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Abstract—This paper presents a design of a compact antenna 

applicator for a microwave colonoscopy system. Although 
colonoscopy is the most effective method for colorectal cancer 
detection, it suffers from important visualization restrictions that 

limit its performance. We recently reported that the contrast 

between healthy mucosa and cancer was 30-100% for the relative 
permittivity and conductivity respectively at 8 GHz, and the 
complex permittivity increased proportionally to the degeneration 
rate of polyps (cancer precursors). The applicator is designed as a 

compact cylindrical array of eight antennas attached at the tip of 
a conventional colonoscope. The design presented here is a proof-
of-concept applicator composed by one transmitting and one 
receiving cavity backed U-shaped slot antenna elements fed by an 

L-shaped microstrip line. The antennas are low profile and present 
a high isolation at 8 GHz. The antenna performance is assessed 
with simulations and experimentally with a phantom composed by 
different liquids.  

 
Index Terms— Cancer detection, colonoscopy, microwave 

antenna arrays, phantoms. 

 

I. INTRODUCTION 

olorectal cancer (CRC) is the third most commonly 
diagnosed tumor and the fourth leading cause of cancer 

death in the world, accounting for about 1.4 million new cases 
and 774 000 deaths in 2015 [1]. The global burden of CRC is 
expected to increase to 60% in 2030 [2]. Fortunately, CRC is 
potentially curable in a 90% of cases by an early identification 
and eradication of polyps (cancer precursors) [3]. Colonoscopy 
is the standard CRC diagnostic approach and is the only method 
able to remove polyps in the entire colon [4, 5]. Although 
colonoscopy screening has significantly increased the survival 
of CRC patients, still suffers from fundamental limitations [6]. 
The reduced field of view of the optical camera placed at the tip 
of the endoscope (< 170°), polyp occultation produced by colon 
angulations and folds, and insufficient bowel preparation, result 
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in a polyp miss rate of 22% [7] and a risk of developing cancer 
after a negative colonoscopy of 8% [8]. Another limitation of 
colonoscopy is the subjectivity in the assessment of several 
characteristics of the lesions such as size, position and type of 
tissue, which depend on the experience of the endoscopist.  As 
a measure of security, current clinical guidelines [9] 
recommend removing all lesions found in a colonoscopy study, 
including small lesions (< 5mm) that are often benign polyps. 
A pathologist then analyses all lesions and emits a histology 
report that is considered the gold standard. This approach is 
labor- and time- intensive, and significantly increases the 
medical cost.  

In recent years, several devices and technologies have been 
developed to improve the performance of colonoscopy [10]. 
High definition (HD) endoscopes and endoscopes with multiple 
cameras [11] try to increase colon’s surface area visualization. 
Endomicroscopy [11] and virtual chromoendoscopy [12] offer 
a further layer of improvement by detecting morphological 
changes in the colonoscopy image that may indicate the 
presence of a lesion. However, these techniques have a high 
cost of acquisition, and lack standardized training, diagnostic 
and staging scores. Mucosal flattening accessories [11] can be 
incorporated at the endoscope’s tip to improve visualization but 
are only being used in certain indications. Despite these 
advances, the need to increase detection rates and differentiate 
malignant and benign tissues during colonoscopy persists. 
Currently, 12% of large adenomas (type of polyp prone to 
degenerate into cancer) of at least 1 cm are missed even by 
expert endoscopists using meticulous techniques with the best 
available equipment. To this aim, advanced computer vision 
techniques [13] and new imaging modalities exploiting other 
mechanisms of contrast, different from the optical one, should 
be investigated. Mads et al. [14] proposed near infrared Raman 
spectroscopy and we recently investigated the applicability of 
microwave imaging (MI) [15, 16]. Table I shows the main 
features of the different technologies being used to improve 
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conventional colonoscopy. 
MI involves illuminating a body under test with nonionizing 

and low power microwave signals [17]. Depending on the 
contrast in complex permittivities of the body, different amount 
of scattering is produced. This scattering is then collected by 
the receiving antennas and transformed into images of the 
body’s permittivity profile using MI algorithms. We recently 
demonstrated that the complex permittivity correlates with the 
degeneration grade of colon polyps [15, 16]; the more similar 
to cancer, the higher the relative permittivity and conductivity. 
The maximum contrast between healthy mucosa and cancer 
was obtained between 5 and 8 GHz and was 30-100% for the 
relative permittivity and conductivity, respectively. 
Accordingly, MI offers a contrast mechanism to improve the 
detection of subtle/flat lesions and to fill the gap between 
endoscopists with different levels of experience. MI is able to 
form 360º images (conventional colonoscopy is limited to 170º) 
with a fair tradeoff between resolution and tissue penetration, 
that may help to detect the polyps hidden by colon angulations 
and folds. Therefore, MI has the potential to both reduce the 
visualization problems of conventional colonoscopy and 
provide differential diagnosis of benign and malignant polyps 
during colorectal examinations.  MI systems generally consist 
of a microwave signal transmitter and receiver, such as a vector 
network analyzer, and an applicator composed by an antenna 
array and a switching system to select the active antenna 
elements in each acquisition. Such a hardware for MI can be 
produced at a fraction of the price of other medical diagnostic 
equipment, resulting in a low-cost system [18]. As MI does not 
require contact with the body, it may be easily integrated to 
colonoscopy’s tubes without changing the current clinical 
practice.  

Our aim is to integrate MI with conventional colonoscopy in 
a multimodal approach. As far as we know, this is the first time 
that MI is proposed for endoscopic applications. Microwaves 
have been established as a good solution for treatment of cancer 
(hyperthermia, and ablation) [19], vital signs monitoring 
(respiration and heart beat detection) [20], and there is ongoing 
research studying MI for image-based diagnosis in an extensive 
number of applications, e.g., bone imaging [21], heart imaging 
[22], etc., being breast cancer [23] and brain stroke detection 
[24] the most researched and advanced topics.  

In this paper we design and test the antennas for a future MI 

system for endoscopic applications and we validate its capacity 
to detect malignant polyps with a simple phantom. The 
remainder of this paper is organized as follows. Section II 
describes the challenges and requirements for a MI system for 
colonoscopy. In section III we describe the antenna applicator, 
including the design and simulation of the individual antenna 
element and the planar antenna array. Section IV, presents the 
imaging method and shows the experimental imaging results of 
a phantom composed by different liquids. Finally, section V 
concludes the paper. 

II. SYSTEM REQUIREMENTS AND CHALLENGES 

A colonoscope is a thin flexible tubular instrument used to 
examine the interior of a hollow organ or cavity in the body 
equipped with a light delivery system, a lens and a camera at its 
tip. The colon is a tubular organ located in the last part of the 
gastrointestinal tract of 1.5 m in length and between 5-10 cm in 
diameter with a segmented appearance (i.e. colon folds). Colon 
polyps are superficial tumors that develop from healthy mucosa 
and present several shapes, i.e., protruded, slightly elevated, 
flat, depressed, etc., the first two being the most common. 
During colonoscopy, the colon is generally inflated with air or 
CO2 and previously cleaned with a diet and medication to 
facilitate the camera vision. 

The antenna applicator is designed to avoid interfering the 
optical visualization system at the tip of the endoscope while 
being safe for the patient and maneuverable for the endoscopist. 
To meet these requirements, the applicator is designed as a 
cylindrical compact array attached at the tip of a conventional 
colonoscope, see Fig. 1. This design is widely used in 

 
Fig. 1. Diagram of the proposed MI system for colonoscopy including the 
antenna applicator attached at the tip of a conventional colonoscope. 
 

TABLE I 
MAIN FEATURES OF THE DIFFERENT TECHNOLOGIES BEING USED TO IMPROVE COLONOSCOPY’S PERFORMANCE IN TERMS OF VISUALIZATION, TISSUE 

CHARACTERIZATION AND ADR 

Technology Colon visualization Tissue characterization ADR % increasea 

HD colonoscopy 
Optical sensor captures more images per 
second, ≤170º FOVb 

More resolution 8.2% (p = 0.002) 

Virtual chromo-
endoscopy 

≤170º FOV 
Narrow optical spectrum to increase 
the vascular contrast of the mucosa 

No significant differences 

Cap-assisted colonoscopy 
(Endocuff) 

Disposable cuff attached at the distal tip of the 
colonoscope to flatten colon folds 

No 
4.8% (p = 0.002) in bowel cancer 
screening population 

Full spectrum endoscopy 
(FUSE, Aer-O-Scope) 

Multi-lens (330º, 360º FOV) No Inconclusive evidence 

MI Microwave imaging accessory, 360º FOV 
Dielectric properties linked to 
degeneration grade [16] 

Not available yet 

aADR (Adenoma Detection Rate) is most important indicator of quality in colonoscopy and measures the proportion of colonoscopies in which at least one 
adenoma is found. This increase is referenced to conventional colonoscopy. bFOV is the Field Of View of the image acquisition system. 
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colonoscopy accessories [10] and accepted by doctors. 
One of the main challenges in endoscopic applications is the 

size restriction. For this design, we took as a reference a 
videocolonoscope from Olympus with an insertion tube 
diameter of 13.2 mm. According to clinicians’ opinions the 
maximum thickness of the applicator to avoid patient 
discomfort is 5 mm. The length is also limited to avoid 
restricting the colonoscope bending capacity. Large number of 
antenna elements is generally desired as it provides more 
angular resolution and facilitates the solution of the inverse 
problem. When the antennas are very close together, mutual 
coupling increases introducing error in the measured scattered 
field unless we take measures to reduce it. To meet the size 
limitation of the intended application, we have selected a 
compact antenna design, limited the number of elements in the 
array and minimized the separation between them. The 
diameter of the cylindrical array is set to 23.2 mm and its length 
to 30 mm.  

In general, very high dynamic range systems are needed to 
be able to recognize a weakly scattering target (e.g. a tumor) 
within a high clutter environment. In endoscopic applications 
penetration is not required as polyps are superficial lesions, thus 
relaxing the previous requirement. 

The choice of the working frequency band is one of the key 
aspects of a MI system. The well-known tradeoff between 
resolution and penetration results in an optimal working 
frequency range around a few GHz for most medical 
applications. As said, in this case penetration is not needed, 
however higher frequencies are more sensitive to noise. 
Robustness is one of the main requirements for using a MI 
system in a clinical environment that is especially rich in 
electromagnetic interferences and noise, which can lead to 
errors in the measured data. For this application, the frequency 
range 5-8 GHz gives the highest contrast among healthy colon, 
different types of polyps and cancer [15, 16]. Furthermore, real-
time, computationally-efficient and accurate imaging 
algorithms are required. 

Other challenges linked to endoscopic applications are the 
movement of the endoscope as the it travels through the colon 
and the movement of the colon itself. The unknown position of 
the antenna array with respect to the colon walls and the 
presence of colon folds and angulations, may produce 
reflections that eventually may mask the polyp’s response. 

III. DESIGN OF THE ANTENNA APPLICATOR 

The applicator array consists of sixteen identical cavity-
backed U-slot elements fed by sixteen L-shape microstrip lines. 
The elements are arranged in two rows of eight elements each. 
One row is used for transmission and the other for reception. 
The elements are wrapped around a conducting cylinder with 
sixteen recessed cavities. As illustrated in Fig. 2, antenna 
elements on the same row are separated by metallic walls of a 
width of 1 mm while transmission and reception rows are 
separated by a metallic disk of a thickness of 4 mm and a 
diameter of 23.2 mm. For feeding convenience, each antenna 
element is backed by an open cavity such that the cavity 
comprises only three metallic walls. Accordingly, no metallic 

wall is present in the feeding side of each antenna element. 

A. Antenna Element Design  

 The antenna element used in the applicator is a cavity-
backed U-slot fed by an L-shape microstrip line. This design is 
selected to meet the reduced size requirements of the 
application and enhance the isolation between array elements. 
The slot is printed on RT/Duroid 5880 substrate having a 
relative permittivity of 2.2 and a thickness of 0.127 mm. The 
substrate is very flexible and thus can be easily conformed onto 
a cylindrical surface. An L-shape microstrip line printed on the 
back side of the substrate is used to excite the slot. The cavity 
is filled with a lossy foam with relative permittivity of 2.1 as 
illustrated in Fig. 3 (a). The size of the cavity is 13 × 8.16 mm2, 
which is shown by the external dashed rectangle in Fig. 3 (b), 
and the cavity depth is 4 mm. The geometrical parameters of 
the backed-cavity U-slot microstrip-fed antenna are shown in 
Table II. 

 
 

 
Fig. 2. Geometry of the cylindrical U-slot antenna array.  
  

 
Fig. 3. Geometry of the cavity-backed U-slot antenna element. (a)  Cavity with 
the U-slot antenna, (b) Top view.  
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The cavity-backed U-slot antenna is designed to operate 
inside the human colon. Consequently, the presence of colon 
tissue must be considered in the analysis. The simulated 
reflection coefficients for different distances D between the 
antenna and the colon tissue are presented in Fig. 4. The colon 
tissue is modeled as a box of 52 × 52 × 10 mm3. For the 
material, we assigned the dispersive dielectric properties of 
colon mucosa reported in [16]. It can be observed that the 
antenna input impedance matching is affected by the presence 
of the biological tissue. The minimum level of the input 
reflection coefficient is less than -10 dB for all simulated 
distances. Furthermore, the antenna resonant frequency 
decreases slightly as the distance between the antenna and the 
colon tissue increases. 

B. Array of two Antenna Elements 

Since the antenna array will be used in switched-beam mode, 
the isolation between antenna elements is crucial. Accordingly, 
two configurations of two adjacent antennas were investigated 
as shown in Fig. 5. The first configuration consists of two 
adjacent antenna elements, one used for transmission and the 
other for reception, namely transmission-reception 
configuration. In the second configuration two adjacent antenna 
elements are located in the same row dedicated either for 
transmission or for reception, namely side by side 
configuration.  

The simulated return loss (S11) and the mutual coupling 
(S21) of the transmission-reception configuration with and 
without colon tissue for different distances from colon tissue is 
illustrated in Fig. 6. It is clear from the figures that these 
parameters are affected by the presence of the colon tissue. As 

the distance D between the antennas and the colon wall 
increases, the input impedance matching is improved. Also, the 
antenna resonant frequency decreases slightly as D increases. 
The antenna return loss is less than -15 dB for all simulated 
values of D, and the coupling between two antennas is always 
lower than -12 dB, denoting an acceptable isolation between 
elements. As expected, the isolation improves as the distance 
between the antenna and the colon wall increases. 

For the side by side configuration, the simulated return loss 
and the mutual coupling with and without colon tissue for 
different distances D are presented in Fig. 7. Similarly to the 
previous configuration, the antenna matching and the resonant 
frequency are affected by the presence of the colon tissue. In 
this case the antenna reflection coefficient is lower than -10 dB 
and the isolation is lower than -15 dB for all assumed values of 
D. 

 
Fig. 4. Simulated reflection coefficient of one antenna element for different 
distances D between the antenna and the colon tissue.  
  

 
Fig. 5. Studied antenna configurations: transmission-reception configuration 
(left), and side by side configuration (right). 
  

 
Fig. 6. Simulated return loss (top), and mutual coupling (bottom) for different 
values of D for transmission-reception configuration. 
  

TABLE II 
PROPOSED ANTENNA ELEMENT DIMENSIONS. 

 

Parameter Value (mm) Parameter Value (mm) 𝐿 13 𝑃1 1 𝑔1 1 𝑃2 0 𝑔2 1.84 𝑃3 3.72 𝑔3 0.75 𝑊𝑠 1.8 𝑔4 4.55 𝑊𝑝 0.65 𝐿2 7.7   
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C. Fabrication and Measurement of the Antennas 

Two identical antennas are fabricated, one working as a 
transmitter and the other as a receiver and assembled on a metal 
surface (referred as the applicator in the rest of the paper). The 
antennas are connected to a two-port commercial Agilent 
performance network analyzer (PNA) with flexible coaxial 
cables to measure the S-parameters. Fig. 8 shows a picture of 
the fabricated antennas. Fig. 9 shows the measured and 
simulated return loss for one antenna element without colon 
tissue. It can be observed a very good agreement between the 
measured and simulated return loss.   

The measured and simulated return loss and isolation for the 
side by side configuration are illustrated in Fig. 10. It can be 
observed that the simulated and measured results exhibit a good 
agreement. The small difference between them is possibly due 
to fabrication errors. The measured isolation is lower than -30 
dB while the simulated one is lower than -17 dB. This 
difference may be produced by the presence of two metal walls 

between the transmitting and receiving antennas in the 
fabricated applicator, whereas only one wall existed in the 
simulations. The measured isolation is lower than -25 dB for 
the transmission-reception configuration.        

IV. EXPERIMENTAL FUNCTIONAL EVALUATION 

The experimental evaluation is performed with a virtual 
planar antenna array composed by two antenna elements in 
transmission-reception configuration. A flat applicator is better 
suited to phantoms and ex vivo samples with which the system 
will be validated in the future. The applicator is attached on a 
two-axis motorized linear positioner to obtain raster scans at the 
surface of the sample under test as shows Fig. 11. The scanned 
area is sampled in  𝑁𝑦  = 8 steps separated 1 cm along y-axis to 

 
Fig. 7. Simulated return loss (top), and mutual coupling (bottom) for different 
values of D for side by side configuration. 
  

 
Fig. 8. Picture of the fabricated antennas in transmission-reception 
configuration. 
  

 
Fig. 9. Simulated and measured return loss for one antenna element without 
colon tissue.  

 
Fig. 10. Simulated and measured return loss (top), and isolation (bottom) for 
side by side configuration without colon tissue.  
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synthesize a virtual array, and in 𝑁𝑥  = 8 steps separated 1 cm 
along x-axis. 

The phantom is composed by methanol and deionized water 
mixtures mimicking healthy colon tissue and a malignant polyp 
respectively. Fig. 12 shows the dielectric properties of the 
mixtures measured with an open-ended coaxial probe. The 
colon mimicking liquid was poured in a 130 × 130 × 40 mm3 
plastic container. For the polyp, we used two cylindrical plastic 
containers of 10 mm and 20 mm in diameter respectively. The 
phantom was placed below the antennas. The distance between 
the antennas and the phantom’s surface is 30 mm. 

A. Reconstruction Algorithm 

A cross-sectional image of the colon phantom is obtained for 
each measurement plane. For each plane, a set of 𝑁𝑦 = 8 
transmitters and 𝑁𝑦 = 8 receivers are used to scan the colon 
area where the reconstruction algorithm is applied. First, a 
measurement matrix is obtained as follows: for every frequency 
and transmitting position, the scattered field is measured over 
one receiver position in a bistatic approach, obtaining a 1 × 𝑁𝑓  
measurement vector, where 𝑁𝑓 is the number of frequencies. 
Then, the Y-positioner moves one step and the receiver 
performs another measurement. The procedure is repeated for 
the 𝑁𝑦 pairs of transmitting and receiving elements, obtaining a 𝑁𝑦 × 𝑁𝑓 matrix. Next, the X-positioner moves one step and the 
procedure is repeated. The measurement is completed after 
repeating the previous process for the 𝑁𝑥 = 8 movements of the 
X-positioner (called planes from now on) obtaining a 𝑁𝑥 × 𝑁𝑦 × 𝑁𝑓 matrix, 𝐸𝑖𝑠, where 𝑖 = 1. . 𝑁𝑦 indexes the planes. 

The received fields are masked by substantial amount of 
reflections from the background, cables, the air-phantom 
interface, among others. To extract the useful scattered signals 
from the target (e.g. the water bubble), a calibration is 

performed. We first measure the electric fields without phantom 
(empty), and we compute the scattered field, 𝐸𝑠1, subtracting 
the empty measurement from the scattered field obtained with 
the phantom.  

For each plane, a cross-sectional image is obtained as shows 
Fig. 13. A confocal or radar-based method [25] namely 
Bifocusing algorithm [26] is used. The imaging area is divided 
into cells defined by their center point vector 𝑟. The 
reconstruction algorithm formed every image point of the local 
frequency averaged electric contrast of the object, defined as 𝑐(𝑥, 𝑦) = (𝜖′(𝑥, 𝑦) − 𝜖𝑏′ ) 𝜖𝑏′⁄ , using the following equation: 

�̃�𝑖(𝑟) = ∑ |∑ 𝐸𝑖𝑠(𝑟𝑇𝑛 , 𝑓𝑚, 𝑟𝑅𝑛)𝑘𝑚2 𝐻02(𝑘𝑚|𝑟𝑇𝑛 − 𝑟|)𝐻02(𝑘𝑚|𝑟𝑅𝑛 − 𝑟|)𝑁𝑥
𝑛=1 |𝑁𝑓

𝑚=1  [1] 

where 𝜖𝑏′  is the relative permittivity of the background medium, 𝜖′(𝑥, 𝑦) is the relative permittivity of each phantom’s point, and 𝑘 = 2𝜋𝑓√𝜇𝑏𝜖𝑏 is the wavenumber. 𝐻02 is the second kind zero-
order Hankel function that is the Green’s function for a 2D 
geometry, and 𝑟𝑇𝑛 and 𝑟𝑅𝑛  are the position vectors of the nth-
transmitting and receiving antennas, respectively. In (1) the 
received scattered fields resulting from all the antenna pairs are 
numerically weighted by a focusing operator focused on a 
unique image point defined by vector 𝑟. This numerical 
focusing operator restores the amplitude and phase changes 
suffered by a wave in its way from the transmitting antenna 
passing through every image point and ending to the receiving 
antenna. For each image point, the coherent summation of all 

 
 
Fig. 11. Virtual antenna array system consisting of a pair of transmitting and 
receiving antennas mounted on a two-axis positioner. The phantom is 
composed of two methanol and deionized water mixtures poured in plastic 
containers that model colon tissue and a polyp, respectively (top). Picture of 
the antennas over the phantom (bottom). The red rectangle shows the imaging 
area. 

 
Fig. 13. A final continuous color image of the phantom’s surface was obtained 
by selecting the proper row of each cross-sectional image. 

 
Fig. 12. Measured relative permittivity and conductivity of healthy colon 
mimicking liquid mixture and malignant polyp liquid mimicking mixture. 
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antenna contributions results in a large intensity value if the 
actual point is the origin of the scattering. If not, the summation 
results in a small value and this contribution can be considered 
as noise. A final continuous color image of the phantom’s 
surface is then obtained by selecting the proper row of each 
cross-sectional image, as shows Fig. 12. High intensity 
(normalized, thus highest intensity is 1) of colors indicates the 
positions of the strongest scatterers (e.g. the polyp) on the 
phantom. 

B. Experimental Results 

To experimentally assess the performance of the antennas in 
presence of a high permittivity material (e.g. the colon), we first 
measure the S-parameters between the transmitting and 
receiving antennas in presence of deionized water. To this aim, 
the applicator is placed over a water container and we vary the 
distance 𝑑 between the antenna and the water’s surface. In Fig. 

14 we can observe a clear shift of the peak towards lower 
frequencies in both S11 and S21 when the distance varies from 
2 cm to 1 cm. This result agrees with simulations and suggests 
that the antennas are quite sensitive to geometric changes in the 
sample under test. 

The phantom is then used to assess the capacity of the 
antennas to identify different colon lesions.  Fig. 15 shows the 
normalized measured scattered field in dB scale at the surface 
of the phantom for three different phantom configurations using 
the calibration method explained before. For each 
configuration, three frequencies are measured (6, 7 and 8 GHz), 
that are within the frequency band reporting more dielectric 
contrast between different colon tissues [16]. The first row 
corresponds to a colon tissue with a circular flat polyp of 20 mm 
in diameter. A flat polyp is very difficult to detect with optical 
colonoscopy because it is visually confused with the 
neighboring tissue. This scenario has been modeled pouring the 
same level of liquid in the containers that simulate the colon and 
the polyp respectively. The second and the third row correspond 
to a colon tissue with a protruded polyp of 20 mm and 10 mm 
respectively at different positions. In this case, we have poured 
less amount of liquid into the container that models the colon, 
specifically one centimeter less. Therefore, the polyp protrudes 
10 mm from the colon surface. Fig. 15 presents stronger field 
values over the polyp, marked with a red circumference, while 
the background presents lower values. At 7 and 8 GHz the 
position of the polyp can be inferred directly from the measured 
field, while at 6 GHz the image presents more artifacts. As 
expected, the best results are obtained at 8 GHz, in which the 
antennas are well matched.   

Fig. 16 shows the reconstructed images obtained by applying 

 
Fig. 14. S-parameters between two antennas separated d = 1 cm and d = 2 cm 
from the surface of a water container. 

 
Fig. 15. Normalized scattered field measured at the surface of the phantom for 
different frequencies and polyp configurations. Flat polyp of 20 mm: (a) 6 
GHz, (b) 7 GHz, (c) 8 GHz. Protruded polyp of 20 mm: (d) 6 GHz, (e) 7 GHz, 
(f) 8 GHz. Protruded polyp of 10 mm: (g) 6 GHz, (h) 7 GHz, and (i) 8 GHz. 
The red circle indicates the real position of the polyp. 

Fig. 16. Reconstructed images of the normalized electric contrast at the 
phantom’s surface for different frequencies and polyp configurations. Flat 
polyp of 20 mm: (a) 6 GHz, (b) 7 GHz, (c) 8 GHz. Protruded polyp of 20 mm: 
(d) 6 GHz, (e) 7 GHz,  (f) 8 GHz. Protruded polyp of 10 mm: (g) 6 GHz, (h) 7 
GHz, and (i) 8 GHz. The red circle indicates the real position of the polyp. 
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Bifocusing algorithm. The color map represents the 
reconstructed normalized frequency averaged electric contrast 
at the surface of the phantom. In the areas where the phantom 
is homogeneous, i.e. in the background simulating colon tissue, 
the contrast is negligible and the corresponding image pixels 
have low values. Contrarily, if the contrast is high, i.e. in the 
polyp location, the image pixels present a maximum value. By 
comparing the images at the different frequencies, we can 
observe that the polyp is clearly detected in all the images but 
with different amounts of artifacts. 8 GHz is the frequency that 
provides the most robust and clean reconstructions.  

To quantify the imaging quality, we use three different 
metrics [27]. First, the signal to clutter ratio (SCR) compares 
the maximum target response to the maximum clutter (no 
target) response. The second and third metrics evaluate how 
accurate is the target positioning. The full width half maximum 
(FWHM) measures the distance between the peak response of 
the reconstructed target and the point where its response has 
dropped to the half. It is expressed in mm and gives an idea of 
the algorithm accuracy in retrieving the target size. Finally, the 
position accuracy (PA), measures the distance in mm between 
the peak response of the reconstructed target and the center of 
the real target. Table III shows the metrics evaluated for the 
previous phantoms’ reconstructions. As anticipated in Fig. 15, 
the image obtained at 8 GHz presents less clutter (i.e. highest 
SCR value). The best spatial resolution, quantified by FWHM 
and PA, is obtained for higher frequencies. The FWHM 
provides a good estimate of the radius of the bubble when the 
size of the polyp is greater than the resolution. Very accurate 
results are obtained even with flat or smaller protruded polyps. 

 

V. CONCLUSIONS 

The paper presents the design, fabrication and evaluation a 
proof-of-concept microwave applicator for colonoscopy. The 
applicator is composed by one transmitting and one receiving 
cavity backed U-shaped slot antennas fed by L-shaped 
microstrip line. The antenna elements are compact and present 
a good matching (return loss -22 dB) and isolation (cross 
coupling -25 and -30 dB for the transmission-reception and side 
by side configurations respectively) at 8 GHz. The antenna 
performance is assessed with simulations and experimentally 
with a phantom composed by different liquids. We have 
reported an excellent accuracy in detecting 20 mm-diameter flat 
and 10 mm-diameter protruded lesions. This study is the first 
step towards the development of a fully integrated multimodal 
(optical and microwave) colon imaging platform that has the 

potential of making a positive impact on the management of 
CRC patients. 
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