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Abstract — Traceability for vector network analyzer (VNA)
measurements in coaxial lines smaller than 2.4 mm is
problematic. The common method for traceability is to use
precision coaxial air lines as primary standards. Since slotless
lines are not commercially available in lines of this size, the air
lines used are difficult to connect, extremely delicate, and
expensive to replace. This paper describes a method of
characterizing artefacts to use as standards, including specially
designed and manufactured air-dielectric shielded open-circuits
of various offset lengths as well as offset short-circuits and wellmatched loads available in commercial VNA calibration kits.
This will provide traceability using more robust and easier to use
standards for calibration of the VNA. The proposed method is
illustrated by measurement results obtained in 1.85 mm coaxial
line (to 65 GHz.)
Index Terms — Measurement standards, metrology,
microwave measurements, millimeter wave measurements,
transmission line measurements.

I. INTRODUCTION
Providing traceable vector network analyzer (VNA)
measurements in coaxial lines smaller than 2.4 mm has
significant challenges. Precision coaxial air lines [1] – [3]
have become an important tool for providing traceability
through TRL [4] or LRL [5] calibrations. In lines smaller than
2.4 mm, however, slotless air lines are not commercially
available. Unsupported slotted air lines are difficult to
connect, extremely delicate, and expensive to replace. More
robust and easy to use standards are therefore required.
Recent work [6] has introduced air-dielectric shielded opencircuits (or, “air opens” for short) as coaxial primary standards
for millimeter-wave frequencies. These one-port devices can
be used with the ‘three-known-loads’ calibration technique.
Three air opens with different offset lengths provide three
known, but different, values of voltage reflection coefficient
(VRC) to achieve calibration at each required frequency. It is
relatively straight-forward to realize air opens with three
different offset lengths and this provides reliable calibrations
at very high frequencies (where the phase separation between
the standards is sufficiently large). However, as the required
frequency decreases (i.e. as the wavelength increases), the
phase separation produced by these standards decreases and
this ultimately causes the calibrations to become less reliable.
New standards are needed to substitute for the air opens at
these lower frequencies and hence improve calibration
reliability. This paper describes how these new standards are
realized (i.e. the process that is used to characterize their
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performance as standards). The standards are offset shortcircuits and near-matched loads. Both types of standard are
found in commercially available VNA calibration kits.
The paper also describes how these new standards can be
used, in conjunction with air opens, to provide traceable
measurements over the full frequency range of a given coaxial
connector. This is demonstrated in this paper for the 1.85 mm
connector, where the frequency range is DC to 65 GHz.
II. CHARACTERIZING THE VNA CALIBRATION STANDARDS
Three different types of artefacts are characterized in this
study for use as one-port VNA calibration standards: (i) air
dielectric shielded open-circuits (air opens) [6], (ii) offset
short-circuits such as those found in commercial VNA
calibration kits, and (iii) near-matched loads such as those
found in commercial VNA calibration kits.
The characterization of an artefact involves a two step
process: (i) Construction of a mathematical model for the
VRC of the artefact as a function of frequency. This model
depends upon certain parameters whose values need to be
estimated; (ii) Estimation of the model parameters for the
particular artefact.
Methods to estimate the model parameters include:
(i) Estimation of a parameter based on Electromagnetic
Theory; (ii) Estimation of a parameter from measurements
made on the artefact (either VRC measurements, DC
resistance measurements, or length measurements);
(iii) Estimation of a parameter by using a value from a
standard specification of the artefact i.e. using a “nominal”
value for the parameter; (iv) Estimation of a parameter by
using a value from a table of physical constants i.e. using an
“accepted” value for the parameter.
The models used for air opens and offset short-circuits are
physical models based on the physics of the operation of the
artefact. The parameters in these models correspond to
physical properties of the artefact such as the radius of the
inner conductor of the coaxial line or the resistivity of the
coaxial line conductors. On the other hand, the model used for
near-matched loads is an empirical model based on a least
squares polynomial fit to the measured VRC of the load as a
function of frequency and the measured DC resistance of the
load. In this case, the model parameters are the coefficients in
the polynomial representation of the frequency dependence of

the VRC and do not correspond directly to physical properties
of the artefact.
The models and methods of parameter estimation for the
three types of artefact will now be described. Since both air
opens and offset short-circuits incorporate a length of lossy
coaxial transmission line, a model for such a section of line
will first be presented. This lossy line model is incorporated
into the models for both air opens and offset short-circuits.
A. Model for a section of lossy coaxial line
A model for a lossy coaxial transmission line is given in [7].
The propagation constant γ and characteristic impedance Z0 of
the transmission line are given by

γ = g(a, b, ρ , ε r , μr , f )

(1)

and

Z 0 = h (a, b, ρ , ε r , μr , f ) ,

(2)

(3)

where

Γ0 =

Z − Z0
.
Z + Z0

(4)

The VRC Γin0 is normalized to the complex-valued
characteristic impedance of the lossy line namely Z0. The
corresponding VRC renormalized to 50 Ω, Γin, is obtained
using the following equation

⎛ 1 + Γin 0 ⎞
⎟ − 50
Z 0 ⎜⎜
1 − Γin0 ⎟⎠
⎝
.
Γin =
⎛ 1 + Γin0 ⎞
⎟⎟ + 50
Z 0 ⎜⎜
1
−
Γ
in0 ⎠
⎝

B. Characterizing air opens
Physical model for an air open: An air open consists of a
length l of coaxial line after which the inner conductor is
truncated and the outer conductor continues thereby forming a
section of circular waveguide below cut-off. It is modelled as
a length l of lossy coaxial line terminated in a frequency
dependent capacitance C(f) as described in [6], [9] and [10]. In
the model, the terminating impedance is given by

Z=

−j
,
ωC ( f )

(6)

where j = √ (-1), ω = 2πf and

where the complex-valued functions g and h can be
determined from [7] and where a is the radius of the inner
conductor of the coaxial line, b is the inner radius of the outer
conductor, ρ is the resistivity of the conductors, εr is the
relative permittivity of the dielectric between the conductors,
μr is the corresponding relative permeability and f is the
frequency. Note that because the line is lossy both the
characteristic impedance and the propagation constant are
complex-valued. It follows from general transmission line
theory (see for example [8]) that if one end of a length l of
lossy line is terminated by an impedance Z with VRC Γ0 then
the VRC seen looking into the other end of the transmission
line, Γin0, is given by

Γin0 = Γ0 exp (− 2γ l ) ,

impedance is assumed to be a frequency dependent
capacitance whilst for an offset short-circuit, the terminating
impedance is assumed to be an ideal short-circuit.

(5)

(1) to (5) constitute a mathematical model for the input
VRC at frequency f of a length l of lossy transmission line
with parameters a, b, ρ, εr, μr terminated by an impedance Z.
In what follows, this model is applied to both air opens and
offset short-circuits. For an air open, the terminating

C ( f ) = C0 + C1 f + C2 f 2 + C3 f 3 .

(7)

(1) to (5) and (6) to (7) together constitute a mathematical
model for the input VRC at frequency f of an air open.
Estimating the model parameters for an air open:
Table I summarises the model parameters for an air open and
the methods used to estimate those parameters for a particular
air open.
TABLE I
PARAMETER ESTIMATION FOR AN AIR OPEN
Component of
Parameter
Method of parameter
artefact
estimation
Frequency (f)
Accurately set and
indicated by the VNA
(especially if an
external frequency
reference is used)
Nominal values from
Lossy coaxial
Coaxial line
IEEE std 287 (2007)
line
conductor radii
[11]
(a and b)
From VRC
Coaxial line
measurements
conductors’
resistivity (ρ)
Coaxial line air
Accepted values from
dielectric relative
a table of physical
permittivity and
constants [10]
permeability
(εr, μr)
Disassemble air open
Coaxial line length
and measure length of
(l)
inner conductor
(i.e. offset length of
air open)
Capacitance
From Electromagnetic
Terminating
coefficients
Theory [12]
impedance
(C0, C1, C2, C3)
(frequency
dependent
capacitance)

As an example, the resistivity (ρ) of an air open with a
6 mm offset and fitted with a 1.85 mm connector was
estimated. The VRC of the offset air open was measured on a
VNA up to 65 GHz with reference to a TRL calibration. A
single air line was used to calibrate the VNA (as well as a zero
length thru and male and female short-circuits with identical

VRCs). The calibration only gives good m
measurements at
those frequencies where the differencee between the
transmission phase of the line standard andd the zero length
thru standard is more than 30° away frrom the known
calibration failure points at n × 180° (where n = 0, 1, 2, . . .).
With all the other model parameters alreaddy estimated, the
resistivity value was chosen to give the bestt agreement in a
least squares sense between the measured VR
RC values and the
corresponding VRC values predicted by tthe model. An
iterative process was used to find the best ffit resistivity. A
frequency range of 30 GHz to 65 GHz wass chosen for this
fitting procedure for two reasons: (i) this iis the frequency
range over which three air opens can provide a robust
calibration of the VNA and (ii) at lower freqquencies, the loss
due to signal propagation in the air open is extremely small
making it difficult to accurately estimate resisstivity from VRC
at those lower frequencies (because the VRC values predicted
by the model at these frequencies are fairly iinsensitive to the
resistivity). Fig. 1 shows the measured and modelled values
m air open for the
for the linear magnitude of VRC of the 6 mm
chosen value of resistivity.

Fig. 1. Linear magnitude of VRC for the air oppen with an offset
length of 6 mm. Shown are the VRC predicted byy the model and the
VRC measured on a VNA calibrated using a TRL ccalibration.

C. Characterizing offset short-circuits
Physical model for an offset short-cirrcuit: An offset
short-circuit consists of a length l of coaxial lline closed at one
end by a conducting disk short-circuiting thee inner and outer
conductors. It is modelled as a length l of loossy coaxial line
terminated in a perfect (lossless) short-circuitt1. In the model,
the terminating impedance, Z, is given by

Z = 0.

(8)

(1) to (5) and (8) together constitute a matthematical model
for the input VRC at frequency f of an offset sshort-circuit.
Estimating the model parameters for aan offset shortcircuit: Table II summarises the model paarameters for an
1

It is fairly straightforward to incorporate a lossy terminaating short-circuit
into the model, but that is not done here where a lossless tterminating shortcircuit is assumed.

offset short-circuit and the methods used to estimate those
parameters for a particular offsset short-circuit. As an
example, the resistivity (ρ) and offfset length (l) of an offset
short-circuit fitted with a 1.85 mm connector were estimated.
A three-known-loads calibration [13] – [14] of the VNA was
d 7 mm air open standards,
performed using 5 mm, 6 mm, and
characterized using the techniquess described in sub-section
II.B, over the frequency range 30 – 65 GHz (below 30 GHz
the three air opens do not provide a robust calibration of the
VNA due to reduced phase separaation between the three air
opens). The offset short-circuit waas then measured to obtain
corrected VRC data which was used
d to estimate the length and
resistivity of the offset line section of
o the short-circuit.
From (3) and (5) it follows that

⎛
⎞
⎛ 1 + Γinn ⎞
⎜ 50⎜⎜
⎟⎟ − Z 0 ⎟
− 1 ⎜ 1 ⎝ 1 − Γinn ⎠
⎟
l=
ln⎜
⎟.
Γ0 ⎛ 1 + Γinn ⎞
2γ
⎜ 50⎜⎜
⎟⎟ + Z 0 ⎟⎟
⎜
1
−
Γ
in
n ⎠
⎝
⎝
⎠

(9)

TABLE II
PARAMETER ESTIMATION FOR AN
N OFFSET SHORT-CIRCUIT
Component of
Parameter
Method of
artefact
parameter
estimation
Frequency (f)
Accurately set and
indicated by the VNA
(especially if an
external frequency
reference is used)
Lossy coaxial
Coaxial line
Nominal values from
line
conductor radii
IEEE std 287 (2007)
(a and b)
[11]
Coaxial line
From VRC
conductor resistivitty
measurements
(ρ)
Coaxial line air
Accepted values from
dielectric relative
a table of physical
permittivity and
constants [10]
permeability
(εr, μr)
Coaxial line length
h
From VRC
measurements
(l)
(Offset short-circuits
[offset length of
cannot be
short-circuit]
disassembled in order
to measure the length
of the inner conductor
Impedance of ideaal
Terminating
Nominal value
impedance
(Z = 0 so that Γ0 = -1)
short-circuit
(ideal short(Z)
circuit)

(9) allows the length l to be estimated given an initial
estimate for the resistivity ρ and estimates of all the other
parameters. Measured values are used
u
for Γin, Γ0 = -1 (from
(4) and (8)), γ and Z0 are determin
ned from (1) and (2) which
depend on ρ as well as on otheer parameters. In fact, (9)
provides multiple estimates for the
t
length (one for each
frequency at which the VRC was measured) which are then

summarised into a single length value. Oncce the length has
been estimated, the resistivity can be estimateed using the same
iterative process as described in sub-section III.B for air opens.
If necessary, the estimation of length and rresistivity can be
repeated starting with the new estimate off resistivity until
convergence is obtained. Fig. 2 shows thee measured and
modelled values for the linear magnitude of V
VRC of the offset
short-circuit for the chosen values of length annd resistivity.

Fig. 2. Linear magnitude of VRC for the ooffset short-circuit.
model and ‘5-6-7
‘Model’ is the calculated VRC predicted by the m
mm’ is the corrected measured VRC using a calibrration with air open
standards of nominal lengths 5 mm, 6 mm and 7 m
mm.

D. Characterizing near-matched loads
Empirical model for a near-match
hed load: The
impedance of a near-matched load at frequuency f, Zin(f), is
represented, over a specified frequency rangge, by means of
two real polynomials in f, one representing thee real component
of impedance (resistance) and the other representing the
imaginary component of impedance (reactance) as follows:

Re(Zin ( f )) = d 0 + d1 f + d 2 f 2 + d 3 f 3 + d 4 f 4 ,

(10)

Im(Zin ( f )) = e0 + e1 f + e2 f 2 + e3 f 3 + e4 f 4 .

(11)

⎛ 1 + Γin ( f ) ⎞
⎟⎟ .
Z in ( f ) = 50⎜⎜
(
)
1
−
f
Γ
in
⎝
⎠

(13)

TABLE IIII
PARAMETER ESTIMATION FOR A NEAR-MATCHED LOAD
Parameter
Method of parameter
estimation
Frequency (f)
Accurately
A
set and indicated
by
y the VNA (especially if an
ex
xternal frequency reference
is used)
Impedance coefficients
Frrom DC resistance and VRC
(d0, d1, d2, d3, d4, e0, e1, e2, e3, e4)
measurements

As an example, the impedance coefficients of a nearm connector were estimated
matched load fitted with a 1.85 mm
over the frequency range from 0 to 10 GHz. The load
d the VRC of the load was
resistance was measured at DC and
measured at frequencies from 0.3 to 10 GHz with a VNA
n, a 7 mm air open (both
calibrated using a 5 mm air open
characterized using the techniques in
i sub-section II.B), and an
offset short-circuit (characterized using
u
the techniques in subsection II.C). The impedance of th
he near-matched load was
calculated from the VRC meassurements.
A 4th order
polynomial least-squares fit was ob
btained for the real part of
the impedance including the resistaance measurement at DC –
see Fig. 3. Another 4th order polynomial fit was also obtained
for the imaginary part of the imp
pedance using the defined
value of zero for the reactance at
a DC – see Fig. 4. The
resulting curve fits allow the impeedance and hence the VRC
for the near-matched load to be predicted
p
at any frequency
from DC to 10 GHz.

In terms of the impedance, the VRC of tthe near-matched
load at frequency f, Γin(f), is given by

Γin ( f ) =

Zin ( f ) − 50
.
Z in ( f ) + 50

(12)

(10) to (12) together constitute a mathem
matical model for
the input VRC at frequency f of a near-matcched load over a
specified frequency range.
Estimating the model parameters for a near-matched
load: Table III summarises the model paarameters for a
near-matched load and the methods used too estimate those
parameters for a particular load. The VRC
C measurements,
Γin(f), are transformed into impedances, Zin(f), prior to
estimating the impedance coefficients acccording to the
equation

Fig. 3. ‘Data Real’ is the real part of th
he impedance value calculated
from the measured VRC. The meaasurement was made with a
calibration utilizing 5 mm and 7 mm air
a opens and an offset shortcircuit. ‘Fit Real’ is the 4th order least squares
s
fit to ‘Data Real’.

Fig. 4. ‘Data Imag’ is the imaginary part of thee impedance
calculated from the measured VRC. The measuurement was
with a calibration utilizing 5 mm and 7 mm air oopens and an
short-circuit. ‘Fit Imag’ is the 4th order least sqquares fit to
Imag’.

value
made
offset
‘Data

III. BROADBAND VNA CALIBRATION USSING THE
CHARACTERIZED STANDARDS
S

A broadband one-port VNA calibration scheme for the
frequency range DC to 65 GHz is presented in Table IV. The
calibration scheme employs three air opeens (with offset
lengths 5 mm, 6 mm and 7 mm), an offset shhort-circuit and a
near matched load. Above 30 GHz, the phase separation of the
three air opens in the VRC plane is sufficient to provide a
good calibration of the VNA. However, as the frequency is
decreased below 30 GHz, the phase separationn between the air
opens reduces so that a calibration based on tthree air opens is
no longer reliable. To overcome this difficuulty a calibration
involving two air-opens and one offset short--circuit is used at
intermediate (microwave) frequencies andd a calibration
involving an air open, an offset short-circcuit and a nearmatched is used at low frequencies. Weightedd combinations of
two calibrations are used over certain freqquency ranges to
ensure a reliable transition between one callibration scheme
and the other.
IV. MEASUREMENT RESULTS FROM THE CALIB
BRATED VNA
In this section some VRC measurementts made on two
devices are presented. The devices are: (i) ann air open with a
9 mm offset and (ii) a 3 dB attenuator with one port
terminated in a short-circuit. The VRCs of both devices were
measured using both a TRL calibrationn (for reference
purposes) and also the broadband caliibration scheme
described in this paper. Figs. 5 to 7 com
mpare the linear
magnitude and phase of the VRCs measureed using the two
calibration techniques and good agreemeent is observed
between the two sets of VRC measurements.

TABLE IV
V
A PROPOSED BROADBAND VNA CALIIBRATION SCHEME FOR THE
FREQUENCY RANGE DC
D TO 65 GHZ
Frequency
Calibration Typ
pe
Standards
Range
0 – 8 GHz
Three-known-loads
5 mm air open,
offset short-circuit,
near-matched load
1st set: 5 mm air
8 – 10 GHz
Weighted
combination off
open, offset shortcircuit, neartwo calibrationss
matched load
using three-know
wn2nd set: 5 mm air
loads
open, 7 mm air
open, offset shortcircuit
10 – 20 GHz
Three-known-loads
5 mm air open, 7
mm air open, offset
short-circuit
1st set: 5 mm air
20 – 30 GHz
Weighted
combination off
open, 7 mm air
open, offset shorttwo calibrationss
circuit
using three-know
wn2nd set: 5 mm air
loads
open, 6 mm air
open, 7 mm air open
30 – 65 GHz
Three-known-loads
5 mm air open, 6
mm air open, 7 mm
air open

Fig. 5. Linear magnitude of VRC for a 9 mm air open from DC to 65
GHz. Shown are the VRC measured on a VNA calibrated using the
broadband calibration and also calibrateed using the TRL calibration.

REFERENCES
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