
IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 60, NO. 7, JULY 2011 2327

Comparison Between NPL and NMIJ of Diameter
and Scattering Parameter Measurements of

Precision 1.85 mm Coaxial Air Lines
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Abstract—This paper summaries a bilateral comparison of
dimensional measurements of the diameters of two precision
1.85-mm coaxial air lines and associated electrical scattering pa-
rameter measurements. The measurements were independently
made by two national metrology institutes: the National Metrology
Institute of Japan and the National Physical Laboratory. The
laboratories also calculated the characteristic impedances and
their uncertainties based on the measured diameter values and un-
certainties. The difference between the characteristic impedances
calculated by the two laboratories for the two lines was less than
0.2 Ω. The uncertainty of this difference at a 95% level of con-
fidence was 0.3 Ω. The scattering parameter measurement results
agreed well at almost all comparison frequencies from 5 to 65 GHz.

Index Terms—Characteristic impedance, measurement com-
parison, precision 1.85-mm coaxial air lines, scattering parameter.

I. INTRODUCTION

PRECISION coaxial air lines are generally used as pri-
mary reference standards of impedance and as verification

devices for vector network analyzer (VNA) measurements at
radio frequency and microwave frequencies [1]–[3]. In the case
of primary reference standards, these lines are also known as
unsupported air lines since they do not contain any dielectric
support beads to hold the center conductor inside the outer
conductor. This means that the properties of the unsupported
air lines conform more closely to ideal air-line properties, as de-
scribed by microwave circuit theory. It is necessary to know the
characteristic impedance of the air line used as a reference in a
VNA calibration scheme such as Thru–Reflect–Line (TRL) [4].
This involves the determination of the dimensional and material
properties of the conductors of the line. The determination of
the dimensional properties (i.e., the diameters) of the conduc-
tors of the line is made using dimensional measurement tech-
niques (e.g., air-gauging [5] and laser-gauging [6] techniques).
From these measurement results, a dimensionally derived char-
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acteristic impedance value Zmech of the line can be determined
[7]. (The effect due to the conductors’ loss was not included
in the Zmech calculation in the comparison reported in this
paper.) Air lines are also useful devices for verifying VNA
measurements. Measuring an air line provides an indication
of errors (i.e., residual source match and load match effects,
etc.) in the VNA measurement system. National metrology in-
stitutes (NMIs) ensure traceability to SI for scattering parameter
(S-parameter) measurements by using VNAs that are calibrated
and validated using air lines as the reference standard or verifi-
cation device.

In 2007, a bilateral comparison was undertaken between
two NMIs, i.e., the National Metrology Institute of Japan
(NMIJ), Japan, and the National Physical Laboratory (NPL),
U.K., of diameter measurements [7] and time-domain VNA
measurements [8] for precision 3.5-mm coaxial air lines. (Such
lines are designed for use at frequencies from a direct current
to 33 GHz.) This comparison showed a very good agreement
between the NMIJ and the NPL. The comparison results pro-
vide an indication of the equivalency of the calibration and
measurement capabilities (CMCs) in the primary standards and
SI-traceable S-parameter measurements at both NMIs.

However, coaxial lines with smaller diameters are needed to
support industrial requirements for transmission lines support-
ing broadband signals extending well into the millimeter-wave
region. This has led to a follow-up comparison to [7], between
NMIJ and NPL, which has concentrated on the 1.85-mm line
size. (This line size is designed for use at frequencies to at
least 65 GHz [9].) This comparison, which took place in 2009,
involved making diameter measurements of the center and outer
conductors (d1 and d2, respectively) of two precision unsup-
ported coaxial air lines. Measurements of d1 and d2 of the two
lines were independently made at the NMIJ and the NPL. Val-
ues for d1, d2, and Zmech, along with statements of uncertainty,
were then determined from these measurements. The inves-
tigation also included comparing S-parameter measurements,
of the same two lines, independently made at both NMIs.

In this paper, results from these two comparison exercises,
using precision air lines, are described. The dimensional mea-
surement comparison results demonstrate the equivalence of the
CMCs for both NMIs’ primary standard systems for dimen-
sional measurements of precision air lines. The S-parameter
measurement comparison results demonstrate the equivalence
of the CMCs for both NMIs’ primary standard systems for elec-
trical measurements of precision air lines. The two comparison
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TABLE I
AIR-LINE DESCRIPTIONS

Fig. 1. Measurement results, with uncertainties, made by the NMIJ for (a) d1,
(b) d1, (c) d2, and (d) d2 of the NMIJ line. (Black solid and gray dotted lines)
The calibration values and the uncertainty. The regions denoted by “3DCMM”
and “AGMS” were the results made by the 3-D coordinate measuring machine
and the air-gauge measurement system, respectively.

results thus demonstrate the equivalence and the SI traceability
of the S-parameter measurements made at both NMIs.

II. TRAVELING STANDARDS

One of the traveling standards belonged to the NPL (referred
to here as the NPL line) and another belonged to the NMIJ
(the NMIJ line). The identification of each line is described in
Table I. The nominal inner diameter of the outer conductors d2

of these lines is 1.850 mm, and the nominal center conductor
diameter d1 is 0.803 6 mm, and thus, the nominal characteristic
impedance is 50 Ω. In addition, the air lines were insertable,
unsupported, and fitted with LPC-1.85 precision coaxial con-
nectors [9], [10]. Initial measurements made by the NMIJ
showed that the values of d1 and d2 significantly increased,
with respect to the nominal diameter values, near both ends
of the lines, as shown in Fig. 1. For this reason, the values
of d1 and d2 for a section of approximately 2 mm from both
ends of the lines were ignored in this comparison. The two
air line traveling standards were used to compare the primary
standard (i.e., dimensional) measurement systems and then
used to compare the S-parameter measurement systems of both
NMIs. The results from the comparisons indicate the CMCs

TABLE II
UNCERTAINTY OF DIAMETER MEASUREMENTS

of the S-parameter and dimensional measurement capabilities
of both NMIs. In addition, the comparison also provides and
indicates the quality of air lines that can be used as primary
reference standards for the S-parameter measurements.

III. DIMENSIONAL MEASUREMENTS AND RESULTS

Both NMIs measured the values of d1 and d2 along the length
of both air lines using a laser-gauging measurement system [6]
and an air-gauging measurement system (AGMS) [5]. In both
NMIs, these methods provide traceability to national standards
of length (i.e., to the SI base unit, which is the meter) using
calibrated plug and ring gauge standards. The uncertainty for
the diameter measurements (see Table II) made by both NMIs
was determined at a 95% level of confidence using a coverage
factor k of 2 since the effective degrees of freedom for these
measurements was relatively large (i.e., >1000). Uncertainty
budgets for the d1 and d2 measurements made at the NMIJ are
shown in Tables III and IV, respectively. These tables show that
the major source of uncertainty comes from the uncertainty in
the reference values for the plug and ring gauge standards. The
next significant source of uncertainty is due to the influence of
the shape (i.e., the circularity) of the conductors at both ends.

At the NMIJ, readings were taken at positions in 0.1-mm
steps along the length of both the center and outer conduc-
tors. These measurements were then repeated, rotating the
lines through 60◦, which leads to 300 × 5 = 1500 readings for
a 30-mm line for each conductor. In addition, the NMIJ used
a 3-D coordinate measuring machine (3DCMM) to measure d2

near both ends of the lines, as shown in Fig. 1(c) and (d).
At the NPL, readings were taken at five positions along

the length of both the center and outer conductors. These
measurements were then repeated, rotating the lines through
90◦. Uncertainty budgets for the d1 and d2 measurements made
at the NPL are shown in Tables V and VI, respectively.

From these measurement results, the Zmech values of the
lines can be determined (assuming perfect conductors) using
the following:

Zmech =
1
2π

√
μ

ε
ln

(
d2

d1

)
≈ 59.939045 × ln

(
d2

d1

)
(1)

where
d1 diameter of center conductor;
d2 inner diameter of outer conductor;
μ permeability of the dielectric (air);
ε permittivity of the dielectric (air).
According to an international recommendation for evaluating

the uncertainty of measurement [12], the uncertainty of Zmech

can be expressed as in (2) [7], shown at the bottom of the next
page.
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TABLE III
UNCERTAINTY BUDGET OF THE OUTER DIAMETER OF THE CENTER CONDUCTOR OF NMIJ

TABLE IV
UNCERTAINTY BUDGET OF THE INNER DIAMETER OF THE OUTER CONDUCTOR OF NMIJ

TABLE V
UNCERTAINTY BUDGET OF THE OUTER DIAMETER OF THE CENTER CONDUCTOR OF NPL

TABLE VI
UNCERTAINTY BUDGET OF THE INNER DIAMETER OF THE OUTER CONDUCTOR OF NPL [11]

U(Zmech) = k

√(∣∣∣∣∂Zmech

∂d1

∣∣∣∣ · u(d1)
)2

+
(∣∣∣∣∂Zmech

∂d2

∣∣∣∣ · u(d2)
)2

+
(∣∣∣∣∂Zmech

∂ε

∣∣∣∣ · u(ε)
)2

(2)
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Fig. 2. Results of the d1 measurements at the NMIJ and the NPL for (a) the
NPL and (b) NMIJ lines.

Fig. 2 shows the maximum dmax, minimum dmin, and mid-
point dmid values of d1 obtained by the NMIJ and the NPL,
along with error bars representing the expanded uncertainties.
Here, the midpoint value was determined as follows:

dmid =
dmax + dmin

2
. (3)

The expanded uncertainty in the measured values of d1 is
equal to or less than 1.5 μm at the NPL and 0.79 μm at the NMIJ
(see Tables III and V). In addition, the overall measurement
uncertainty includes the contribution due to the air-line shape,
i.e., the circularity of the conductors. The uncertainty in the
midpoint U(dmid) is given by

U(dmid) = k

√(
u(dmax)

2

)2

+
(

u(dmin)
2

)2

+
(

Δmid√
3

)2

(4)

where

Δmid =
dmax − dmin

2
. (5)

The calculated midpoint value indicates a typical overall
diameter for the line. Thus, for the NPL line, d1 is slightly
larger than the nominal value, i.e., d1 = 0.803 6 mm. For
the maximum and minimum values, the maximum difference
between the NPL and NMIJ measurements was approximately
1 μm, as indicated in Fig. 2(a). This could be due to the NMIJ
and the NPL using slightly different measurement positions,
as previously described. Table VII summarizes the comparison
results in terms of the values of the difference between the NPL
and the NMIJ Δ and its uncertainty U(Δ). Δ and U(Δ) are
expressed as follows:

Δ =
∣∣NPL(mid) − NMIJ(mid)

∣∣ (6)

U(Δ) = k
√

u2
(NPL) + u2

(NMIJ) (7)

where NPL(mid) and NMIJ(mid) are the midpoint values for the
NPL and the NMIJ, respectively, and u(NPL) and u(NMIJ) are
the standard uncertainties in these midpoint values.

TABLE VII
DEGREES OF EQUIVALENCE

Fig. 3. Results of the d2 measurements at the NMIJ and the NPL for (a) the
NPL and (b) NMIJ lines.

The values of Δ for d1 are less than 0.4 μm for both
air lines. The values of U(Δ) for d1 are less than or equal
to 2.8 μm. The values of Δ are approximately an order of
magnitude smaller than the values of U(Δ). This demonstrates
an excellent agreement between the two NMIs.

Fig. 3 shows the maximum, minimum, and midpoint values
of d2, obtained by both NMIs, along with the error bars repre-
senting the expanded uncertainties. The expanded uncertainties
for the measurements are equal to or less than 2.2 μm at the
NPL and 0.95 μm at the NMIJ, as listed in Tables IV and VI. In
addition, the overall measurement uncertainty includes a large
contribution due to the conductors not being circular in shape.
The values of Δ for d2 were less than 5.0 μm for both lines.
The values of U(Δ) for d2 are approximately twice those of Δ.
Thus, this indicates a good agreement between the NMIs, in
line with the d1 measurements. The dimensional measurement
uncertainty at the NMIJ contains the contribution from the air-
line shape, i.e., circularity (see Table III), which is different
at each measurement position along the length of the air line.
Thus, the uncertainties of the maximum and minimum values
of d2 are different from each other, as shown in Fig. 3.

Fig. 4 shows the maximum, minimum, and midpoint values
for Zmech determined by the NMIJ and the NPL, along with
the error bars representing the expanded uncertainties. For both
the maximum and minimum values, there is generally a good
agreement between the NMIJ and the NPL. The uncertainties in
the midpoint values of Zmech were less than 0.2 Ω, except for
the values obtained by the NPL for the NMIJ line. This is due to
the minimum value of Zmech for the NMIJ line being calculated
using the minimum value of d2 [see Fig. 3(b)], as deter-
mined by the NPL. The dimensional measurement uncertainty
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Fig. 4. Results of the Zmech calculations at the NMIJ and the NPL for (a) the
NPL and (b) NMIJ lines.

at the NMIJ contains the contribution from the air-line shape,
i.e., circularity (see Table IV), which is different at each mea-
surement position along the length of the air line. Thus, the
uncertainties of the maximum and minimum values of Zmech

are different from each other in Fig. 4.
For the NPL line, the midpoint values of Zmech determined

by both NMIs are significantly less than the nominal charac-
teristic impedance, i.e., 50 Ω. This is due to the value of d1

being significantly larger than the nominal value (0.8036 mm).
The midpoint values agreed with each other within 0.2 Ω.
Furthermore, from Table VII, the values of Δ for Zmech are
considerably less than the associated U(Δ) values. Of particu-
lar note is the Δ value for the NPL line (Δ = 0.0048 Ω). This
indicates a very good agreement between the NMIs for both
the dimensional measurements and subsequent dimensionally
derived characteristic impedance values.

IV. S-PARAMETER MEASUREMENTS AND RESULTS

The S-parameter measurements were made using commer-
cial VNAs belonging to the NPL and the NMIJ. Descriptions
and configurations of the VNAs are summarized in Table VIII.
For all the measurements reported here, the female end of
the air lines was connected to port 1 of the VNA, and the
male end was connected to port 2. All the connections in the
aforementioned setup were made using GPC-1.85 connectors.
VNA calibration was carried out using custom TRL calibration
kits, made traceable to the national standards maintained by
both NMIs. (Equivalency of these dimensional CMCs of these
two NMIs was presented above.) The NMIJ used two air lines
of different lengths as the “Line” standards in the TRL calibra-
tion. One line (11.4 mm long) was used at 15 × n GHz (n =
1, 2, . . .). At other frequencies, a 9.6-mm-long line was used as
the standard.

The uncertainty in the S-parameter measurements is evalu-
ated by analyzing uncertainty components, i.e., postcalibration
residual errors, receiver linearity, noise characteristics, repeata-
bility, etc. The magnitude of the uncertainty in the S-parameter
measurements greatly depends on the characteristics, i.e., S11,
S21 S12, and S22, of a device under test.

TABLE VIII
VNA MEASUREMENT CONFIGURATIONS

TABLE IX
UNCERTAINTY BUDGET OF THE S-PARAMETER

MEASUREMENTS AT 65 GHz AT NMIJ

TABLE X
UNCERTAINTY BUDGET OF THE S-PARAMETER

MEASUREMENTS AT 65 GHz AT NPL [13]

The S-parameter measurements for both air lines were in-
dependently made at the NPL and the NMIJ. The estimated
uncertainty, for the magnitude of the reflection coefficients (i.e.,
|S11| and |S22|), is typically 0.020 at the NPL and 0.040 at
the NMIJ at 65 GHz in this line size (see Tables IX and X).
The estimated uncertainty for the magnitude of the transmission
coefficients (i.e., |S21| and |S12|), is typically 0.012 at the NPL
and 0.0076 at the NMIJ at 65 GHz (see Tables IX and X).
The expanded uncertainties for the S-parameters use a coverage
factor, i.e., k = 2.5, to take account of the complex-valued na-
ture of these measurands (assuming infinite degrees of freedom)
[14]. In addition, uncertainties in the phase u(ϕij) for both
reflection and transmission coefficients Sij , i.e., (i = 1, 2 and
j = 1, 2), were estimated using

u(ϕij) = sin−1

(
u (|Sij |)
|Sij |

)
(8)

as described in [15].
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TABLE XI
NUMBER OF NONEQUIVALENT RESULTS BETWEEN NPL AND NMIJ

In this comparison, the equivalence between the NPL and
NMIJ capabilities was not analyzed for the phase measurements
of the reflection coefficients due to the uncertainty in phase
being 180◦ (i.e., in (8), the uncertainty in the magnitude is larger
than the measured magnitude value).

For the NPL results, the uncertainties in the S-parameters,
both magnitude and phase, were much larger at 35 and 45 GHz.
This was due to the phase difference between the 13-mm TRL
“Line” standard and the “Thru” standard becoming close to the
nλ/2 values (n = 0, 1, 2, . . .)—these being the values where
calibration failure occurs [16].

In this comparison, all the S-parameters, i.e., S11, S21, S12,
and S22, were compared between the NPL and the NMIJ for
both air lines from 5 to 65 GHz in 5-GHz steps. Fig. 5(a) shows
the comparison results of the magnitude of S11. Below 50 GHz,
except for 35 and 45 GHz, the difference between the NPL
and the NMIJ Δ is very small, i.e., less than 0.003. However,
Δ increases above 50 GHz, to around 0.03 at 65 GHz. Even
taking into account this larger difference above 50 GHz, Δ
is smaller than its uncertainty U(Δ) over the entire frequency
range.

Figs. 5(b) and (c) indicates the equivalence between the NPL
and the NMIJ for the S21 magnitude and phase measurements.
Even when the uncertainty is large at 35 and 45 GHz for the
NPL values, the difference between the NPL and the NMIJ Δ is
very small, i.e., a maximum difference of 0.005 for magnitude
and 0.5◦ for phase, which is less than its uncertainty U(Δ).
This represents a good agreement between the NPL and the
NMIJ for both S11 (i.e., reflection) and S21 (i.e., transmission)
measurements in the 1.85-mm coaxial line size. Table XI sum-
marizes the number of nonequivalent results between the NPL
and the NMIJ in these S-parameter measurements. Here, the
term “nonequivalent result” is used if the difference between
the NPL and NMIJ values is greater than its uncertainty. Non-
equivalence was found in a small number of the transmission
phase measurement results for the NMIJ line. This line is of a
longer length than the NPL line. Therefore, these nonequivalent
results could be due to greater-than-expected changes in the
transmission phase characteristics of the measurement system,
e.g., greater flexing of cables that is needed to connect the
longer line could induce phase changes that are larger than the
values given in the uncertainty budget for this line. However, all
other measurement results obtained by the NPL and the NMIJ
were found to be equivalent. This indicates that the capabilities
of the NMIJ and the NPL for the S-parameter measurements
in the 1.85-mm coaxial line size are generally equivalent to
each other (with more than 96% of the 156 comparison values
demonstrating this equivalence).

Using the dimensionally derived characteristic impedance
Zmech and nominal length l (i.e., 14.9 mm for the NPL line and

Fig. 5. Measurement and comparison results of (a) the magnitude of S11,
(b) the magnitude of S21, and (c) the phase of S21 for the NPL line.

30.0 mm for the NMIJ line), a “dimensional-S11” was derived
using the following equations:

S11 =

(
Zmech

50 − 50
Zmech

)
sinh jβ0�

2 cosh jβ0� +
(

Zmech
50 + 50

Zmech

)
sinh jβ0�

(9)

β0 ≈ 2πf
√

μ0ε0 (10)

where the system impedance is 50 Ω and f is the operating
frequency.

Fig. 6 shows the comparison results between the dimensional
and electrical determinations of |S11| for the two lines. These
comparison results are further summarized at 10, 35, and
60 GHz in Table XII. The values of the differences between
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Fig. 6. Results of the comparison between the electrical and dimensional
realization of |S11| for (a) the NPL and (b) NMIJ lines at the NMIJ.

TABLE XII
DIFFERENCE BETWEEN ELECTRICAL AND DIMENSIONAL

REALIZATIONS OF |S11| (lin.)

the dimensional and electrical determinations of |S11|, |Δ|, are
smaller than their uncertainties U(Δ) over the entire frequency
range. Both sets of dimensionally derived and electrically de-
termined |S11| values show very good agreement. However,
the values of |Δ| for these two lines increase as the mea-
surement frequency increases. This trend relates to “connector
effects” and/or postcalibration residual errors that affect the
VNA measurements. Thus, dimensionally derived values of
|S11| of beadless air lines can be used, to a degree, for a
verification of the VNA system.

V. RECOMMENDATIONS FOR COMPARISONS

From the experience of this comparison exercise, it is consid-
ered that a unified methodology for performing comparisons of

this type is very important. For the dimensional measurements,
we recommend the following.

1) The dimensions are measured at the same location along
the length of the line.

2) The same number of measurement points is used.
3) The same method of calculation is used for determining

the maximum and minimum values of the dimensions.

For the S-parameter measurements, it is recommended that
the correlation between the magnitude and phase (or, equiva-
lently, the real and imaginary parts) is also analyzed [14], [17].

VI. CONCLUSION

This paper has shown that the results obtained by the NMIJ
and the NPL are equivalent within the expected uncertainties
for the diameters d1 and d2 and the dimensionally derived char-
acteristic impedance Zmech of two precision 1.85-mm coaxial
air lines. This comparison indicated that the calculations of
Zmech, made by the NMIJ and the NPL, agreed within 0.2 Ω
(with a minimum difference of 4.8 mΩ for the NPL line). This
represents a validation of these dimensional CMCs of these two
NMIs.

The S-parameter measurement capabilities of both the NPL
and the NMIJ have been also compared using these 1.85-mm
coaxial air lines. With regard to establishing the degree of
equivalence for these measurements, nearly all values of Δ
were less than its uncertainty between the two NMIs. Finally,
it is worth noting that, to the best of the authors’ knowledge,
this is the first time that a measurement comparison in this line
size, i.e., 1.85-mm coaxial line, has been undertaken by NMIs.
It is therefore very encouraging that the comparison yielded
such good agreements. This level of agreement provides
very valuable underpinning measurement quality assurance not
only for air-line dimensional determinations but also for the
S-parameter measurements, which are fundamental to ensuring
traceability to SI for a wide range of measurements made at
millimeter-wave frequencies.
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