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Abstract — We assess the feasibility of a transmission-based 

open-ended coaxial-probe for tissue dielectric properties 
estimation. The ultimate goal is to use it for axillary lymph node 
dielectric measurement, which is not trivial when applying the 
state-of-the-art reflection-based open-ended coaxial-probe. The 
proposed technique consists in placing the material under test 
between two opposite open-ended coaxial-probes and record the 
transmission coefficient. We numerically assess three coaxial 
probe configurations, in order to ensure adequate transmission and 
sensing volume. The final setup allows for enough propagation 
through a 5mm sample (which will be sufficient for the 
measurements of axillary lymph nodes), while confining the 
sensing volume to the region of interest. Experimental tests on two 
materials of different permittivity ranges showed good agreement 
between the measured and numerical transmission coefficient. 
Moreover, we observed that the transmission coefficient can 
highlight the contrast between materials with different dielectric 
properties. The promising initial results motivate the further 
application of the method to the case of axillary lymph nodes. 

Index Terms — breast cancer, coaxial-probe, complex 
permittivity measurement, microwaves, transmission 
coefficient, sensing volume. 

I. INTRODUCTION 

 Breast cancer is the most frequently diagnosed and cause 
of cancer death among women [1]. The cancer spread 
beyond the breast (termed metastasis) is the leading cause of 
death in breast cancer patients. Axillary Lymph Nodes 
(ALNs) drains 75% of the lymph from the breast and they 
are often the first location to which breast cancer metastasis 
spread. For this reason, ALN diagnosis is clinically vital in 
breast cancer and the disease status of these nodes is a 
significant prognostic factor for guiding treatment selection 
[2]. Currently, Sentinel lymph Node Biopsy (SNB) is the 
state-of-the-art method for ALN diagnosis. SNB relies on 
findings [3, 4], which showed that breast cancer firstly 
spread to one or a few ALNs, known as the sentinel ALN, 
before it spreads to other ALNs [3, 4]. The sentinel ALN can 
be identified using vital blue dye and/or radio-labeled colloid 
[3, 4]. Following these findings, the practice of ALN 

identification and excision (i.e. SNB) has become widely 
adopted in developed countries. However, the sensitivity of 
the method strongly relies on the physician's experience and 
intuition [2]. Therefore, high risk of pre-emptive ALN 
removal is associated with SNB. This can lead to long 
patient’s recovery, risk of infection and lymphedema [5, 6]. 
Despite the widespread adoption of SNB, having prior 
information about modifications in the ALN is highly 
valuable, which justifies the need for imaging methods to 
detect and analyze the ALNs non-invasively. 

MicroWave Imaging (MWI) is a promising imaging 
technique, which is being proposed for several applications, 
including breast cancer diagnosis [7-9]. This technique relies 
on the contrast of dielectric properties between healthy and 
malignant tissue at microwave (MW) frequencies (typically 
in the range of 1-10 GHz). MWI presents several advantages 
compared to other imaging systems, namely the fact it is 
potentially low-cost, it uses non-ionizing radiation, it is non-
invasive, and the device can be portable. Despite the vast 
literature on MWI, only a few studies addressed the 
possibility of imaging ALN with this technique [10, 11]. In 
order to validate MWI as a potential tool for ALN screening, 
it is crucial to quantify the contrast between healthy and 
metastasized ALNs. However, the measurement of ALN 
dielectric properties is not trivial, due to the heterogeneity of 
the tissue, which is a critical issue in the application of the 
state-of-the-art method (i.e. the Open-Ended Coaxial-Probe). 

Several methods have been proposed for biological tissue 
dielectric measurement, such as transmission line, resonant 
cavity, multielectrode probe, and Reflection-based Open-
Ended Coaxial-Probe (RxOECP). Among these methods, the 
RxOECP is the most commonly used and provides ground 
truth for several studies [12, 13]. Such widespread adoption 
is due to diverse reasons: tissue handling is minimal and non-
destructive; and both ex vivo and in vivo measurement over a 
broad frequency range are possible [12, 14]. However, the 
interpretation of the RxOECP measurement is not trivial 
when involving heterogeneous tissues [15]. The penetration 



depth of the sensing volume is generally on the order of 
fractions of a millimeter [16], which is critical when the 
outer layer of the sample differs from the inner tissue. This is 
the case of ALNs, which, after their excision, are often 
surrounded by a variable amount of fat. The fat layer 
covering the ALN affects the estimated permittivity and 
tends to confound the measurement. In this context, we 
would need a more in-depth sensing volume, which is 
capable of retrieving average information of specimen of an 
organ that is covered by a “confounding” superficial layer. 
 Meaney et al. recently developed a Transmission-based 
Open-Ended Coaxial-Probe method, which is intended for 
the measurement of vertebrate dielectric properties [17]. In 
this configuration, two Open-Ended Coaxial-Probes 
(OECPs) are immersed inside the material under test (MUT) 
facing each other. The probes work as two “low-efficiency 
antennas”, and the measured transmission coefficient (S21) is 
used to analytically solve the complex permittivity of the 
MUT. However, Meaney’s method is inapplicable to the 
case of ALN dielectric measurement, due to different 
reasons. Firstly, the analytical formulation proposed to de-
embed dielectric properties assumes that the electromagnetic 
(EM) field reflections on the MUT-air interface are 
negligible. That hypothesis is not realistic in the case of ALN 
measurement due to the limited size of ALNs (ALN size 
ranges from 0.5cm to 2cm along their larger axis). Secondly, 
the method requires the measurement of the S21 at several 
separation distances, which implies the penetration of the 
tissue with the probes. This is not feasible in the case of 
ALN, which cannot be punctured, as demanded by 
clinicians. 
 In this paper, we present a Transmission-based Open-
Ended Coaxial-Probe (which will be onwards referred to as 
TxOECP) which is instead designed for relatively small size 
(few millimeters) heterogeneous samples. In particular, we 
aim at developing a probe capable of an elongated sensing 
volume rather than a transversal field spread. Moreover, 
given the inapplicability of the analytical formulation 
proposed in [7], we investigated an alternative approach for 
the de-embedding of dielectric properties. 
 The structure of the paper is as follows. Section II 
describes the preliminary numerical tests used to investigate 
the feasibility of a TxOECP, together with a study of the 
design of the probe which could provide the sensing volume 
that best suits our requirements. Section III describes the 
experimental results obtained when measuring phantoms 
with the developed TxOECP. Lastly, the conclusions and 
future work are discussed in Section IV. 

II. NUMERICAL ASSESSMENT OF A TXOECP 

To investigate the feasibility of a TxOECP, we 
performed preliminary numerical tests. As a first test, we 
compared the behavior of three different probe designs. The 
goal was to maximize the magnitude of the transmission 
coefficient, S21, through the sample, while focusing the EM-
field towards the receiving probe (i.e. along the z-axis in 
Fig.1.a). As represented on the left side of Fig. 1, the three 

setups consist of two coaxial-probes “sandwiching” a 
cylindrical sample. The RF energy (emitted by the first 
probe) propagates through the MUT over a distance d, as 
marked in Fig. 1.a. The three TxOECP setups differ in the 
design of their coaxial-probe cut-off sections (i.e. the tips of 
the OECPs which are in contact with the MUT). In detail, the 
tested OECPs were the following: 

• Probe (a): Cut flush OECPs (Fig. 1.a) 
• Probe (b): OECPs with recessed outer conductor 

(Fig.1.b). In this configuration, we removed the 
outer conductor from the last segment (last 2mm) 
of the OECPs. This was done to enhance the 
transmission ability of the OECP. Indeed, by 
shortening the outer conductor, we aimed at 
making the emitting probe slightly radiative. 

• Probe (c): OECPs with metal flanges (Fig. 2.1c). 
By adding flanges, we aimed at creating a cavity to 
stuck the EM energy out of the cable, while 
minimizing the electric field (E-field) dispersion 
outside the sample. 

For the three tested configurations, Fig. 2 reports the |S21| of 
a cylindrical MUT (Fig 1.a). The MUT has radius r=5mm, 
 

 

a)  Cut flush OECP 

b) Recessed OECP 

c) OECP with flanges 
Figure 1: Design of the three transmission-based Open-Ended 
Coaxial-Probes (TxOECP), tested in simulation: (a) cut flush TxOECP; 
(b) recessed TxOECP; (c) TxOECP with flanges. In (a), the tips of the 
coaxial probes were not modified. In (b), the outer conductor was 
removed from the tips of the coaxial probes. In (c), two metal flanges 
were placed at the tips of the coaxial probes. On the right side of the 
figure, the detailed views of the probe tips are shown. 

 

 
Figure 2: Numerical results: magnitude of the transmission 
coefficient, S21, for the three probe tip configurations under study (see 
Fig.1.a). The material under test is a cylindrical sample as shown in 
Fig. 1.a. Parameter values: radius r=5mm; separation distance d=5mm; 
relative permittivity εl=55; conductivity σ=1S/m. 



separation distance d=5mm, relative permittivity εl=55, and 
conductivity σ=1S/m.  
    We observed that both the partial removal of the outer 
conductor (Fig. 1.b) and the application of flanges (Fig. 1.c) 
increase the transmission capability of the TxOECP. This is 
a positive result since larger magnitude S21 may enhance the 
sensitivity of the method.  

We also analysed the E-field inside the MUT, in order 
to assess how it would spread along the transversal direction 
over the entire volume of the sample. If the E-field spreads 
over a very large area along xy-plane, the de-embedded 
permittivity value will be an “average” over the entire 
volume of the sample. This is highly undesired since ALNs 
often occupy just a small portion of the excised sample. The 
E-field magnitude map at 6GHz is reported in Fig. 3 for the 
three probes. The analysis of this plot leads to the following 
considerations:  

• In Fig. 3.a, the cut flush OECPs showed good 
results in confining the E-field to a small area of 
the sample; 

• In Fig 3.b, the E-field plot suggests that the 
recessed OECPs radiates out of the region of the 
sample, making this configuration unsuitable for 
our application; 

• In Fig. 3.c, the E-field plot suggests that the 
addition of the flanges causes a spreading effect of 
the E-field over the volume of the sample. This 
behaviour is undesired since the sensing volume of 
the probe should be limited to a confined region. In 
particular, the E-field should propagate along the z-
axis, limiting as much as possible its spatial 
spreading on the xy-plane. It is expected that this 
effect increases the dependence of the technique on 
the sample size. 

 Given the limitations presented by probe configurations (b) 
and (c), we decided to adopt configuration (a), which 
presented the best trade-off between transmitted power and 
sensing volume. Yet, we will most probably have some 
limitations regarding the z-dimension of the samples, since 
for large values of d the signal to noise ratio may deteriorate 
significantly. 
     Finally, we investigated the influence of the radius of the 
MUT on the magnitude of S21. In other words, we analysed 
if the |S21| is affected by changes of the transversal 
dimensions of the MUT. Fig. 4 shows the |S21| for several 
samples, with different radius (details on the MUT size and 
dielectric properties are reported in the figure). The results 
indicate that the |S21| is not stable over changes of the 
sample size in the xy-plane. The size (and probably the 
shape) of the sample influence the S21 and has to be taken 
into account when de-embedding the dielectric properties of 
any MUT. 
      In a nutshell, the cut flush TxOECP can transmit enough 
power through an ALN (|S21| greater than the VNA dynamic 
range), while confining the EM-field to a limited region of 
the sample. Moreover, the size of the sample influences the 
transmission, which is probably due to the reflections which 

occur at the air-MUT interface. For these reasons, keeping 
track of the size (and, if possible, of the shape) of the 
measured sample will be crucial for the success of the 
measurements. 

 

 
    

III. EXPERIMENTAL RESULTS 

Following the numerical results described in Section II, 
we fabricated the setup using the cut flush OECPs 
(configuration (a)). Fig. 5 shows a photograph of the 
measurement setup, which consists of the following 
components: one VNA (not included in the photograph) 
connected to the two (semi-rigid) OECPs (EZ-141 with 
diameter of 3.58 mm); one 3D-printed Polylactic Acid (PLA) 

(a) 
 

(b) 
 

(c) 
Figure 3: Numerical results of the magnitude of the electric field (at 
6GHz) for the three probe configurations under study: (a) cut flush 
Coaxial Probe; (b) Coaxial Probe with peeled-off outer conductor; (c) 
Coaxial Probe with flanges. 

 
Figure 4: Numerical results: magnitude of the transmission 
coefficient, |S21|, using probe (a). The results of different radius 
samples are compared. Other parameter values: separation distance 
d=5mm; relative permittivity εl=55; conductivity σ=1S/m.



structure which serves both as (i) holder for the OECPs and 
(ii) support table for the MUT; one integrated caliper to 
measure the thickness of the MUT (i.e. the separation 
distance d between the two probes). 

The de-embedding of dielectric properties relies on the 
empirical comparison between experiments and simulations. 
The method is based on the hypothesis that an accurate 
representation of the experiments in simulation should give 
approximately the same output (same S21) of the actual 
experiments. This approach is inspired by the study 
published in [18], which showed good agreement between 
experimental and numerical transmission coefficient when 
using a similar setup to de-embed the dielectric properties of 
liquids. We note that although PLA has a relative permitivity 
of around 2.75 [19], numerical results have shown that the 
PLA support does not affect the results significantly. 
Therefore, the numerical setup for the de-embedding of the 
properties of MUT does not include the entire structure, but 
rather just the OECPs and MUT. 

We performed experimental and numerical 
measurements on two different phantoms with known 
dielectric properties and sizes. The measured phantoms were: 

• One cuboid sample (25mm x 25mm x 1.77mm) 
made of acrylic; 

• One cuboid phantom (19mm x 19mm x 1.62mm) 
made of the following mixture: 7.5% w/w graphite; 
7% w/w Carbon Black, 85.5% w/w Polyurethane; 
and 4ml isopropanol per 100g of mixture. (This 
mixture was originally produced for different 
research purposes, as reported in [20]). 

 The complex permitivities of the two materials were 
measured with the RxOECP and are reported in Fig. 6. 
Numerical and experimental results are compared in Fig.7, 
indicating good agreement both for the acrylic (blue plots) 
and the mixture (red plots) cases. Moreover, a clear 
separation between the S21 of the two materials is observed 
(note the separation between the blue and red plots in Fig. 7). 
This result suggests that the transmission coefficient, 
measured with our TxOECP, may be able to discriminate 
between dielectric properties of different materials. 
 As a final test, we measured (just through simulation) the 
S21 relative to a cuboid sample (19mm x 19mm x 1.62mm), 
composed of two layers (interface perpendicular to the z-
axis), which have respectively the dielectric properties of the 

acrylic and of the above described mixture. Interestingly the 
S21 falls between those of the two homogeneous materials, 
suggesting the need to complete further tests to assess the 
viability of this system to measure average dielectric 
properties of heterogeneous samples. 

 

IV. CONCLUSIONS AND FUTURE WORK 

     We assessed the feasibility of a transmission-based setup 
using two open-ended coaxial probes for the estimation of 
dielectric properties of biological tissues. Contrarily to the 
traditional reflection-based coaxial probe, the proposed 
setup provides deeper sensing volume while keeping 
acceptable transmitted power. 
     We studied the transmission coefficient magnitude and 
electric field spread over the MUT for three probe 
configurations. We concluded that the flush cut OECPs best 
fit our requirements on the sensing volume and transmitted 
power. We fabricated the setup and measured two samples 
with different relative permittivity values. The experimental 
results showed acceptable match with numerical results, 
which is quite promising regarding the feasibility of the 
technique. 
     The next step will be the application of the method to the 
measurement of ALNs, which is the ultimate goal of this 
research. We expect that we may have to handle issues due 
to the irregular shape of biological tissues which cannot be 

Figure 5: Experimental setup employed for transmission-based 
dielectric measurements. The two open-ended coaxial-cables are 
embedded in a plastic support and connected to a 2-port VNA (not 
shown in the figure). A caliper serves to measure the separation 
distance between the probes. Between the probes, a phantom is 
measured. 

 
(a) 

 
(b)  

Figure 6: (a) Relative permittivity of the two MUT measured with the 
TxOECP; (b) Equivalent conductivity. These values were obtained 
using the RxOECP and serve only as benchmark to assess the 
sensitivity of the TxOECP technique. 



easily reproduced in Computed Aided Design (CAD) 
environment. 
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(a) 

 
(b)  

Figure 7: Comparison between experimental (continuous line) and 
simulated (dashed line) S21 obtained when measuring two different 
permittivity samples. Sample dielectric properties are reported in Fig.6. 
Propagation distance: d=1.77mm (acrylic case); d=1.62mm (mixture 
case): (a) Magnitude of transmission coefficient; (b) Phase of 
transmission coefficient.  
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