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Antenna Calibration Method for Dielectric Property Estimation
of Biological Tissues at Microwave Frequencies

David C. Garrett*, Jeremie Bourqui, and Elise C. Fear

Abstract—We aim to estimate the average dielectric properties of centimeter-scale volumes of biological
tissues. A variety of approaches to measurement of dielectric properties of materials at microwave
frequencies have been demonstrated in the literature and in practice. However, existing methods are
not suitable for noninvasive measurement of in vivo biological tissues due to high property contrast with
air, and the need to conform with the shape of the human body. To overcome this, a method of antenna
calibration has been adapted and developed for use with an antenna system designed for biomedical
applications, allowing for the estimation of permittivity and conductivity. This technique requires only
two calibration procedures and does not require any special manufactured components. Simulated and
measured results are presented between 3 to 8 GHz for materials with properties expected in biological
tissues. Error bounds and an analysis of sources of error are provided.

1. INTRODUCTION

The estimation of dielectric properties of materials at microwave frequencies has been investigated
for numerous applications. Dielectric properties are used in biomedical applications ranging from
assessment of tissue and device heating in magnetic resonance imaging [1] to radio frequency (RF)
dosimetry [2] and improving microwave images by determining the signal speed within tissues such as
the breast [3] or head [4]. Recent studies also suggest that microwave properties may be used to assess
parameters such as human bone health [5] and hydration status [6].

The dielectric properties of biological tissues at microwave frequencies are most commonly estimated
using open-ended coaxial probes, which perform local surface measurements. This method is reliable for
homogenous materials where good contact with the material can be achieved, such as liquids and semi-
solids [7]. Studies have reported the dielectric properties of ex vivo biological tissues including a variety
of human and animal tissues [8]. However, these properties can change after excision due to water
loss and temperature change [9], and tissue blood flow is not considered. Further, due to its shallow
sensing depth, the open-ended coaxial probe is of limited use for noninvasive in vivo measurements
where it is suitable only for surfaces such as the skin and tongue. Other methods of dielectric property
estimation exist such as resonant cavity, transmission line, and free-space techniques, but these are
impractical for in vivo tissues due to specific manufacturing requirements of the samples. We are
interested in estimating the average properties of centimeter-scale volumes of tissues. We note that this
bulk property estimation is of interest because in vivo measurements inherently consist of numerous
biological tissues, where isolation of a single tissue is generally not possible. Bulk property estimates
are useful in microwave imaging applications as prior information [10], as well as for evaluating tissue
property variations when exploring new biomedical applications [11].
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In order to estimate bulk permittivity of biological tissues, a method [12] has been developed
that incorporates shielded, dielectrically-loaded ultra-wideband (UWB) antennas [13] in contact with
tissues. The shielded antennas in proper contact allow for effective coupling of energy into the tissue,
and minimize the unwanted path around the tissue. The bulk permittivity is estimated from the time
necessary for the microwave signal to be transmitted through the tissue. However, no estimation of
conductivity is obtained, and a second measurement without the tissue present is needed to determine
time of arrival through the tissue.

In order to estimate both permittivity and conductivity over a range of frequencies, it is proposed
to implement a method of antenna calibration to this system. This system is chosen due to its tailored
design for biological tissue measurement and its UWB capabilities, providing a strong platform for
property estimation. This paper aims to provide a novel technique of dielectric property estimation
suitable for in vivo biological tissue assessment. With the ultimate objective of estimating bulk
properties in heterogeneous tissues, this paper first aims to validate our technique using homogeneous
samples. While developed for a particular UWB antenna, the method is anticipated to apply to other
antenna designs operating in contact with tissues. We aim for an accuracy of 10% in order to be
comparable with existing methods such as the open-ended probe [14], and to estimate background
properties in microwave breast radar imaging where accuracy of approximately 10–20% is required for
proper image reconstruction [15].

Several methods of microwave device calibration exist in literature. Thru-Reflect-Line (TRL)
calibration [16] is commonly used for microstrip devices and has been adapted for free-space
measurements [17]. However, for free-space applications, the Line measurement requires precise
positioning equipment, and focusing lenses are often used to account for the signal’s geometric
spreading [18]. For the UWB antennas used in this study, the Line measurement requires a
manufactured dielectric segment since the antennas are dielectrically-loaded. This could introduce
error by manufacturing imprecisions and improper placement between the antennas. Thru-Reflect-
Match (TRM) has also been proposed as a free-space calibration method, but is difficult to implement
due to imperfections in absorbing layers used in the Match measurement, leading to residual errors [19].

A more recently developed calibration technique, Gate-Reflect-Line (GRL), is proposed in [20] as an
improved method of free-space antenna calibration. GRL requires only two calibration measurements,
which are performed at the same separation distance. This calibration procedure has been adopted in
several commercially-available devices, and applied in a small number of studies such as [21]. Because
of its reported superior property estimation accuracy in [20] and its lack of required manufactured
components, GRL is chosen to be adapted for use with our system. An important distinction from the
original GRL method is the location of the calibration planes, which are placed such that they enclose
the material under test (MUT). Since the antennas used in this study are in direct contact with the
MUT, it is desirable to place the calibration planes at the interface of the apertures of the antennas with
the MUT. To account for this, the Reflect and Line measurements are modified. A second distinction
from the original publication is a different method of dielectric property estimation from the calibrated
signals, where the Nicolson-Ross Weir (NRW) method [22] is applied here.

In this paper, the calibration methodology is first presented in Section 2.1, focusing on differences
from the original GRL publication. This is followed by its application in simulation and measurement
in Sections 2.2 and 2.3, including the estimation of dielectric properties from the calibrated signals
from 3 to 8 GHz. A comparison of simulated and experimental results is presented in Section 3 for
the estimation of the dielectric properties of liquids with properties expected in biological tissues. This
is followed by an analysis of sources of errors in Section 4. Finally, concluding remarks are given in
Section 5.

2. METHODOLOGY

2.1. Calibration Method Overview

Two 2 × 2 matrices denoted O and P are used to characterize the two antennas. The matrices consist
of complex values at each frequency point. Although the transmitting antenna differentiates the signal
in the time domain [23], each frequency point is treated independently during calibration. A model of
this system as well as the corresponding signal flow graph are shown in Figure 1. Note that the name of
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Figure 1. (a) System model in simulation. (b)
Signal flow graph used for calibration.

Figure 2. Flow chart describing GRL calibration
and dielectric property estimation process.

the parameters has been modified from [20]. Radial spreading is not included in the signal flow graph,
but is accounted for later by a gain correction factor.

The parameters of O and P as depicted in the signal flow graph are described as follows:
• O11 & P22: reflections during transmission,
• O21 & P12: losses and phase shift during transmission,
• O12 & P21: losses and phase shift during reception,
• O22 & P11: reflections during reception.

The antennas are modeled as reciprocal, with O12 = O21 and P12 = P21. Parameters O11 and
P22 are obtained using time-gating to isolate reflections due to each antenna while transmitting, as
will be demonstrated in detail alongside simulated results in Section 2.2. These parameters are then
de-embedded from the calibration measurements. The remaining parameters can then be determined
from the two calibration measurements, Reflect and Line. Finally, the response of the MUT can be
extracted by removing the influence of the O and P matrices on measured S-parameters.

The GRL approach is modified here to allow for samples in contact with the antennas. The original
publication describing GRL calibration performed free-space measurements of large planar samples,
where horn antennas remained at fixed positions on either side of the sample [20]. The measurement
system used in this study consists of two UWB shielded antennas, which are placed in direct contact
with the material under test (MUT) [13]. To place the calibration planes enclosing the MUT at the
antenna aperture, the Reflect procedure is performed with the antennas directly in contact with a planar
perfect electric conductor (PEC) or metal sheet. The Line of the original GRL calibration is replaced
with Thru where the antennas are directly in contact. For this reason, we name this calibration method
Gate Reflect Thru (GRT).

For the Reflect procedure, it is assumed that the S-parameters at the antenna-PEC interface provide
a perfect reflection and no transmission. Applying Mason’s rule [24] to the signal flow graph (after de-
embedding O11 and P22):

Refl11 = −O21O12

1 + O22
(1)

Refl22 = − P12P21

1 + P11
(2)
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where Refl11 and Refl22 are the reflection coefficients recorded at the first and second antenna
terminals, respectively.

Next, the Thru measurement is performed with the two antennas directly in contact with one
another. The S-parameters at this interface ideally result in a perfect transmission and no reflection.
Note that mutual coupling between antennas is not accounted for due to the separation between antenna
radiating elements. However, this should be considered when applying this technique to other antenna
designs. Analysis of the signal flow graph results in:

Thru11 =
O21O12P11

1 − P11O22
(3)

Thru22 =
P12P21O22

1 − P11O22
(4)

where Thru11 and Thru22 are the reflection coefficients recorded at the first and second antenna
terminals, respectively.

Solving for O21O12 and P12P21 in Eqs. (1) and (2) and substituting into Eqs. (3) and (4),
respectively, yields:

Refl11P11 + (Refl11 − Thru11)O22P11 + Thru11 = 0 (5)
Refl22O22 + (Refl22 − Thru22)O22P11 + Thru22 = 0 (6)

Solving for P11 in Eq. (5) leads to:

P11 =
−Thru11

O22(Refl11 − Thru11) + Refl11
(7)

Substituting Eq. (7) into (6) yields:

Refl22(Refl11 − Thru11)O22
2

+[Refl11Refl22 − Thru11Refl11 + Thru22Refl11]O22 + Thru22Refl11 = 0 (8)

This results in a quadratic equation to solve for O22 with two possible solutions. Since a passive
antenna cannot have a reflection coefficient greater than 1, the correct solution can be determined. It
is then possible to determine the remaining parameters using Eqs. (7), (1), and (2).

With the O and P matrices determined, the calibrated S-parameters can be obtained. The signal
flow graph from Figure 1 involves three cascaded matrices, so T -parameters are used:

Tmeas = OTTMUTPT (9)

where OT and PT are the T -parameters of the O and P matrices, and Tmeas are the T -parameters
obtained at the antenna terminals while assessing the MUT. The S-parameters corresponding to the
MUT (the calibrated results) can be found by solving for TMUT in Eq. (9), and transforming back
to S-parameters. From the calibrated S-parameters, the dielectric properties can be estimated. The
calibration and dielectric property estimation process is summarized in the flow chart of Figure 2, which
will be illustrated through example first in simulations and then verified in measurement.

2.2. Performing Calibration in Simulation

The calibration method is first validated using a finite difference time domain (FDTD) simulation tool
(SEMCAD X, SPEAG, Zurich). Simulations of the shielded UWB antennas have been shown to agree
with measured results [13]. A pulse of center frequency 7 GHz and bandwidth 14 GHz is applied, and
resulting S-parameters are extracted. Conversion from frequency domain to time domain is done using
the inverse chirp Z-transform (iCZT).

The first step is to determine O11 and P22, representing the reflections during each antenna’s
transmission. Two methods are possible in simulation. The first is to simulate one transmitting antenna
with its aperture terminated with a perfectly-matched layer (PML). The second method is to use the
two calibration simulations: the antennas separated by a PEC (Reflect), and the antennas directly in
contact (Thru).
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The two simulations performed for the second method provide a strong contrast in the reflected
signal at the antenna aperture, as shown in Figure 3 at approximately 3 ns. The time of arrival of the
signal at the antenna aperture is determined by subtracting Reflect and Thru and applying a threshold.
A threshold of 10% of the maximum difference properly determines the aperture time. A Gaussian
gate is then applied to isolate the reflected signal occurring before the aperture, which corresponds to
reflections occurring within the antenna. The gate is described by:

wgate =

{
1, for t < t0

e
−(t−t0)2

2σ2 , for t > t0
(10)

where t0 is the time determined by the subtraction method corresponding to the antenna aperture, and σ
is the Gaussian root mean square width which is chosen to be 200 ps. This value is found to compromise
between precision of aperture localization, and reduction of ripples in the frequency domain. O11 and
P22 can then be determined in the time domain by multiplying wgate by the time domain Thru11 and
Thru22 signals, respectively. Thru signals are chosen rather than Reflect to avoid inclusion of strong
reflections at the aperture.

Figure 3. Time domain signal of the Reflect and Thru simulations, with the Gaussian gate used to
isolate reflections due to the antenna.

A comparison between O11 obtained using the two methods is shown in the time domain in Figure 4
and the frequency domain in Figure 5. It can be seen that the PML method is able to account for
reflections occurring after the antenna aperture, which are mostly low-frequency ringing. The majority
of this ringing occurs below the operating band of the antennas, thus is not considered significant. The
similarity between the two results validates the parameters chosen for the time domain gating. The
time-gating method is used from this point onward since it is realizable in practice.

The O11 and P22 parameters are then de-embedded from the Thru and Reflect results. First,
intermediate S-matrices for O and P are generated, consisting of:

Oint =
[
O11 1
1 0

]
; Pint =

[
0 1
1 P22

]
(11)

The de-embedded intermediate S-parameters are found using T -parameters, in the same method
as in Eq. (9).

Using the quadratic formula in Eq. (8), the two solutions for O22 are obtained. The proper solution
to the quadratic is clear considering O22 should be less than one for a passive antenna. P11 is then
determined using Eq. (7), and is found to have similar values to O22. The remaining parameters are
then determined using Eqs. (1) and (2). All transmission parameters (O12, O21, P12, and P21) are nearly
identical, which is expected for simulations.
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Figure 4. Time domain O11 obtained in
simulation using the PML and two measurement
methods.

Figure 5. Frequency domain O11 obtained in
simulation using the two methods.

As an example, the calibration method is applied to a simulation including a layer of material with
muscle tissue properties. The 4-pole Cole-Cole model of muscle defined in [25] is fit to a single-pole
Debye model, which can be represented in FDTD simulation. The tissue is modeled with 50 mm length
(the separation distance between the antennas), 40 mm width, and 40 mm height. This configuration
is shown in Figure 1(a)). Absorbing boundary conditions are placed at the edges of the muscle tissue
to reduce effects such as multipath. In Figure 6, the calibrated S-parameters approach the theoretical
S-parameters, which are calculated using uniform plane wave assumptions. The effects of calibration
are clear in the time domain, as shown in Figure 7. The calibrated signal arrives much earlier since it
corresponds only to the signal flight between the antenna apertures. It is also greater in amplitude due
to compensation for the losses and reflections inherent in the antennas.

Figure 6. Magnitude and phase of the sim-
ulated, calibrated, and theoretical transmission
coefficient S21 for muscle tissue.

Figure 7. Original and calibrated time domain
transmission coefficient S21 in simulation of muscle
tissue assessment.
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A procedure based on the Nicolson-Ross Weir (NRW) method [22] is then applied to estimate
dielectric properties. The first step is to isolate the reflection at the interface of the antenna and the
MUT. Next, the propagation factor is determined, and corrections are applied to phase and amplitude.
Finally, permittivity and conductivity are estimated.

The reflection coefficient is isolated by modeling the multiple reflections and transmissions using
a planar layered media model. Specifically, a planar region filled with the MUT is enclosed by regions
containing the antenna dielectric filling (relative permittivity of approximately 25, and very low loss).
Each material is treated as nonmagnetic (μant = μMUT = μ0). Note that the MUT is not enclosed by a
waveguide as in [22], so there is some spreading of the signal. Compensation for this is included later.

The reflection coefficient (Γinf ) assuming an infinite sample length [22] is found from the calibrated
reflection (S11) and transmission (S21) coefficients as:

Γinf = χ ±
√

χ2 − 1 (12)

where

χ =
S2

11 − S2
21 + 1

2S11
(13)

The correct solution for Γinf can be found by considering that the magnitude of the reflection
coefficient is bounded by 1 for passive materials. The propagation factor e(−γd) can then be found from
S11, S21, and Γinf as:

e−γd =
S11 + S21 − Γinf

1 − (S11 + S21)Γinf
(14)

Next, the propagation constant γ = α + jβ is estimated from the propagation factor e(−γd) as:

αest = − ln |e−γd|
L

[Np/m] (15)

βest = −arg(e−γd)
L

[rad/m] (16)

where L is the distance between the antennas (occupied by the MUT). We then correct these terms
because radial spreading causes a greater than expected attenuation constant α, and phase wrapping
causes a phase ambiguity in estimating β.

A simple method is applied to account for the radial spreading of the transmitted signal. Since the
radial spreading causes a loss in the signal intensity traveling through the tissue, an addition of signal
magnitude is added per unit length. Through characterization in simulation, this addition is determined
to be 1.2 dB/cm. Although the radial spreading depends on the tissue properties, frequency, separation
distance, and antenna radiation pattern, this simple method is found to reasonably account for this
spreading in a range of scenarios. Note that minor variation in this radial spreading term (e.g., 1.1 to
1.3 dB/cm) has little influence on the resulting property estimation, where changes less than 3% are
observed.

Next, the unwrapped phase used to find βest is offset from the true value by a nearly constant value
as seen in Figure 8. This occurs because the antenna does not radiate below approximately 1.8 GHz. As
in the NRW method, group delay is used to overcome this phase ambiguity. Group delay is estimated
as:

τg,meas(f) = − 1
2π

dφ(f)
df

(17)

where φ(f) is the unwrapped phase of the estimated propagation factor e(−γd). Group delay can also
be calculated from estimated permittivity ε′r,est and conductivity σest as:

τg,calc(f) = L · Re

⎧⎨
⎩ d

df

√
ε′r,est − j σest

ωε0

f2ε0μ0

⎫⎬
⎭ (18)
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where permittivity and conductivity are estimated from the propagation constant as:

ε′r,est =
β2

est − α2
est

(2πf)2ε0μ0
(19)

σest =
2αestβest

2πfμ0
(20)

Next, the unwrapped phase φ(f) is linearly swept as:

φδ(f) = φ(f) + δ (21)

where δ ∈ (−2nπ : 0.01 : 2nπ) rad, with n the maximum wavelengths expected in a sample (if unknown
one can set this to a high number). Dielectric properties are estimated for each phase using Eqs. (19)
and (20), and group delay is calculated in Eq. (18). The correct phase shift δ = k is chosen such that:

τg,meas(f) − τg,calc,k(f) ∼= 0 (22)

Prior to differentiating in Eqs. (17) and (18), the data is fit to second order polynomials to reduce
the influence of noise. The corrected phase constant using the applied phase shift is shown in Figure 8,
and is seen to closely resemble the theoretical value. Dielectric properties estimated using the complete
procedure are shown in Figure 9. Very good agreement with the true values can be seen for both
permittivity and conductivity, with average error of 3.94% and 4.71%, respectively.

Figure 8. Estimated and theoretical phase
constant for muscle tissue.

Figure 9. Estimated and literature dielectric
properties of muscle [26] in simulation.

Note that the phase shift δ is not limited to multiples of 2π as in [22] because the reference
planes after antenna calibration may not be precisely at the aperture. While the calibration procedures
retain the signal within the waveguide of the antennas, tissue measurements include the transition from
waveguide to MUT at the aperture. This transition modifies the signal phase at the antenna aperture
by a small amount, particularly at frequencies close to the waveguide cutoff. A continuous phase sweep
is thus found to better account for the phase ambiguity.

2.3. Performing Calibration in Measurement

The measurement system is shown in Figure 10. Two UWB antennas are mounted in a precise metal
fixture where their separation distance can be controlled to within 0.01 mm using two thumbwheels.
Measurements are recorded using a vector network analyzer (Agilent N5230A PNA-L). An intermediate
frequency bandwidth of 100 Hz and a stimulus power of −2 dBm are used. The system is calibrated to
the coaxial connections of the antennas using an electronic calibration unit (Agilent N4691A 3.5 mm
Electronic Calibration Kit).
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Figure 10. Measurement system consisting of two UWB antennas held in a metal fixture. The two
thumbwheels are above the antenna apertures, and blue coaxial cables are connected to each antenna.

First, the Reflect calibration measurement is performed using a copper plate with a thin protecting
plastic film. This film prevents unwanted resonances due to the metal antenna shielding in direct contact
with a conductor, which are observed with a non-coated Aluminum sheet. Next, the Thru measurement
is performed with the two antennas directly in contact with one another. The MUT is measured with
the antennas adjusted to contact this material, then the calibration method is applied to the measured
data. Here, we focus on the calibration parameters, specifically comparison with simulation. Property
estimations are provided in the next section.

To determine O11 and P22, time-gating is applied to the Reflect and Thru measurements. A
comparison between O11 and P22 obtained from measurement and simulation is shown in Figure 11.
Note that in simulation, since the models are ideal, O11 of the first antenna is equal to P22 of the
second antenna, whereas in measurement there are slight manufacturing differences between the two
antennas [13]. While the values do not align perfectly over the frequency range, the general trend is
similar.

A similar comparison of O21 and P12 in simulation and measurement is shown in Figure 12. General
agreement is again seen between the parameters, where precise agreement would not be expected due
to manufacturing differences. The greater difference between simulated and measured O21 and P12

values with increasing frequency is likely due to a greater dispersion of the antenna dielectric loading
in measurement than in simulation. This causes increased loss in measurements, resulting in lower O12.

Figure 11. Comparison of O11 and P22 obtained
from simulation (using the time-gating method)
and measurement (note in simulation O11 = P22).

Figure 12. O21 and P12 in simulation and
measurement (O12 = O21 and P12 = P21).
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3. VALIDATION

To evaluate the performance of the calibration method with expected biological tissue properties, three
mixtures described in [26] with similar properties to the healthy breast tissue groups defined in [27] are
prepared using the surfactant Triton X-100, deionized water, and salt. Note that these are homogeneous
mixtures used to validate the calibration technique. Future work will focus on property estimation of
heterogeneous samples where reflections may occur within the sample. These mixtures are summarized
in Table 1.

Table 1. Tissue-mimicking mixtures in deionized water solution.

Mixture Triton X-100 concentration (% mass) Salt concentration (% mass)
1 30 0.5
2 40 0.5
3 100 0

The open-ended coaxial probe described in [28], using the processing technique from [14], is used
as a reference for estimations obtained from measurement. Single-pole Debye parameters are fit to the
probe estimations using the criterion in [27], such that the properties can be modeled in simulation.
The Debye parameters are given in Table 2.

Table 2. Debye parameters of the tissue-mimicking mixtures.

Mixture
Static permittivity

εs [ ]
Optical permittivity

εinf [ ]
Conductivity

[S/m]
Relaxation time

[ps]
1 47.77 13.44 0.0670 24.40
2 39.37 10.39 0.0577 26.24
3 4.70 2.87 0.0049 48.16

Antenna calibration is performed during each measurement session to account for temperature
fluctuations which could affect antenna behavior. Liquids are enclosed in thin plastic bags during
antenna measurements. These bags cause little effect on the results, as observed from the consistency
of measurements of solid samples inside and outside the same bags. Estimated properties are given in
Figures 13 to 15 in simulation and measurement at a 40 mm separation distance.

The average errors in simulation and measurement of each mixture at various separation distances
representing expected tissue thicknesses are summarized in Table 3. Note that average errors are
calculated over the usable frequency range, where the high loss mixtures are limited by the noise floor
of the measurement equipment at high frequencies. The maximum frequency over which the error is
calculated is noted below Table 3.

The majority of the estimated properties are accurate within 10%. Simulated results are generally
very accurate, providing continued confidence in this method. It is important to note that probe
estimations are used as a reference for the measured results. The probe is known to be accurate within
approximately 10% [14], so the observed errors also include error from the probe estimations.

The largest errors are seen for the short separation distance measurements of the low permittivity
Mixture 3. This error is likely due to the antennas’ behavior in the near-field, since this sample presents a
very short electrical length. Further, conductivity estimations of this mixture are seen to be challenging
due to its very low loss. Measurements at larger separation distances of the lossy mixtures are also seen
to be challenging. This is because of a narrower usable frequency range due to noise limitation.

Finally, we emphasize that the calibration is performed directly at the antenna aperture.
Particularly for low frequencies, the antennas are operating in the near-field at this close proximity.
This means that the antenna apertures may interact differently with the calibration procedures than
during the tissue measurements, where a greater separation distance is given.
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Figure 13. Estimated relative permittivity and
conductivity of Mixture 1 in measurement and
simulation at 40 mm separation distance.

Figure 14. Estimated relative permittivity and
conductivity of Mixture 2 in measurement and
simulation at 40 mm separation distance.

Figure 15. Estimated relative permittivity and conductivity of Mixture 3 in measurement and
simulation at 40 mm separation distance.

4. ERROR ANALYSIS

To assess this method’s response to uncertainties during measurements, error propagation from the
measured parameters is analyzed using a technique similar to [29]. The parameters with uncertainty in
this technique are the distance (recorded by the digital calipers), as well as the magnitude and phase of
the reflection and transmission coefficients. The total error from each of these sources for the estimation
of permittivity and conductivity is determined as:

∂ε′

ε′
=

1
ε′

√√√√(
∂ε′

∂L
δL

)2

+
∑

i

[(
∂ε′

∂|Si|δ|Si|
)2

+
(

∂ε′

∂θi
δθi

)2
]

(23)

∂σ

σ
=

1
σ

√√√√(
∂σ

∂L
δL

)2

+
∑

i

[(
∂σ

∂|Si|δ|Si|
)2

+
(

∂σ

∂θi
δθi

)2
]

(24)
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Table 3. Average estimated dielectric property errors of the tissue-mimicking mixtures in simulation
and measurement.

Mixture Sep. Distance Estimated permittivity error (%) Estimated conductivity error (%)
[mm] Simulated Measured Simulated Measured
30 1.10 9.56† 2.63 2.48†

1 40 1.11 11.81* 2.56 3.04*
50 1.79† 14.28* 1.90† 10.47*
30 2.36 11.03† 2.69 7.15†

2 40 1.02 6.46† 1.82 4.70†

50 1.15 14.64† 1.79 6.95†

30 24.30 40.72 58.92 50.53
3 40 8.88 15.73 46.13 23.96

50 6.09 7.60 39.57 4.89
∗ Maximum frequency of 6 GHz
† Maximum frequency of 7 GHz

where the subscript i corresponds to each of the S-parameters recorded for the tissue measurement,
Thru, and Reflect, and θ denotes the phase of each S-parameter. Derivatives are calculated numerically
by iteratively solving for the dielectric properties over a range of errors for each parameter. The
parameter errors are as follows considering our measurement equipment: δL = 0.1 mm, δ|Si| = 0.002,
δθ11 = δθ22 = 3◦, and δθ12 = δθ21 = 1◦. As an example, sources of error in the permittivity estimation
of Mixture 1 are shown in Figure 16.

Error in the magnitude of the transmission coefficient in the MUT measurement δ|S(21,MUT )|
is generally seen to cause the greatest uncertainty in property estimation. Phase in the reflection
coefficients in the MUT and Reflect measurement cause the next greatest uncertainty. Note that the
transmission coefficients (S12 and S21) of the Thru and Reflect procedures do not affect the property
estimation due to the method’s mathematical formulation. Examples of the total property estimation
error for these parameter errors are shown in Figures 17 and 18, for Mixtures 1 and 3.

The largest uncertainty is generally seen at low frequencies, similar to [29]. A strong resonance
is observed near 4GHz, both in simulation and measurement. This is hypothesized to be due to
the antenna shielding resonating, where it is approximately one wavelength long at this frequency.

Figure 16. Uncertainty in the permittivity estimation of Mixture 1 due to each of the perturbed
parameters, in measurement at 40 mm separation distance.
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Figure 17. Total relative uncertainty of
the permittivity and conductivity estimations of
Mixture 1 in simulation and measurement.

Figure 18. Total relative uncertainty of
the permittivity and conductivity estimation of
Mixture 3 in simulation and measurement.

This causes an effect similar to the Fabry-Pérot resonance often observed in transmission line material
measurements [29]. Interestingly, this resonance is not observed in the simulated property estimations,
but it is evident in the estimation uncertainty. This suggests a similar effect could occur in simulation,
but it does not affect the resulting estimation to the same extent as in measurement.

The uncertainty in the permittivity estimation in measurement is greater than in simulation for
Mixture 1, which is reflected by the greater error in measurement estimation (Table 3). Uncertainty is
seen to be considerable for simulated and measured estimations of Mixture 3. However, this uncertainty
is not as great as the property estimation errors summarized in Table 3. This is likely due to the
radial spreading of the signal causing further error beyond the identified uncertainty in length and
S-parameters.

5. CONCLUSION

A novel method of dielectric property estimation is developed for use with biological tissues, with the
ultimate objective of assessing in vivo tissues. This technique is dubbed Gate Reflect Thru (GRT) due
to its calibration procedures. Initial simulated and measured results for the estimation of dielectric
properties are very promising despite the many challenges of near-field antenna property estimation.
It is found that throughout much of the frequency range of these antennas, far-field approximations
are applicable in estimating the properties. However, near-field antenna behavior is a significant
consideration in developing this technique, and is particularly challenging for low permittivity materials.

Estimations generally lie within or near a 10% accuracy for mixtures representing homogeneous
biological tissues at expected thicknesses. This method thus presents a convenient method for rapid
estimation of dielectric properties as prior information for microwave imaging, and for quantitative
tissue analysis. Further, this technique can likely be applied to many other antenna designs such as [30].
Criteria for applying other antennas include: sufficient bandwidth to resolve the antenna aperture in
the time domain, limited mutual coupling between antennas when placed in contact with one another,
and focused radiation. Applications such as agriculture sample property estimation [31] could also be
explored with this technique, where less sample manufacturing is required compared with planar free
space or transmission line measurements.

Future work involves implementing this technique in the 5 × 5 antenna array described in [12].
This will aid also in our microwave breast imaging system by providing an estimate of the background
permittivity when reconstructing the images. The complex geometric spreading of the antenna will
also be further investigated and characterized. Finally, we aim to implement this technique in smaller
antennas for potential wearable applications.
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