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Abstract 
 

A six-port reflectometry (SPR) system was developed to predict the 

dielectric properties of both tumor and normal breast tissue, intended for 

medical diagnostic applications. Ensuring precise measurements, the SPR 

underwent calibration using a well-established four-step procedure, 

which will be briefly outlined. Afterward, the investigated coaxial probe 

was connected to the SPR through the calibrated measurement port. 

Subsequently, the exposed end of the probe aperture was immersed into 

synthetic samples representing both healthy and cancerous breast tissue 

to assess the dielectric constant, εrʹ and loss factor, εrʺ across frequencies 

ranging from 1.5 GHz to 3.3 GHz. The dielectric constant, εrʹ and loss 

factor, εrʺ were derived from the measured reflection coefficient using a 

closed-form equation associated with the coaxial probe. An 

examination was undertaken to compare the performance of a 

commercially available vector network analyzer (VNA) outfitted with a 

Keysight 85070E dielectric probe against an SPR-probe system. The 

comparison was based on analyzing the reflection coefficient 

magnitude, phase shift, dielectric constant, and loss factor of synthetic 

breast tissue samples. The study revealed maximum absolute errors of 

0.01, 1.07°, 1.12, and 0.75 for the measured reflection coefficient 

magnitude, phase shift, dielectric constant, and loss factor, respectively. 

The calibrated reflection coefficient and predicted relative permittivity, εr 

can be effectively utilized to distinguish between normal (εrʹ < 50) and 

tumor (εrʹ > 50) breast tissue. 

 

Keywords: Complex-ratio-measuring circuits, synthetic breast tumors, 

one-port calibration, relative complex permittivity, open-ended coaxial 

probe, reflection coefficient 
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1.0 INTRODUCTION 
 

Breast cancer, identified by the World Health 

Organization (WHO) as a leading cancer affecting 

women globally, claimed estimated 2.001 million 

women have female breast cancer and 611,720 

deaths in the United States in 2024 [1]. The decline in 

cancer mortality is projected to persist annually until 

2021, resulting in the prevention of over 4 million 

deaths since 1991 [1]. Advanced early detection 

techniques for particular types of cancers, coupled 

with enhanced treatment options for both adjuvant 

and metastatic stages, play significant roles in 

improving outcomes. Consequently, the development 

of reliable diagnostic instruments is pivotal. 

The manuscript aims to propose the creation of a 

simple, portable breast diagnostic device suitable for 

clinics and households alike, with affordability as a key 

consideration. Recently, microwave technology offers 

promise, with two modalities, namely microwave 

tomography and radar - showing potential [2, 3, 4]. 

The tissue with water content demonstrates a notable 

reaction attributed to the polarization of water 

molecules upon exposure to microwave radiation. 

However, existing instruments like vector network 

analyzers (VNA) pose drawbacks in terms of size and 

cost.  

This study introduces a multi-port reflectometer 

(SPR) as an alternative to Vector Network Analyzers 

(VNAs) for measuring relative complex permittivity, εr in 

breast tissue [5]. The characterization of biological 

matter using microwaves typically involves the 

measurement of relative complex permittivity, εr (= εrʹ - 

jεrʺ) [6]. Differences in εr between normal and 

cancerous tissues are instrumental in diagnosis, as 

tumor tissues typically display higher water content 

(>60%) due to increased hydration from rapid cancer 

cell metabolism. The dielectric constant, εrʹ plays a 

crucial role in distinguishing between normal (εrʹ < 50 at 

2.45 GHz) and cancerous (εrʹ > 50 at 2.45 GHz) tissue, 

offering a diagnostic indicator for cancer detection 

based on εr values [7, 8, 9, 10, 11, 12, 13, 14]. 

Consequently, the sensitivity of the SPR-sensor system 

to water content, influenced by tumor metabolism, 

contributes significantly to tumor detection.  

Over the past fifty years, various types of multi-port 

reflectometry circuits have been developed, including 

three-port/four-port, five-port ring-based, and six-

port/seven-port configurations. While three- and four-

port circuits are simple and economical, they are 

normally limited to single or narrowband applications. 

Five-port circuits provide enhanced bandwidth, albeit 

at the expense of reduced phase stability and port 

isolation when compared to circuits with six or seven 

ports. Although seven-port circuits have slightly better 

isolation and phase stability, the simplicity and cost-

effectiveness of six-port circuits make them preferable 

for this study. In this study, a comprehensive and 

concise description of the internal flow signal 

calibration process for the six-port circuit is provided. 

Abstrak 
 

Sistem reflekometri enam port (SPR) telah dibangunkan untuk 

meramalkan sifat-sifat dielektrik bagi kedua-dua tumor dan tisu 

payudara normal untuk tujuan applikasi diagnostik perubatan. Untuk 

memastikan pengukuran yang tepat, SPR telah ditentukur 

menggunakan prosedur empat langkah yang mantap. Selepas itu, 

probe sepaksi yang dikaji disambungkan kepada SPR di port 

pengukuran yang ditentukur. Hujung terbuka apertur probe tersebut 

kemudiannya direndam secara berasingan ke dalam sampel sintetik tisu 

payudara normal dan tumor untuk mengukur pemalar dielektrik, εrʹ dan 

faktor kehilangan, εrʺ merentasi julat frekuensi dari 1.5 GHz hingga 3.3 

GHz. Pemalar dielektrik, εrʹ dan faktor kehilangan, εrʺ diperoleh daripada 

pekali pantulan yang diukur melalui persamaan bentuk pendekatan 

untuk probe sepaksi. Kajian perbandingan telah dijalankan antara 

penganalisis rangkaian vektor komersial (VNA) yang dilengkapi dengan 

probe dielektrik Keysight 85070E dan sistem probe-SPR berdasarkan 

magnitud pekali pantulan, anjakan fasa pekali pantulan, pemalar 

dielektrik, dan faktor kehilangan sampel tisu payudara sintetik yang 

diukur. Dalam kajian ini, ralat mutlak maksimum bagi magnitud pekali 

pantulan yang diukur, anjakan fasa, pemalar dielektrik, dan faktor 

kehilangan didapati masing-masing adalah 0.01, 1.07°, 1.12, dan 0.75. 

Pekali pantulan yang ditentukur dan kebolehtelusan relatif, εr yang 

diramalkan dapat digunakan secara berkesan untuk membezakan 

antara tisu payudara normal (εrʹ < 50) dan tumor (εrʹ > 50). 

 

Kata kunci: Litar-pengukur-nisbah-kompleks, tumor payudara sintetik, 

penentukuran satu-port, kebolehtelusan kompleks relatif, probe sepaksi 

hujung terbuka, pekali pantulan 

 

© 2025 Penerbit UTM Press. All rights reserved 
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The coaxial probes are widely used for dielectric 

measurements of breast tissue due to their simplicity, 

non-destructiveness, and ability to cover a wide 

operating frequency [3, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 

17]. For instance, recently, Canicattì et al. (2023) 

conducted clinical testing using a coaxial probe on 

real breast biopsy tissues, including both healthy and 

unhealthy samples. The study found that the coaxial 

probe achieved a sensitivity of 81.6%, a specificity of 

61.5%, and an accuracy of 73.4% in the early 

detection of breast cancer, compared to 

conventional histological evaluation [15].  

However, commercial dielectric probes are 

prohibitively expensive [9, 10, 11, 12, 13, 14, 16, 17]. 

Therefore, in this study, a common and extremely low-

cost SMA connector is modified for use as a sensor 

probe in breast dielectric measurement applications. 

The use probe is machined from the jack flange mount 

SMA connector achieves a compact and cost-

effective solution. The probe's effective sensing volume 

is analyzed using simulation results. In addition, a simple 

probe aperture calibration method is proposed, 

requiring only one calibration standard: the open (air) 

standard. This method aims to reduce complexity and 

time consumption in the calibration process 

compared to the conventional method, which 

typically requires three calibration standards.  

While many studies measuring the dielectric 

properties of breast tissue use custom coaxial probes 

connected to costly commercial VNAs [8, 9, 10, 11, 12, 

13, 14, 15, 16, 17], this study differs from previous studies 

by offering a comprehensive approach. It includes the 

development of a six-port vector reflectometer and 

the customization and implementation of coaxial 

probe specifically for dielectric measurements. In 

Malaysia, conducting clinical trials involving real 

human tissues entails navigating complex 

administrative processes, adhering to strict protocol 

conditions, and incurring significant 

insurance/maintenance costs. Therefore, this study is 

limited to in vitro reflection and dielectric 

measurements using synthetic breast tissue samples. 

 

 

2.0 METHODOLOGY 
 

2.1 Six-Port Complex-Ratio-Measuring Circuit 

 

The primary elements within a six-port complex-ratio-

measuring (CRM) network consist of three hybrid 

couplers and one power divider, depicted in Figure 1. 

To enhance the bandwidth and reduce the size of the 

CRM circuit, a customized three-section branch-line 

coupler and 3 dB-Wilkinson power dividers with 

optimized series-diamond stubs and meandering lines 

are employed, as illustrated in Figure 2 [18, 19]. The 

modified Wilkinson power divider [18] and the study six-

port CRM circuit [19] are capable of operating across 

the frequency spectrum from 1.5 GHz to 3.3 GHz. 

The complete prototype of the integrated six-port 

reflectometer (SPR) sensor system is depicted in Figure 

3, comprises not only the CRM circuit component but 

also incorporates several key elements. These include 

the Keysight N5171B RF analog signal generator, a 

modified Wilkinson power divider [18], two units of 

Pasternack PE2243-10 10-dB directional couplers, four 

units of Herotek DZR124AAP Schottky diodes, an ICS-

4749 wideband isolator, a coaxial probe, and various 

digital elements, such as four units of 24-bit LTC2400 

analogue-to-digital converters (ADCs), an Arduino 

Nano microcontroller, four units of ADA-4528 chopper 

amplifiers, and a computer. 

Utilizing a reverse connection of two 10-dB 

directional couplers proves more effective in 

enhancing the isolation between incident and 

reflected signals compared to employing a single 

bidirectional coupler. Further enhancement in isolation 

performance is achieved by integrating an isolator 

between the two directional couplers. The DZR124AAP 

Schottky diodes are passive detectors with a typical 

minimum detectable power limit of -30 dBm. Therefore, 

it is recommended that the signal generator output a 

power level of +15 dBm. To further enhance the 

detected power, chopper amplifiers are added to the 

output of each detector. A 24-bit ADC is employed to 

ensure a low signal-to-noise ratio (S/N) for the 

detected signal, enabling a dynamic range for 

reflection coefficient measurements of over 30 dB.  An 

Arduino Nano microcontroller is used to control and 

extract the detected power values at each port. 

Given its compatibility with MATLAB software, a 

MATLAB-based graphical user interface (GUI) is 

created to facilitate communication between the 

Arduino microcontroller and a personal computer 

(PC), as shown in Figure 4. 

 

 
 

Figure 1 Six-port CRM circuit 
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(a) 

 
(b) 

 
Figure 2 (a) Modified Wilkinson Power divider part [14]. (b) Six-

port CRM circuit [15] 

 

 
 

Figure 3 Six-port reflectometer (SPR) probe sensor system  

 

 

 
 

Figure 4 GUI for SPR-probe sensor system  

 

 

2.2 Coaxial Probe 

 

In order to cater to the minimal amount of breast tissue 

samples required for measurement, a cost-effective 

SMA connector with a small stub radius is adapted into 

a coaxial probe for the measurements. The stub of the 

SMA connector is removed, and the cut surface is 

carefully polished until achieving a uniformly smooth 

surface, as shown in Figure 5. The fabricated coaxial 

probe features inner and outer conductor radii of a = 

0.635 mm and b = 2.05 mm, respectively, as depicted 

in Figures 6(a) and (b). The dielectric medium filling the 

space between the inner and outer conductors is 

Teflon, with a dielectric constant, εc of 2.06. 

Additionally, the physical length of the coaxial line, d 

from the connector end to the aperture probe is 

measured at 7.6 mm, as illustrated in Figure 6(c). This d 

value holds significant importance for converting the 

reflection coefficient, Γ at the measurement port to 

the aperture probe. 

 

 
               (a)                                                  (b) 

 

Figure 5 (a) SMA stub panel connector (b) fabricated coaxial 

probe 
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                                     (a) 

 

 
              (b)                                                 (c) 

 
Figure 6 (a) Front view, (b) side view, and (c) cross-sectional 

view of the fabricated coaxial probe 

 

 

The sensing distance, h from probe aperture is 

specified by simulated results obtained from COMSOL 

Multiphysics simulator as shown in Figure 7. The sensing 

distance, h can be estimated based on distance at 

which the simulated aperture complex reflection 

coefficient, Γa (linear magnitude, |Γa| and phase shift, 

a) becomes constant as the metal plate is gradually 

shifted away from the aperture probe in four kinds of 

samples with relative complex permittivity, εr of 51 ‒ j9, 

38 ‒ j8.5, 24 ‒ j7.5, and 4.4 ‒ j1.55, respectively (See 

Figure 8). In fact, the four kind of samples correspond 

to tumour and normal breast tissues (will discuss in 

Section ‘Synthetic Breast Tissues’). Overall, when the 

metal plate from aperture probe exceeds 4 mm 

(equal to diameter of outer conductor, 2b), the 

simulated phase shift, a at 2.45 GHz is constant with h. 

Although the |Γa| of the samples (especially the 

samples with high dielectric constant value) still varies 

with h when it exceeds 4 mm, it is not very significant. 

The effect of aperture flange on leaky of the sensor 

signal is also studied through simulation results. The 

magnetic field, H  of all four samples along the probe 

radius, r at the probe aperture are simulated as shown 

in Figure 9. It is found that the field of H decreases 

sharply when it passes the radius distance of r = b. The 

field of H decreases to near zero when r exceeds 6 

mm. Thus, the influence of the four holes on the 

flanges at r = ro = 6 mm on the leakage of the sensing 

signal is negligible. The percentage relative error (%) in 

the prediction of εr, which is derived from reflection 

coefficient, Γa, can be analyzed as [20]: 
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where S is the sensitivity coefficient which can be 

determined as [20]: 
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Symbol Yo = [(2π)/ln(b/a)]√(εoεc/μoμr), and ω are the 

characteristic admittance and the angular frequency. 

The εo (= 8.8541878×10−12 F/m) and μo (= 

1.2566371×10−6 H·m−1) represent the free-space 

permittivity and permeability, respectively. The 

aperture probe capacitance, Co is found based on 

the simulated aperture reflection coefficient, Γa_Air of 

air through: 
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Utilizing equations (1) and (2), the relative change in 

the reflection coefficient, |ΔΓa/Γa| with respect to the 

relative change in relative complex permittivity, |Δεr/ 

εr| for four kinds of samples at 2.45 GHz, can be 

predicted and tabulated in Table 1. In this error 

analysis, the relative error, |ΔΓa/Γa| in reflection 

coefficient measurement is assumed to be 1%, 5%, 

and 10%, respectively. 

 
Table 1 The influences of |ΔΓa/Γa| on |Δεr/εr| for four samples 

at 2.45 GHz 

 

Sample |ΔΓa/Γa| (%) |S| |Δεr/εr| (%) 

εr = 4.4 ‒ j1.55 1 0.2093 4.78 

5 0.2093 23.89 

10 0.2093 47.78 

εr = 24 ‒ j7.5 1 0.8893 1.12 

5 0.8893 5.62 

10 0.8893 11.24 

εr = 38 ‒ j8.5 1 1.0161 0.98 

5 1.0161 4.92 

10 1.0161 9.84 

εr = 51 ‒ j9 1 1.0024 1.00 

5 1.0024 4.99 

10 1.0024 9.98 

 

 

The small percentage changes in |ΔΓa/Γa| (1%) for 

samples with εr = 4.4 ‒ j1.55 lead to higher relative 

errors, |Δεr/εr| in the predicted relative complex 

permittivity, reaching up to 4.78%. This discrepancy 

arises from the relatively low expected value of εr. For 

instance, if the predicted εrʹ value is 4.6, the 
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percentage change in |Δεrʹ/εrʹ| becomes |4.6‒4.4|/4.4 

× 100% = 4.55%. On the other hand, for other highly 

lossy samples, the percentage relative error |ΔΓa/Γa| 

in measurements closely corresponds to the error 

introduced in the prediction of εr. 

 

 
 
Figure 7 Simulated rotational symmetry half-space simulated 

magnetic field, H of open-ended coaxial probe with 

aperture backed by metal plate 

 

 
                                          (a) 

 

 
           (b) 

 
Figure 8 Variation in (a) linear magnitude, |Γa| and (b) phase 

shift, a with sensing distance, h at 2.45 GHz for four kinds of 

samples 

 
 
Figure 9 Variation in simulated magnetic field, H with radius 

distance, r at probe aperture for four kinds of samples at 2.45 

GHz 

 

 

2.3 Six-Port CRM Circuit Calibration 

 

In this section, the calibration of the six-port CRM 

circuit is briefly described. The calibration includes four 

main purposes as [21, 22]: 

 

1. Ensure that the input RF power, P, from signal 

generator and measured output voltage, V at 

each port (port-4, -5, -6, and reference port) 

complies with the square-law characteristic, 

namely input RF power, P ∝ output DC voltage, V. 

 

2. Correlate the input RF power, P of different power 

levels (from +10 dBm to -20 dBm with an interval of 

1 dBm) with the measured voltage, Vdiode at ports-

4, -5, and -6 to calibrate the nonlinear 

characteristics of the six-port circuit. The P is 

expressed as a function of measured voltage, 

Vdiode applicable for various types of connected 

components at the measurement-port (using 

open-circuit, short-circuit, offset short-circuit, and 

50 Ω match load kits): 

 

                       ( )
0

exp
N

n

n

n

P V V 
=

 
=   

 
                (4) 

 

Here, β signifies a constant value. Symbol αn 

represents the coefficients of the nth order 

polynomial. The voltage, V in equation (4) is given 

as: 

                                                                                                   

    ( )diode oV V V= −                          (5) 

 

where ζ denotes the scale factor, ensuring that 

the values are calibrated to yield a maximum 

approximate value of 0.5 for V. Additionally, Vo 

stands for the output voltage of the diode 
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detector under the condition of zero input power, 

P = 0 watt. Once parameters of β, αn, and ζ for 

each port are determined, the P function in 

equation (4) is assumed to be the detected 

output power of the diode detector. The 

measured power, P at port-4, -5, and -6 are 

represented by P4, P5, and P6, respectively. 

 

3. Convert the measured powers, P4, P5, and P6 to 

the unique complex reflection coefficient, R of the 

six-port circuit: 

                                       

4 1 5 5
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2 2
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2
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The values of x1, x2, x3, x4, and x5 in equation (6) are 

determined by measuring power values (P4, P5, 

and P6) of the sliding short kit connected to the 

measurement port. The sliding short kit's offset 

position is sequentially adjusted, and the powers 

(Pref, P4, P5, and P6) are measured at each position 

to ascertain both the minimum power, Pmin and 

the maximum power, Pmax values at ports-4, -5 and 

-6, respectively. Up to sixteen offset short positions 

are measured. Finally, the x1, x2, x3, x4, and x5 are 

estimated as: 
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4. Calibrate the complex reflection coefficient, Γ at 

measurement-port from the unique complex 

reflection coefficient, R [equation (6)] as[23]: 
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Here, γ1, γ2, and γ3 presents the complex 

coefficients determined using open-circuit, short-

circuit, and match-load standards. The γ1, γ2, and 

γ3 can be determined as: 
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3
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where Ropen, Rshort, and Rload denote the measured 

unique reflection coefficients of the open-circuit, 

short-circuit, and match-load standards 

connected at measurement-port, respectively. 

 

2.4 Coaxial Probe Calibration 
 

Given the quasi-TEM mode assumption, the complex 

reflection coefficient, Γ of the coaxial probe 

connected at plane BB′ (the measurement port), 

depicted in Figure 6(c), is de-embedded to the 

aperture probe at plane AA′. This process yields a 

calibrated reflection coefficient, Γa at aperture probe 

using exponential term of exp(2jkcz) as (See Figure 10) 

[20]: 
 

                   ( )Γ Γexp 2a cjk z=                     (10) 

 

symbols z and kc = (2πf/c)√εc denote the apparent 

coaxial length (in meters) and the propagation 

constant of the coaxial line, respectively. Here, f, c 

and εc represent the operating frequency (in Hz), 

speed of light in free space (299792458 ms-1), and the 

relative dielectric constant for the material filling the 

coaxial line (Teflon: εc = 2.06), respectively. The 

complex values of z in equation (10) takes into 

account aperture fringing effect.  

 

 

 

 

 

 

 

 

 

 

 

Figure 10 De-embedded one-port network 

exp(-jkcz) 

exp(-jkcz) 

Γa Γ 

B 

B’ A’ 

A 
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In the de-embedding procedure, reflection coefficient 

measurements, ΓAir are taken for air at the plane BB’. 

Then, standard values for the air reflection coefficient, 

Γa_Air at the plane AA’ are simulated using COMSOL 

Multiphysics software. Once both values (ΓAir and Γa_Air) 

are acquired, the apparent coaxial length, z can be 

determined as:  
 

              
_

ln
2

a Air

c Air

j
z z jz

k

   −
 = = +   

   
         (11) 

 

At the same time, the attenuation constant, α (in 

Np/m) in the coaxial line of the proble can be derived 

from the apparent coaxial length, z = zʹ + jzʺ as:  
 

                     
2 f z

c z




 
=    

                      (12) 

 

The real part of apparent coaxial length, zʹ versus 

operation frequency, f is plotted in Figure 11 (a). From 

calculation using equation (11), the apparent length, z 

has been lengthened by 2 % compared with actual 

physical dimension length (d = 7.6 mm) up to 6.5 GHz, 

which is caused by an aperture fringing field. The 

attenuation constant, α increase with the frequency, f 

is plotted in Figure 11 (b) which the relationship 

between α and f is given as α ≈ 0.1× 10-9f.  

Finally, the apparent complex length, z of the 

coaxial probe and the measured complex reflection 

coefficient, Γ at BBʹ are inserted into equation (13) in 

order to predict the relative complex permittivity, εr of 

the sample terminated at AA’ (aperture probe) as 

[24]: 
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Figure 11 Variation in (a) apparent coaxial length, zʹ and (b) 

attenuation constant, α with frequency, f 

 

 

2.5 Synthetic Breast Tissues 

 

The synthetic breast tissue samples are produced 

according to the method outlined by [21, 25], utilizing 

solutions composed of pure water and Triton TX-100 in 

varying volume ratios as detailed in Table 2.  
 

Table 2 Synthetic breast specimens comprising various 

proportions of water and Triton TX-100 

  
Category TX-100 (% vol.) Water (% vol.) 

T Tumour 20 80 

B1 Fibroglandular 2 30 70 

B2 Fibroglandular 1 40 60 

B3 Fatty/adipose 100 0 

 

 

The specific volume ratios from Table 2 are 

measured using a volumetric burette. Subsequently, 

the measured volumes of the TX-100 solution and 

water are combined and thoroughly mixed in a 

cylindrical flask. The solution labeled T represents the 

tumor breast tissue, while solutions B1, B2, and B3 

correspond to three types of normal breast tissues, 

respectively. Samples T and B1 are prepared under 

ambient conditions, whereas sample B2 is processed 

at 60°C due to its elevated viscosity, making stirring 

challenging at room temperature. 

 

 

3.0 RESULTS AND DISCUSSION 
 

The functionality of the six-port reflectometer-sensor 

system (SPR-sensor system) is evaluated through testing 

and analysis, focusing on the measured reflection 

coefficient, Γa and predicted relative permittivity, εr of 

synthetic breast tissue. Reference values were 

obtained from the E5071C network analyzer (VNA) 

and the 85070E dielectric probe which are 

manufactured by Keysight Technologies Inc.. 

Additionally, the accuracy and precision of 

measurements obtained from the study SPR-sensor 
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system are compared to those from a previous five-

port ring reflectometer-sensor system (FPR-sensor 

system) [21]. Also, the linear magnitude, |Γa| and 

phase shift, a of the reflection coefficient for breast 

tissue samples are measured using both the study SPR-

sensor system and the E5071C VNA with 85070E 

dielectric probe for comparison, as depicted in Figure 

12 and Figure 13. Notably, the measured |Γa| 

(indicated by the black dashed line) utilizing the SPR-

sensor system displays ripple/noise characteristics, 

which are addressed by employing a first-order 

polynomial local regression (LOESS) model with a span 

of 0.15. Figure 12 and Figure 13 shows the resultant 

smoothed |Γa| and a which are depicted by the red 

circled line. It is evident that compared to the |Γa| 

measurement, the sensitivity of the a measurement for 

T, B1, B2, and B3 is significantly greater. Typically, the 

range of regular a measurement is from -180° to 180°, 

whereas the range of linear magnitude, |Γa| 

measurement of the reflection coefficient is only from 

0 to 1. Consequently, the uncertainty in |Γa| 

measurement is relatively higher than a measurement. 

Clearly, a measurement is effectively utilized to 

distinguish between tumor and normal breast tissues. 

 

  
                          (a)                                               (b) 

 

 
                      (c)                                               (d) 

 

Figure 12 The calibrated magnitude of |Γa| of (a) T, (b) B1, 

(c) B2, and (d) B3, respectively 

 

 

 
                         (a)                                               (b) 

 

 
(c)                                              (d) 

 

Figure 13 The calibrated phase shift, a of (a) T, (b) B1, (c) B2, 

and (d) B3, respectively 

 

 

The uncertainty analysis of Γa in vitro measurements 

by both the previous FPR-sensor literature [21] and the 

study SPR-sensor system. Absolute errors are 

determined using measurements from the E5071C VNA 

with 85070E dielectric probe. Results indicate that the 

SPR-sensor system offers superior accuracy and wider 

bandwidth coverage (from 1.5 GHz to 3.3 GHz) 

compared to the FPR-sensor system [21]. Maximum 

mean absolute errors for magnitude, Δ|Γa| and 

phase, Δa measurements with the SPR-sensor system 

are 0.011 and 1.22°, respectively, lower than those of 

the FPR-sensor system [21] with Δ|Γa| = 0.03 and Δa = 

3.6°. The measurement error of Γa with the SPR system is 

nearly three times smaller than that of the FPR system 

[21]. The overall maximum and mean absolute errors in 

Γa measurements from 1.5 GHz to 3.3 GHz using SPR-

sensor system are presented in Table 3. 

 
Table 3 Maximum and mean absolute errors in Γa 

  

Filter 

(LOESS) 

Absolute Error 

Maximum Mean 

Δ|Γa| Δa (°) Δ|Γa| Δa (°) 

T Yes 0.015 1.92 0.0092 1.07 

No 0.029 4.56 0.0092 1.22 

B1 Yes 0.014 1.29 0.0027 0.84 

No 0.017 3.31 0.0068 0.96 

B2 Yes 0.029 0.95 0.0069 0.45 

No 0.034 2.50 0.0113 0.78 

B3 Yes 0.026 1.78 0.0033 0.66 

No 0.061 3.97 0.0109 0.85 
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On the other hand, the εr (= εrʹ - jεrʺ) values of the 

breast tissue are derived from the measured reflection 

coefficient, Γa using equation (13). Comprising both 

the real part, εrʹ and imaginary part, εrʺ represents the 

dielectric constant and loss factor, respectively. 

Figures 14 and 15 illustrate the predicted εrʹ and εrʺ 

values, derived from the LOESS-treated linear 

magnitude and phase shift of the Γa. Additionally, 

measurements of εrʹ and εrʺ obtained by the E5071C 

VNA with 85070E dielectric probe serve as benchmarks 

for comparison with those predicted by the study SPR-

sensor system. Despite LOESS treatment, some 

ripple/noise persists in the predicted εrʹ and εrʺ values, 

necessitating further LOESS application to refine them. 

Observing Figures 14 and 15, synthetic breast tissue 

samples of tumor, T exhibit the highest εrʹ and εrʺ values, 

while sample B3 demonstrates the lowest. The 

elevated εrʹ and εrʺ values in the T sample are 

attributed to its high water content, whereas B3, 

lacking water, displays the lowest values. For instance, 

the dielectric constant, εrʹ values at 2.45 GHz for T and 

B1 samples range from 50.94 to 51.49 and 37.80 to 

39.02, respectively. These findings suggest that in vitro 

measurements of εrʹ can effectively distinguish 

between tumor and normal breast tissues, as normal 

tissue typically exhibits εrʹ < 50, while tumor tissue shows 

εrʹ > 50. Table 4 lists the uncertainties in the predicted εrʹ 

and εrʺ of the synthetic breast samples from 1.5 GHz to 

3.3 GHz, with and without LOESS filter treatments. The 

mean absolute error (MAE) for εrʹ ranges from 0.2 to 1.3 

across all four synthetic breast tissue samples (T, B1, B2, 

and B3). Meanwhile, the MAE for εrʺ  falls between 0.07 

and 0.75. 

 

  
(a)                                                 (b) 

 

  
                           (c)                                                 (d) 

  

Figure 14 The predicted εrʹ for the (a) T, (b) B1, (c) B2, and (d) 

B3 of the synthetic breast tissues 

 

 
(a)                                               (b) 

 

  
                           (c)                                                    (d) 

 

Figure 15 The predicted εrʺ for the (a) T, (b) B1, (c) B2, and (d) 

B3 of the synthetic breast tissues 

 

Table 4 Maximum and mean absolute errors in εr 

  

Filter 

(LOESS) 

Absolute Error 

Maximum Mean 

Δ ɛrʹ Δ ɛrʺ Δ ɛrʹ Δ ɛrʺ 

T Yes 2.21 0.27 0.88 0.07 

No 2.43 0.57 0.92 0.14 

B1 Yes 1.73 0.93 1.19 0.75 

No 1.95 1.16 1.30 0.75 

B2 Yes 0.71 1.04 0.53 0.75 

No 0.79 1.20 0.54 0.75 

B3 Yes 0.34 0.24 0.20 0.11 

No 0.38 0.26 0.20 0.13 

 

 

4.0 CONCLUSION 
 

The developed six-port reflectometry (SPR) system 

shows promise in predicting the εr of tumor and normal 

breast tissue. While the calibration procedure and use 

of a coaxial probe have produced favorable results in 

measuring dielectric properties across a broad 

frequency range, discrepancies were noted 

compared to a commercial vector network analyzer 

(VNA). Maximum absolute errors raise concerns about 

the system's accuracy, particularly in distinguishing 

between normal and tumor tissue. Further validation 

studies with clinical samples and rigorous error analysis 

are needed to assess the SPR system's clinical utility 

and reliability in medical diagnostics. These further 

studies should involve a large and diverse set of 

clinical tissue samples to ensure the system's accuracy 

and robustness in real-world conditions. 
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