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Abstract: We report on the development of a method for measuring the permittivity and conductivity
of fluids inside a sealed tank (or a pipe) by using an embedded coaxial probe. Permittivity and
conductivity in the frequency range 600 MHz to 6 GHz are determined from measurements of a
complex reflection coefficient by using a vector network analyser (VNA) that is connected to the
embedded probe via a coaxial cable. Substitution methods for calibration of an inaccessible probe
are studied in this paper. These require the VNA with attached cable to be calibrated prior to
connecting the cable to the embedded coaxial probe. Measurement of permittivity and conductivity
of fluids inside sealed tanks and pipes is needed for monitoring industrial processes, such as
fermentation. The authors’ requirement, however, was to allow monitoring of a tissue-equivalent
liquid that is contained inside a sealed tank. This tank is a component of a commercial system for
rapid, multiple-band measurement of the specific absorption rate (SAR) of mobile phone handsets.
Monitoring of permittivity and conductivity is needed to ensure compliance with international
standards for SAR measurement. The paper also presents data for a new broadband (600 MHz to 6
GHz) tissue-equivalent liquid that is based on an oil-in-water emulsion. It is demonstrated that over
an extended period of time, the liquid is stable, and an embedded coaxial probe enables its properties
to be monitored with the required accuracy.

Keywords: dielectric measurement; process monitoring; open-ended coaxial probe; specific
absorption rate (SAR); tissue-equivalent materials

1. Introduction

There are multiple applications for online measurement of the dielectric permittivity of fluids
inside pipes and tanks. These include monitoring of fermentation processes in the manufacture of food
and beverages [1–3], monitoring polymerisation reactions [4], and observation of multiphase samples
flowing in pipes, e.g., to allow oil to be discerned from water in the petrochemical industry [5–7]. This
paper describes a measurement technique that uses a coaxial probe that is embedded in a tank or pipe,
and not removable for calibration. The technique enables broadband measurements at microwave
frequencies on high-loss materials, including polar liquids such as water. Therefore, it is complementary
to resonant methods that enable the measurement of the dielectric loss of low loss materials, such as
oils [7,8]. The application of the technique for one particular purpose—for monitoring the stability of a
phantom liquid (a high-loss liquid that has properties that are similar to those of head tissue) enclosed
in a sealed tank—is studied. Sealed phantoms are used in instrumentation for type-approval testing of
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emitting devices such as mobile phone handsets to show that the specific absorption rate (SAR) is in
within the permitted limits.

The developments described in this paper support new vector methods for rapid measurement
of SAR that are the subject of a new international standard [9]. Reference [10] describes a system for
vector measurement of SAR that uses a multiplexed array of antennas that are embedded in a polymer
tank (0.4 m × 0.3 m × 0.2 m) that is filled by a broadband tissue-equivalent liquid. Vector measurements
are used to obtain images of the electric fields. Through this approach, the time to determine the peak
SAR (1 or 10 g average) of a handset is reduced by a factor of at least 100 compared to robot-based
scanning systems described in earlier standards [11–14]. The reduction in the time required for testing
is particularly significant for modern smartphones, as these have more than 30 transmitting modes
(technologies and bands) that in total would require typically five weeks of continuous testing with a
robot-based scanning system. This paper does not focus on SAR measurement itself, but describes
instrumentation for monitoring the dielectric properties of phantom liquids (and liquids in general)
inside sealed tanks. The paper also presents measurements on a phantom liquid to show that (i) it is
stable and (ii) it meets the specifications required by international standards over the frequency range
from 600 MHz to 6 GHz.

In the field of SAR measurement, it is conventional practice to specify the dielectric properties [15]
of tissue-equivalent liquids by the real part ε′ of the relative permittivity (often referred to only by
‘permittivity’) and the total conductivity σ = ωεoε” (where ε” is the imaginary part of the relative
permittivity, ω is the angular frequency and εo is the permittivity of free space). Liquids used in
SAR compliance testing must comply with target specifications for ε′ and σ given by standards and
summarised in a report [16]. Formulations are usable over a range of frequencies as the specifications
have ±10% tolerance. Broadband phantoms [17,18] that comply with the specifications over an
extended frequency range simplify SAR testing of multiband devices. Open-ended coaxial probes
(also known as coaxial sensors) [19,20] have for many years been used for measuring these properties.
Figure 1 shows a schematic of a coaxial sensor. They are well-suited for measurements on high-loss
materials such as tissue-equivalent liquids at microwave frequencies, are commercially available, and
are simple to use. Measurements of ε′ and σ are calculated from the complex reflection coefficient (S11)
data that is obtained by using a vector network analyser (VNA). Before a coaxial probe can be used for
measurement, a calibration process is required to define a reference plane at the face of the probe and
correct for mismatches. The most widely used calibration process [20] is based on short-circuit, air and
reference liquid [21] measurements. For a general overview of methods for measuring the permittivity
of lossy liquids, see reference [22].

The conventional coaxial-probe method cannot be used to measure ε′ and σ of a liquid in a sealed
tank as calibration requires access to the face of the probe. The possibility of sensing through the polymer
wall of the tank with a large-sized coaxial probe placed externally (i.e., a multilayer geometry [23])
was considered, but modelling showed that for the type of tank used for SAR measurement (wall
thickness 2-mm), the measurement uncertainty would be unacceptably large. The possibility of using a
resonance method [24–26], based on a device that has a split-ring or similar structure, was considered.
While such devices are interesting, they were considered not to be well suited to the present application.
Instead, it was decided to adapt the coaxial-probe method to enable calibration by substitution by
using a second probe, so access to the face of the probe embedded in the tank is not required. This
approach retains the main advantages of the coaxial probe technique: broadband frequency coverage,
well-established suitability for measuring liquids with high dielectric loss, use of a calculable geometry
with well-tested analytical software based on modal analysis [27], simple construction, traceability of
measurements, and the availability of tested procedures for the evaluation of uncertainty [20]. The
substitution technique assumes that the properties of the two coaxial probes are constant, and are
not changed by contact with samples. As they are simple devices consisting only of metal coaxial
conductors and a sealed-in polymer insert (known as the ‘bead’) this is a viable proposition.
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Section 2 of this paper describes an open-ended coaxial probe that is designed to be embedded in
a tank such as the sealed phantom. The substitution method of calibration is also described in detail.
In Section 3.1, measurements of ε′ and σ of a broadband tissue-equivalent liquid that is suitable for the
range from 600 MHz to 6 GHz are presented. The liquid is shown to be stable enough to have a long
life so that a sealed phantom that requires little maintenance can be made with it. In Section 3.2, the
accuracy of measurements of a probe calibrated by the substitution method of calibration studied. It is
found that the method enables precise measurement.
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Figure 1. Schematic of coaxial sensor. Complex permittivity is determined from the complex reflection
coefficient measured by using a vector network analyser (VNA).

2. Materials and Methods

The method evaluated in this paper uses two well-matched open-ended coaxial probes, Probe A
and Probe B. The methodology developed can be applied when Probe A is freely-accessible, but Probe
B, after an initial characterization process, is embedded permanently in a sealed tank or pipe. The
actual measurements reported were made in laboratory conditions in which measurements with both
probes were made on samples in open beakers. The process of substitution calibration can be described
as follows: Probe A is calibrated by the reference liquid method [20] (which will be described below).
The VNA test-port cable is then connected to Probe B, which is then used for measurements. While the
concept of substitution methods for calibrating open-ended coaxial probes is not new, the technique
described in this paper differs from previous work [19] in that it is combined with a reference liquid
method of calibration.

If the probes were identical then after the substitution no further action would be required in order
to obtain traceable measurements. For the work described in this paper, an additional step (which will
be described in Section 2.1) was needed to account for differences between the probes. A variation
on the calibration method that uses coaxial standards instead of Probe A is described in Section 2.2
Measurements demonstrating that the substitution method can enable accurate measurements are
given in Section 3.

The two open-ended coaxial probes, which are nominally identical, were manufactured at the
National Physical Laboratory (NPL) according to the design shown in Figure 2. A photograph of one
of the probes is shown in Figure 3. They are based on 7-mm coaxial line and are similar to an earlier
design [20], but longer and with fittings appropriate for a tank. The flange diameter is 25 mm. A VNA
is connected to the probe via a metrology-grade phase-stable cable. A GPC-7 (General Precision 7 mm
Connector, also referred to by GPC-7 and PC-7) connector is chosen as this allows very repeatable
connections to be made (variation of reflection coefficient magnitude is typically ±0.001 Units). Flange
resonances are known to occur for this size of probe if high permittivity (polar) liquids that have
loss tangent, ε”/ε′,

Sensors 2020, 20, x FOR PEER REVIEW 3 of 13 

 

detail. In Section 3.1, measurements of ε’ and σ of a broadband tissue-equivalent liquid that is 
suitable for the range from 600 MHz to 6 GHz are presented. The liquid is shown to be stable enough 
to have a long life so that a sealed phantom that requires little maintenance can be made with it. In  
Section 3.2, the accuracy of measurements of a probe calibrated by the substitution method of 
calibration studied. It is found that the method enables precise measurement. 

 
Figure 1. Schematic of coaxial sensor. Complex permittivity is determined from the complex 
reflection coefficient measured by using a vector network analyser (VNA). 

2. Materials and Methods 

The method evaluated in this paper uses two well-matched open-ended coaxial probes, Probe 
A and Probe B. The methodology developed can be applied when Probe A is freely-accessible, but 
Probe B, after an initial characterization process, is embedded permanently in a sealed tank or pipe. 
The actual measurements reported were made in laboratory conditions in which measurements with 
both probes were made on samples in open beakers. The process of substitution calibration can be 
described as follows: Probe A is calibrated by the reference liquid method [20] (which will be 
described below). The VNA test-port cable is then connected to Probe B, which is then used for 
measurements. While the concept of substitution methods for calibrating open-ended coaxial probes 
is not new, the technique described in this paper differs from previous work [19] in that it is 
combined with a reference liquid method of calibration. 

If the probes were identical then after the substitution no further action would be required in 
order to obtain traceable measurements. For the work described in this paper, an additional step 
(which will be described in Section 2.1) was needed to account for differences between the probes. A 
variation on the calibration method that uses coaxial standards instead of Probe A is described in 
Section 2.2 Measurements demonstrating that the substitution method can enable accurate 
measurements are given in Section 3. 

The two open-ended coaxial probes, which are nominally identical, were manufactured at the 
National Physical Laboratory (NPL) according to the design shown in Figure 2. A photograph of one 
of the probes is shown in Figure 3. They are based on 7-mm coaxial line and are similar to an earlier 
design [20], but longer and with fittings appropriate for a tank. The flange diameter is 25 mm. A 
VNA is connected to the probe via a metrology-grade phase-stable cable. A GPC-7 (General 
Precision 7 mm Connector, also referred to by GPC-7 and PC-7) connector is chosen as this allows 
very repeatable connections to be made (variation of reflection coefficient magnitude is typically 
±0.001 Units). Flange resonances are known to occur for this size of probe if high permittivity (polar)  

liquids that have loss tangent, ε’’/ε’,  ⪝  0.3 are measured [20]. They are not accounted for by  

the mathematical model used [27] (which is developed for a flange of infinite diameter) and so 
are a cause of error. 

0.3 are measured [20]. They are not accounted for by the mathematical model
used [27] (which is developed for a flange of infinite diameter) and so are a cause of error.



Sensors 2020, 20, 2956 4 of 13Sensors 2020, 20, x FOR PEER REVIEW 4 of 13 

 

 
Figure 2. Design of the 7-mm open-ended coaxial probes that are used for monitoring a liquid in a 
sealed tank. A calibration scheme that takes account of the inaccessibility of the flange is required. 

 
Figure 3. Photograph of one of the 7-mm open-ended coaxial probes. Probe A is shown, but Probe B 
is of identical design. 

The probes can be calibrated individually by using measurements on a short-circuit, an 
open-circuit and a reference liquid. Checks on the repeatability of short-circuit measurements were 
made using calibration procedures described in reference [20]. Two reference-liquids are used for 
calibration: methanol is used for the upper part of the band (2.5–6 GHz) and ethanol for the lower 
(<2.5 GHz). The reason for not using methanol throughout the band is that a small (but observable) 
flange resonance occurs at ~2 GHz for this size of probe. The permittivity ε’ of ethanol is rather low 
above a few GHz, so best results are obtained by using the two reference liquids in combination. 
Water cannot be used for calibrating the 7 mm coaxial probes on account of flange resonances. 
Tables of traceable complex permittivity data for reference liquids as a function of temperature are 
available [21]. Modal analysis software [27] that allows the complex reflection coefficient to be 
calculated from the dimensions of the probe and the complex permittivity of the sample was used 
throughout the calibration and measurement processes. 

2.1. Equations for the Substitution Calibration 

Initial experiments showed that after re-connecting the VNA cable from Probe A to Probe B to 
perform the substitution the measured |S11| changed by up to 0.02 units. Measurements on air were 
used for this test. To improve the accuracy of measurements on a fluid in a sealed tank, coefficients 
for an additional correction that accounts for differences between the probes can be obtained by the 
following process: 

(1) Probe A is calibrated by using short-circuit, open-circuit and reference liquid standards by 
the conventional manner. This determines the complex calibration coefficients 𝑑, 𝑒 and 𝑓 of 
the bilinear equation: 

Figure 2. Design of the 7-mm open-ended coaxial probes that are used for monitoring a liquid in a
sealed tank. A calibration scheme that takes account of the inaccessibility of the flange is required.

Sensors 2020, 20, x FOR PEER REVIEW 4 of 13 

 

 
Figure 2. Design of the 7-mm open-ended coaxial probes that are used for monitoring a liquid in a 
sealed tank. A calibration scheme that takes account of the inaccessibility of the flange is required. 

 
Figure 3. Photograph of one of the 7-mm open-ended coaxial probes. Probe A is shown, but Probe B 
is of identical design. 

The probes can be calibrated individually by using measurements on a short-circuit, an 
open-circuit and a reference liquid. Checks on the repeatability of short-circuit measurements were 
made using calibration procedures described in reference [20]. Two reference-liquids are used for 
calibration: methanol is used for the upper part of the band (2.5–6 GHz) and ethanol for the lower 
(<2.5 GHz). The reason for not using methanol throughout the band is that a small (but observable) 
flange resonance occurs at ~2 GHz for this size of probe. The permittivity ε’ of ethanol is rather low 
above a few GHz, so best results are obtained by using the two reference liquids in combination. 
Water cannot be used for calibrating the 7 mm coaxial probes on account of flange resonances. 
Tables of traceable complex permittivity data for reference liquids as a function of temperature are 
available [21]. Modal analysis software [27] that allows the complex reflection coefficient to be 
calculated from the dimensions of the probe and the complex permittivity of the sample was used 
throughout the calibration and measurement processes. 

2.1. Equations for the Substitution Calibration 

Initial experiments showed that after re-connecting the VNA cable from Probe A to Probe B to 
perform the substitution the measured |S11| changed by up to 0.02 units. Measurements on air were 
used for this test. To improve the accuracy of measurements on a fluid in a sealed tank, coefficients 
for an additional correction that accounts for differences between the probes can be obtained by the 
following process: 

(1) Probe A is calibrated by using short-circuit, open-circuit and reference liquid standards by 
the conventional manner. This determines the complex calibration coefficients 𝑑, 𝑒 and 𝑓 of 
the bilinear equation: 
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of identical design.

The probes can be calibrated individually by using measurements on a short-circuit, an open-circuit
and a reference liquid. Checks on the repeatability of short-circuit measurements were made using
calibration procedures described in reference [20]. Two reference-liquids are used for calibration:
methanol is used for the upper part of the band (2.5–6 GHz) and ethanol for the lower (<2.5 GHz). The
reason for not using methanol throughout the band is that a small (but observable) flange resonance
occurs at ~2 GHz for this size of probe. The permittivity ε′ of ethanol is rather low above a few GHz,
so best results are obtained by using the two reference liquids in combination. Water cannot be used
for calibrating the 7 mm coaxial probes on account of flange resonances. Tables of traceable complex
permittivity data for reference liquids as a function of temperature are available [21]. Modal analysis
software [27] that allows the complex reflection coefficient to be calculated from the dimensions
of the probe and the complex permittivity of the sample was used throughout the calibration and
measurement processes.

2.1. Equations for the Substitution Calibration

Initial experiments showed that after re-connecting the VNA cable from Probe A to Probe B to
perform the substitution the measured |S11| changed by up to 0.02 units. Measurements on air were
used for this test. To improve the accuracy of measurements on a fluid in a sealed tank, coefficients
for an additional correction that accounts for differences between the probes can be obtained by the
following process:

(1) Probe A is calibrated by using short-circuit, open-circuit and reference liquid standards by the
conventional manner. This determines the complex calibration coefficients d, e and f of the
bilinear equation:

ΓA =
dΓ + e
f Γ + 1

, (1)
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in which Γ is the uncorrected complex reflection coefficient (S11) measured by the VNA, and ΓA is
the corrected complex reflection coefficient for a reference plane at the face of probe A.

(2) Probe B is attached to the same VNA port and is also calibrated by using short-circuit, open-circuit
and reference liquid standards. However, there is an important difference: the data read from the
VNA is already corrected by the Probe A calibration. The corrected complex reflection coefficient
for a reference plane at the face of Probe B is given by the bilinear equation:

ΓB =
aΓA + b
cΓA + 1

, (2)

where a, b and c are complex calibration coefficients. These coefficients are retained for use after
Probe B has been embedded in the tank. Note that if the probes match perfectly, then a = 1 and
b = c = 0.

To apply the substitution calibration, Probe A is calibrated conventionally by the reference liquid
to determine the coefficients d, e and f . Then, using the stored coefficients a, b and c, Equations (1) and
(2) are combined to produce a new calibration equation, also of bilinear form, that relates ΓB to Γ. The
measurement process is eased by the use of software that can convert sets of bilinear coefficients to
the form used by the VNA (ED, ES and ER), and which then transfers them to the VNA via a GPIB
interface. Probe B can then be attached to the same VNA port, enabling calibrated measurements on
the liquid inside the tank to be obtained.

2.2. A Variation on the Substitution Method That Uses GPC-7 Coaxial Standards

A variation on the above technique uses coaxial GPC-7 standards (Figure 4) to calibrate at the
end of the VNA cable prior to attaching Probe B. In this case, Probe A is not required. An initial
reference liquid calibration for Probe B is needed to determine the calibration coefficients a, b and c of
Equation (2) before it is embedded in the tank.
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3. Results

3.1. Characterisation of a New Broadband Phantom Liquid

A new human-tissue-equivalent phantom liquid based on oil-in-water emulsion has been
developed at the ART-Fi company [17]. This liquid is used to fill a polymer tank to make a sealed
phantom that complies with IEC 62209 standards [13,14] over a broad band of frequencies. The
formulation includes a biopolymer that is added to the emulsion to produce a viscoelastic fluid with
a weak gel-like structure. This fluid exhibits a low yield stress (2.5 Pa) that enables the fluid to flow
at very low shear rate. The biopolymer has little effect on the dielectric properties of the liquid, but
improves its colloidal stability and minimises air bubbles.
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The dielectric properties, ε′ and σ, of the new phantom liquid were measured at a controlled
temperature (22 ± 0.5 ◦C) using an 85070E high-temperature open-ended coaxial probe (3.5 mm
aperture) from Agilent Technologies. The manufacturer’s software was used for making these
measurements. The probe was calibrated by using an open-circuit measurement, a short-circuit
measurement and a measurement on a reference liquid (deionized water). The phantom liquid meets
the ±10% tolerance accepted by standards for head and body phantoms at ambient temperature over
the broadband frequency range from 600 MHz to 6 GHz (Figure 5). Table 1 provides evaluations of
the Type A uncertainty that were evaluated at ART-Fi. The probe manufacturer provides a generic
specification [28] of accuracy of 5% for both real and imaginary parts of complex permittivity.

Table 1. Evaluations of the Type A uncertainty associated with dielectric measurements on the
broadband phantom liquid made by using the Agilent 85070E 3.5 mm coaxial probe, presented at
coverage factor k = 2 (equivalent to 95% confidence level).

Frequency Ranges Relative Permittivity Uncertainty
(ε′)

Conductivity (σ) Uncertainty
(S/m)

600 MHz to 1 GHz 1.92% 3.72%
1 GHz to 3 GHz 2.43% 4.69%
3 GHz to 5 GHz 2.81% 7.42%
5 GHz to 6 GHz 2.35% 7.92%
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3.1.1. Measurement of Stability over a Period of Time 

The stability is estimated (1) visually as phase separation occurs over a prolonged period, and 
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phantom liquid is observed to remain stable for several years. Figure 6 shows how the dielectric 
properties ε’ and σ of a sample of the liquid were observed to change in a 2.5-year interval. These 
measurements were made by using an 85070E 3.5 mm probe. The observed changes were smaller 
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specification given by the standard throughout the measured range, 600 MHz to 6 GHz. No 
separation of the emulsion was observed to occur during the 2.5-year interval. 
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between 600 MHz and 6 GHz, at 22 ◦C. The observed Type A uncertainty associated with measurements
made by using the 85070E 3.5 mm probe (Table 1) is also plotted for a coverage factor of k = 2 (equivalent
to 95% confidence level).

3.1.1. Measurement of Stability over a Period of Time

The stability is estimated (1) visually as phase separation occurs over a prolonged period, and (2)
by measuring the evolution of dielectric properties over time. If kept in a sealed container, phantom
liquid is observed to remain stable for several years. Figure 6 shows how the dielectric properties ε′

and σ of a sample of the liquid were observed to change in a 2.5-year interval. These measurements
were made by using an 85070E 3.5 mm probe. The observed changes were smaller than the Type A
measurement uncertainty (Table 1), except for σ values at frequencies between 600 MHz and 1 GHz.
However, it can be observed that despite this deviation σ remains within the specification given by
the standard throughout the measured range, 600 MHz to 6 GHz. No separation of the emulsion was
observed to occur during the 2.5-year interval.
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3.1.2. Inter-Laboratory Measurement Comparison

Figure 7 shows measurements of the dielectric properties ε′ and σ of the new broadband
tissue-equivalent liquid that were made by using three different coaxial probes: the Agilent 85070E
high-temperature probe (3.5 mm aperture), the Keysight 85070E Performance probe (1.6 mm aperture)
and a larger probe (7 mm aperture) that was manufactured by NPL [20]. In each case, the measurement
temperature was controlled at 22 ± 0.5 ◦C. The measurements are consistent to within the evaluations of
uncertainty at coverage factor k = 2 (plotted as uncertainty bars). The agreement between measurements
is particularly good at frequencies between 600 MHz and 4 GHz. The maximum deviation between
measurements is observed at 6 GHz and is about 2.3% for ε′ and 10.9% for σ.
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Figure 7. Inter-laboratory comparison of tissue-equivalent liquid dielectric properties. Measurements
of the dielectric properties ε′ (top) and σ (bottom) are shown. Uncertainties for the 85070E probes are
taken from the manufacturer’s specification. Combined Type A and Type B uncertainty for the National
Physical Laboratory (NPL) 7 mm probe was evaluated by Monte-Carlo modelling [20]. The observed
Type A uncertainty associated with measurements made by using the 85070E probes are also plotted.
All uncertainties are presented at a coverage factor of k = 2 (equivalent to 95% confidence level).

3.2. Evaluation of the Substitution Method of Calibration

A set of coefficients a, b and c that characterise the differences between Probe A and Probe B were
obtained by the process described in Section 2.1. An alternative set of coefficients was obtained via
the method described in Section 2.2 from measurements on Probe B only, following calibration at the
end of the VNA cable by using GPC-7 coaxial standards (Figure 4) from a Hewlett-Packard 7-mm
calibration kit model 85050A. Open-circuit, short-circuit, low-band load (<2 GHz) and a sliding load
(≥2 GHz) standards were used. An Agilent 8753ES VNA was used for these measurements.

A second VNA (Rohde and Schwarz ZVB20) was used for tests on the substitute-calibration
process (using a different VNA provides a more thorough test for systematic errors). A high-purity
reference liquid (dimethyl sulphoxide) [21] and a tween-based tissue equivalent liquid [16] were
measured. Probe A was calibrated by the reference liquid method (using methanol ≥2.5 GHz and
ethanol <2.5 GHz). Probe B was calibrated by substitution by (i) using the reference liquid calibration
of Probe A, and (ii) using a calibration at the end of the VNA cable that was obtained with the GPC-7
coaxial standards. Measurements of ε′ and σ for each calibration are plotted in Figures 8 and 9. The
three measurements on each sample were made at the same temperature. Measurement uncertainties
associated with the Probe A measurements were evaluated by Monte-Carlo modelling [20].

The measurements on dimethyl sulphoxide were found to be in good agreement with the reference
data [21] for the three calibration methods. Measurements on the tween-based tissue-equivalent
liquid made with Probe B by using the two substitute calibrations were found to agree well with the
measurement made by using Probe A. It is expected that the uncertainty of measurements made with
Probe B (for the substitution method of calibration using Probe A) will be increased by approximately
√

2 (as independent calibrations on two probes are used). This would appear to be consistent with this
evaluation of uncertainty.

Some 9 months after the above tests were completed at NPL, the open-ended coaxial probes, a
sample of the tween-based tissue-equivalent liquid, and a file of a, b and c coefficients were shipped to
the Laboratoire National de Métrologie et d’Essais (LNE) for independent tests. These used a third
type of VNA (Agilent PNA N5227A). Probe A was calibrated by the reference liquid method and used
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to measure the same sample of tween-based tissue-equivalent liquid. The tissue-equivalent liquid
was then re-measured with Probe B after applying the substitution method of calibration. The results,
Figure 10, show good agreement between the techniques, and show that the tween sample has not
significantly changed its properties in 9 months. Deviations between the measurements are small
compared to the 10% tolerance that is specified for tissue-equivalent liquids used for SAR measurement.
The viability of the substitution method for calibration is thus demonstrated.Sensors 2020, 20, x FOR PEER REVIEW 9 of 13 
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Figure 8. Measurements of the dielectric properties ε′ (top) and σ (bottom) of dimethyl sulphoxide
made with Probe A (reference liquid calibration) and Probe B (substitution calibration methods). These
measurements were made at NPL by using a Rohde and Schwarz model ZVB20 VNA. Reference
data [21] is also shown. The measurement temperature was 20.5 ◦C. Combined Type A and Type B
uncertainties are shown for a coverage factor of k = 2 (equivalent to 95% confidence level). These were
evaluated by Monte-Carlo modelling [20].



Sensors 2020, 20, 2956 10 of 13

Sensors 2020, 20, x FOR PEER REVIEW 10 of 13 

 

 

 
Figure 9. Measurements of the dielectric properties ε’ (top) and σ (bottom) of a tween-based tissue 
equivalent liquid made with Probe A (reference liquid calibration) and Probe B (substitution 
calibration methods). These measurements were made at NPL by using a Rohde and Schwarz model 
ZVB20 VNA. Combined Type A and Type B uncertainties are shown for a coverage factor of k = 2 
(equivalent to 95% confidence level). These were evaluated by Monte-Carlo modelling [20]. 

Some 9 months after the above tests were completed at NPL, the open-ended coaxial probes, a 
sample of the tween-based tissue-equivalent liquid, and a file of a, b and c coefficients were shipped 
to the Laboratoire National de Métrologie et d’Essais (LNE) for independent tests. These used a third 
type of VNA (Agilent PNA N5227A). Probe A was calibrated by the reference liquid method and 
used to measure the same sample of tween-based tissue-equivalent liquid. The tissue-equivalent 
liquid was then re-measured with Probe B after applying the substitution method of calibration. The 
results, Figure 10, show good agreement between the techniques, and show that the tween sample 
has not significantly changed its properties in 9 months. Deviations between the measurements are 
small compared to the 10% tolerance that is specified for tissue-equivalent liquids used for SAR 
measurement. The viability of the substitution method for calibration is thus demonstrated. 

Figure 9. Measurements of the dielectric properties ε′ (top) and σ (bottom) of a tween-based tissue
equivalent liquid made with Probe A (reference liquid calibration) and Probe B (substitution calibration
methods). These measurements were made at NPL by using a Rohde and Schwarz model ZVB20 VNA.
Combined Type A and Type B uncertainties are shown for a coverage factor of k = 2 (equivalent to 95%
confidence level). These were evaluated by Monte-Carlo modelling [20].
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Figure 10. Measurements of the dielectric properties ε′ (top) and σ (bottom) on the same sample of
a tween-based tissue equivalent liquid. Measurements with Probe A were made at NPL and, after a
9-month interval, at Laboratoire National de Métrologie et d’Essais (LNE). Probe A was calibrated
at both laboratories by the reference liquid method. LNE also measured the specimen with Probe
B. Calibration of Probe B was by the substitution method using the calibration of Probe A and the
coefficients a, b and c in Equation (2) that were determined at NPL 9 months earlier. NPL and LNE
used different vector network analyser models (a Rohde and Schwarz model ZVB20 VNA and an
Agilent N5227A PNA respectively). Combined Type A and Type B uncertainties associated with the
measurements obtained with Probe A are shown at a coverage factor of k = 2 (equivalent to 95%
confidence level). These were evaluated by Monte-Carlo modelling [20].

4. Discussion

New vector-based SAR measurement systems require the use of a broadband tissue-equivalent
liquid in a sealed tank and instrumentation for monitoring its permittivity and conductivity at
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microwave frequencies. For such systems to be viable, it needs to be shown that (i) the phantom liquid
is stable, (ii) the liquid meets the broadband specification and (iii) the method of measurement is
accurate over a sustained period of time. All three of these objectives were achieved.

As part of this work, a method of calibrating an open-ended coaxial probe embedded in a sealed
tank (giving no access to the flange of the probe) has been developed. This uses a substitution method
of calibration that requires the use of either GPC-7 coaxial standards, or another coaxial probe that is
calibrated by the reference liquid method. An additional calibration procedure is required before the
probe is embedded in the tank, but this need only be performed once if the probes remain stable. Probes
manufactured for this work were found to give accurate readings of permittivity and conductivity
over a 9-month period. The method can be used for industrial process monitoring where measurement
of the dielectric properties of liquids in a tank or pipe are needed.

Author Contributions: Conceptualization, A.P.G., K.Q. and O.J.; methodology, A.P.G.; software, A.P.G.; validation,
A.P.G., D.A. and K.Q.; investigation, A.P.G., K.Q. and D.A.; A.P.G.; writing—original draft preparation, A.P.G.;
writing—review and editing, A.P.G., D.A. and K.Q. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was carried out as part of project 16NRM07 (Vector SAR, “SAR measurement using vector
probes”) which received funding from the EMPIR program co-financed by the Participating States and from the
European Union’s Horizon 2020 research and innovation program.

Acknowledgments: The authors would like to thank the NPL workshop for manufacturing the new probes and
Michael Parfitt (NPL) for producing the engineering drawings.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kouzai, M.; Nishikata, A.; Fukunaga, K.; Miyaoka, S. Complex Permittivity Measurement at Millimetre-Wave
Frequencies During Fermentation Process of Japanese Sake. J. Phys. D Appl. Phys. 2007, 40, 54. [CrossRef]

2. Guo, C.; Xin, L.; Dong, Y.; Zhang, X.; Wang, X.; Fu, H.; Wang, Y. Dielectric Properties of Yogurt for Online
Monitoring of Fermentation Process. Food Bioprocess Technol. 2018, 11, 1096–1100. [CrossRef]

3. Blakey, R.T.; Morales-Partera, A.M. Microwave dielectric spectroscopy—A versatile methodology for online,
non-destructive food analysis, monitoring and process control. Eng. Agric. Environ. Food 2016, 9, 264–273.
[CrossRef]

4. Kalamiotis, A.; Ilchev, A.; Irvine, D.J.; Dimitrakis, G. Optimised use of dielectric spectroscopy at microwave
frequencies for direct online monitoring of polymerisation reactions. Sens. Actuators B Chem. 2019, 290,
34–40. [CrossRef]

5. Yuan, C.; Bowler, A.; Davies, J.G.; Hewakandamby, B.; Dimitrakis, G. Optimised mode selection in
electromagnetic sensors for real time, continuous and in-situ monitoring of water cut in multi-phase flow
systems. Sens. Actuators B Chem. 2019, 298, 126886. [CrossRef]

6. Kraszewzki, A. Microwave Aquametry: Electromagnetic Wave Interaction with Water-Containing Materials; IEEE:
Piscataway, NJ, USA, 1996; ISBN 0780311469.

7. Kapilevich, B.; Litvak, B. Microwave measurements of dielectric properties using a gap-coupled multi-mode
coaxial resonator. Measurement 2014, 48, 21–48. [CrossRef]

8. Sharma, P.; Yeung, H. Recent advances in water cut sensing technology, Chapter 4. In Advances in Measurements
and Instrumentation; IFSA Publishing: Barcelona, Spain, 2019; Volume 1, ISBN 978-84-09-07321-4.

9. Human Exposure to Radio Frequency Fields from Handheld and Body-mounted Wireless Communication
Devices—Human Models, Instrumentation, and Procedures—Part 3: Vector Measurement-based Systems
(Frequency Range of 600 MHz to 6 GHz). IEC Standard 62209-3:2019. Available online: https://webstore.iec.
ch/publication/30773 (accessed on 21 May 2020).

10. Aberbour, L.; Jawad, O.; Ramdani, M.; Giry, P.; Julien, T. Efficient experimental assessment of the specific
absorption rate (SAR) induced by MIMO wireless communication devices: Application of vector near-field
measurement system. In Proceedings of the 2018 IEEE Conference on Antenna Measurements & Applications
(CAMA), Vasteras, Sweden, 3–6 September 2018. [CrossRef]

http://dx.doi.org/10.1088/0022-3727/40/1/S09
http://dx.doi.org/10.1007/s11947-018-2072-y
http://dx.doi.org/10.1016/j.eaef.2016.02.001
http://dx.doi.org/10.1016/j.snb.2019.03.120
http://dx.doi.org/10.1016/j.snb.2019.126886
http://dx.doi.org/10.1016/j.measurement.2013.10.030
https://webstore.iec.ch/publication/30773
https://webstore.iec.ch/publication/30773
http://dx.doi.org/10.1109/CAMA.2018.8530621


Sensors 2020, 20, 2956 13 of 13

11. Recommended Practice for Determining the Peak Spatial-average Specific Absorption Rate (SAR) in the
Human Head from Wireless Communications Devices: Measurement Techniques. IEEE Standard 1528-2013.
Available online: https://ieeexplore.ieee.org/document/6589093 (accessed on 21 May 2020). [CrossRef]

12. IEEE Standard for Safety Levels with Respect to Human Exposure to Radio Frequency Electromagnetic Fields,
3 kHz to 300 GHz. IEEE Standard C95.1-2005. Available online: https://ieeexplore.ieee.org/document/1626482
(accessed on 21 May 2020). [CrossRef]

13. Measurement Procedure for the Assessment of Specific Absorption Rate of Human Exposure to Radio
Frequency Fields from Hand-held and Body-mounted Wireless Communication Devices—Part 1: Devices
Used Next to the Ear (Frequency Range of 300 MHz to 6 GHz). IEC Standard 62209-1:2016. Available online:
https://webstore.iec.ch/publication/25336 (accessed on 21 May 2020).

14. Human Exposure to Radio Frequency Fields from Hand-held and Body-mounted Wireless Communication
Devices—Human Models, Instrumentation, and Procedures—Part 2: Procedure to Determine the Specific
Absorption Rate (SAR) for Wireless Communication Devices Used in Close Proximity to the Human
Body (Frequency Range of 30 MHz to 6 GHz). IEC Standard 62209-2:2010. Available online: https:
//webstore.iec.ch/publication/6590 (accessed on 21 May 2020).

15. Clarke, R.N. Guide to the Characterisation of Dielectric Materials at RF and Microwave Frequencies; The Institute of
Measurement and Control (IMC) and The National Physical Laboratory: London, UK, 2003, ISBN 0904457389.

16. Loader, B.G.; Gregory, A.P.; Mouthaan, R. Formulation and Properties of Liquid Phantoms, 1 MHz to 10 GHz;
Report TQE 9; National Physical Laboratory: London, UK, 2018.

17. Quelever, K.; Coradin, T.; Bonhomme, C.; Meyer, O.; Derat, B. Composition Simulating the Dielectric
Properties of the Human Body and Use Thereof for SAR Measurement. U.S. Patent PCT WO2013079621 (A1),
6 June 2013.

18. Mouthaan, R.; Loader, B. A Wideband Tissue-Equivalent Liquid for Multiband Specific Absorption Rate
Measurements (850 MHz to 2.5 GHz). Electron. Lett. 2016, 52, 176–177. [CrossRef]

19. Grant, J.P.; Clarke, R.N.; Symm, G.T.; Spyrou, N.M. A critical study of the open-ended coaxial line sensor for
RF and microwave complex permittivity measurements. J. Phys. E Sci. Instrum. 1989, 22, 757–770. [CrossRef]

20. Gregory, A.P.; Clarke, R.N. Dielectric metrology with coaxial sensors. Meas. Sci. Tech. 2007, 18, 1372–1386.
[CrossRef]

21. Gregory, A.P.; Clarke, R.N. Tables of the Complex Permittivity of Dielectric Reference Liquids at Frequencies up to 5
GHz; Report MAT 23; National Physical Laboratory: London, UK, 2012.

22. Gregory, A.P.; Clarke, R.N. A Review of RF and Microwave Techniques for Dielectric Measurements on Polar
Liquids. IEEE Trans. Dielectr. Electron. Insul. 2006, 13, 727–743. [CrossRef]

23. Gregory, A.P.; Clarke, R.N.; Hodgetts, T.E.; Symm, G.T. RF and Dielectric Measurements on Layered Materials
Using Coaxial Sensors; Report MAT 13; National Physical Laboratory: London, UK, 2008.

24. Reyes-Vera, E.; Acevedo-Osorio, G.; Arias-Correa, M.; Senior, D.E. A Submersible Printed Sensor Based on a
Monopole-Coupled Split Ring Resonator for Permittivity Characterization. Sensors 2019, 26, 1936. [CrossRef]
[PubMed]

25. Vlachogiannakis, G.; Spirito, M.; Pertijs, M.A.P.; de Vreede, L.C.N. A 40-nm CMOS Complex Permittivity
Sensing Pixel for Material Characterization at Microwave Frequencies. IEEE MTT 2018, 66, 1619–1634.
[CrossRef]

26. Oliveira, J.G.D.; Pinto, E.N.M.G.; Silva Neto, V.P.; D’Assunção, A.G. CSRR-Based Microwave Sensor for
Dielectric Materials Characterization Applied to Soil Water Content Determination. Sensors 2020, 20, 255.
[CrossRef] [PubMed]

27. Warham, A.G.P. Annular Slot Antenna Radiating into Lossy Material; Report DITC 152/89; National Physical
Laboratory: London, UK, 1989.

28. Keysight Technologies. Keysight 85070E Dielectric Probe Kit 200 MHz to 50 GHz—Technical Overview.
Available online: https://www.keysight.com/us/en/assets/7018-01196/technical-overviews/5989-0222.pdf
(accessed on 21 May 2020).

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

https://ieeexplore.ieee.org/document/6589093
http://dx.doi.org/10.1109/IEEESTD.2013.6589093
https://ieeexplore.ieee.org/document/1626482
http://dx.doi.org/10.1109/IEEESTD.2006.99501
https://webstore.iec.ch/publication/25336
https://webstore.iec.ch/publication/6590
https://webstore.iec.ch/publication/6590
http://dx.doi.org/10.1049/el.2015.3707
http://dx.doi.org/10.1088/0022-3735/22/9/015
http://dx.doi.org/10.1088/0957-0233/18/5/026
http://dx.doi.org/10.1109/TDEI.2006.1667730
http://dx.doi.org/10.3390/s19081936
http://www.ncbi.nlm.nih.gov/pubmed/31027163
http://dx.doi.org/10.1109/TMTT.2017.2753228
http://dx.doi.org/10.3390/s20010255
http://www.ncbi.nlm.nih.gov/pubmed/31906340
https://www.keysight.com/us/en/assets/7018-01196/technical-overviews/5989-0222.pdf
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Equations for the Substitution Calibration 
	A Variation on the Substitution Method That Uses GPC-7 Coaxial Standards 

	Results 
	Characterisation of a New Broadband Phantom Liquid 
	Measurement of Stability over a Period of Time 
	Inter-Laboratory Measurement Comparison 

	Evaluation of the Substitution Method of Calibration 

	Discussion 
	References

