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Background
The human body is composed of a variety of biological tissues, such as skin, fat, mus-
cle, etc. The dielectric properties are inherent property of biological tissues. Physiologi-
cal changes of the water content, protein content, types and cell structure of biological 
tissues will lead to changes in its dielectric properties. A large number of studies have 
shown that the dielectric properties of different types of biological tissues are different, 
and the dielectric properties between normal tissues and diseased tissues are also quite 
different [1, 2].

As a new type of physiological signal detection method, microwave has a broad appli-
cation prospect in the fields of medicine and biology. Researches on dielectric property 
of tissues is the key to the development of an accurate microwave-based anomaly detec-
tion systems [3]. The open-ended coaxial reflectometry method [4, 5] is widely used in 
the study of the dielectric properties of biological tissues. Therefore, the dielectric prop-
erties are measured in this paper.

Abstract 

Background:  In order to use the microwave to measure the dielectric constant of the 
human body and improve the measurement resolution, a small near-field probe work-
ing at 915 MHz is designed in this paper.

Method:  Based on the electric small loop antenna model loaded by the spiral 
resonator (SR), a small near-field probe was designed. The probe model is designed 
and optimized by the HFSS (high frequency structure simulator) software. The human 
tissues were tested by the manufactured probe and the relationship between the S11 
parameters of the probe and the human tissues was analyzed.

Results and conclusions:  A probe with small size was designed and fabricated, with 
the overall size of 10.0 mm × 12.0 mm × 0.8 mm. The probe has a good performance 
with a 30.7 dB return loss, a 20 MHz bandwidth at the resonance point, and a distance 
resolution of 10 mm. Due to the small size and good resolution of the probe, it can be 
used in the measurement of human tissues.

Keywords:  Near-field probe, Spiral resonator, Dielectric properties, Body 
measurement, Miniaturization

Open Access

© The Author(s), 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original 
author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third 
party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the mate-
rial. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://​
creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​mmons.​org/​publi​
cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

RESEARCH

Wang et al. BioMed Eng OnLine           (2021) 20:86  
https://doi.org/10.1186/s12938-021-00924-1 BioMedical Engineering

OnLine

*Correspondence:   
hfguo@xidian.edu.cn 
School of Physics 
and Optoelectronic 
Engineering, Xidian 
University, Xi’an, China

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12938-021-00924-1&domain=pdf


Page 2 of 16Wang et al. BioMed Eng OnLine           (2021) 20:86 

In general, we cannot directly measure the dielectric properties of human body, but 
we can use the probes to measure other parameters of the human body to obtain the 
dielectric properties indirectly [6]. S11 parameter is one of the important parameters 
of the antenna, which is the reflection caused by the change in dielectric constant. Its 
value is equal to the ratio of the reflected wave power and the incident wave power at 
the transmission line port. In the measurement of human tissues, the probe is placed on 
the surface of the human body. According to the wave propagation theory, the electro-
magnetic wave radiated by the probe is incident on the human tissue to be measured. 
Tissues with different dielectric properties absorb different electromagnetic waves and 
reflect different electromagnetic waves, resulting in different S11 parameters. Therefore, 
the corresponding tissue dielectric properties can be analyzed by measuring the changes 
of S11 parameter [7].

At present, there are three main types of dielectric constant measurement methods 
commonly used: resonance method, short-circuit waveguide method and reflection 
method. Microwave-resonance method [8] and short-circuit waveguide method [9] 
have strict requirements on the size of the measured object, and the measured tissue 
needs to be cut into a shape fit for measurement. Therefore, these methods are diffi-
cult to deal with the measurement of human tissues. Among the reflection methods, the 
most commonly used method is the open-end coaxial method [10]: Abdilla et al. used 
the open-ended coaxial method to measure the dielectric properties of muscle and liver 
tissue from 500 MHz to 40 GHz [11]. Fornes-Leal et al. measured the dielectric proper-
ties of malignant colonic tissue using an open-ended coaxial probe of 0.5–18 GHz [12]. 
These measurement results provide references for the design and research of subsequent 
probe. The open-ended coaxial method needs to select an appropriate calibrated nomi-
nal when it is applied, and its calculation accuracy has a low tolerance for errors. When 
measuring human tissue with the open-ended coaxial method, the measured surface 
needs to meet the condition of approximately infinity, which is a rigorous condition. In 
addition, there are measurement methods such as horn probe [13] and microstrip array 
antenna [14]. However, compared with the abnormal human tissues, they usually have 
large size, low resolution, and poor detection.

The probe design in this paper is based on the reflection method, which is combined 
with a resonator [15]. Figure 1 shows the schematic diagram of measuring human tissues 

Fig. 1  Schematic diagram of measuring human tissues by reflection method
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by reflection method. In order to reduce the size of the probe and improve the resolu-
tion of the probe, a waveguide with resonant characteristics can be loaded on the probe 
antenna, such as folded metal strips [16, 17] and planar microwave resonators [18–20]. 
At present, some researches on planar resonators have been applied to practical applica-
tion scenarios, such as near-field induction based on planar resonators, material char-
acterization, filter design, etc. These resonators include split-ring resonators (SSR) [21], 
complementary split-ring resonators (CSSR) [19], spiral resonators (SR) [22] and electric 
LC resonators [23, 24]. The design of these resonators ensures the miniaturization of 
microwave probes because the size of the resonators is very small compared to the wave-
length at operating frequency.

In this paper, a high-resolution probe operating at 915 MHz is designed and fabricated, 
which is based on an electric small loop antenna loaded with a circular spiral resonator. 
The probe has the following novelties and development prospects: (1) probe’s working 
frequency can be adjusted by modifying the resonator coil parameters and matching 
capacitor parameters. Unable elements such as varactor diodes can also be loaded on 
the structure to make a frequency adjustable probe. (2) In the measurement, the probe 
can be located at a certain distance above the skin surface, which can avoid direct con-
tact with the human body and the influence of pressure on the measurement results. (3) 
The probe adopts a planar circuit structure, which is easy to integrate with other planar 
circuits (such as microstrip lines and coplanar waveguides), and has great application 
prospects. The human tissues were measured by the designed probe. The HFSS simula-
tion model of the probe is given, and the mediators simulation is carried out. The con-
sistency between the simulated and measured results proves that the designed probe can 
be applied to the measurement of human tissues.

Results
Probe creation and testing

The fabricated probe is shown in Fig. 2. The probe consists of a 7-turn spiral resonator 
(7-SR) with a width of 0.2 mm and a small loop antenna with a width of 0.5 mm which 
is designed around the SR to excite it. The SR and loop antenna are made of cop-
per strips laid on a 0.8-mm-thick FR4 substrate. The opening of the loop antenna is 
composed of two 0402 patch capacitors (C1 and C2) to match the probe to the feeding 

Fig. 2  a Fabricated probe prototype; b exploded schematic of the probe
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50-Ω line. The capacitance values of C1 and C2 are 10  pF and 25  pF, respectively. 
Unlike most resonators used for near-field imaging in the past, the probe designed in 
this article uses only one port to power supply.

The experimental system for measuring human tissues is shown in Fig. 3. The probe 
is connected to the N5230C VNA (vector network analyzer), and the microwave sig-
nal is fed into the matching circuit and antenna through the SMA connector. The tis-
sue to be measured is placed under the probe, and it can be analyzed through the S11 
parameter curve obtained on the VNA. During the measurement process, the inter-
ference objects are kept away from the probe to minimize the impact of the environ-
ment on the probe.

When the probe is connected to the VNA without placing any objects under it, the 
S11 parameter of the probe can be obtained on the VNA as shown in Fig. 4. It can be 
seen from the figure that the resonant frequency of the probe antenna is 915 MHz, 
and the S11 parameter of the resonance point is − 10.9 dB. The probe can be used for 

Fig. 3  Experiment system for measuring tissues

Fig. 4  The measured S11 parameters of the probe
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the measurement of human tissues, and has been miniaturized with a resolution of 
10 mm.

Application of probe in measuring tissues

The tissues were measured by the measurement system shown in Fig. 3. In order to 
prevent the probe from directly contacting the measured tissue, an insulating wave-
transmitting material with a thickness of 0.05 mm was pasted on the surface of the 
probe.

A. Application of probe in measurement of different biological tissues

It is difficult to directly measure each tissue layer of human body by probe. In order to 
verify that the probe can be used to measure the dielectric constant change of human 
tissue, pork was selected as the measurement object, which is similar to human tis-
sue structure. The skin, fat and muscle of pork were measured, respectively, with the 
probe, and the S11 parameters were obtained as shown in Fig. 5.

In order to obtain the relationship between the probe S11 parameter and the dielec-
tric constant of the tissue more intuitively, the resonant frequencies of the probe in 
each tissue and the dielectric constants of the probe in each resonant frequency (ref-
erence value rather than exact value) are listed in Table 1; [25].

Fig. 5  S11 parameters of different tissues

Table 1  Parameters of different tissues

Tissue Fat Skin Muscle

Dielectric constant (reference value) ≈ 5 ≈ 45 ≈ 55

Resonant frequency (MHz) 683.2 460.5 445.6
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It can be seen from the table that the resonant frequency of the probe decreases 
with the increase of the dielectric constant of the biological tissue, which verifies that 
the designed probe can be applied to the measurement of different biological tissues.

B. Application of probe in measuring human tissue with different thickness

In order to verify that the probe can be used to measure the thickness change of 
human tissues and to verify the resolution of the probe, the finger pulp of the human 
body is selected as the measurement object. Take six points from the edge of the fin-
ger pulp to the center of the finger pulp at 1 mm intervals (Fig. 6a).

Fig. 6  a Photo of finger with six measurement points marked; b relationship curve between resonance 
frequency and finger thickness
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An ultrasound probe was used to measure the thickness of the tissue at each point of 
the finger pulp, and the fabricated probe was used to measure the S11 parameter at each 
point. In order to obtain more accurate results, three repeated experiments were carried 
out, and the maximum resonant frequency of each measuring point was selected. The 
relationship between the resonant frequency of the probe and the thickness of the finger 
tissue was obtained as shown in Fig. 6b.

It can be seen from the figure that the resonant frequency of the probe decreases as 
the thickness of the finger pulp increases, which verifies that the designed probe can be 
applied to measure the thickness of human tissues.

C. Application of probe in nodule measurement

In order to verify that the probe can be used to measure abnormal nodules in human 
tissues, a nodule on human skin is selected as the measurement object (Fig.  7a). The 
nodule is located on the edge of the subject’s face and is about 4 mm in diameter. The 
measured S11 parameters are shown in Fig. 7b. It can be seen from the figure that the 
difference in the resonance frequency obtained by the probe measuring the normal tis-
sue of the same part of the human body is small, the difference is about  ±  3 MHz. When 
measuring abnormal nodules, the resonance frequency is reduced by more than 10 MHz 
compared with the normal tissue. Therefore, the existence of abnormal nodules can be 
determined by the range of probe resonance frequency offset.

Discussion
Model of probe applied to the measurement of tissues

In order to verify the consistency between the experimental results and the theory, a 
probe for measuring human tissue model is established in HFSS (Fig.  8). The probe 
model was placed above the human tissue layer. In order to prevent the probe from 
directly contacting with the human tissue layer, a 0.05-mm insulating film is added 
between the probe and the human body, and its size was consistent with that of the 
probe. From top to bottom, the simulation model is the probe, the insulating film and 
the human tissue layer.

Fig. 7  a The measured nodule tissue; b comparison of S11 parameters between normal tissues and nodules
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Simulation analysis of probe applied to the measurement of tissues

A. Simulation of probe measuring different biological tissues

In order to obtain the theoretical results of measuring different biological tissues by the 
probe and compare with the experimental results, the relative permittivity of the human 
tissue layer was set to 5, 45 and 55 for simulation. The S11 parameters are shown in 
Fig. 9.

It can be seen from the figure that the resonant frequency of the probe decreases as 
the dielectric constant of the human tissue layer increases, which is consistent with 
the measurement results in Fig. 5. The difference between the S11 parameter value in 
the measured results and the simulated results is because the dielectric constant used 
in the simulation is the reference value instead of the real value of the measured pork, 
and the follow-up research will carry out further calibration.

Fig. 8  Simulation model of human tissue measurement

Fig. 9  S11 parameters of human tissues with different dielectric constants
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B. Simulation of probe measuring human tissue with different thickness

In order to obtain the theoretical results of measuring different thicknesses of human 
tissues by the probe and compare with the experimental results, the dielectric con-
stant of the human tissue layer is set to 40 and remains unchanged, and the thickness 
is set to 1  mm, 2  mm and 3  mm for simulation. The thickness increased from 1 to 
5 mm with 1 mm intervals. The S11 parameters are shown in Fig. 10.

It can be seen from the figure that the resonant frequency of the probe decreases as the 
thickness of human tissue increases, which is consistent with the measurement results in 
Fig. 6b. The value of S11 will be further calibrated in subsequent research.

Fig. 10  S11 parameters of human tissues with different thicknesses

Fig. 11  a Simulation model of measuring nodule; b comparison of S11 parameters of human tissue layers 
with and without nodules
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C. Simulation of probe measuring nodule

In order to obtain the theoretical results of the probe measuring human nodules and 
compare them with the experimental results, a hemispherical nodule with a diameter of 
9 mm is established in the human tissue layer (Fig. 11a). The dielectric constant of the 
human tissue layer is set to 30. According to the literature [6], the dielectric constant of 
abnormal tissues is 30–50% larger than that of normal tissues. Therefore, the dielectric 
constants of hemispherical nodules are set to 40 and 45, respectively. The S11 param-
eters obtained after the simulation are shown in Fig. 11b.

It can be seen from the figure that when the human body has abnormal nodules with 
a dielectric constant 30–50% larger than normal tissues, the resonance frequency of the 
probe is reduced by 10–13 MHz, which is consistent with the measurement results in 
Fig. 7b. Therefore, the existence of abnormal nodules can be determined by the range of 
probe resonance frequency offset.

According to the experimental and simulation results, when the dielectric proper-
ties and thickness of the measured biological tissues change, the S11 parameters of the 
probe have regular changes; when nodule appears on the surface of the human body, the 
resonance frequency of the probe changes significantly. The consistency of the simula-
tion and experimental measurement results proves that the designed probe has practical 
application value. The error is due to the fact that the dielectric constant of the tissue in 
this paper is a reference value rather than an accurate value. The probe will be calibrated 
subsequently. After calibration, the dielectric constant will be inversely calculated and 
the human tissue can be accurately measured.

At present, there have been some studies on the electrical characteristics of acupoints 
[26]. Based on these studies, we speculate that the dielectric characteristics of human 
acupoints may change. In order to enable the probe designed in this paper to be used for 
the measurement of acupoints, we will conduct more in-depth research on the dielectric 
properties of human acupoints in the future. At the same time, in order to enable the 
probe to accurately measure human tissues, in future research we will consider combin-
ing numerical calculations to further optimize the probe numerically.

Conclusions
A near-field probe antenna loaded with a circular SR is designed. The resonant fre-
quency of the probe is 915 MHz. In order to verify that the probe can be used to meas-
ure the dielectric properties of human tissues, the fabricated probe is used to measure 
pork, human fingers and special nodules. When the dielectric properties and thickness 
of the measured object change, the S11 parameters of the antenna have obvious regular 
changes. The probe model is established by HFSS, and the influence of the change of 
the dielectric properties of human tissues on its S11 parameters is also simulated and 
analyzed. The consistency between the simulation and the experimental measurement 
results proves that the designed probe has practical application value.

Due to the small size and good resolution of the probe, it can be used in the measure-
ment of human tissues with different thicknesses and abnormal nodules, and can also 
be used in the diagnosis of traditional Chinese medicine acupoints. It is worth noting 
that the designed probe is suitable for flat and relatively uniform human tissues, such 
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as limbs and abdomen. It is not suitable for parts with complex structures or obvious 
protrusions, such as joints. A flexible and stretchable antenna for bio-integrated elec-
tronics [27] has been recently developed, which uses new elastic materials to replace tra-
ditional rigid materials. Additionally, there are some rapid fabrication of these antennas 
such as laser micromachining technology [28] and laser-induced graphene [29]. In order 
to solve the limitations of the probe designed in this article, we will consider using these 
advanced materials and technologies to optimize the probe in the follow-up, so that the 
probe can be used in complex parts of the human body.

Methods
Establishment of the model

The probe design in this paper is based on the reflective sensor, which is combined 
with a resonator. The SR is used as the resonant structure of the probe because it 
could provide a higher miniaturization rate compared to other resonant structures. 
For example, with the same number of turns and side length, the SR would resonate 
at lower frequency compared to the SRR [30]. In addition, the SR can be excited by a 
single port, which reduces the complexity and cost of the system. We use a small loop 
antenna placed around the SR to excite the SR. The loop antenna generates a time-
varying magnetic field perpendicular to the loop plane, which excites an induced cur-
rent in the spiral resonator [31].

According to the principle of loop antenna and spiral resonator theory, the simu-
lation model of loop resonant antenna is established, which reduces the probe size 
and improves the spatial resolution. The equivalent circuit of the model is shown in 
Fig. 12, and the equivalent impedance is given by

where Zin is the equivalent impedance of the model, X is the equivalent impedance of 
the SR loaded loop, C0 represents the stray capacitance between the loop and the SR, L0 

Zin =
1+ ωC1X + ωC2X

ωC2(1+ ωC1X)
,

X =
R0

1+ ωCSR
+

1

ωC0
+ ω(L0 + LSR)+ R,

Fig. 12  Equivalent circuit model
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represents the inductance of loop, LSR represents the inductance of the SR, R represents 
the ohmic losses in the loop and SR conductors, the dielectric loss and stray capacitance 
between the SR loop turns are modeled by the lumped elements R0 and CSR, respectively. 
By changing the parameters of C1 and C2, the probe can obtain impedance matching at 
the best operating frequency.

Based on this, a simulation model is established in HFSS, as shown in Fig. 13. The 
designed antenna model of human tissue dielectric probe is composed of a circular 
SR and an annular antenna around the resonator. The antenna is laid on a 0.8-mm-
thick FR4 substrate, and a 50-Ω lumped port excitation is added at the opening. The 
matching circuit is composed of two capacitors (C1 and C2) at the opening of the loop 
antenna.

In antenna design, S11 parameters are usually used to reflect the matching characteris-
tics of the antenna. The relationship between S11 and input impedance is:

where Z0 is the characteristic impedance of the transmission line (50 Ω). It can be seen 
that when the input impedance of the probe is closer to 50 Ω, the smaller the value of 
S11 is, the closer the probe is to the matching state.

In this paper, S11 is simulated by HFSS. The specific size of the probe and the match-
ing capacitance value are adjusted to make the value of the S11 parameter at the reso-
nance point as small as possible, and finally adjust the probe to the best matching state.

S11 = 20log
Zin − Z0

Zin + Z0
,

Fig. 13  Simulation model of near-field probe
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Selection of design parameters

According to FCC regulations on the ISM band, 433 MHz, 915 MHz and 2450 MHz can 
be used in the medical applications. According to the relationship between frequency 
and wavelength and the relationship between wavelength and penetration depth, elec-
tromagnetic waves of different frequencies penetrate human tissues at different depths. 
According to the principle of microwave propagation, the higher the frequency, the 
weaker the penetration of the probe. The probe designed in this paper is used for abnor-
mal measurement of subcutaneous tissues and acupoints. Therefore, the working fre-
quency of the probe is set to 915 MHz.

According to the application requirements of traditional Chinese medicine (TCM) 
acupoint detection, the resolution of the probe designed in this paper should not be 
greater than 10  mm, so the width of the substrate of the probe is set to 10  mm. The 
diameter of the loop antenna should be smaller than the width of the substrate, so the 
diameter of the loop antenna in the probe design is set to 8 mm. In order to facilitate the 
welding of the 0402 capacitance in the matching circuit, the width of the loop antenna 
w1 is set to 0.5 mm.

A. Optimization of the SR

After determining the outer dimensions of the probe and the size of the loop antenna, 
the parameters of the SR are discussed. The resonant frequency of the SR is given by

where L and C are the effective inductance and capacitance of SR. Some of the most 
important parameters that can affect the resonant frequency of the SR are the width and 
the number of turns [32]. These parameters of the SR are optimized using the optimiza-
tion tool of HFSS.

The width w2 of the SR is increased from 0.1 mm to 0.3 mm at an interval of 0.05 mm. 
The variation of the S11 parameter of the antenna is shown in Fig. 14a. It can be seen 
from the figure that the smaller the width of the SR, the smaller the S11 value of the res-
onant point. The width of the resonator remains unchanged, and the number of cycles 
is increased from two to seven. The variation of S11 parameters of the antenna is shown 

f0 =
1

2π
√
LC

,

Fig. 14  a S11 parameters of probe with different width of resonator; b S11 parameters of probe with 
different turns of resonator
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in Fig. 14b. It can be seen from the figure that the S11 parameter of the resonant point is 
the smallest when the number of turns of the SR is seven.

Considering that the minimum width of the copper wire in actual production is about 
8 mil, the width of the SR is selected as 0.2 mm. The number of turns of the SR is selected 
as seven circles.

B. Optimization of resonance frequency

In order to make the resonant frequency of the probe reach the required 915 MHz, 
a matching circuit is added to the probe to optimize the resonant frequency of the 
probe. Through simulation optimization (Fig.  15), when C1  =  10  pF, C2  =  25  pF, 
the resonant point of the probe is the most ideal, and the resonant frequency is clos-
est to 915 MHz. The resonant frequency is 914 MHz with the − 10 dB bandwidth of 
10 MHz which covers the required 915 MHz operating frequency.

The comparison of S11 parameters between simulation and measurement is 
shown in Fig. 16a. Through conversion, when S11 is less than −  10 dB, the ratio of 
the reflected wave power of the port to the incident wave power is less than 0.1. 
In antenna design, it is usually specified that S11 is less than −  10  dB to meet the 
requirements. The S11 values of the probe obtained by experiment and simulation are 

Fig. 15  a S11 parameters of probe when C2 value changes (C1  =  10pF); b S11 parameters of probe when C1 
value changes (C2  =  25pF)

Fig. 16  a Comparison of S11 parameters between simulation and measurement; b simulated electric field 
distribution on the probe surface
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less than − 10 dB at the resonant point, so the probe meets the design requirements. 
These deviations are caused by the error between the actual welding capacitance and 
the simulation capacitance, and the error between the parameters of the actual plate-
making material and the parameters of the dielectric substrate in the simulation. The 
simulated electric field distribution on the probe surface is shown in Fig. 16b. It can 
be observed that the electric field is more concentrated near the SR structure.
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