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Abstract: A developed six-port reflectometry (SPR) system was integrated to measure the relative
permittivity of tumor and normal breast tissue for medical diagnostic purpose. In order to obtain an
accurate and precise measurement, the calibration process was done to the SPR using the well-
known three-standard technique. Next, the studied dielectric probe was connected to the calibrated
measurement-port of the SPR. The open end of the probe aperture was dibbed into the normal and
tumor synthetic breast tissue samples to measure the synthetic breast tissues dielectric constant, &/,
and loss factor, &" in the frequency range of 1.5 GHz to 3.3 GHz. Finally, the comparative studies
were conducted between commercial VNA with Keysight 85070E dielectric probe and the studied
SPR-probe system based on the measured magnitude of the reflection coefficient, phase shift, die-
lectric constant, and loss factor of the synthetic breast samples. The maximum absolute errors of
the measured reflection coefficient magnitude, phase shift, dielectric constant, and loss factor were
found to be 0.01, 1.07°, 1.12, and 0.75, respectively. It was ascertained that the predicted dielectric
constant, &, is able to differentiate between normal, (e’ < 50) and tumor, (e’ > 50) breast tissues.

Keywords: six-port circuits; complex-ratio-measuring circuits; open-ended coaxial probe; breast tu-
mors; RF reflectometer; relative complex permittivity; one-port calibration; graphical user interface

1. Introduction

According to the World Health Organization (WHO), breast cancer is one of the lead-
ing cancers affecting women in the world. According to [1], breast tumor was the principal
cause for loss of life among women (589,430 deaths) and there were over 1,658,370 new
breast tumor cases in the United States alone in 2015. DePinho [2] indicated that older
people are more vulnerable to getting cancer due to the accumulation of the cancer gene
in their bodies over the passing years of their lives. However, the X-ray mammography
has some drawbacks such as pain due to breast compression and radiation exposure. It is
true that MRI is considered to be somehow costly; however, it is capable of providing
more accurate diagnosis than the other detection methods [3,4]. In spite of the existence
of these detection methods, they all have limitations of one kind or another. Therefore, it
is very demanding to come up with a microwave technique which can detect breast cancer
tumor.

Currently, there exists two applications of microwave breast imaging modalities: mi-
crowave tomography and microwave radar. The microwave tomography has the ability
to create image information via measuring an array of dielectric properties at different
locations of the breast. The microwave radar can plot the breast dielectric scatters but can-
not create any dielectric properties image of the breast. For microwave tomography of
breast imaging, the study of dielectric properties of the breast tissues is very important in
order to differentiate between normal and tumor breast tissues.

An early detection of tumors signs can give a strong chance to diagnose cancer and
control the disease. In order to investigate the breast tissues dielectric, a testing machine
such as vector network analyzer (VNA) is required [5], However, the big size and high
cost of VNA are the main drawbacks since many if not all of today’s applications opt for
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compact size and low-cost measurement instruments. Due to this, this study aims to pro-
pose a six-port reflectometer (SPR) to be an alternative to the VNA.

Due to the sensitivity of the polarization of water molecules contained in the tissues,
tissues show a substantial response when subjected to microwaves. In return, this enables
the six-port reflectometer (SPR) sensor system to be employed as a technique to diagnose
tumor in the moist tissue. The relative permittivity of the moist tissue is greatly influenced
by the water volume in the moist tissue total volume because of the pure water relative
permittivity.

It is well-known that the water content in the tumor tissue is relatively high com-
pared to that of the normal tissue (> 60%) because of the increased hydration caused by
the fast cancer cells metabolism of the surrounding angiogenic vasculature. It is worth
mentioning that the iteration between the biological samples and the microwave relies on
the complex relative permittivity values of the biological samples (er = &’ — jer”) causing
some variations in the dielectric constant, " of normal (e:" < 50) and cancer tissue (&' > 50).
Therefore, it can be said that the dielectric constant can be employed to diagnose the pa-
tient’s case whether has a cancer or not [6, 7]. The dielectric probe kit connected to Vector
Network Analyzer (VNA) is used for microwave dielectric measurement of breast tissues
and a coaxial probe kit is widely used to measure the dielectric properties of the biological
tissue due to its simple, nondestructive and capable of covering a wide band operating
frequency characteristic.

In this paper, a six-port reflectometer-probe system is proposed to be used for breast
tumor detection instead of VNA. The integrated circuit design, dielectric measurements
of synthetic breast tissues, experiment setup, and the results are presented in the following
sections. In fact, microwave medical diagnostic sensor can be categorized into in vitro and
in vivo measurements based on the type of tissue under test and the location of the tissues
in the human body [8]. For instance, laboratory in vitro blood glucose characterization
using microwave sensors were studied by [9-13]. While in vivo medical diagnostic appli-
cations using microwave sensors were investigated by [14-24]. An identification of the
impact of a vein’s radius using resonant microwave sensor was study based on simulation
results by [14]. The microwave spiral sensor was developed by [15] for noninvasive eval-
uation of glycemia in animal-blood. On the other hand, several type of microwave skin
patch sensors have been designed by [16-21]. The microwave sensors were also used to
monitor hip fracture and intracranial pressure [18, 19], and measure the fluid volume
changes in the heart and limb hemodynamics [20,21], respectively. In addition, non-inva-
sive blood glucose monitors with multiple sensors have been used in clinical tests [22],
while [24] proposed a set of microwave transmission sensors for real-time perception of
muscle mass. Since the breast tissue used is a synthetic sample, thus the overall initial
measurement in this study is an in vitro measurement.

2. Complex-Ratio-Measuring (CRM) Circuits
2.1. Various Kinds of CRM Circuits

During these fifty years, various types of complex-ratio-measuring (CRM) circuits
have been studied and developed, such as three-port or four-port CRM circuits (so-called
multi-probe transmission-line circuits in Figure 1 (a)) [25], five-port ring-based CRM cir-
cuits (in Figure 1(b)) [25], and six-port or seven-port CRM circuits (so-called hybrid cou-
pler-based CRM circuits in Figure 1(c)) [25]. The three-port and four-port CRM circuits
are the simplest and most economical. The disadvantage of three- or four-port circuits is
that they are only suitable for use in the development of single or narrow band reflec-
tometers.

Bandwidth of the CRM circuits can be improved by using a five-port CRM circuits
(CRM circuits that have a greater number of ports). In general, the five port CRM circuits
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are built in the form of a microstrip ring line. However, the phase stability and port isola-
tion performance for the five-port circuits are less compared to the six-port and seven-
port circuits. The isolation performance and phase stability for a seven-port circuits is
slightly better compared to a six-port circuits, but in terms of calibration calculation and
cost, the six-port circuits are more simple and less cost than seven-port [25]. Thus, in this
paper, six-port CRM circuits have been emphasized.
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Figure 1. Typical (a) three-probe transmission-line circuit, (b) five-port ring-based CRM circuit,
and (c) six-port CRM circuit [25].

2.2. Six-Port CRM Circuits

As mentioned, that the main components in a six-port CRM network are the three
hybrid couplers and one power divider as shown in Figure 1 (c). In this study, the band-
width and size of the CRM circuit are improved using a three-section branch-line coupler
and 3 dB-Wilkinson power divider with enhanced series-diamond stubs and meandering
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lines as shown in Figure 2 [26,27]. The modified Wilkinson power divider and the study
six-port CRM circuit is capable of applying over the frequency range 1.5 GHz to 3.3 GHz.

The integrated prototype six-port reflectometer (SPR) biosensor system is shown in
Figure 3. Besides CRM circuit part, the integrated prototype system is also composed of
Keysight N5171B EXG X-Series RF analog signal generator, two units of Pasternack
PE2243-10 10-dB directional couplers, ICS-4749 wideband isolator, modified Wilkinson
power divider, four units of Herotek DZR124AAP Schottky diodes, dielectric probe, and
other digital components (four 24-bit LTC2400 ADCs, ATmega328 microcontroller, four
ADA-4528 chopper amplifiers, and desktop). The complete experimental setup of the sys-
tem is shown in Figure 4 (a). In addition, a MATLAB-based graphical user interface (GUI)
of the reflectometer-sensor system is also developed as shown in Figure 4 (b). The detail
description of the calibration routines for the study six-port CRM circuit and the aperture
dielectric probe can be found in the literature [28].
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Figure 2. (a) Modified Wilkinson Power divider circuit part [26]. (b) Six-port complex-
ratio-measuring (CRM) circuit [27].
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Figure 4. (a) Experimental setup. (b) Graphical user interface (GUI) for reflectometer-sen-
sor system.

3. Dielectric Probe

Due to only a small volumes of the breast tissue samples required for measurement,
hence the low cost SMA connector with small stub radius is constructed as dielectric
probe. The stub of the SMA connector is cut and the cut surface is polished until it becomes
completely even as shown in Figures 5. The dimensions of the fabricated dielectric probe
have inner and outer radius conductors of a2 = 0.635 mm and b = 2.05 mm, respectively as
shown in Figure 6. The dielectric medium between inner and outer conductors is filled
with Teflon with dielectric constant, e = 2.06 and the coaxial line length, 4 from the con-
nector end to the aperture probe is 7.5 mm as shown in Figure 6 (c). The d value is very
important for the conversion of the reflection coefficient at measurement port to aperture
of the dielectric probe.

=
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Figure 5. The photograph of (a) SMA stub panel connector (b) fabricated study dielectric
probe
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Figure 6. (a) Front view, (b) side view, and (c) cross-sectional view of the fabricated dielec-
tric probe.

4. Synthetic Breast Tissues

In this study, the synthetic breast samples under test are prepared using the solutions
proposed by Romeo et al. [21], which is consisting of different volume ratios of water and
Triton TX-100 as listed in Table 1. The certain ratio volume (based on Table 1) of the TX-
100 solution and water were measured using volumetric burette. Later, both of the
solutions are poured and mixed into a conical flask as shown in Figure 7. Symbol T denotes
the solution representing the tumor breast tissues. On the other hand, the B1, B2, and B3
denote the solutions for three classes of normal breast tissues, respectively. The T and B1
sample solutions are prepared at room temperature while the B2 solution is prepared at
60°C because of its high viscosity and making it difficult for the stirrer to operate at room

temperature.

Table 1. Synthetic breast samples consisting of different ratios of water and Triton TX-100.

TX-100 Water

Category Symbol (% vol) (% vol.)
Tumour breast tissues T 20 80
Normal breast tissues (Fibroglandular tissues) Bl 30 70
Normal breast tissues (Fibroglandular tissues) B2 40 60
Normal breast tissues (Fatty/adipose tissues) B3 100 0



https://doi.org/10.20944/preprints202110.0292.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 October 2021 d0i:10.20944/preprints202110.0292.v1

Figure 7. Prepared synthetic breast samples T, B1, B2, and B3.

5. Results and Discussion

The performance of the integrated six-port reflectometer-biosensor system are ana-
lyzed and tested based on measured complex reflection coefficient, I'. and predicted rela-
tive complex permittivity, ¢r of the synthesis breast tissue. The reflection coefficient, I'. and
relative permittivity, ¢- measurement results obtained from Keysight (formerly Agilent)
E5071C network analyzer (VNA) and Keysight 85070E dielectric probe are used as a ref-
erence (as the benchmark). Furthermore, the accuracy and precision of the measurement
results obtained from this study six-port reflectometer-sensor system (SPR-sensor system)
and previous research five-port ring reflectometer-sensor system (FPR-sensor system) [20]
are also compared.

3.1. Reflection Coefficient

The linear magnitude, IT«| and phase shift, ¢ of the reflection coefficient for the
synthetic breast tissues (T, B1, B2, and B3) are measured by the study SPR-sensor system
and Keysight E5071C VNA with Keysight 85070E dielectric probe for comparison as
shown in Figure 8 and Figure 9.

The overall measured |I's| (black dashed line) using SPR-sensor system seems to have
ripple/noise characteristics. The ripple/noise in the measurement IT:| and ¢ are eliminated
using a first-order polynomial local regression (LOESS) model with a span = 0.15. The
removed ripple IT:| and ¢ are represented by the red circled line in Figure 8 and Figure
9, respectively. Obviously, compared with the amplitude measurement, the sensitivity of
the phase shift, ¢ measurement of T, B1, B2, and B3 is significantly higher. Therefore, the
phase shift measurement can be effectively used to differentiate between the tumor and

normal synthetic breast tissues samples.
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Figure 8. The measured magnitude of reflection coefficient, IT.| at measurement port of
(a) T, (b) B1, (c) B2, and (d) B3, respectively
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Figure 9. The measured phase shift, ¢ at measurement port of (a) T, (b) B1, (c) B2, and (d) B3,

respectively

The accuracy analysis of the reflection coefficient, I's measurement using the previous FPR-
sensor system [28] and the study SPR-sensor system are shown in Table 2. It should be noted
that the span = 0.27 of the local regression (LOESS) model was used by FPR-sensor system. The
absolute errors of the FPR- and SPR-sensor systems in Table 2 are obtained by referring to the
measurements using Keysight E5071C VNA with Keysight 85070E dielectric probe. From Table
2, the study SPR-sensor results are more accurate than FPR-sensor [28] and covered more
bandwidth.

The maximum mean absolute errors of the magnitude, All.l and phase, A
measurements are 0.011 and 1.22°, respectively, using study SPR-sensor system which are lower
compared to the FPR-sensor system proposed by [28] with AIT.| = 0.03 and A¢ = 3.6°. Clearly,
the error in the reflection coefficient measurement of the SPR-system is almost three times

smaller than that of the FPR system [28].

Table 2. Maximum and mean absolute errors in reflection coefficient measurements.

Sample | LOESS FPR-sensor [28] SPR-sensor (This study)
(1.6 GHz to 2.8 GHz) (1.5 GHz to 3.3 GHz)
Max. error Mean error Max. error Mean error
ATl Ad(®) | ATl Age(®) | AlTal  Ag(®) | Al Age(°)
T Yes 0.04 5.13 0.01 1.31 0.015 1.92 0.0092 1.07
No 0.09 7.96 0.03 1.98 0.029 4.56 0.0092 1.22
B1 Yes 0.04 4.30 0.01 1.72 0.014 1.29 0.0027 0.84
No 0.10 8.53 0.03 2.23 0.017 3.31 0.0068 0.96
B2 Yes 0.04 3.40 0.01 0.99 0.029 0.95 0.0069 0.45
No 0.12 7.46 0.02 2.11 0.034 2.50 0.0113 0.78
B3 Yes 0.04 4.19 0.02 3.12 0.026 1.78 0.0033 0.66
No 0.14 9.93 0.03 3.60 0.061 3.97 0.0109 0.85

3.2. Relative Complex Permittivity
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The relative complex permittivity, e values of the synthesis breast tissue are
predicted from its measured complex reflection coefficient, I'.. The relative complex
permittivity, er (= &’ - j &”) is consisted of the real part, " and imaginary part, ", which
are the dielectric constant and the loss factor, respectively.

Figures 10 and 11 show the predicted dielectric constant, & and loss factor, e-” values
with the LOESS treated magnitude and phase of the reflection coefficient, I'.. In addition,
the &’ and &” measurement obtained by the commercial Keysight E5071C VNA with
Keysight 85070E dielectric probe is used as a benchmark for the &’ and &” predicted by
study SPR-sensor system. Although, LOESS has been applied to the raw reflection
coefficient, ripple still exists in the predicted dielectric constant, e-" and loss factor, &".
Thus, LOESS with a span = 0.15 has been applied once to the predicted dielectric constant,
e’ and the loss factor, &".

From Figures 10 and 11, the tumor T synthetic breast tissues samples, & and &” by
both SPR-sensor system and VNA with Keysight 85070E dielectric probe has the highest
&’ and &” while B3 sample has the lowest & and &:”. The highest &;" and &:” values of the T
sample is due to the sample’s highest water content. On the contrary, B3 possesses the
lowest &:" and &:” values due to the fact that it does not contain any water. For instance, the
values of the dielectric constant, & for T and B1 samples at 2.45 GHz are in the range of
50.94 to 51.49 and 37.80 to 39.02, respectively. It can be concluded that the ¢/ measurement
can efficiently distinguish between the tumor and normal synthetic breast tissues samples,

because normal &’ <50 and tumor tissue &' > 50.
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Figure 10. Predicted dielectric constant, & of the synthetic breast tissues which are (a) T,

(b) B1, (c) B2, and (d) B3, respectively
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Figure 11. Predicted loss factor, &” of the synthetic breast tissues which are (a) T, (b) B1, (c) B2,
and (d) B3, respectively
Table 3 present the accuracy assessment uncertainty of the dielectric constant, &" and loss

factor, &” of the synthetic breast with and without LOESS treatments. The maximum and mean
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errors of " and &” measurements via full integrated SPR sensor system in this study are smaller

compared to the maximum and mean proposed in [28].

Table 3. Maximum and mean absolute errors in relative complex permittivity measurements.

Sample | LOESS FPR-sensor [28] SPR-sensor (This study)
(1.6 GHz to 2.8 GHz) (1.5 GHz to 3.3 GHz)
Max. error Mean error Max. error Mean error

A’ A e Ae’ A e Ae’ A e Ag’ A e

T Yes 1.98 2.04 1.55 1.21 2.21 0.27 0.88 0.07
No 2.76 2.64 1.61 1.28 2.43 0.57 0.92 0.14

Bl Yes 0.77 1.61 0.38 1.10 1.73 0.93 1.19 0.75
No 1.65 2.45 0.56 1.14 1.95 1.16 1.30 0.75

B2 Yes 1.63 151 1.02 0.96 0.71 1.04 0.53 0.75
No 2.08 1.97 1.03 0.95 0.79 1.20 0.54 0.75

B3 Yes 2.13 0.59 1.87 0.27 0.34 0.24 0.20 0.11
No 2.38 0.93 1.85 0.35 0.38 0.26 0.20 0.13

5. Conclusions

The SPR sensor system was developed for reflection coefficient measurement and the
measurement was benchmarked with Keysight E5071C VNA with Keysight 85070E dielectric
using the microwave (ISM-band) frequency. The synthetic breast tissues were obtained using
various mixture ratios of Triton TX-100 and water to mimic the conductivity and dielectric of the
human breast tissues. The integrated SPR-sensor system performance assessment was investi-
gated via the measurement of the complex reflection coefficient (magnitude and phase) and the
relative complex permittivity (dielectric constant, &;" and loss factor, ") of synthetic breast tis-
sues.

Due to the appearance of ripples in the magnitude and phase shift measurements by SPR,
the LOESS model is applied to smoothen the curves of these measurements. In addition, both
predicted dielectric constant, e-" and loss factor, &” from the LOESS treated magnitude and phase
shift curves seem to have ripple characteristics as well. Therefore, the LOESS is again applied to
the predicted &" and e:” measurements to smoothen their curves. In sum, the predicted dielectric
constant, & has the potential to differentiate between normal and tumor breast tissues. While
the loss factor, " measurement cannot be used as an alternative to differentiate between the
tumor and normal synthetic breast tissues samples.
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