(19)

v = nobserv − nparam (20)

Covfit =
(
J ′

G X JG X
)−1

σ 2
fit. (21)

Here, v is the value obtained by subtracting nparam, the
number of parameters used for optimization from nobserv, and
the number of observation points. JG X is a Jacobian matrix

Fig. 8. Comparison of connection repeatability for bolt- and clamp-con-
nections of waveguide flanges. The inset figure represents the connected
waveguide using the clamp.

Fig. 9. Noise floor of VNA.

representing the sensitivity coefficient of f (G) in (3) for the
parameter x [15].

We also account for the error term’s uncertainty due
to the uncertainty in dimension measurement. Usually,
we would perform each optimization per dimension change
on their dimensional uncertainty. Since this approach is time-
consuming, the National Institute of Standards and Technology
(NIST, USA) and the Federal Institute of Metrology (METAS,
Switzerland) suggest novel approaches [15], [28]. NIST deter-
mines the error terms and changes the value of the DUT
according to the dimensions. Then the error terms are again
combined to create a new measured value. After that, calibra-
tion is repeated to perform calculations, including dimensional
uncertainty. In METAS, the chain rule propagates dimensional
uncertainty to error term uncertainty. In this article, we used
the METAS approach

JX P =
(
J ′

G X JG X
)−1 J ′

G X JG P (22)
Covdim = JX PUdim J ′

X P . (23)

JX P is a Jacobian matrix representing the sensitivity coefficient
of the error terms by the dimensions, and to obtain it, the
sensitivity coefficient JG X of the optimization function by
each error term [that is calculated in (21)] and the sensitivity
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Fig. 10. Trace noise of VNA. (a) Magnitude. (b) Phase.

coefficient JG P of the optimization function by dimension are
obtained. Then, after calculating JX P by applying the chain
rule, the covariance Covdim of the error term by dimensions
is calculated, as given in (23). Udim is the covariance, where
the diagonal element is the square of the standard uncertainty
of the shim dimension measurements and the off-diagonal
elements are zeros. We now combine the two covariances to
calculate the final uncertainty for the error terms

Coverror term = Covfit + Covdim. (24)

Unlike the VNA error model, the residual model proposed
in [29] and [30] assumes that the VNA is fully calibrated,
and then represents the residual uncertainties generated after
calibration as directivity residual (δ), source match residual
(µ), and reflection tracking residual (τ), respectively. The
advantage of the residual model is that the uncertainty cal-
culation is easy, the VNA calibration values can be used as
is, and raw measurements are not required. In this study,
we convert the VNA error model, which was optimized using
the calibration standards, into a residual model.

VI. EVALUATION OF THE VNA

In this section, we describe how to characterize the random
effects of the VNA. The random effects are modeled as noise
floor (NL), trace noise (NH ), nonlinearity (L), drift (Di j ),
test port cable stability (C Ai j ), and connector repeatability
(C OR), respectively. The noise floor, trace noise, and con-
nector repeatability are evaluated using the guidelines [14].
We have proposed a novel technique to evaluate the other
parts (nonlinearity, drift, and test port cable stability) in sub-
THz [11]. In this article, ℜ(·), ℑ(·), |·|, and ̸ refer to the real,
imaginary, magnitude, and phase (in degree) of the argument,
respectively.

A. Noise Floor and Trace Noise

We evaluate the noise floor and trace noise. First, after
connecting high reflection standards (flush short in this study)
to both ends of the VNA test port, we measure the 2-port
S-parameters 500 times in continuous wave (CW) mode. After
that, the standard deviation of S21 becomes the noise floor, and
the standard deviation normalized to the average value of S11

Fig. 11. Measurement setup for the nonlinearity of VNA.

becomes the trace noise. The measurement results are shown
in Figs. 9 and 10. We set a limit that the measured value does
not exceed and assign it to the noise floor and trace noise,
respectively.

B. Nonlinearity

Next, the nonlinearity of the network analyzer is evaluated.
The guideline recommends using a preevaluated attenuator.
However, since there is no standard for D-band attenuation
yet, we use the following method.

We connect a variable attenuator and two motorized
switches between the two extenders, as shown in Fig. 11.
And between the two motorized switches, a 3-dB attenuator
and a waveguide section are connected according to the path.
Then, by operating the motorized switch, the S21 of the path to
which the waveguide section is connected is measured. Then,
by operating the motorized switch again, we select the path
to which the 3 dB attenuator is connected and measure S21.
The difference between the two paths is then recorded. Then,
we adjust the variable attenuator to attenuate by about 5 dB.
Then, we measure and record the difference between the above
two paths again. This is repeated until S21 reaches about 40 dB
using a variable attenuator. Then, each difference value is
compared to evaluate linearity. Fig. 12 shows the measurement
results. We found that the S11 and S22 of the variable attenuator
used remained almost the same below 10 dB but varied
significantly between the 0 and 5 dB settings. In nonlinearity
evaluation, the change in the reflection coefficient according
to the power setting makes it difficult to evaluate nonlinearity
accurately [31]. Therefore, we excluded the measurement
results of 0 and 5 dB. The evaluated nonlinearity of the VNA is
about 0.015 dB, including the repeatability of the used switch
of 0.004 dB, as shown in Fig. 12.

C. Drift

For the drift evaluation, we use the motorized switch
described above. Short, offset short, and load are connected
to the end of each path of the motorized switch, respectively,
and the S-parameters of each path are measured every 10 min
for 24 h. The short and offset short deviations measured over
24 h were up to 0.012 and 0.046 dB, respectively, including
switch repeatability of 0.004 dB. To calculate the drift of the
residual model, the VNA is calibrated for each measurement
time using the first measurement value (t = 0) as the definition.
Therefore, e00 = 0, e11 = 0, and e10e01 = 1 at t = 0, and the
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Fig. 12. Nonlinearity of VNA.

Fig. 13. Drift of VNA. (a) D00. (b) D11. (c) D01.

change values of each error term according to elapse time
can be obtained. Fig. 13 shows drift Di j measured over 24 h,
which can be confirmed as low drift due to the cooling system
used.

D. Test Port Cable Stability

Stability due to test port cable movement is measured using
a drift measurement system. After selecting seven measure-
ment locations on the rail, the S-parameters of the short,
offset short, and load are measured at each location. Similar
to the drift measurement, the first measured value is set as a
definition in the one-port calibration. Then, the change amount
of e00, e11, and e10e01 terms is determined using each measured
value and assigned to CAi j , as shown in Fig. 14. Unlike
the coaxial impedance measurement system, the uncertainty
caused by test port cable movement is not significant since
the IF signal around 20 GHz is transmitted through the VNA
and cable after the D-band signal is up/down-converted in the
frequency extender.

E. Connection Repeatability

Finally, connection repeatability is measured by connecting
a short to the test port according to the guideline [13]. The

Fig. 14. Test port cable stability. (a) CA00. (b) CA11. (c) CA01.

Fig. 15. Connection repeatability. (a) Magnitude. (b) Phase.

measured standard deviation is divided in half and assigned
to the forward and backward directions. Measured results are
shown in Fig. 15.

VII. CMC MANAGEMENT AND COMPARISON

We calculate the CMC of the S-parameters in D-band using
the residual model including the random effects of VNA.
The measurement model combining the random effects of
VNA in the previous section and the residual model recently
proposed [30] is shown in Fig. 16. The scattering coefficient
Si j of a DUT has uncertainty due to random effects as well
as residual errors of VNA. For example, Fig. 17 shows the
uncertainty of the 1-port S-parameter measurement when the
reflection coefficient of the DUT is 1. See the appendix for a
detailed description of the uncertainty calculation. Depending
on the phase of the DUT, it has different values of uncertainty.
The CMC is the smallest among the uncertainty values at each
frequency. Tables II and III are the CMC tables of 1-port and
2-port S-parameter measurements calculated using the above
method.

Next, we measure the reflection coefficient of a power
sensor and evaluate its uncertainty. For comparison, the
Physikalisch-Technische Bundesanstalt (PTB) and the KRISS
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TABLE II
CMC TABLES FOR 1-PORT REFLECTIONS

TABLE III
CMC TABLES FOR 2-PORT TRANSMISSIONS

Fig. 16. Residual model including random effects of VNA.

measure the one-port S-parameter of a D-band power sensor
shown in Fig. 18. The red and blue lines are measured at
the KRISS and the PTB, respectively, and the shadow regions
indicate the uncertainty of the level of confidence of 95%

Fig. 17. Measurement uncertainty evaluated by the residual model where
|0| = 1.0. The lines indicate the difference in values caused by different phase
values. The thick lines indicate the smallest value.

Fig. 18. Comparison of the reflection coefficient of a low reflective device,
a power sensor. The lines denote measured values and shadow regions indicate
a level of confidence of 95% (k = 2). The phases were normalized by the
measured value of the PTB. (a) Magnitude. (b) Phase.

(k = 2). The phase value has been normalized with the value
measured by the PTB for easy comparison. We confirm that the
two NMIs’ measurement results agree with less than 1 of En

for both magnitude and phase. Table IV shows the uncertainty
budget for the magnitude of the compared DUT at 140 MHz
detailed in Appendix. The largest uncertainty source is the
residual uncertainty calculated in Section III. Especially, the
imaginary of directivity is the primary uncertainty source. Note
that the uncertainty contribution of each source depends on the
DUT’s reflection.

VIII. CONCLUSION

In this study, we establish and present an impedance stan-
dard for D-band. Shims, a flush short, thru, and a reciprocal
device are used as the calibration standards. The shims are
modeled with measured dimensions. By using the closed-form
formula for shim modeling, calculation time is significantly
reduced. We then model other calibration standards and use
the eight-term VNA error model for our measurement sys-
tem. We employ nonlinear optimization to obtain the error
coefficients of the VNA error model. We evaluate the measure-
ment uncertainty, including the uncertainty in the dimensional
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TABLE IV
UNCERTAINTY BUDGET FOR THE MAGNITUDE OF THE LOW REFLECTIVE

DEVICE AT 140 GHz

measurement of the calibration standards, the fitting uncer-
tainty of the optimization, and VNA random effects. We also
propose a novel method to evaluate the drift, nonlinearity, and
test port cable stability for the random effects of the VNA. The
results show, for reflection of 0–1.0, the expanded uncertainty
(k = 2) is 0.006–0.021, and 0.8◦–6.2◦ for magnitude and
phase, respectively. For transmission of −80 to 0 dB, the
expanded uncertainty is 8.69–0.10 dB and 57.3◦–0.7◦ for
magnitude and phase, respectively. In the future, we plan to
promote bilateral comparisons between NMIs where CMC is
registered. Also, we expect the present method can provide

an efficient approach that can be used to establish impedance
standards in other sub-THz candidate frequency bands.

APPENDIX

This appendix describes the evaluation of uncertainty con-
tributions given in the uncertainty budget of Table IV. Each
uncertainty is easily calculated product of the Jacobian matrix
and covariance matrix similar to (23). For example, if we
consider the noise floor of the VNA, we should propagate
the covariance of the noise floor to the S-parameters of the
DUT

6DUT
NL1

= JNL16NL1 J ′

NL1
(A1)

where 6NL1 is the covariance for the noise floor, and JNL1

Jacobian matrix. If there is no correlation between cross-
frequency components, the covariance of the noise floor 6NL1

is composed of a 2-by-2 matrix as follows:

6NL1 =

[
σ 2

ℜ(NL1)
σℜ(NL1)σℑ(NL1)

σℑ(NL1)σℜ(NL1) σ 2
ℑ(NL1)

]
(A2)

where σ represents the limitation obtained in Fig. 9, and
σℜ(NL1) = σℑ(NL1). The Jacobian matrix in (A1) is given by

JNL1 =



∂ℜ(S11,m)

∂ℜ(NL1)

∂ℜ(S11,m)

∂ℑ(NL1)

∂ℑ(S11,m)

∂ℜ(NL1)

∂ℑ(S11,m)

∂ℑ(NL1)
...

...
∂ℑ(S22,m)

∂ℜ(NL1)

∂ℑ(S22,m)

∂ℑ(NL1)


=



1 0
0 1
0 0
0 0
1 0
0 1
0 0
0 0


(A3)

which can be easily calculated by numerical partial differen-
tiation of[

S11,m S12,m

S21,m S22,m

]
=

([
δ1 + D00 + C A00 1 + τ1 + D01 + C A01

1 µ1 + D11 + C A11

]
⊕

[
C OR1 1

1 C OR1

]
⊕

[
S11 S12
S21 S22

]
⊕

[
C OR2 1

1 C OR2

]
⊕

[
µ2 + D22 + C A22 1

1 + τ2 + D32 + C A32 δ2 + D22 + C A22

])
◦

[
NH1L1 NH1L1
NH2L2 NH2L2

]
+

[
NL1 NL1
NL2 NL2

]
(A4)

where the symbol “◦” denotes an element-wise product.
In (A4), S11,m = b0/a0, S12,m = b0/a1, S21,m = b1/a0, and

S22,m = b1/a1. Note that in numerical partial differentiation,
Si j,m was made into a one-column dimensional array as
[ℜ(S11,m)ℑ(S11,m)ℜ(S21,m), . . . ,ℑ(S22,m)].

The total covariance of the S-parameters of the DUT is a
summation of each covariance such as the residual uncertainty,
the noise floor, the trace noise, the nonlinearity, the drift,
the test port cable stability, and the connection repeatability.
Finally, the expanded uncertainty is obtained by taking the
square root of the diagonal matrix of the total covariance and
multiplying the appropriate coverage factor k.
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