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Abstract—This paper presents an in-depth assessment of 

precision coaxial air lines for use as impedance standards at RF 
and microwave frequencies. The assessment is based primarily on 
using several different types of time-domain reflection 
measurement options that are available on commercial Vector 
Network Analyzers (VNAs). The paper includes a comparison of 
these time-domain measurement options, made independently at 
the national measurement institutes of Japan and the United 
Kingdom. Mechanical measurements and frequency-domain 
measurements are also included to complete the assessment of the 
lines.  

Index Terms—Coaxial air lines, impedance standards, time-
domain network analysis, measurement comparisons. 

I. INTRODUCTION 

Precision coaxial unsupported air lines are used routinely as 
primary reference standards of impedance at RF and 
microwave frequencies. Traditionally, the characterization of 
these lines has been somewhat limited involving primarily 
mechanical measurements of the diameters of the line’s 
conductors. These diameter values are then used to determine 
a value for the mechanically-derived characteristic impedance, 
Zmech, of the line using: 
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where: b =  diameter of outer conductor 
 a = diameter of center conductor 
 � = �0�r 

�r = 1.000649 (for ‘standard’ air at a temperature of 
23 ˚C, 50 % relative humidity, and 1013.25 hPa 
atmospheric pressure) 

�0 =  permittivity of free space (defined exactly as 
(c2
�0)

-1 = 8.854 187 817 ... × 10-12 F.m-1) 
� =  �0�r 
�r =  1 (to six decimal places, for ‘standard’ air at a 

temperature of 23 ˚C, 50 % relative humidity, 
and 1013.25 hPa atmospheric pressure) 

�0 =  permeability of free space (defined exactly as 
4� × 10-7 H.m-1). 

However, this type of mechanical characterization does not 
evaluate other effects that can contribute to the overall 
impedance defined by the line – for example, effects caused by 
the connectors at the ends of the line, the conductivity of the 
line’s conductors, the microscopic surface roughness of the 
line’s conductors, etc. These other effects will be observed 
when the line is used during high frequency electrical 
measurements, and so it is logical to attempt to evaluate these 
effects using such electrical measurements (in addition to the 
mechanical measurements). 

Of the above listed effects, the dominant effect at 
microwave frequencies is usually due to reflections caused by 
the connectors at each end of the line. Traditional frequency-
domain S-parameter measurements do not provide a direct 
measure of the size of these effects. Rather, they provide a 
measure of the combination of all such effects at any given 
frequency. Since these reflections are separated in distance, a 
more useful way of observing each effect separately is by 
making measurements in the time (i.e. distance) domain. 

This paper reports on a recent investigation into using 
time-domain reflection measurements made using a Vector 
Network Analyzer (VNA) to greatly improve the evaluation of 
coaxial unsupported air lines for precision metrology 
applications. 

Three different types of time-domain measurement were 
included in the investigation: 

i) Band-pass; 
ii) Low-pass Impulse; 
iii) Low-pass Step. 

The investigation also included comparing measurements 
made independently at two national measurement institutes 
(i.e. Japan and the UK). This comparison gives an indication 
of the reproducibility (and hence reliability) of such 

TABLE I 
AIR LINE DESCRIPTIONS 

Line name Manufacturer Model 
number 

Serial 
number 

NPL Line Maury 
Microwave 8043S7.5 9999 

NMIJ Line Agilent 
Technologies 85053BK05 01881 
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measurements. Finally, some frequency-domain data is 
presented before and after ‘gating out’, in the time-domain, the 
effects due to the connectors and other discontinuities.  

All the above investigations were carried out using two 
precision coaxial air lines. The identification of each line is 
described in Table I.  

Both lines were of the same physical type, as described 
below: 

 
- Insertable (i.e. with a male connector at one end and a 

female connector at the other end) 
- Unsupported (i.e. containing no dielectric support beads 

to hold the center conductor in place) 
- Nominal characteristic impedance of 50 ohms 
- 3.5 mm line size, with nominal outer conductor internal 

diameter of 3.500 mm and nominal center conductor 
diameter of 1.519 9 mm [1] 

- Fitted with LPC-3.5 precision coaxial connectors [1] 
- Nominal length of 75 mm. 

II. MECHANICAL MEASUREMENTS 

Both NPL and NMIJ were able to determine the 
mechanically-derived characteristic impedance, Zmech, for each 
air line based on measurements of the diameters of the line’s 
conductors [2 - 4]. However, effects caused by imperfections 
in the connectors at the ends of the lines are not included in 
such determinations. The difference between the Zmech values 
determined by NPL and NMIJ was negligibly small compared 
with the associated uncertainties in these measurements. For 
the line belonging to NPL, values of Zmech ranged from 
49.7 ohms to 50.1 ohms. It was also clear from a visual 
inspection of this line that it contained a step change (i.e. a 
discontinuity) in the diameter of the center conductor at a 
lengthwise location of approximately 12 mm from the female 

end. (This is equivalent to a time of approximately 80 ps for a 
signal reflected by this discontinuity.) The measured value of 
Zmech for this section of the line was close to 49.75 ohms. (This 
is equivalent to a voltage reflection coefficient of 
approximately 2.5 mU.) The measured value of Zmech for the 
remainder of line was close to the nominal impedance of 
50 ohms. Thus, the maximum and minimum characteristic 
impedance values for the line belonging to NPL, as shown in 
Fig. 1, indicate the characteristic impedances in the area of the 
line section and near the female end, respectively. The 
measured value of Zmech for the line belonging to NMIJ was 
found to be close to the nominal characteristic impedance 
value of 50 ohms over the entire length of the line.  

III. TIME-DOMAIN MEASUREMENTS 

The time-domain measurements were made using 
commercial VNAs belonging to NPL and NMIJ. These VNAs 
were able to make measurements using three different time-
domain options: band-pass, low-pass impulse and low-pass 
step. Descriptions and configurations of the VNAs are 
summarized in Table II. For all 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. 

Time-domain measurements provide a useful tool for 
investigating the electrical properties of transmission lines and 
circuits as a function of distance. Each time-domain mode has 
specific characteristics for such an analysis. For example, the 
band-pass and low-pass impulse modes are well suited to 
determining the positions of sources of reflection within a 
circuit under test. By observing positive and/or negative peaks 
in the low-pass impulse mode, changes in the line’s 
characteristics can be estimated (i.e. as either less than or 
greater than the nominal characteristic impedance, inductive or 
capacitive discontinuities, etc). The low-pass step mode also 
provides information concerning the line’s characteristics. The 
investigation reported here has concentrated on the potential of 
using these time-domain modes for accurately characterizing 
precision coaxial air lines as standards of impedance. 

 

 
Fig. 1. Dimensionally-derived characteristic impedance 
comparison results between NPL and NMIJ for NPL Line (left) 
and NMIJ Line (right). 
 

 
TABLE II 

VNA DESCRIPTIONS AND CONFIGURATIONS 
Laboratory NPL NMIJ 
Hard ware 8510C E8364B PNA 

Calibration kit Custom kit Custom kit  
Calibration 

method TRL TRM / TRL 

Test port  
Port1 – Port2 Male - Female Male - Female 

Frequency 
range 0.045 to 32 GHz 0.01 to 33 GHz 

(0.01 GHz-step) 
Number of 

points 301 3300 
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A. Band-pass Mode 

Linear voltage reflection coefficient measurements for both 
lines using the time-domain band-pass mode are shown in 
Fig. 2. A summary of this data is given in Table 3 in terms of 
the size, |�|, and location (as distance and time) of the five 
observed reflection peaks (i.e. the three peaks for the NPL line 
and two peaks for the NMIJ line). Differences in the values 
obtained by NPL and NMIJ for these reflection peaks are also 
given in the table. The maximum observed differences in the 
measured times for these peaks was 12 ps (i.e. 1.8 mm). The 
maximum observed differences in the sizes of these peaks was 
0.9 mU. 

Another feature in this table is that both NPL and NMIJ 
observed a larger value of reflection for the female connector 
on the NPL line (i.e. peak ‘1’, being typically 5 mU) compared 
with the value of reflection for the female connector on the 
NMIJ line (i.e. peak ‘1’, being less than 3 mU).  This could be 
due to the type of female connector on each air line being 
different – the NPL line used a slotted center conductor 
contact whereas the NMIJ line used a slotless contact.  

The value of 1.9 mU observed for peak ‘2’ on the NPL line 
(corresponding to the center conductor discontinuity found on 
this line) is similar to the worst-case reflection determined 
previously from Zmech (i.e. 2.5 mU). However, the time-domain 

band-pass mode is not able to determine whether the 
impedance causing this value of reflection is less than or 
greater than the nominal characteristic impedance of 50 ohms. 

TABLE III  
REFLECTION PEAKS IN TIME-DOMAIN BAND-PASS 

MEASUREMENTS 

Line Peak number NPL NMIJ Differ
ence 

ps 10 10 0 Location 
mm 1.498 1.498 0.000 1 

|Γ|(mU) 5 4.8 0.2 
ps 77 78 1.0 Location 

mm 11.538 11.688 0.150 2 
|Γ|(mU) 1.9 1.9 0.0 

ps 489 490 1.0 Location mm 73.275 73.425 0.150 

NPL 

3 
|Γ|(mU) 1.9 1.0 0.9 

ps 6 2 4 Location 
mm 0.899 0.3 0.599 1 

|Γ|(mU) 2.8 2.6 0.2 
ps 485 497 12 Location 

mm 72.676 74.474 1.798 

NMIJ 

2 
|Γ|(mU) 0.9 1.4 0.5 

 

 

 
 
 
Fig. 3. Results of time-domain low-pass impulse measurements at 
NPL and NMIJ for (a) NPL Line and (b) NMIJ Line. 
 

 

 
Fig. 2. Results of time-domain band-pass measurements at NPL 
and NMIJ for (a) NPL Line and (b) NMIJ Line. 
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The position of peak ‘2’ on the NPL line was found to be at 
approximately 78 ps from the female end, which agrees well 
with the value of 80 ps determined previously from the 
mechanical assessment of the line.  

From the above observations, it is clear that these time-
domain band-pass measurements are very useful for providing 
further information concerning the overall electrical 
performance of these air lines, supplementing the information 
obtained from the mechanical characterization of the lines. 

B. Low-pass Impulse Mode 

The results obtained by NPL and NMIJ for the time-domain 
low-pass impulse response of both air lines are shown in 
Fig. 3. As before, a summary of this data, in terms of the 
observed reflection peaks, is given in Table IV. The low-pass 
impulse response can indicate the ‘reactive’ nature (i.e. either 
capacitive or inductive) of discontinuities and changes in the 
characteristic impedance along the air line in terms of the real 
part of the measured voltage reflection coefficient. For 
example, the observed negative and positive peaks at each test 
port indicate a change in the characteristic impedance of the 
air lines with respect to the nominal characteristic impedance 
of 50 ohms. In addition, for the NPL line, a peak was found at 
the position of the center conductor discontinuity (i.e. peak ‘2’ 
in Table IV). The relative sizes of peaks ‘1’ and ‘2’ indicate 
that the characteristic impedance of the section of line near the 
female connector of the NPL line is lower than the nominal 
characteristic impedance. This is consistent with the measured 
value of Zmech for this section of the line (being 49.75 ohms). 

In general, the peak values of reflection determined by NPL 
and NMIJ were consistent with each other – the maximum 
difference was 0.7 mU.  

Based on the above observations, it is considered that the 
time-domain low-pass impulse response is useful for 
determining whether the characteristic impedance of an air line 
is greater or less than the nominal characteristic impedance. 

TABLE IV 
REFLECTION PEAKS IN TIME-DOMAIN LOW-PASS IMPULSE 

MEASUREMENTS 

Line Peak number NPL NMIJ Differ
ence 

ps 13 13 0 Location 
mm 1.930 1.930 0.000 1 

Real part of Γ 
(mU) -3.9 -3.2 0.7 

ps 81 82 1 Location mm 12.138 12.296 0.158 2 
Real part of Γ 

(mU) +2.1 +2.2 0.1 

ps 484 481 3 Location 
mm 72.526 72.167 0.359 

NPL 

3 
Real part of Γ 

(mU) +1.0 +0.4 0.6 

ps 16 16 0 Location 
mm 2.398 2.398 0.000 1 

Real part of Γ 
(mU) -1.0 -0.8 0.2 

ps 488 486 2 Location 
mm 73.126 72.866 0.260 

NMIJ 

2 
Real part of Γ 

(mU) +0.9 +0.8 0.1 

 

 

 
Fig. 4. Results of time-domain low-pass step measurements at NPL 
and NMIJ for (a) NPL Line and (b) NMIJ Line. 

 
TABLE V 

REFLECTION PEAKS IN TIME-DOMAIN LOW-PASS STEP 
MEASUREMENTS  

Line Peak number NPL NMIJ Differ
ence 

ps -6 -5 1 Location mm -0.899 -0.709 0.190 1 
Real part of Γ 

(mU) +0.7 +0.2 0.5 

ps 38 32 6 Location 
mm 5.694 4.856 0.838 

NPL 

2 
Real part of Γ 

(mU) -2.7 -2.1 0.6 

ps 0 6 6 Location mm 0.000 0.849 0.849 NMIJ 1 
Real part of Γ 

(mU) +0.7 +1.0 0.3 
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C. Low-pass Step Mode 

The results of the time-domain low-pass step response 
measurements are shown in Fig. 4. As before, these results are 
summarized, in terms of the observed reflection peaks, in 
Table V. As with the low-pass impulse response, the low-pass 
step response can indicate the ‘reactive’ nature of 
discontinuities found along an air line as well as the 
characteristic impedance as a function of line length. For 
example, it is clear that peak ‘1’ for each line is due to the 
discontinuity caused by the line connection at port 1. For the 
NPL line, peak ‘2’ is a response to the low impedance section 
of line near the female end – the average of the NPL and NMIJ 
values for this peak (i.e. 2.4 mU) is equivalent to a 
characteristic impedance of 49.76 ohms, which agrees well 
with the value of Zmech for this section of the line 
(i.e. 49.75 ohms). For both lines, the determination of 
characteristic impedance as a function of line length is affected 
by a steadily rising slope on the observed traces, as shown in 
Fig. 4. It is expected that this slope is caused by the small 
amount of conductor loss present in these air lines.  

IV. FREQUENCY-DOMAIN MEASUREMENTS 

Fig. 5 shows the input reflection coefficient as a function of 
frequency measured by NPL and NMIJ for each air line. The 

differences between the NPL and NMIJ values are generally 
less than 3 mU at frequencies up to approximately 25 GHz. 
The ripples on the observed traces are due to reflections 
caused by a combination of the connectors at each end of the 
line and the overall length of the line. In addition, there is a 
much slower periodic fluctuation in the reflection on the trace 
for the NPL line. This indicates the presence of the step 
discontinuity that was observed near the female end of this line. 
However, these frequency-domain measurements can only 
indicate the overall characteristics of the air lines – it is not 
possible to directly isolate individual features along the length 
of the line. 

On this occasion, the observed response of the lines mainly 
indicates the characteristics of the connectors at both ends of 

TABLE VI 
CONFIGURATIONS OF TIME-DOMAIN MEASUREMENTS FOR 

FREQUENCY-DOMAIN ANALYSIS 
 NPL NMIJ 

Resolution [5] 61.023 ps / 
18.288 mm 

59.109 ps / 
17.715 mm 

Gating time start / 
stop (ps) 127 / 374 125 / 345 

 

 
Fig. 6. Results of frequency-domain measurements with time-
gate at NPL and NMIJ for (a) NPL Line, (b) NMIJ Line. The 
arrows indicate the maximum reflection points for the 
measurement of each line at each laboratory. 
 

 

 
Fig. 5. Results of frequency-domain measurements at NPL and 
NMIJ for (a) NPL Line and (b) NMIJ Line. 
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air line. This is because the line sections of these air lines 
produce only small amounts of reflection. Fortunately, the 
time-gate technique can be used to separate out the 
characteristics of the line section from that of the connectors, 
as follows. Firstly, measure the reflection coefficient for both 
air lines in time-domain band-pass mode. Then apply a ‘gate’ 
to the time-domain data to remove the reflections caused by 
the connectors (and the center conductor discontinuity on the 
NPL line). The resulting trace is then transformed back to the 
frequency-domain. Finally, the maximum reflection peak is 
found on the frequency-domain response. The configurations 
used for the time-gating process are given in Table VI. 

Fig. 6 shows the traces that were obtained in the frequency-
domain after applying the above time-gate to both air line 
measurements. The position of the maximum reflection peaks 
is indicated using arrows. These electrical reflection 
coefficient values, �elec, representing the electrical 
performance of the line in the absence of the connectors (and 
the discontinuity on the NPL line), can be compared with 
mechanical reflection coefficient values, �mech, derived from 
the maximum mechanically-derived characteristic impedance, 
Zmech, for each line. These values are shown in Table VII, 
which demonstrates that the electrically-derived and 
mechanically-derived reflection coefficients, �elec and �mech, 
agree to within 0.3 mU for both lines.  

V. RECOMMENDATIONS ON USING TIME-DOMAIN 
MEASUREMENTS FOR AIR LINE ASSESSMENTS 

In the previous sections, it has been shown that, by using 
time- and frequency-domain electrical assessments of air lines, 
a large amount of information can be obtained that can 
supplement the traditional characterizations of these lines in 
terms of mechanical measurements. It was found that, having 
‘gated-out’ the connectors and any discontinuities on the air 
lines, a reflection coefficient derived from electrical 
measurements, �elec, shows very good agreement with a 
reflection coefficient derived from the traditional mechanical 
measurements, �mech. In addition, the ‘reactive’ nature of 
discontinuities and connecters can be determined using the 
time-domain low-pass methods (both impulse and step). The 
low-pass impulse method also provides an indication of 
changes in characteristic impedance along the length of the 
lines. 

The location of reflections, corresponding to distance along 
the length of the air line, could also be identified clearly. 
However, it should be noted that, due to the limited resolution 
inherent in the time-domain method, small reflections in close 
proximity to larger reflections may not be discernible for a 
given frequency range and frequency spacings used by the 
VNA. By using the various time-domain options on the VNA, 
the detailed characteristics of precision air lines can be 
determined. Such determinations can be used to supplement 
information gained from dimensional measurements of lines. 

A question remains, however, concerning the likely 
uncertainty in the electrical time- and frequency-domain 
measurements after applying a time-gate. It is possible that by 
using mechanical determinations (of Zmech and �mech) of air 
lines, subsequent electrical measurements can be verified (as 
shown in this paper), allowing estimates for the uncertainty in 
the electrical measurements to be established.  

VI. CONCLUSION 

This paper has shown that results obtained by NPL and 
NMIJ for the mechanical and electrical determinations of two 
precision coaxial air lines were equivalent to within the 
expected uncertainties for these measurements. The electrical 
determinations, made using VNAs, included three time-
domain measurement methods, conventional frequency-
domain measurements, and time-gated frequency-domain 
measurements.   

It has been shown that sources of reflection along the 
lengths of the lines can be clearly identified using both band-
pass and/or low-pass time-domain methods. These results were 
also consistent with results obtained by mechanical 
measurements. In addition, the low-pass methods revealed the 
‘reactive’ nature of discontinuities, and the low-pass impulse 
response could, to some extent, quantify changes in 
characteristic impedance along the length of the air line.  

 The time-gate technique was used successfully to separate 
out reflections due to the various components of the air line – 
i.e. connectors, discontinuities and the section of precision line 
used to provide a definition of the characteristic impedance. 
This enabled a frequency-domain assessment of the line to be 
made with effects due to connectors and discontinuities 
effectively removed from the measurements. The resulting 
value for the electrical reflection of the line, �elec, agreed well 
with a ‘mechanical’ reflection value, �mech, determined from 
the mechanically-derived characteristic impedance, Zmech.  

Furthermore, the combination of these electrical 
measurement methods with the use of an air line with ‘known’ 
mechanically-derived characteristic impedance (with 
uncertainty) could be used to establish estimates for the 
uncertainty in the electrical measurement methods when used 
to assess these air lines. This will lead to greatly improved 
calibration/measurement services for precision coaxial air lines 
used as primary reference standards of impedance involving 
both conventional mechanical characterizations along with the 

TABLE VII 
REFLECTION PEAKS ANALYSIS FROM FREQUENCY-DOMAIN 

MEASUREMENTS WITH TIME-GATE 
Line  NPL NMIJ Difference 

Γelec (mU) 0.5 0.4 0.1 
Γmech (mU) 0.7 0.7 0.0 NPL 

Difference (mU) 0.2 0.3 - 
Γelec (mU) 0.2 0.3 0.1 
Γmech (mU) 0.4 0.6 0.2 NMIJ 

Difference (mU) 0.2 0.3 - 
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electrical assessments (time-domain, frequency domain and 
time-gated frequency-domain) as described in this paper. This 
will result in a more detailed description of these air lines that 
will greatly improve traceability to SI (via the base quantity, 
length) for all measurements made at RF and microwave 
frequencies. 
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