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Abstract: Breast cancer is the leading cause of death among females, early diagnostic methods with

suitable treatments improve the 5-year survival rates significantly. Microwave breast imaging has

been reported as the most potential to become the alternative or additional tool to the current gold

standard X-ray mammography for detecting breast cancer. The microwave breast image quality is

affected by the microwave sensor, sensor array, the number of sensors in the array and the size of the

sensor. In fact, microwave sensor array and sensor play an important role in the microwave breast

imaging system. Numerous microwave biosensors have been developed for biomedical applications,

with particular focus on breast tumor detection. Compared to the conventional medical imaging and

biosensor techniques, these microwave sensors not only enable better cancer detection and improve

the image resolution, but also provide attractive features such as label-free detection. This paper

aims to provide an overview of recent important achievements in microwave sensors for biomedical

imaging applications, with particular focus on breast cancer detection. The electric properties of

biological tissues at microwave spectrum, microwave imaging approaches, microwave biosensors,

current challenges and future works are also discussed in the manuscript.
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1. Introduction

Cancer is a major public health issue worldwide and the second leading cause of death in the

United States [1]. In 2017, 1,688,780 new cancers and 600,920 cancer deaths occur in the United States [1].

To date, there is no clear reason why people get cancer, but some factors may increase cancer risk, such

as tobacco, obesity, lack of physical activity, alcohol, infections, genetic and molecular mechanisms [2].

Clinical studies showed that early diagnostic methods with suitable treatments improve the 5-year

survival rates significantly [3]. Lung cancer, breast cancer, prostate cancer, liver cancer, colorectal

cancer and stomach cancer are the most common types of cancers [4], and breast cancer is the leading

cause of cancer death among females in the United State [5].

Biopsy-based methods are normally used to identify cancerous tissue and benign tissue [6],

however, such techniques suffer from high cost and require trained people [7]. Over the past decades,

biosensor-based methods to detect cancer have attracted the interest of many people [8–13]. A biosensor

normally contains target cancer marker, bioreceptor and compatible biotransducer components that

play an imperative role and decide the technical specifications of the biosensor device. More recent

studies have investigated Lab-on-chip based biosensors for cancer detection due to their high selectivity,

sensitivity and specificity [14–16]. Additionally, they have the advantages in biological sample

processing, high throughput, low reagent and sample consumption, short assay time, and multiplexed

detection [17]. The development of lab-on-chip sensor was envisioned to be a useful tool for better

understanding of cancer metastasis. It is urgently needed to develop a high sensitivity and label-free

method for early rapid diagnosis of breast cancer. A number of biomarker-based methods have been

studied for breast cancer detection [18–21], including radioimmunoassay, immunohistochemistry,
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enzyme-linked immunosorbent assay, and fluoroimmunoassay. However, the biomarker-based

methods have some disadvantages include expensive, time-consuming, require complex labeling

process and trained people, and often limited in detection sensitivity [22]. To date, cancer biomarker

discovery is still in its discovery stage and the evidence is too restricted to apply biomarker-based

methods as the diagnostic tools for early breast cancer detection [23]. For example, protein biomarkers

cannot be used as individual biomarkers for identifying of breast cancer as a single marker does not

provide sufficient information to confirm the cancer type, and the obtained information is related to

the stage of cancer, treatment and the state of subjection.

Apart from biomarker-based methods, screening-based diagnostic techniques are the commonly

used methods in hospitals to identify diseases such as breast cancer [24]. For early diagnosis of breast

cancer, scientists worldwide have extensively investigated many imaging-based diagnostic methods,

including magnetic resonance imaging [25], positron emission tomography [26], mammography [27] and

contrast-enhanced digital mammography [28]. However, these screening-based methods are expensive

and provide limited image resolution. Although mammography has been considered as the current

standard breast imaging tool, it is less effective for dense breasts and small tumors [29,30]. Recently,

microwave breast imaging has been proposed as an alternative or additional detection method to

mammography for early diagnosis of breast tumor [31]. The microwave breast image quality is affected

by the microwave sensors, the synthetic aperture, and the bandwidth of the probing signal [32]. In fact,

the rapid growth of microwave breast imaging systems requires high-performance broadband sensor

that suitable to detect small tumors with cost-effective, compact and easy-to-use measurement system.

Typical characteristics of microwave sensor to be applied for breast tumor detection are: wide

impedance bandwidth, small size, repeatable and cost-effective fabrication, and ability to efficiently

couple power to the breast. Many efforts are underway to identify new sensor characteristics suitable

to satisfy the challenging requirements of the microwave breast imaging systems. This paper presents

a comprehensive review of the scientific literature of the last decade to provide investigators a valuable

support tool to the microwave biosensors for early diagnosis of breast tumor. The present review

focuses on three major parts: electrical properties of tissue, microwave breast imaging and microwave

sensors. A comparative sensing performance, present challenges, and future prospects of label-free

microwave biosensors also discussed in detail.

2. Electrical Properties of Tissue

The microwave imaging based approaches to detect cancer cells are highly related to the dielectric

properties contrast between the healthy tissue and the malignant tissue [33]. Different water-content

biological tissues have distinct electrical properties [34]. Foster et al. [35] reported a critical review

of human tissues. Up to date, scientists have investigated many types of tissues, including breast

tissue [36], liver [37], lymph nodes [38], skin [39], bone [40], and heart [41]. Some factors have been

reported to explain the difference in electrical properties between healthy and malignant tissues include

water content [42], necrosis and inflammation causing breakdown of the cell membrane [43], sodium

content [44], charging of the cell membrane [44], and change in the dielectric relaxation time [45].

2.1. Dielectric Properties of Breast Tissues

Joines et al. [46] measured various fresh tissues (include colon, kidney, liver, breast, muscle and

lung) and malignant tissues from patients at frequency range of 50~900 MHz. It was found that

the conductivity contrast between malignant tissue and normal breast tissue is 6.4:1 and the relative

permittivity contrast between malignant tissue and healthy breast tissue is 3.8:1. For the same type

of tissue, the dielectric contrast between malignant and normal tissues is greatest for the mammary

gland. Jin et al. [47] reported that the dielectric contrast between healthy breast tissue and malignant

breast tissue appears to be inhomogeneous due to the dielectric property changes.

Gabriel et al. [48–50] extensively measured the dielectric properties of 30 different tissues and

found that the dielectric properties of muscle or malignant tumors (high-water-content) are higher
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than fat or normal breast tissues (low-water-content) over the entire radio frequency (RF) spectrum

of power frequencies through millimeter waves. Lazebnik et al. [51] studied the dielectric properties

of normal breast tissue and cancerous tissue at frequency range 0.5~20 GHz. Their research findings

illustrated that both dielectric constant and conductivity decrease with the adipose content increase,

and conversely as the percentage of glandular and/or fibro-connective tissue increase, both dielectric

constant and conductivity increase. The dielectric properties of normal breast tissues having a wide

range of values depending on tissue type. Chaudhary et al. [52] measured the relative permittivity and

conductivity of normal and malignant breast tissues at RF and microwave frequencies (up to 3 GHz).

The dielectric contrasts between malignant tissue and normal breast tissue were, 4.7:1 and 5:1, these

results were in good agreement with Joines et al.’s results.

The dielectric properties of malignant tumors at different frequencies have been measured and

investigated by many research groups. The experimental results showed that the relative permittivity

and conductivity of high-water-content tissues are almost the same as muscle at frequencies above

1 GHz, however, the relative permittivity and conductivity of malignant tumors are significantly higher

than a muscle at frequencies below 1 GHz [53]. Swarup et al. [54] studied the dielectric properties

of MCA1 fibrosarcoma mouse tumors at different days after inception. No significant variations of

relative permittivity and conductivity were seen by tumor age. While the larger tumors exhibited

a necrotic interior, they showed little difference in the relative permittivity and conductivity above

0.5 GHz. Surowiec et al. [55] investigated cm-size human breast malignant tissues and adjacent tissues.

The dielectric properties of normal breast tissue increased as malignant tissue. This effect may be

caused by infiltration or vascularization. It could enlarge the microwave scattering cross-section and

thereby aid in the confocal microwave detection of the tumor.

2.2. Modelling of Biological Tissue

The dielectric properties of biological tissues are nonlinear functions of frequency [56]. Therefore,

it is a critical task to choose a suitable working frequency for microwave breast imaging system due

to the attenuation of microwave signal increases with the frequency and increase in the conductivity

resulting in a lower penetration depth. Various numerical models include the most popular Debye and

Cole-Cole models have been developed for modelling the biological tissues [57]. The Debye model is

defined as follows [45]:

εr = ε∞ +
εs + ε∞

1 + jωτ
− j

σ

ωε0
(1)

where ε∞ is the permittivity and its value highly relative to the water content of the tissue, εs is the

static permittivity, τ is the relaxation time. The measurements from Joines et al. and Chaudhary et al.

were extrapolated to higher frequencies using the Debye model.

The Cole-Cole model was developed to represent the complex dielectric constant [58]:

ε∗(ω) = ε∞ +
εs − ε∞

1 + (jωτ)1−α
(2)

where ε∗ is the complex dielectric constant, εs and ε∞ are the static and infinite frequency dielectric

constants, ω is the angular frequency and τ is the time constant. The exponent parameter α, which

takes a value between 0 and 1 describes different spectral shapes. When α = 0, the Cole-Cole model

reduces to the Debye model. When α > 0, the relaxation is stretched.

Zastrow et al. [59] applied the empirical relationship between the dielectric parameters and

the moisture content model (developed by Foster and Schwan) to further confirm the Debye model.

For an approximate 10% moisture content, the empirical model is:

ε′r = 1.71 f 1.13 +
εs − 4

1 + ( f /25)2
(3)
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σ = 1.35σ0.1 f 0.13 + 0.00222 f 2[
εs − 4

1 + ( f /25)2
] (4)

where f is the frequency, σ0.1 = 0.05 and εs = 8.5 were obtained based on the findings reported by

Foster’s et al.

3. Microwave Breast Imaging

Microwave imaging offers an accurate detection of breast tumors with specific reference to the

shape, size and boundary irregularities [60]. During the past two decades, researchers around the

world have investigated numerous of microwave imaging based approaches with particular focus on

breast cancer detection and brain stroke detection. Microwave imaging approaches can be divided

into two main groups: microwave tomography and radar-based imaging.

3.1. Microwave Tomography

Microwave tomography offers quantitative information on dielectric properties of breast tissues to

identify tumors [61]. Microwave tomography produces a map of permittivity and conductivity through

inversion of those signals. However, the inverse problem takes much time due to the calculation

process is complicated. Also, a nonlinear inverse scattering problem must be solved, and iterative

image reconstruction algorithms are usually required to obtain a solution. In general, these ill-posed

inverse scattering approaches suffer from non-uniqueness and require regularization in order to

achieve convergence to a meaningful solution.

Several research groups have investigated microwave tomography breast imaging based on single

frequency and multi-frequency approaches [62–64]. Among these groups, researchers from Dartmouth

College has studied microwave tomography for breast cancer detection since 1990s, which is one of

the representative research groups. They have developed a microwave imaging algorithm to map

dielectric properties in a 2D lossy mediumin. The same research group has first developed a clinical

prototype for imaging of human breasts. The prototype contains 32-channel data collection system

at frequency range 500 MHz to 3 GHz. Clinical trial studies have shown that cm-size breast tumors

could be identified using the multi-frequency microwave tomography technique [65]. However,

microwave tomography requires heavy computation work that causes long image generate time.

Recently, magnetic nanoparticles and compressive sensing techniques have been used in microwave

tomography to represent as the contrast agent to improve the specificity, sensitivity and accuracy of

the diagnosis of breast cancer [66–68].

3.2. Radar Based Microwave Imaging

Radar based microwave imaging is the main type of the microwave imaging-based approaches,

which maps the internal organ structure by measuring the dielectric properties of the tissues [69]. Radar

based microwave imaging has been proposed as a promising tool for early diagnosis of breast tumor

with the advantages of cost-effective, safety, highly sensitive and specific. Additionally, it is a more

comfortable and safer method compared to microwave tomography. Several experimental measurement

systems were developed to demonstrate the radar-based microwave imaging approaches [70,71],

including confocal microwave imaging (CMI) [72,73], microwave imaging via space time (MIST) [74,75]

and holographic microwave imaging (HMI) [76,77].

A CMI was developed and evaluated for breast tumor detection [70]. The experimental results

showed that the 2D CMI system can detect small tumors (2 mm in diameter) and the 3D CMI system

can identify tumors with medium size (greater than 6 mm in diameter). In order to reduce artifacts and

noises and enhance image, the research group has applied a delay multiply-and-sum method in CMI.

However, the CMI method has not been validated on human subjects due to difficult implementation

system. Recently, another major type of CMI method, namely tissue sensing adaptive radar (TSAR)

imaging was proposed for detecting breast cancer [78]. Clinical trial studies indicated that the TSAR
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imaging method has the ability to detect breast lesions with correct size (greater than 4 mm in diameter)

and location information. However, the TSAR method has the drawbacks of large reflections from skin

and high-cost hardware system. The research team developed the Bayesian estimator to improve the

image quality [79].

A MIST system that contains an array of 16 horn microwave sensors was developed for

microwave breast imaging application [74], the proposed UWB horn sensor significantly improved the

performance of breast cancer detection. However, artifacts were produced in the reconstructed images

using MIST method. To improve the accuracy of the detection, the same research team has upgraded

the measurement system. The experimental results demonstrated that the upgraded system can detect

small tumors (4 mm in diameter).

Elsdon et al. [80] proposed a near-field HMI for imaging of biological objects. Compared to

other radar-based microwave imaging approaches, HMI has advantages in low-cost due to expensive

ultra-high-speed electronics are not required as narrow-band signals can be converted to the baseband

for digitization at a slower rate. However, the proposed near-field HMI technique only experimentally

tested on a simple phantom. Different from Elsdon’s work, Wang et al. [81] recently developed

a far-field HMI for breast tumor detection. The simulation and experimental results showed that

various arbitrary shaped breast tumors with random sizes and locations can be clearly identified in

the reconstructed breast images using the proposed single frequency HMI technique. The far-filed

HMI method requires long data acquisition time, especially when generating 3D images. To solve this

challenge, the authors recently applied compressive sensing technique in HMI to produce high-solution

image using much less sampling rate. However, further experimental validations on realistic breast

phantoms and human subjects are required in the future.

4. RF Sensors for Biomedical Applications

A radar-based microwave imaging system normally consists of a RF generator to illuminate

microwave signals, RF sensor(s) to transmit microwave signals to the target object and measure the

backscattered reflection signals from the object, and a computer with matched software (contains

microwave imaging algorithm) to analysis the measured data to map the internal structure of the

object. Microwave sensor plays an important role in the microwave breast imaging system. The image

resolution can be improved by applying higher frequencies, develop a high sensitive sensor, and

increase the number of the sensors applied in the system. In addition, smaller sensors enable a more

number of sensors in the sensor array and enhance image resolution [82,83]. Various types of RF

sensors have been developed for biomedical applications, which can be divided into the two main

groups: microwave sensor for implementation of microwave breast imaging systems and microwave

biosensor for cancer biomarkers detection.

4.1. Microwave Sensors for Microwave Breast Imaging Systems

To date, numerous broadband and planar printed monopole microwave antennas have been

developed for breast cancer detection due to their simple structure, broadband property, compact size,

and ease-to-fabricate [84–86]. Recently, few flexible antennas were proposed to apply in the microwave

sensor array for breast tumor detection [87–90]. Among these sensors, microstrip antenna is one of the

most popular types of sensors developed for applying in microwave breast imaging systems because

its compact size, inexpensive and can be printed directly onto a circuit board. A microstrip antenna

normally contains a patch (metal foil) placed on the surface of the top board and a ground plane

on the bottom side of the board, and the patch is normally made in different shapes such as square,

rectangular, circular and elliptical [91].

In 2005, Shannon et al. [92] designed a slot line bow tie microwave antenna for identifying breast

tumor. The antenna was immersed in a dielectric medium and fed with an integrated UWB balun.

Both numerical and experimental validations were conducted to demonstrate the characteristics of the

antenna on breast phantom with various cylindrical tumors. The obtained results showed that return
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loss of 10 dB is obtained in the frequency range of 2.5~9 GHz, and return loss of 5 dB is obtained in the

frequency range of 1~10 GHz. Breast tumor (7 mm in diameter) at a depth of 4 cm from the aperture

was successfully detected.

In 2007, Nilavalan et al. [93] developed a low-profile stacked-patch antenna to radiate directly

into a breast tissue model at frequency range of 4~9.5 GHz. This antenna produced a bandwidth

of approximately 77% and beamwidths of approximately ±40o in the φ = 0
◦

plane and ±30
◦

in the

φ = 90
◦

plane at 6.5 GHz. The antenna has been tested on breast phantom and experimental results

showed that the proposed microstrip patch antenna has the potential to be applied in the microwave

breast tumor detection system.

In 2009, Shenouda et al. [94] proposed a dielectric-immersed antenna for a breast tumor detection

system. The antenna had a tapered slot line that operates in a low permittivity dielectric. The sensor

was fed with a microstrip-to-slot line balun at frequencies 2~12 GHz. Various phantoms were placed

in a homogeneous to evaluate the suitability of the antenna for biomedical application. The antenna

and balun were measured in canola oil, and good agreement between simulation and measurement

was obtained. The −10 dB reflection coefficient bandwidth of the balun and antenna was obtained at

frequencies 3~10.6 GHz. However, further validations on a more realistic 3D breast phantom were

required in the future.

In 2010, Bourqui et al. [95] developed a balanced antipodal Vivaldi antenna for applying in the

TSAR system. The antenna made of three copper layers, the two external layers were connected to

the feeding line ground planes and the central layer was connected to the signal conductor of the

feeding line. The experimental results showed that the antenna provides better return loss above

2.4 GHz. The lower limit of the desired frequency bandwidth (2~12 GHz) was not reached, however

the antenna still shows better than −7 dB reflection at that frequency. Gibbins et al. [96] developed

a stacked-patch antenna and a wide-slot antenna for the purpose of breast tumor detection. The size of

the wide-slot antenna was 3 times smaller than the stacked-patch antenna. The experimental results

demonstrated that both antennas had suitable bandwidths for application in the UWB system and

good agreement was found between simulation and experimental results for the wide-slot antenna.

They also developed a hemispherical antenna array made of 16 stacked-patch antennas for breast

tumor detection. Experimental results showed that the hemispherical antenna array can detect 8 mm

spherical breast tumor phantoms at different locations.

In 2011, Wang et al. [97] designed a compact microstrip slot antenna for microwave breast

imaging. The matching solution medium was required for the experimental performance. The antenna

was experimentally validated on breast phantom and experimental results showed that it has

achieved a good matching performance at 2~8 GHz. The antenna has the potential to be applied

in a half-spherical antenna array for breast cancer detection, and it can also be adapted for other

biomedical applications such as knee imaging.

In 2012, Chan et al. [98] designed and optimized a resistively loaded wire bowtie antenna based

on a genetic algorithm approach and some empirical investigations. The antenna was experimentally

tested in free space and within a tissue-like phantom. The impedance bandwidth of 100.75% was

achieved with a VSWR < 2 at a frequency of 3.3~10.0 GHz. The experimental results agreed with

the simulation results and both simulation and experimental results demonstrated that the proposed

design has the potential for applications in microwave breast imaging prototype. In the same year,

John et al. [99] developed an UWB bow tie sensor and a sensor array that made of 12 panels and each

panel made of 3 UWB bow tie sensors for microwave breast imaging application. The coupling medium

was filled in the cavity, and an image of a spherical object was reconstructed by using an inverse

scattering algorithm. Bowtie sensor has benefits in compact, wideband and easy-to-manufacture.

In 2013, Wang et al. [100] developed an open-ended waveguide sensor for application in an

HMI system for detecting breast tumor. The spiral sensor array and random sensor array were

proposed and compared with the regular spaced sensor array. Each sensor array was made of

16 open-ended waveguide sensors with one worked as the transmitter and the others worked as the
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receivers. The sensors offered good performance in the frequency range of 10~20 GHz. Both simulation

and experimental results demonstrate that the proposed waveguide antenna has the ability to identify

small breast tumors located at breast phantoms. The breast phantom image quality was significantly

improved by using spiral and random sensor arrays.

In 2014, Nepote et al. [101] proposed a horn antenna for breast radar imaging applications in the

frequency range of 1.5~6 GHz. The designed horn antenna was experimentally evaluated on various

breast phantoms and the results were compared with the Vivaldi sensor. Images obtained using the

horn antenna had a lower noise level and higher contrast than the images obtained using the Vivaldi

antenna. In the same year, Ahadi [102] developed a square monopole antenna to identify breast tumor.

Effect of variation in different parts of the antenna was analyzed and presented to optimize the antenna

for its best operation. The design was numerically and experimentally validated to demonstrate its

characteristics. The results showed that the antenna has <10 dB feed match at frequency 4 GHz to

more than 9 GHz. It has been represented that in order to minimize the distortion in the transmitted

signal through the breast the antenna S21 is about 5 dB at a frequency range of 4~8 GHz, which is

suitable for the microwave imaging application.

In 2015, Kahar et al. [103] proposed an UWB microstrip monopole antenna for imaging of

heterogeneous breast model. A heterogeneous breast model was developed to validate the proposed

antenna with different locations from skin and tumor. Simulation results showed that the antenna has

high gain, phase linearity, and good polarization characteristics. High current density was observed in

the most deep-seated tumor as well as for the smallest tumor, keeping SAR values on breast tissues

well within safe limits. The best simulation results were achieved when the antenna was placed at

1 mm away from skin. Bahramiabarghouei et al. [87] developed a single microstrip sensor array and

a dual polarization microstrip sensor array for radar-based imaging application. The sensor arrays

made of 16 flexible monopole antennas and 16 flexible spiral antennas, respectively. The operating

frequency range was 2~4 GHz for both arrays. Experimental results showed that the developed flexible

antennas have good impedance matching when in different positions with different curvature around

the breast. By using a reflector for the arrays, the penetration of the propagated electromagnetic waves

from the antennas into the breast can be improved by factors of 3.3 and 2.6, respectively.

In 2016, Karli et al. [104] developed a compact microstrip antenna for implementation in an UWB

microwave imaging system. The design was numerically and experimentally tested on various breast

phantoms for identifying breast tumors. The experimental results demonstrated that the proposed

antenna has sufficient sensitivity and effectiveness to detect tumors when the antenna is in contact

with the breast skin. Such design may enhance the accurate detection of breast tumors when it is

applied in the imaging measurement system. Li et al. [105] designed a circularly polarized implantable

patch antenna for industrial, scientific, and biomedical applications. The proposed antenna can

obtain improvement for both impedance bandwidth and axial ratio bandwidth, without increasing

the backward radiation. The proposed antenna has the potential for biomedical applications at

2.45 GHz. In the same year, a cost-effective wearable bra was developed for microwave breast cancer

detection [89]. The bra contains an array of 16 flexible microwave sensors, which is highly cost-effective

compared to typical table-based microwave imaging systems. The developed wearable prototype was

tested on healthy volunteers. Experimental results showed that the proposed wearable bra offers better

performance than the table-based microwave imaging system. However, only one healthy volunteer

was involved in this study, further experimental validations on a wider range of human subjects with

varying breast size and density are required in the future.

In 2017, Li et al. [106] applied cost-sensitive ensemble classifiers to the microwave imaging system

(see Figure 1) to identify abnormalities in the breast. A hemispherical ceramic dielectric radome was

designed for performing breast scans on subjects, which houses the target breast and the 16-element

microwave sensor array. A gel (such as ultrasound gel) or liquid was filled in the space between the skin

and the randome walls, due to the fact that the radome was designed for a largest breast size. During

data collection, a Gaussian-modulated pulse wave was generated and shaped by a passive microwave
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filter in the frequency range of 2~4 GHz. The transmitted and reflected signals from the breast were

measured and recorded by all microwave sensors located in the sensor array. The total of 240 signals

were recorded from 16 sensors per scan with less than 2 minutes. The proposed cost-sensitive ensemble

classification techniques were evaluated with measurements from breast phantoms and patients

using their developed microwave screening system. Experimental results showed that the ensemble

selection-based algorithm significantly outperforms other detection techniques for the clinical trial

data set. However, only healthy patients were involved in this study.

8 
 

 

(a) 

 

(b) 

 

(c) 

Figure 1. (a) Microwave imaging measurement system developed by Li et al.; (b) Microwave sensor

array configuration; (c) Schematic diagram of experiment. Reprinted with copyright permission from

Li et al. [106].

Recently, Ting et al. [107] developed a bow-tie antenna with low cross-polarization level and

miniaturization (Figure 2). The antenna was fabricated on RO4003 substrate and experimental

validation was conducted to demonstrate the characteristics include return loss, gain and radiation

pattern. The comparison study between the proposed antenna and the conventional bowtie antenna
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was also conducted. The experimental results demonstrated that the new proposed antenna offers

a cross-polarization improvement over ±120
◦

around the boresight at frequency range of 2~5 GHz.

The new proposed antenna has the potential for biomedical application.

9 
 

±120୭

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 2. (a) Conventional antenna geometry; (b) Modified bow-tie antenna; (c) Simulated and

measured return loss; (d) Simulated and measured gain. Reprinted with copyright permission from

Ting et al. [107].
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4.2. RF Biosensors for Cancer Biomarker Detection

RF biosensor offers a promising new approach for accurate, safe, label-free, and rapid diagnosis of

biomolecules and cancer cells. Compared to RF sensors, RF biosensor offers low-cost, disposable, and

high-sensitive option for biomolecule diagnostic systems. RF biosensors can be classified as near-field

biosensors and far-field biosensors. The section mainly addresses near-field RF biosensors. Microwave

components, such as transmission lines, lumped capacitors, waveguides, fabricated on a substrate and

used for detection of biological materials, can be termed as passive sensors [108]. The design of RF

biosensor requires to meet the specific design requirements, such as working frequency, bandwidth,

directivity, sensitivity, accuracy, compact size and low cost. Various nanomaterials have been applied

to develop RF biosensors in order to enhance the sensitivity of biomolecule detection.

Lee et al. [109] developed a planar split-ring resonator-based microwave biosensor for label-free

detection of biomolecules such as prostate cancer marker, prostate specific antigen (PSA), and cortisol

stress hormone. The biosensor consisted of a resonance-assisted transducer and was excited by

a time-varying magnetic field component of a local high-impedance microstrip line. The device

exhibits an intrinsic S21 resonance with a quality-factor of 50. For the Biomolecular interaction,

anti-PSA and anticortisol were immobilized on the gold surface of the resonator by a protein-G

mediated bioconjugation process and corresponding frequency shifts of 30 ± 2 MHz (for anti-PSA)

and 20 ± 3 MHz (for anti-cortisol) were observed.

Yang et al. [110] developed a multilayered polymeric DNA biosensor using RF technology with

gold and magnetic nanoparticles to enhance the detection sensitivity of DNA. Previous studies have

shown that the nuclear magnetic resonance-based RF biosensor has an ability to detect various

biomolecules such as avidin, human chorionic gonadotropin, and human bladder cancer cells.

Kim et al. [111] developed a wireless RF biosensor to demonstrate the biomolecular binding systems

such as biotin–streptavidin and DNA hybridization. Chen et al. [31] proposed a microwave biosensor

dedicated to the dielectric spectroscopy of a single and living biological cell in its liquid culture

medium in the micro and millimeter wave ranges. The sensor worked in the near field and involves

a capacitive gap to perform the electromagnetic sensing, while a microfluidic system was developed

and adapted to the RF circuit to precisely localize the single biological cell under study. Both capacitive

and conductive contrasts of a living biological cell measured in its culture medium were accessible.

A living B lymphoma cell was measured in the frequency range of 40 MHz~40 GHz, with a measured

capacitive contrast of the order of several hundreds of attofarads.

Camli et al. [112] designed a simple and cost-effective microwave biosensor based on microstrip

antenna driven ring resonator for label-free detection of glucose. Simulation and experimental

validations were conducted to demonstrate the sensing capacity for changes in dielectric properties of

the surrounding medium. The simulation and experimental results were in good agreement. Recently,

Garrett et al. [113] reported the significant progress made on the average dielectric property analysis

of complex breast tissue with microwave transmission measurements. More recently, Tselev et al. [114]

applied the microwave microscopy for in situ imaging of live biological cells to identify changes in

malignant tissues.

5. Challenges and Future Works

Microwave imaging has been recently proposed as an alternative or additional approach to the

current standard X-ray mammography for early breast cancer detection. Apart from microwave

imaging algorithms, microwave sensors and sensor arrays have been reported play the most important

role in the microwave imaging systems for diagnosis of breast tumors. Some major limitations

have been reported for practical implementation of microwave imaging-based methods, including

low dielectric property contrasts between the healthy and the malignant tissues, working frequency

selection, development of a high sensitivity microwave sensor, and limited image resolution. Previous

studies have suggested that it is necessary to develop a high sensitivity microwave sensor and

a sensor array to improve the image resolution and reduce the system cost. Many investigators have
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increased the number of implementation sensors in a microwave imaging sensor array to improve

the image quality, for example, Kurrant et al. [115] increased the number of microwave sensors in

the measurement system from 16 to 256. However, this increment may reduce the accuracy of tumor

detection due to the mutual coupling signals caused between sensors. Moreover, the total operating

cost of the system will be increased and the measurement system will be becoming more complex with

increasing the number of sensors.

To address these challenges, investigators recommended that more investigations should be

provided on the development of a high dynamic measurement system with particular focus on

high sensitive, compact and low-cost microwave sensors and sensor arrays to achieve high quality

images. In recent years, many researchers have developed a numerous of high sensitive RF sensors for

application in the microwave imaging system for detecting breast tumors. Most of these sensors have

been extensively tested on various simplified breast phantoms both numerically and experimentally.

Coupling solution medium was filled in the space between the target object and the sensors in most of

microwave imaging systems in order to reduce the noise and improve the image resolution. However,

such method also increases the operating cost significantly. Optimization of sensor arrays such as using

unequally spaced sensor arrays and applying compressed sensing approaches in the signal and image

processing may be other solutions to improve the image quality in a fast and cost-effective manner.

In recent years, biosensors and biomarkers-based techniques for early breast cancer detection

have attacked many people’s interests. To date, cancer biomarker discovery is still in its discovery

stage and the evidence is too restricted to confidently apply biomarkers as diagnostic tools for

diagnosing early-stage breast cancer. Protein biomarkers have utility within a panel of biomarkers,

however, they have not been recommended as individual biomarkers to detect breast cancer. Biosensor

techniques have some important drawbacks that are related to the integration of the diagnosis of breast

cancer in primary health care. For instance, QCM-based biosensors are more common and reliable

platforms than other types of sensors for surgery applications. However, there are some drawbacks of

biosensors such as small target size, marker levels, the possibility of high non-specific binding in the

case of serum or real patient samples. Recent research trends of nano-biosensors and RF biosensors

for biomolecules offer great potential for early cancer detection. However, these techniques are not

mature for clinical trials. Future investigations should be addressed directly to improve the selectivity,

sensitivity, accuracy, and multiplexing capacity of microwave sensors.

6. Conclusions

Successful clinical trials of microwave breast imaging demonstrated that microwave imaging

has the potential to become an additional or alternative method to the current standard X-ray

mammography for detecting breast tumors in their early stages. Microwave sensor plays the most

important role in the microwave imaging measurement systems. This paper presented an exhaustive

summary of microwave sensors for applications in microwave imaging approaches for breast tumor

detection, including electric properties of biological tissues, microwave imaging methods, microwave

sensors and microwave biosensors. Microwave images of breast have direct impacts on spatial

resolution, microwave sensors and sensor arrays, optical choice of frequency, detection accuracy and

quality of imaging. Several advantages of existing microwave sensors, open challenges, possible

solutions and future work directions also discussed.

Acknowledgments: The author gratefully acknowledges the financial supports from the National Natural
Science Foundation of China (Grant No. 61701159), the Natural Science Foundation of Anhui Province (Grant
No. 101413246, JZ2017AKZR0129), the Foundation for Oversea Master Project from Ministry of Education, China
(Grant No. 2160311028), and the start-up funding from the Hefei University of Technology (Grant No. 407037164).

Author Contributions: Lulu Wang designed, conducted the study, and wrote the paper.

Conflicts of Interest: The author declares no conflict of interest.



Sensors 2018, 18, 655 12 of 17

References

1. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer Statistics 2017. CA Cancer J. Clin. 2017, 67, 7–30. [CrossRef]

[PubMed]

2. Marrero, J.A.; Fontana, R.J.; Sherry, F.; Conjeevaram, H.S.; Su, G.L.; Lok, A.S. Alcohol, tobacco and obesity

are synergistic risk factors for hepatocellular carcinoma. J. Hepatol. 2015, 42, 218. [CrossRef] [PubMed]

3. Yang, Y.; Yin, X.; Sheng, L.; Xu, S.; Dong, L.; Liu, L. Perioperative chemotherapy more of a benefit for overall

survival than adjuvant chemotherapy for operable gastric cancer: An updated meta-analysis. Sci. Rep. 2015,

5, 12850. [CrossRef] [PubMed]

4. Mcguire, S. World Cancer report 2014. Geneva, Switzerland: World health organization, international agency

for research on cancer, who press, 2015. Adv. Nutr. 2016, 7, 418. [CrossRef] [PubMed]

5. Mohebian, M.R.; Marateb, H.R.; Mansourian, M.; Mañanas, M.A.; Mokarian, F. A hybrid computer-aided-

diagnosis system for prediction of breast cancer recurrence (HPBCR) using optimized ensemble learning.

Comput. Struct. Biotechnol. J. 2017, 15, 75–85. [CrossRef] [PubMed]

6. Yen, T.W.F.; Li, J.; Sparapani, R.A.; Laud, P.W.; Nattinger, A.B. The interplay between hospital and surgeon

factors and the use of sentinel lymph node biopsy for breast cancer. Medicine 2016, 95, e4392. [CrossRef]

[PubMed]

7. Abel, E.J.; Carrasco, A.; Culp, S.H.; Matin, S.F.; Tamboli, P.; Tannir, N.M.; Wood, C.G. Limitations of

preoperative biopsy in patients with metastatic renal cell carcinoma: Comparison to surgical pathology in

405 cases. BJU Int. 2013, 189, 1692. [CrossRef] [PubMed]

8. Jayanthi, S.A.; Das, A.B.; Saxena, U. Recent advances in biosensor development for the detection of cancer

biomarkers. Biosens. Bioelectr. 2017, 91, 15. [CrossRef] [PubMed]

9. Arif, S.; Qudsia, S.; Urooj, S.; Chaudry, N.; Arshad, A.; Andleeb, S. Blueprint of quartz crystal

microbalance biosensor for early detection of breast cancer through salivary autoantibodies against ATP6AP1.

Biosens. Bioelectr. 2015, 65, 62–70. [CrossRef] [PubMed]

10. Sugumaran, S.; Jamlos, M.F.; Ahmad, M.N.; Bellan, C.S.; Schreurs, D. Nanostructured materials with

plasmonic nanobiosensors for early cancer detection: A past and future prospect. Biosens. Bioelectr. 2017,

100, 361. [CrossRef] [PubMed]

11. Yadav, B.K.; Kumar, S.; Doval, D.C.; Malhotra, B.D. Development of biosensor for non-invasive oral cancer

detection. Eur. J. Cancer 2017, 72, S138–S139. [CrossRef]

12. Devillers, M.; Ahmad, L.; Korri-Youssoufi, H.; Salmon, L. Carbohydrate-based electrochemical biosensor for

detection of a cancer biomarker in human plasma. Biosens. Bioelectr. 2017, 96, 178–185. [CrossRef] [PubMed]

13. Catuogno, S.; Esposito, C.L.; Quintavalle, C.; Cerchia, L.; Condorelli, G.; Franciscis, V.D. Recent advance in

biosensors for microRNAs detection in cancer. Cancers 2011, 3, 1877. [CrossRef] [PubMed]

14. Galletti, G.; Sung, M.S.; Vahdat, L.T.; Shah, M.A.; Santana, S.M.; Altavilla, G.; Kirbyd, B.J.; Giannakakou, P.

Isolation of breast cancer and gastric cancer circulating tumor cells by use of an anti HER2-based microfluidic

device. Lab Chip 2014, 14, 147. [CrossRef] [PubMed]

15. Choi, Y.; Hyun, E.; Seo, J.; Blundell, C.; Kim, H.C.; Lee, E.; Lee, S.; Moon, A.; Moon, W.K.; Huh, D.

A microengineered pathophysiological model of early-stage breast cancer. Lab Chip 2015, 15, 3350. [CrossRef]

[PubMed]

16. Tsopela, A.; Laborde, A.; Salvagnac, L.; Ventalon, V.; Bedelpereira, E.; Séguy, I.; Temple-Boyer, P.; Juneau, P.;

Izquierdo, R.; Launay, J. Development of a lab-on-chip electrochemical biosensor for water quality analysis

based on microalgal photosynthesis. Biosens. Bioelectr. 2016, 79, 568–573. [CrossRef] [PubMed]

17. Sackmann, E.K.; Fulton, A.L.; Beebe, D.J. The present and future role of microfluidics in biomedical research.

Nature 2014, 507, 181–189. [CrossRef] [PubMed]

18. Chan, D.W.; Beveridge, R.A.; Muss, H.; Fritsche, H.A.; Hortobagyi, G.; Theriault, R.; Kiang, D.; Kennedy, B.J.;

Evelegh, M. Use of Truquant BR radioimmunoassay for early detection of breast cancer recurrence in patients

with stage ii and stage iii disease. J. Clin. Oncol. 1997, 15, 2322–2328. [CrossRef] [PubMed]

19. Pertschuk, L.P.; Axiotis, C.A. Steroid hormone receptor immunohistochemistry in breast cancer: Past, present,

and future. Breast J. 2015, 5, 3–12. [CrossRef]

20. Nugent, A.; Mcdermott, E.; Duffy, K.; O’Higgins, N.; Fennelly, J.J.; Duffy, M.J. Enzyme-linked immunosorbent

assay of c-erbb-2 oncoprotein in breast cancer. Clin. Chem. 1992, 38, 1471–1474. [PubMed]

http://dx.doi.org/10.3322/caac.21387
http://www.ncbi.nlm.nih.gov/pubmed/28055103
http://dx.doi.org/10.1016/j.jhep.2004.10.005
http://www.ncbi.nlm.nih.gov/pubmed/15664247
http://dx.doi.org/10.1038/srep12850
http://www.ncbi.nlm.nih.gov/pubmed/26242393
http://dx.doi.org/10.3945/an.116.012211
http://www.ncbi.nlm.nih.gov/pubmed/26980827
http://dx.doi.org/10.1016/j.csbj.2016.11.004
http://www.ncbi.nlm.nih.gov/pubmed/28018557
http://dx.doi.org/10.1097/MD.0000000000004392
http://www.ncbi.nlm.nih.gov/pubmed/27495053
http://dx.doi.org/10.1111/j.1464-410X.2012.11124.x
http://www.ncbi.nlm.nih.gov/pubmed/22503066
http://dx.doi.org/10.1016/j.bios.2016.12.014
http://www.ncbi.nlm.nih.gov/pubmed/27984706
http://dx.doi.org/10.1016/j.bios.2014.09.088
http://www.ncbi.nlm.nih.gov/pubmed/25461139
http://dx.doi.org/10.1016/j.bios.2017.08.044
http://www.ncbi.nlm.nih.gov/pubmed/28946108
http://dx.doi.org/10.1016/S0959-8049(17)30530-0
http://dx.doi.org/10.1016/j.bios.2017.04.031
http://www.ncbi.nlm.nih.gov/pubmed/28500945
http://dx.doi.org/10.3390/cancers3021877
http://www.ncbi.nlm.nih.gov/pubmed/24212787
http://dx.doi.org/10.1039/C3LC51039E
http://www.ncbi.nlm.nih.gov/pubmed/24202699
http://dx.doi.org/10.1039/C5LC00514K
http://www.ncbi.nlm.nih.gov/pubmed/26158500
http://dx.doi.org/10.1016/j.bios.2015.12.050
http://www.ncbi.nlm.nih.gov/pubmed/26749098
http://dx.doi.org/10.1038/nature13118
http://www.ncbi.nlm.nih.gov/pubmed/24622198
http://dx.doi.org/10.1200/JCO.1997.15.6.2322
http://www.ncbi.nlm.nih.gov/pubmed/9196146
http://dx.doi.org/10.1046/j.1524-4741.1999.005001003.x
http://www.ncbi.nlm.nih.gov/pubmed/1353709


Sensors 2018, 18, 655 13 of 17

21. Chourb, S. Enhanced Immuno-Detection of Breast Cancer Biomarkers: Shed Extracellular Domain of

HER-2/neu and CA15-3. Master’s Thesis, University of Massachusetts Lowell, Lowell, MA, USA, 2010.

22. Mittal, S.; Kaur, H.; Gautam, N.; Mantha, A.K. Biosensors for breast cancer diagnosis: A review of

bioreceptors, biotransducers and signal amplification strategies. Biosens. Bioelectron. 2017, 88, 217–231.

[CrossRef] [PubMed]

23. Wang, L. Early Diagnosis of Breast Cancer. Sensors 2017, 17, 1572. [CrossRef] [PubMed]

24. Sushma, S.J.; Kumar, S.C.P. Advancement in research techniques on medical imaging processing for breast

cancer detection. Int. J. Electr. Comput. Eng. 2015, 6, 717–724.

25. Morrow, M.; Waters, J.; Morris, E. MRI for breast cancer screening, diagnosis, and treatment. Lancet 2011,

378, 1804–1811. [CrossRef]

26. Jones, E.F.; Ray, K.M.; Li, W.; Seo, Y.; Franc, B.L.; Chien, A.J.; Esserman, L.J.; Pampaloni, M.H.; Joe, B.N.;

Hylton, N.M. Dedicated breast positron emission tomography for the evaluation of early response to

neoadjuvant chemotherapy in breast cancer. Clin. Breast Cancer 2017, 17, e155. [CrossRef] [PubMed]

27. Magna, G.; Casti, P.; Jayaraman, S.V.; Salmeri, M.; Mencattini, A.; Martinelli, E.; Di Natale, C. Identification

of mammography anomalies for breast cancer detection by an ensemble of classification models based on

artificial immune system. Knowl. Syst. 2016, 101, 60–70. [CrossRef]

28. Patel, B.K.; Garza, S.A.; Eversman, S.; Lopezalvarez, Y.; Kosiorek, H.; Pockaj, B.A. Assessing tumor extent

on contrast-enhanced spectral mammography versus full-field digital mammography and ultrasound.

Clin. Imag. 2017, 46, 78–84. [CrossRef] [PubMed]

29. Hellquist, B.N.; Czene, K.; Hjälm, A.; Nyström, L.; Jonsson, H. Effectiveness of population-based service

screening with mammography for women ages 40 to 49 years with a high or low risk of breast cancer:

Socioeconomic status, parity, and age at birth of first child. Cancer 2012, 118, 1170–1171. [CrossRef]

30. Onega, T.; Goldman, L.E.; Walker, R.L.; Miglioretti, D.L.; Buist, D.S.; Taplin, S.; Geller, B.M.; Hill, D.A.;

Smith-Bindman, R. Facility mammography volume in relation to breast cancer screening outcomes.

J. Med. Screen. 2016, 23, 31. [CrossRef] [PubMed]

31. Chen, T.; Artis, F.; Dubuc, D.; Fournie, J.J.; Poupot, M.; Grenier, K. Microwave biosensor dedicated to the

dielectric spectroscopy of a single alive biological cell in its culture medium. In Proceedings of the 2013 IEEE

MTT-S International Microwave Symposium Digest (IMS), Seattle, WA, USA, 2–7 June 2013.

32. Zhou, Y.; Li, C.; Tang, L.; Ma, L.; Wang, Q.; Liu, Q. A permanent bar pattern distributed target for microwave

image resolution analysis. IEEE Geosci. Remot. Sens. Lett. 2017, 14, 164–168. [CrossRef]

33. Alwan, M.S.S.; Katbay, Z. Investigation of tumor using an antenna scanning system. IEEE Microwave Symp.

2014, 171, 1401–1406.

34. Zhao, X.; Zhuang, H.; Yoon, S.C.; Dong, Y.; Wang, W.; Zhao, W. Electrical impedance spectroscopy for quality

assessment of meat and fish: A review on basic principles, measurement methods, and recent advances.

J. Food Qual. 2017, 2, 1–16. [CrossRef]

35. Foster, K.R.; Schwan, H.P. Dielectric properties of tissues and biological materials: A critical review. CRIT Rev.

Biomed. Eng. 1989, 17, 25. [PubMed]

36. Martellosio, A.; Pasian, M.; Bozzi, M.; Perregrini, L.; Mazzanti, A.; Svelto, F.; Summers, P.E.; Renne, G.;

Preda, L.; Bellomi, M.; et al. Dielectric properties characterization from 0.5 to 50 GHz of breast cancer tissues.

IEEE Trans. Microw. Theory 2017, 65, 1–14.

37. Bharati, S.; Rishi, P.; Tripathi, S.K.; Koul, A. Changes in the electrical properties at an early stage of mouse

liver carcinogenesis. Bioelectromagnetics 2013, 34, 429–436. [CrossRef] [PubMed]

38. Cameron, T.R.; Okoniewski, M.; Fear, E.C.; Mew, D.; Banks, B.; Ogilvie, T. A preliminary study of the electrical

properties of healthy and diseased lymph nodes. In Proceedings of the IEEE International Symposium on

Antenna Technology and Applied Electromagnetics & the American Electromagnetics Conference, Ottawa,

ON, Canada, 5–8 July 2010; pp. 1–3.

39. Grant, J.P.; Clarke, R.N.; Symm, G.T.; Spyrou, N.M. In vivo dielectric properties of human skin from 50 MHz

to 2.0 GHz. Phys. Med. Biol. 1988, 33, 607. [CrossRef] [PubMed]

40. Irastorza, R.M.; Blangino, E.; Carlevaro, C.M.; Vericat, F. Modeling of the dielectric properties of trabecular

bone samples at microwave frequency. Med. Biol. Eng. Comput. 2014, 52, 439–447. [CrossRef] [PubMed]

41. Lue, W.M.; Boyden, P.A. Abnormal electrical properties of myocytes from chronically infarcted canine heart.

alterations in Vmax and the transient outward current. Circulation 1992, 85, 1175–1188. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.bios.2016.08.028
http://www.ncbi.nlm.nih.gov/pubmed/27567264
http://dx.doi.org/10.3390/s17071572
http://www.ncbi.nlm.nih.gov/pubmed/28678153
http://dx.doi.org/10.1016/S0140-6736(11)61350-0
http://dx.doi.org/10.1016/j.clbc.2016.12.008
http://www.ncbi.nlm.nih.gov/pubmed/28110902
http://dx.doi.org/10.1016/j.knosys.2016.02.019
http://dx.doi.org/10.1016/j.clinimag.2017.07.001
http://www.ncbi.nlm.nih.gov/pubmed/28750354
http://dx.doi.org/10.1002/cncr.26170
http://dx.doi.org/10.1177/0969141315595254
http://www.ncbi.nlm.nih.gov/pubmed/26265482
http://dx.doi.org/10.1109/LGRS.2016.2632181
http://dx.doi.org/10.1155/2017/6370739
http://www.ncbi.nlm.nih.gov/pubmed/2651001
http://dx.doi.org/10.1002/bem.21783
http://www.ncbi.nlm.nih.gov/pubmed/23436762
http://dx.doi.org/10.1088/0031-9155/33/5/008
http://www.ncbi.nlm.nih.gov/pubmed/3399514
http://dx.doi.org/10.1007/s11517-014-1145-y
http://www.ncbi.nlm.nih.gov/pubmed/24647649
http://dx.doi.org/10.1161/01.CIR.85.3.1175
http://www.ncbi.nlm.nih.gov/pubmed/1371431


Sensors 2018, 18, 655 14 of 17

42. Schepps, J.L.; Foster, K.R. The UHF and microwave dielectric properties of normal and tumour tissues:

variation in dielectric properties with tissue water content. Phys. Med. Biol. 1980, 25, 1149–1159. [CrossRef]

[PubMed]

43. Sha, L.; Ward, E.R.; Story, B. A review of dielectric properties of normal and malignant breast tissue.

In Proceedings of the IEEE SoutheastCon, Columbia, SC, USA, 5–7 April 2002; pp. 457–462.

44. Pethig, R. Dielectric properties of biological materials: Biophysical and medical applications. IEEE Trans.

Electr. Insul. 1984, 19, 453–474. [CrossRef]

45. Lazebnik, M.; Okoniewski, M.; Booske, J.H.; Hagness, S.C. Highly accurate Debye models for normal and

malignant breast tissue dielectric properties at microwave frequencies. IEEE Microw. Wirel. Compon. 2007, 17,

822–824. [CrossRef]

46. Joines, W.T.; Zhang, Y.; Li, C.; Jirtle, R.L. The measured electrical properties of normal and malignant human

tissues from 50 to 900 MHz. Med. Phys. 1994, 21, 547. [CrossRef] [PubMed]

47. Gabriel, C.; Gabriel, S.; Corthout, E. The dielectric properties of biological tissues: I. Literature survey.

Phys. Med. Biol. 1996, 41, 2231. [CrossRef] [PubMed]

48. Gabriel, S.; Lau, R.W.; Gabriel, C. The dielectric properties of biological tissues: II. Measurements in the

frequency range 10 Hz to 20 GHz. Phys. Med. Biol. 1996, 41, 2251. [CrossRef] [PubMed]

49. Gabriel, S.; Lau, R.W.; Gabriel, C. The dielectric properties of biological tissues: II. Parametric models for the

dielectric spectrum of tissues. Phys. Med. Biol. 1996, 41, 2271. [CrossRef] [PubMed]

50. Lazebnik, M.; Popovic, D.; Mccartney, L.; Watkins, C.; Lindstrom, M.; Harter, J.; Sewall, S.; Ogilvie, T.;

Magliocco, A.; Breslin, T.M.; et al. A large-scale study of the ultrawideband microwave dielectric properties

of normal, benign and malignant breast tissues obtained from cancer surgeries. Phys. Med. Biol. 2017, 52,

2637–2656. [CrossRef] [PubMed]

51. Chaudhary, S.S.; Mishra, R.K.; Swarup, A.; Thomas, J.M. Dielectric properties of normal & malignant human

breast tissues at radiowave & microwave frequencies. Indian J. Biochem. Biol. 1984, 21, 76–79.

52. Swarup, A.; Stuchly, S.S.; Surowiec, A. Dielectric properties of mouse MCA1 fibrosarcoma at different stages

of development. Bioelectromagnetics 1991, 12, 1. [CrossRef] [PubMed]

53. Surowiec, A.J.; Stuchly, S.S.; Barr, J.R.; Swarup, A. Dielectric properties of breast carcinoma and the

surrounding tissues. IEEE Trans. Biomed. Eng. 1988, 35, 257–263. [CrossRef] [PubMed]

54. Endo, Y.; Tezuka, Y.; Saito, K.; Ito, K. Dielectric properties and water contents of coagulated biological tissue

by microwave heating. IEICE Comex. 2015, 4, 105–110. [CrossRef]

55. Cruciani, S.; Santis, V.D.; Feliziani, M.; Maradei, F. Cole-Cole vs Debye models for the assessment of

electromagnetic fields inside biological tissues produced by wideband EMF sources. In Proceedings of the

IEEE Asia-Pacific Symposium on Electroman. Comp. (APEMC), Singapore, 21–24 May 2012; pp. 685–688.

56. Said, T.; Varadan, V.V. Variation of Cole-Cole model parameters with the complex permittivity of biological

tissues. In Proceedings of the IEEE MTT-S International Microwave Symposium Digest (MTT'09), Boston,

MA, USA, 7–12 June 2009; pp. 1445–1448.

57. Mustafa, S.; Abbosh, A.M.; Nguyen, P.T. Modeling human head tissues using fourth-order Debye model in

convolution-based three-dimensional finite-difference time-domain. IEEE Trans. Antenna Propag. 2014, 62,

1354–1361. [CrossRef]

58. Kang, K.; Chu, X.; Dilmaghani, R.; Ghavami, M. Low-complexity Cole-Cole expression for modelling human

biological tissues in (FD)2TD method. Electron. Lett. 2017, 43, 143–144. [CrossRef]

59. Zastrow, E.; Davis, S.K.; Lazebnik, M.; Kelcz, F.; Veen, B.D.V.; Hagness, S.C. Development of anatomically

realistic numerical breast phantoms with accurate dielectric properties for modeling microwave interactions

with the human breast. IEEE Trans. Bio-Med Eng. 2008, 55, 2792–2800. [CrossRef] [PubMed]

60. Li, X.; Bond, E.J.; Veen, B.D.V.; Hagness, S.C. An overview of ultra-wideband microwave imaging via

space-time beamforming for early-stage breast-cancer detection. IEEE Antenna Propag. M. 2005, 47, 19–34.

61. Meaney, P.M.; Golnabi, A.H.; Epstein, N.R.; Geimer, S.D.; Fanning, M.W.; Weaver, J.B.; Paulsen, K.D.

Integration of microwave tomography with magnetic resonance for improved breast imaging. Med. Phys.

2013, 40, 103101. [CrossRef] [PubMed]

62. Rubaek, T.; Fhager, A.; Jensen, P.D.; Mohr, J.J.; Persson, M. Microwave imaging for breast cancer

detection: Comparison of tomographic imaging algorithms using single-frequency and time-domain data.

In Proceedings of the General Assembly and Scientific Symposium, Istanbul, Turkey, 13–20 August 2011;

pp. 1–4.

http://dx.doi.org/10.1088/0031-9155/25/6/012
http://www.ncbi.nlm.nih.gov/pubmed/7208627
http://dx.doi.org/10.1109/TEI.1984.298769
http://dx.doi.org/10.1109/LMWC.2007.910465
http://dx.doi.org/10.1118/1.597312
http://www.ncbi.nlm.nih.gov/pubmed/8058021
http://dx.doi.org/10.1088/0031-9155/41/11/001
http://www.ncbi.nlm.nih.gov/pubmed/8938024
http://dx.doi.org/10.1088/0031-9155/41/11/002
http://www.ncbi.nlm.nih.gov/pubmed/8938025
http://dx.doi.org/10.1088/0031-9155/41/11/003
http://www.ncbi.nlm.nih.gov/pubmed/8938026
http://dx.doi.org/10.1088/0031-9155/52/10/001
http://www.ncbi.nlm.nih.gov/pubmed/17473342
http://dx.doi.org/10.1002/bem.2250120102
http://www.ncbi.nlm.nih.gov/pubmed/2012617
http://dx.doi.org/10.1109/10.1374
http://www.ncbi.nlm.nih.gov/pubmed/2834285
http://dx.doi.org/10.1587/comex.4.105
http://dx.doi.org/10.1109/TAP.2013.2296323
http://dx.doi.org/10.1049/el:20073644
http://dx.doi.org/10.1109/TBME.2008.2002130
http://www.ncbi.nlm.nih.gov/pubmed/19126460
http://dx.doi.org/10.1118/1.4820361
http://www.ncbi.nlm.nih.gov/pubmed/24089930


Sensors 2018, 18, 655 15 of 17

63. Hawley, M.S.; Broquetas, A.; Jofre, L.; Bolomey, J.C.; Gaboriaud, G. Microwave imaging of tissue blood

content changes. J. Biomed. Eng. 1991, 13, 197–202. [CrossRef]

64. Epstein, N.R.; Meaney, P.M.; Paulsen, K.D. 3D parallel-detection microwave tomography for clinical breast

imaging. Rev. Sci. Instrum. 2014, 85, 124704–124712. [CrossRef] [PubMed]

65. Meaney, P.M.; Fanning, M.W.; Raynolds, T.; Fox, C.J.; Fang, Q.; Kogel, C.A.; Poplack, S.P.; Paulsena, K.D.

Initial clinical experience with microwave breast imaging in women with normal mammography.

Acad. Radiol. 2007, 14, 207–218. [CrossRef] [PubMed]

66. Bucci, O.M.; Bellizzi, G.; Borgia, A.; Costanzo, S.; Crocco, L.; Massa, G.D.; Scapaticci, R. Experimental

framework for magnetic nanoparticles enhanced breast cancer microwave imaging. IEEE Access 2017, 5, 1.

[CrossRef]

67. Bevacqua, M.T.; Scapaticci, R. A compressive sensing approach for 3D breast cancer microwave imaging

with magnetic nanoparticles as contrast agent. IEEE Trans. Med. Imaging 2016, 35, 665–673. [CrossRef]

[PubMed]

68. Liu, S.; Zhao, Z.; Zhu, X.; Lu, Y.; Wang, B.; Nie, Z.; Liu, Q. Block based compressive sensing method of

microwave induced thermoacoustic tomography for breast tumor detection. J. Appl. Phys. 2017, 122, 024702.

[CrossRef]

69. Florestapia, D.; Rodriguez, D.; Solis, M.; Kopotun, N.; Latif, S.; Maizlish, O.; Fu, L.; Gui, Y.; Hu, C.; Pistorius, S.

Experimental feasibility of multistatic holography for breast microwave radar image reconstruction.

Med. Phys. 2016, 43, 4674. [CrossRef] [PubMed]

70. Bassi, M.; Caruso, M.; Khan, M.S.; Bevilacqua, A.; Capobianco, A.D.; Neviani, A. An integrated microwave

imaging radar with planar antennas for breast cancer detection. IEEE Trans. Microw. Theory 2013, 61,

2108–2118. [CrossRef]

71. Tapia, D.F.; Pistorius, S. We-g-211-01: Breast microwave radar image reconstruction using circular

holography: Initial results on preclinical datasets. Med. Phys. 2011, 38, 3835. [CrossRef]

72. Fear, E.C.; Li, X.; Hagness, S.C.; Stuchly, M.A. Confocal microwave imaging for breast cancer detection:

localization of tumors in three dimensions. IEEE Trans. Bio-Med Eng. 2002, 49, 812–822. [CrossRef] [PubMed]

73. Ji, J.; Tong, K.F.; Al-Armaghany, A.; Leung, T.S. A feasiblity study of elastography based confocal microwave

imaging technique for breast cancer detection. Optik. Int. J. Light Electr. Opt. 2017, 144, 108–144. [CrossRef]

74. Bond, E.J.; Li, X.; Hagness, S.C.; Van Veen, B.D. Microwave imaging via space-time beamforming for early

detection of breast cancer. J. Electromagnet. Wave 2003, 17, 357–381. [CrossRef]

75. Li, X.; Davis, S.K.; Hagness, S.C.; van der Weide, D.W.; Van Veen, B.D. Microwave imaging via space-time

beamforming: experimental investigation of tumor detection in multilayer breast phantoms. IEEE Trans.

Microw. Theory 2004, 52, 1856–1865. [CrossRef]

76. Wang, L.; Simpkin, R.; Al-Jumaily, A.M. Holographic microwave imaging for medical applications. J. Biomed.

Sci. Eng. 2013, 6, 823–833. [CrossRef]

77. Elsdon, M.; Leach, M.; Skobelev, S.; Smith, D. Microwave Holographic Imaging of Breast Cancer.

In Proceedings of the IEEE International Symposium on Microwave, Antenna, Propagation and EMC

Technologies for Wireless Communications, Hangzhou, China, 16–17 August 2007; pp. 966–969.

78. Karamfard, S.S.; Asl, B.M. 2-Stage Delay-Multiply-and-Sum Beamforming for Breast Cancer Detection Using

Microwave Imaging. In Proceedings of the Iranian Conference on Electrical Engineering (ICEE 2017), Tehran,

Iran, 2–4 May 2017; pp. 101–106.
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