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Abstract

:

Microwave imaging is an active area of research that has garnered interest over the past few years. The main desired improvements to microwave imaging are related to the performances of radiating systems and identification algorithms. To achieve these improvements, antennas suitable to guarantee demanding requirements are needed. In particular, they must operate in close proximity to the objects under examination, ensure an adequate bandwidth, as well as reduced dimensions and low production costs. In addition, in near-field microwave imaging systems, the antenna should provide an ultra-wideband (UWB) response. Given the relevance of the foreseen applications, many UWB antenna designs for microwave imaging applications have been proposed in the literature. In this paper, a comprehensive review of different UWB antenna designs for near-field microwave imaging is presented. The antennas are classified according to the manufacturing technology and radiative performances. Particular attention is also paid to the radiation mechanisms as well as the techniques used to reduce the size and improve the bandwidth.
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1. Introduction


In recent years, near-field microwave imaging has received a considerable amount of interest, especially for the detection and localization of malignant tissues in the human body [1]. It has been proposed to monitor thermal ablation of liver tumors and cardiac activities, and to detect breast and brain tumors. Microwave imaging, when compared to traditional methods such as mammography [2] and ultrasound [3], offers promising solutions for a variety of biomedical applications [4]. Generally, X-ray mammograms do not provide exact results since the rate of false and negative results has been accounted in the range of 4% to 34% [5]. Such outcomes, which are due to the inherent limitations of X-ray mammography, lead to increased disease-specific mortality and morbidity or unnecessary interventions. Ultrasound imaging is considered an alternative to X-ray mammograms. Like mammograms, ultrasound imaging is a sensing/detection strategy that has some limitations. Although it is a simpler method than mammography, it somehow fails to recognize whether the lesion is benign or malignant.



Microwave imaging, on the other hand, employs short-pulses of low-power microwaves emitted by suitable antennas towards the human body. Then the antennas collect the backscattered energy, which is processed to create an image. As an example, let us consider a typical breast cancer detection system, such as that shown in Figure 1. Several antennas meant to operate in the near-field region are placed in an array configuration around the breast. The antennas forming the array are sequentially selected to transmit pulses into the breast. Then, the backscattered signals are collected by the receiving antennas. Finally, a suitable signal processing technique is applied to these signals for image reconstruction.



Several reasons suggest the use of microwave imaging for biomedical applications. In particular, the different spectral behaviors of the permittivity and conductivity of healthy and carcinogenic tissue in the microwave range can be exploited to produce a high-quality three-dimensional (3D) image [2]. Furthermore, the non-ionizing transmitted pulses are of low power [1], and therefore, the energy absorbed by the human tissues is low, which does not create potential health risks [6].



This paper presents a comprehensive review of several ultra-wideband (UWB) antenna designs for near-field microwave imaging. The paper is organized into six sections. In Section 2, a brief overview of microwave imaging along with the different approaches used to reconstruct the image is presented. In Section 3, the antenna design challenges for microwave imaging systems are discussed. In Section 4, a detailed analysis of different antenna designs available in the literature, with particular emphasis on those conceived for near-field microwave imaging systems, is presented. In Section 5, an analysis that highlights the advantages and shortcomings of the antennas is provided. Finally, concluding remarks are given in Section 6.




2. An Overview on Near-Field Microwave Imaging


Reconstruction methods for microwave imaging have received a lot of interest in recent years. At first, imaging took place in the far-field, necessitating the employment of antennas (waveguide and horn antennas) with high directivity and gain, while operating in the low gigahertz band (1–3 GHz) [7]. The complexity and limitations of diffraction-based methods [8] sparked interest in developing near-field algorithms. Correspondingly, the experimental set-up moved to array of flexible, low cost antennas as those presented in Section 4 of this paper.



As shown in Figure 2, several approaches have been introduced in literature to reconstruct images of human tissues by way of near-field microwave imaging.



In the active approach, an array of antennas is placed around the human body; the transmitted and reflected electromagnetic signals are collected and used to create images. If a tumor is present, the incident electromagnetic waves will be scattered due to the change in dielectric properties exhibited by the tumor with respect to the surrounding tissues. So, by extracting the information contained in the scattered signals, 3D microwave images can be generated [9]. The active approach can be implemented using two main techniques.



The first technique is transmission-reflection imaging, also known as microwave tomography [10,11,12]. This technique employs a single antenna element to transmit microwave signals into the human body. Then, the transmitted signal is received by several antennas placed on the other side of the human body. This procedure is repeated many times by changing the position of the transmitting antenna. Finally, the received signals are employed to derive the spatial distribution of the human body permittivity by comparing the measured data with simulated ones. These latter are calculated by solving the direct electromagnetic problem with iteratively updated property estimates [13]. This approach requires antennas suitable to operate in the frequency range between 500 MHz and 6 GHz, because higher frequency signals are strongly attenuated in the human tissues, while lower frequencies show low resolution.



The second active approach is reflection imaging, also known as radar-based imaging [14,15,16]. This approach is mainly inspired by radar systems for radio detection. In this technique, antennas placed at different locations are used to transmit short microwave pulses, which are then received by antennas placed at different locations around the human body. From the reflected signals, a complete profile of the dielectric properties of the human tissues can be obtained by synthetically focusing the received signals in different locations of the body. To this end, several algorithms, such as Delay-And-Sum (DAS) [17], Improved Delay-And-Sum (IDAS) [18], Delay-Multiply-And-Sum (DMAS) [19], Channel Ranked DAS (CR-DAS) [20], and Coherence Factor-Based DAS (CF-DAS) [21], etc., can be used. These methods used coherent backscattered radar signals acquired after the human body is illuminated with UWB pulses. In this case, to obtain high-resolution imaging, high-gain wideband antennas are required.



The passive approach is commonly known as microwave radiometry [22,23]. In this approach, it is assumed that the malignant tissue possesses a higher temperature compared to healthy tissues due to the change in dielectric properties. Based on this assumption, the difference in temperature between the normal and malignant tissues is retrieved.



In the hybrid approach, which is based on microwave-acoustic imaging, microwave fields are used to heat the tissues [24]. As a result, pressure-wave signals are generated, which can be measured with ultrasound transducers, and the acquired data are used in image reconstruction.



Besides imaging applications, multi-antenna systems are used in applications where beamforming as well as focusing issues are involved. Examples are hyperthermia applications as well as implantable medical devices [25,26]. In these applications, antenna feeding in terms of amplitude and phase aimed at maximizing the deposition of energy in the region of interest (tumor, implantable devices, etc.) come into play. Since the present paper is focused on near-field microwave imaging, it is suggested to the readers to consult the papers [25,27,28] where suitable algorithms to identify the optimal excitation profiles of multiport networks are reported.




3. Antenna Design Considerations


One of the most important components in near-field microwave imaging systems is the antenna, whose design is critical for overall system performance. For near-field microwave imaging systems, the antenna element should provide wide bandwidth and should be able to transmit pulses with little signal distortion. Furthermore, the time-domain antenna performances should be good enough so that the transmitted pulses can penetrate through the human tissues with limited distortions of the signal waveform. To meet these requirements, UWB technology may prove beneficial, since the pulse duration in UWB systems is generally of the order of a few nanoseconds, which results in a bandwidth of some gigahertz.



Some of the performance parameters for the design of an UWB antenna meant for microwave imaging applications are discussed below.



	
VSWR and Reflection Coefficient: When electromagnetic waves travel from the source to the antenna through the feed line, they may face an impedance mismatch. Due to this, some of the energy is reflected back to the source, producing a standing wave whose level is measured by the voltage standing wave ratio (VSWR). VSWR is defined as the ratio of maximum to minimum voltage amplitude along the feeding line. Ideally, it should be equal to one, and it can be calculated as [29,30]:


  VSWR =    1 + |   S 11   |     1 − |   S 11   |     



(1)




where    |   S 11   |    corresponds to the amplitude of the antenna reflection coefficient and it is defined as the ratio of the reflected wave to the incident wave. Mathematically, it can be calculated as [29,30]:


   S 11  =    Z A  −  Z 0     Z A  +  Z 0     



(2)




where   Z A   is the antenna impedance and   Z 0   is the characteristic impedance of the feeding line.



In addition, the antenna band (B) is defined as the frequency range where the magnitude of the reflection coefficient is less than −10 dB (VSWR < 1.9). Furthermore, the fractional bandwidth (FBW) is defined as the ratio between B and the central frequency (  f c  ) of the antenna band.



	
Time Domain Performance: As previously discussed, UWB antennas transmit pulses with a few nanoseconds duration [31,32]. To characterize the time domain performance of UWB antennas, various parameters such as fidelity factor, group delay, and phase response can be employed [33]. To evaluate these parameters, one transmitting and one receiving antenna are placed at a given distance and the transmitting antenna is excited with a Gaussian pulse or by means of derivatives of the same signal [34].



	○

	
Fidelity Factor: To analyze the time domain pulse distortion, a parameter called fidelity factor may be employed. It is defined as the maximum amplitude of the cross-correlation between the radiated E-field and the input signal. Generally, two distinct orientations (face-to-face and side-by-side) are taken into account to calculate fidelity factor. It can be calculated using the following expression [35]:


  F F =  max τ   ∫  − ∞  ∞    T ^  s   ( t )    R ^  s   ( t + τ )  d τ  



(3)




where


    T ^  s   ( t )  =    T s   ( t )      ∫  − ∞  ∞    |  T s   ( t )  |  2  d t   1 2     



(4)






    R ^  s   ( t )  =    R s   ( t )      ∫  − ∞  ∞    |  R s   ( t )  |  2  d t   1 2     



(5)




where    T s   ( t )    and    R s   ( t )    correspond to the transmitted and received pulse, respectively. The value of the fidelity factor is in the range between 0 and 1. When it is equal to 1, the received signal pulse has the same shape as the input signal pulse. If it is equal to 0, then the received signal pulse is completely different from the transmitted one. It has been found that when the fidelity factor is equal to or below 0.5, it is difficult to recognize the received pulse.




	○

	
Group Delay and Phase Response: Another important parameter used to characterize the time domain antenna response is the group delay, which is useful for estimating the radiated field signal distortion. In fact, group delay peaks highlight the presence of resonant processes that take place in the antenna structure and which are responsible for the ringing in the time domain antenna response. The group delay is defined as the negative derivative of the signal phase response with respect to frequency and it can be evaluated as [35]:


   τ g   ( ω )  = −   d ϕ ( ω )   d ω    



(6)




where  ϕ  denotes the phase response of the antenna and  ω  represents the angular frequency.



Group delay should be constant, or its deviation should be less than 1 ns within the antenna operating frequency band, to ensure pulse transmission with limited signal distortion [35].







	
Radiated Electromagnetic Field Distribution: The antenna far-field parameters, such as radiation pattern, directivity, −3 dB beam aperture, etc., are not valid in the near-field and, as such, they should not be used to evaluate antennas’ performances when near-field applications are considered. In this regard, other parameters were proposed in the literature, such as the half energy beamwidth (HEBW), defined as the width of the area in which the energy is greater than or equal to half the maximum value on a plane orthogonal to the antenna aperture [36]. However, several papers are available in the literature in which the authors present antenna designs for near-field imaging applications even though they show the far-field region antenna parameters.



	
Feeding of the Antenna: Most of the antennas discussed in this paper present a planar design, and as such are fed through a microstrip or a coplanar line. However, typically, signals are generated or received in coaxial technology, so that a coaxial to microstrip connector is to be used. In such a case, the presence of the connector should be taken into account in the design process, since it could introduce mismatches in the feeding line [37].






In addition to the above-mentioned requirements, in medical applications, the antenna size should be small enough so that it would occupy a small area with respect to the body region being investigated. On the other hand, as already mentioned, the antenna is used in the near-field and it should radiate a field which is able to penetrate the human body, so this imposes several challenges. Both aspects will be discussed in the following sub-sections.



3.1. Coupling Medium


To maximize the field excited within the human body it is necessary to place the antennas very close or in direct contact with the body, which results in reflections occurring at the antenna-air-skin interfaces. This issue can be limited by putting the antenna inside a coupling medium whose dielectric properties are close to those of human tissues. However, the coupling medium has its effects on antenna performance. In fact, its presence causes an alteration of the antenna current distribution, and consequently, the input impedance and the radiation properties of the antenna will be affected. In addition, a coupling medium is responsible for an additional field attenuation between the source and the observation point. Therefore, when designing an antenna for microwave imaging systems, the presence of the coupling medium must be taken into account directly at the design stage so that the performance of the antenna and the imaging system does not deteriorate too much [37].




3.2. Electromagnetic Field Penetration in Biological Tissues


To detect a tumor, or in general, to perform an image of the human body, the electromagnetic field radiated by the antenna should be able to reach the target (tumor) and come back to the receiving antenna. As a first approximation, the power attenuation for this round trip is:   A ( d B ) = 2 × 8.681 α L  , where L is the depth of the target within the tissue and the attenuation constant ( α ) is given by


  α = ω    μ 0   ϵ 0        ϵ r ′  2   − 1 +   1 +    σ  ω  ϵ 0   ϵ r ′     2        



(7)




where   μ 0   and   ϵ 0   represent permeability and permittivity of free space, respectively, and   ϵ r ′   denotes the real part of the complex relative permittivity (   ϵ r  =  ϵ r ′  − j  ϵ r  ″    ) of biological tissues and   ϵ r  ″    represents the imaginary part of the complex relative permittivity. In Equation (7),  σ  (S/m) is the equivalent conductivity, including both static conductivity and dielectric losses (  ϵ r  ″   ). In the following pages, when reporting the dielectric properties of substrate materials, which are non-dispersive in nature, the used symbol will be   ϵ r  , being evident that in this case the relative permittivity reduces to a real number. Table 1 lists   ϵ r ′   and  σ  of different biological tissues at different frequencies.



Since, the received power in dB is equal to the transmitted power in dB minus the attenuation in dB, for an imaging system to operate correctly, the received power must be greater than the sensitivity of the receiver.





4. UWB Antennas for Near-Field Microwave Imaging


This section reviews several UWB antenna designs intended for microwave imaging applications. These antennas are divided into two main categories: planar and non-planar antennas. Planar antennas are further classified according to their electromagnetic behavior, such as traveling wave antennas (Vivaldi antennas) (Section 4.1), planar monopole antennas (Section 4.2), slot antennas (Section 4.3), and bowtie antennas (Section 4.4). Non-planar structures are classified into two types: horn antennas (Section 4.5) and dielectric resonator antennas (DRAs) (Section 4.6). The investigated antenna’s properties are described in terms of enhanced bandwidth, radiation characteristics, and miniaturized design.



4.1. Vivaldi Antennas


The Vivaldi antenna is one of the most suitable candidates for applications where broadband behavior and directional characteristics are required. It was first introduced in 1979 by Gibson [39] and belongs to the class of slow end-fire traveling-wave antennas. The basic structure of a Vivaldi antenna consists of an exponentially tapered planar slot, usually fed through electromagnetic coupling from a microstrip feeding line, as shown in Figure 3.



In the Vivaldi antenna, the non-resonant radiation mechanism is produced by waves traveling along the tapered radiating slot of the antenna [39]. The traveling wave energy is tightly confined between the slot conductors when the distance between them is very small, with respect to the wavelength, while it is scattered in space by the radiating slot when the distance between the two conductor arms increases [39]. The main requirement for gain is that the phase velocity of the bounded wave is equal to or greater than that of the surrounding medium, which requires continuous compensation of the initial phase of the traveling wave field.



With these antennas, FBW of 100% can easily be achieved together with a maximum gain in the range of 5–8 dBi [41,42]. Finally, the typical fidelity factor is about 90% [40]. Due to their broadband behavior, high gain, and directional radiation characteristics [43], Vivaldi antennas have been employed in many applications, including microwave imaging systems for biomedical [36] and through-the-wall applications [42].



4.1.1. Techniques Employed to Enhance the Bandwidth of Vivaldi Antennas


Vivaldi antennas with suitable corrugations on the radiating arms exhibit a wider impedance bandwidth and a higher gain compared to the basic Vivaldi antenna. The corrugated structure modifies the configuration of the currents along the outer edges of the metal surfaces forming the antenna, thus better confining the field in the region of the radiating slot [44]. In [45], a corrugated Vivaldi antenna design was presented for wideband microwave imaging applications. By introducing suitable corrugations on the external edges of a conventional Vivaldi antenna arms, as shown in Figure 4, a wideband response from 2 GHz to 8 GHz (FBW = 120%) was observed with improved radiation characteristics.



Gazit [46] presented a new design of the tapered slot antenna (TSA), named the antipodal Vivaldi antenna (AVA). In this design the two arms of the radiator are etched on the two opposite sides of the substrate. The bandwidth of TSA can be enhanced by using the AVA because of its feeding technique, which is based on a transition between a microstrip line to double-sided parallel stripline. This ensures the in-band antenna entry at a lower frequency. In AVA, both the inner and outer edges of the metallic arms fit exponential curves. Kanjaa et al. [47] designed the exponentially tapered slot antipodal Vivaldi antenna (TS-AVA), shown in Figure 5, for breast cancer detection. Asymmetric exponential tapered slots were etched from the conventional AVA to achieve impedance bandwidth in the frequency range of 4–12 GHz (FBW = 100%).



Langley et al. [48] introduced a different Vivaldi antenna, which is known as balanced AVA (BAVA). This antenna has a wide bandwidth and it also provides a reduced level of cross-polarization, thanks to a higher geometric symmetry, compared to AVA. The main disadvantages of BAVA are its high cost and complex design. In [36], a multi-layer BAVA design was presented for a tissue sensing adaptive radar system. Three copper layers were used for the antenna design, as shown in Figure 6a. The top and bottom layers were connected to the feed line ground planes, and the middle layer was connected to the signal layer. The copper layers were supported by two dielectric substrates and two additional dielectric substrates were utilized on each side of the antenna to equalize the frequency behavior of the gain and antenna main beam. The measured results showed that the antenna operates from 2.4 GHz to 12 GHz (FBW = 133.33%).



In [49,50], the authors employed a dielectric director (acting as a dielectric lens) in a BAVA (see Figure 6b) to enhance the directivity of the antenna. They demonstrated that the dielectric-based BAVA provides narrower beamwidth and a wide impedance bandwidth ranging from 2.4 GHz to over 18 GHz (FBW = 153%). The antenna presented in [50] was designed to operate in a coupling medium (canola oil) with the aim of detecting tumors more efficiently.



A wide impedance bandwidth can also be achieved by utilizing self-likeness characteristics of fractal geometry [51]. Fractals are generally unique structures that can be realized using iterative recursive procedure. The most commonly used and well-known fractal geometries are Minkowski [52], Koch [53], Hilbert curve [54], and Sierpinski Gasket/Carpet [55]. Researchers have utilized these fractal geometries to realize antennas for wireless and biomedical applications. In [56], a fern leaf-shaped fractal AVA design was presented for wideband microwave imaging systems (see Figure 7). With the use of fractal geometry, about 60% size reduction was achieved in Vivaldi antenna dimensions compared to conventional AVA. Although the design was complex, it demonstrated an impedance bandwidth of about 18.7 GHz from 1.3 GHz to 20 GHz (FBW = 175.58%).



Resistive loading is another technique that has shown its ability in enhancing the impedance bandwidth of Vivaldi antennas even if it reduces their energy efficiency. Zhao et al. [57] designed a resistance-loaded dual-layer Vivaldi antenna for plasma reflection diagnosis applications. The designed antenna consisted of five parts: a dual-layer Vivaldi, a feeding strip, an SMA-K connector, and a double-layer substrate (see Figure 8). The feeding strip was sandwiched between two layers of Vivaldi to form a stripline structure. Four 100  Ω  chip resistors were added to the Vivaldi antenna arms to reduce its size and improve the reflection coefficient at low frequencies. Simulation and measurement results showed that the resistive Vivaldi antenna operates well in the frequency range 2–16.3 GHz (FBW = 156.28%).




4.1.2. Techniques Useful to Enhance Vivaldi Antenna Radiation Characteristics


Fractal geometries have also been utilized to improve the radiation characteristics of the Vivaldi antenna. In [58], a palm tree-like coplanar Vivaldi antenna was designed for near-field radar imaging applications, to operate in L- and S-band (1–4 GHz). The performance of the proposed antennas was compared with that of conventional Vivaldi and AVA, and it was demonstrated that the presented antenna designs offered a maximum gain of 10.74 dBi in the operating range with respect to 7.0 dBi for the conventional structure.



One of the techniques to improve the radiation properties of the conventional Vivaldi and AVA is to employ different slot shapes on the metallic arms of the radiators. For example, in [59], a Koch fractal slot-loaded AVA was designed for microwave imaging applications. It was demonstrated that the adoption of the Koch fractal slot extends the current path, improving the lower band frequency entry, while at the same time reducing sidelobe levels (SLLs), and increasing the gain. The operating frequency range of the designed AVA is from 4.87 GHz to 11 GHz where the antenna exhibits a constant gain (>8 dB). Furthermore, the designed antenna can detect brain tumor with high accuracy and provides high contrast imaging compared to conventional AVA.



A design of a side slotted Vivaldi antenna (SSVA) was presented in [60] for cancer detection. To increase the electrical length of the antenna, irregular slots were etched from the edges of the radiating arms, as shown in Figure 9, which ultimately reduced the lower operating frequency of the antenna. A bandwidth of about 5.46 GHz was achieved from 1.54 GHz to 7 GHz with a peak gain of 9.8 dBi. The fidelity factors for face-to-face and side-by-side configurations were 98% and 44.79%, respectively.



In [61], a semicircular slots-loaded UWB Vivaldi antenna was designed and presented. Four semicircular slots of decreasing radius were etched from the edges of the radiating arms of the Vivaldi antenna, shown in Figure 10, to increase the antenna’s electrical length and transfer maximum energy towards the slot center. The antenna was designed on a 0.8 mm thick FR-4 substrate with an overall size of 49 mm × 48.4 mm. An operational bandwidth from 2.9 GHz to 10.4 GHz was observed. Moreover, planar directors were added in front of the Vivaldi antenna aperture to enhance its radiation characteristics (see Figure 10). Using these directors, a peak gain of about 9.58 dBi was achieved in the operating frequency range. Finally, a fidelity factor of 95.57% was observed, which proves the low distortion of the transmitted pulses.



In [62], a design of conventional AVA was presented for UWB medical imaging systems. The authors utilized resistive layers on the front and back sides of the antenna, as shown in Figure 11, to improve directivity and minimize back radiations. The designed antenna operates in the UWB frequency range (3.1 to more than 10.6 GHz) and offers directional radiation characteristics with a peak gain between 4 dBi and 11 dBi. Moreover, the designed antenna offers a fidelity factor of more than 90% when operating in free space, which decreases up to 80% when the signal propagates inside the human body.



An antenna structure producing a circular polarization can be obtained by using the cross configuration of Vivaldi antennas. In [63], a cross-Vivaldi antenna design was presented for tumor detection using cross-polarization reflections. The designed antenna consisted of two identical Vivaldi elements placed in a cross position through suitable cuts realized into each antenna element. A metallic plate was placed behind the antenna elements to block the backward radiation. To optimize tumor detection, the antenna was placed in a coupling medium and one Vivaldi element was used to illuminate the object, while the other one received the reflected signals. The designed antenna operates in the frequency range of 2.2–5.4 GHz.




4.1.3. Techniques Employed to Reduce Vivaldi Antenna Dimensions


The use of corrugations may also help to reduce the size of an antenna. An enhanced bandwidth corrugated AVA design was presented in [64] (see Figure 12). The corrugations were introduced in the top radiator and the bottom ground, and their lengths and widths were optimized to reduce the antenna’s size and improve the antenna’s matching. By using this technique, an overall size of 22 mm × 40 mm was realized. The introduction of corrugations suppresses standing waves arising in the antenna, which leads to improved directivity for lower frequency bands as well as enhanced transmission of UWB pulses. The presented antenna operates in the UWB frequency range, i.e., 3.1–10.6 GHz. To improve the impedance matching of the antenna in presence of a coupling medium, and to protect the antenna from the effects of the coupling liquid, the antenna was covered by a dielectric material with properties similar to those of the substrate. As expected, the time-domain antenna performance shows that the fidelity factor decreases in the presence of human body. However, by using a coupling medium, the value of the fidelity factor is kept high (≈60%).



When dealing with planar antenna structures, the use of a substrate having high dielectric permittivity is considered to be the simplest solution to reduce the antenna size. As the   ϵ r   of the dielectric substrate increases, wavelength decreases, and the size of the antenna reduces, allowing for a miniaturized design. For example, in [64,65], the RT6010 substrate with a dielectric constant of 10.2 was used. The AVA designed in [65], having dimensions of 50 mm × 50 mm, offers a 10-dB return loss bandwidth from 2.75 GHz to more than 11 GHz, while its gain varies between 3.5 and 9.4 dBi over the operating frequency range. In [66], a miniaturized conventional AVA design operating in the frequency range of 0.5–3 GHz was presented for a microwave imaging system. The proposed AVA was designed to work inside a coupling liquid having   ϵ r   = 25 and a dielectric substrate with   ϵ r   = 37 was used to reduce the antenna dimensions.



In [37], the authors designed compact AVAs to be used in a microwave imaging system for monitoring thermal ablation of liver tumors. In particular, the presented antennas were designed on three different substrates, namely Rogers RT/Duroid 6010LM (  ϵ r   = 10.2), T-Ceram E-20 (  ϵ r   = 20), and T-Ceram E-37 (  ϵ r   = 37). Although the AVA designed on T-Ceram E-37 realized a compact size (42 mm × 50 mm), Rogers RT/Duroid 6010LM based AVA offered better impedance matching in the frequency range of 0.5–5 GHz. To excite the designed antennas in the presence of a coupling medium, a coaxial connector was used, and its pin was covered using an epoxy resin having   ϵ r   = 4. In this way, it is possible to isolate the connector pin from the coupling medium, thus avoiding the connector impedance mismatch.



A comparison among different Vivaldi antennas performance is reported in Table 2. In the table, the dimensions of the antennas are reported both as absolute values and as values normalized to the wavelength. To this end, the wavelength corresponding to the central frequency of the antenna band was considered. From the table it can be noted that most Vivaldi antennas offer a FBW >110% and a high gain even though they are manufactured over high permittivity substrates to achieve compact size. The best performance, with respect to FBW, was achieved in [49,50,56,57] where the authors utilized low permittivity substrates, e.g., FR-4 (  ϵ r   = 4.4). Low dielectric permittivity substrates are preferable as they reduce the levels of surface waves responsible for the degradation of antenna performance. In terms of normalized dimensions, the best performance with minimum dimensions was achieved in [66] where a high permittivity substrate was used.





4.2. Planar Monopole Antennas


Planar monopole antennas received a lot of attention from researchers because they are compact and lightweight. The basic structure of the planar monopole antenna is composed of a radiating structure either fed by a microstrip line or by a co-planar waveguide (CPW). The backside of the antenna consists of a full or partial ground plane. The full ground plane offers directional radiation characteristics, but at the expense of a narrow bandwidth. To enhance the impedance bandwidth of planar monopoles, a partial ground plane has been utilized by many researchers. The CPW feeding technique is used due to several advantages, e.g., low losses, co-planar nature, ease of fabrication, etc. Due to the above-mentioned advantages, many researchers proposed monopole design techniques for near-field microwave imaging applications. With these kinds of antennas, it is possible to achieve a FBW of 100%. The achievable gain is about 5 dBi. However, the gain of the actual monopole antenna with typical ground systems is around 2–3 dBi. Finally, the typical fidelity factor is about 75% [35].



4.2.1. Techniques Employed to Enhance the Bandwidth of Planar Monopole Antennas


The operational bandwidth of a simple planar monopole antenna can be increased by applying suitable perturbations on the ground plane. In [67], two elliptical-shaped UWB planar antennas were designed for breast cancer detection. The top side of both antennas was formed by an elliptical-shaped patch radiator fed by a 50  Ω  microstrip line, while the bottom side of the antennas consisted of a partial ground plane with two different rectangular slot configurations. In the first design, the rectangular slots were oriented at 45°, while in the second design the slots were oriented at 90°. Both antennas operate in the frequency range between 3–20 GHz (FBW = 147.82%).



In [68], a modified square monopole antenna design was presented for UWB microwave imaging systems. A pair of loop sleeves were designed within the ground plane, which allowed the antenna to operate in the range of 3.19 GHz to 11.03 GHz (FBW = 110.26%). To demonstrate the effectiveness of the antenna designed for a microwave imaging system, the SAR distribution in a water-filled phantom using six elements positioned in a circular configuration was evaluated, and it was observed that the specific absortion rate (SAR) distribution was uniform across the whole operating frequency range. Danjuma et al. [69] designed a CPW-fed quasi-cross slot-based circular monopole antenna, shown in Figure 13, for body-centric imaging applications. The antenna operates from 3 GHz to more than 11 GHz (FBW = 114.28%). To verify the antenna performance when placed close to a phantom, experiments were carried out and it was observed that the antenna maintains the UWB performance for different kinds of phantom tissues.



Pittella et al. [70] presented two half-heart shaped antenna designs to monitor cardiac activities (see Figure 14). The designed antennas had the same shapes, but they were printed on different dielectric substrates to achieve different antenna dimensions. One antenna is meant for wearable applications, while the other one is for non-wearable applications. The dielectric substrates utilized for the design are Rogers RO4003 with   ϵ  r 1    = 3.38,   h 1   = 0.508 mm, and Rogers RT6010 with   ϵ  r 2    = 10.2,   h 2   = 0.640 mm. The half-heart-like radiator was printed on the top side of the dielectric substrate. The antenna has a behavior similar to a Vivaldi antenna radiating along the horizontal direction (see Figure 14). The microstrip feed line was curved away from the edge of the structure to facilitate the connection with the SMA connector. Both antennas are well matched between 3.1 and 10.6 GHz (FBW = 110%).



Mahmud et al. [71] designed a Hibiscus petal pattern-like patch antenna for microwave imaging systems. A tapered microstrip feed line and a partial trapezoid ground plane were used to achieve an impedance bandwidth in the frequency range of 3.04–11 GHz (FBW = 113.39%). The Hibiscus design exhibits a fidelity factor of ≈84% for face-to-face configuration and 92% for side-by-side configuration. In [72], a modified octagonal shaped UWB antenna fed by a microstrip and a step impedance transformer was designed for breast cancer detection (see Figure 15). The modified octagonal monopole, printed on the top side of the dielectric substrate, is excited by a 50  Ω  microstrip feeding line. To improve the radiation performance of the antenna, the modified octagonal monopole was loaded with a circular slot including symmetrical metal cross (plus sign). The presented antenna configuration provides an impedance bandwidth of 12 GHz in the frequency range of 3–15 GHz (FBW = 133.33%).



In [73], a microstrip-fed “Dark Eyes” antenna was designed for near-field pulsed biological sensing. The designed antenna was printed on Rogers RT/Duroid 6010 laminate coated with resistive materials. This laminate presents dielectric properties close to those of fat (  ϵ r   = 9 @ 6 GHz). The presented antenna is a dual-layer planar structure, with the radiating element and the microstrip feed embedded between two dielectric layers as shown in Figure 16 [73]. A resistive parasitic cover designed by Ohmega Technologies (http://www.ohmega.com, (accessed on 19 April 2022)) was introduced over the top dielectric layer to reduce the radiations generated from the microstrip feed line, while the ground plane was designed on the outer surface of the bottom dielectric layer as shown in Figure 16. Simulation results showed that the antenna operates from 2.7 GHz to 9.7 GHz (FBW = 113%).



Lee et al. [74] presented a UWB resistively-loaded dipole antenna for radar-based monitoring of skull healing using cranial surgery phantom models. They found that the designed resistive dipole (RD) has less internal reflection compared to other UWB antennas. To achieve this requirement, chip resistors were placed on both arms of the dipole using the Wu-King profile [75]. They also showed that the presented RD is suitable for short pulse radiating applications in the near-field zone. In particular, it was observed that according to −15 dB impedance bandwidth criteria, the antenna operates from 1 GHz to 10 GHz (FBW = 163.63%). In [76], a square fractal monopole antenna with a slotted partial ground plane, shown in Figure 17, was presented for imaging applications. Measured results demonstrate that the fractal antenna offered FBW of 117.88% from 3.1 GHz to more than 12 GHz.




4.2.2. Techniques Useful to Enhance Planar Monopole Radiation Characteristics


In [77], a directional circular monopole antenna was designed with improved directivity and radiation characteristics. For this purpose, a parabolic-shaped ground plane was utilized. The parabolic curve was rotated 45° to extend its axis in the direction of the substrate diagonal, as shown in Figure 18. Furthermore, for improved radiation characteristics, two parabolic slots were realized along the corners of the ground plane. Measured results showed that the antenna is matched from 4 GHz to 9 GHz, while the gain varies in the range of 7–10.5 dBi. Moreover, the −3 dB aperture of the radiation pattern varies between 22–54° in the entire operating range due to the presence of the parabolic-shaped ground plane, which acts as an antenna reflector. The presence of slots etched from the ground plane determines an increase in the gain [67]. For 45° oriented slots, the gain ranges between 7.4 dBi to 8.81 dBi, while for 90° oriented slots, the gain varies in the range of 7.15–9.08 dBi from 3 GHz to 20 GHz. The shaping of the patch is also able to produce an increase in the fidelity factor.




4.2.3. Techniques Utilized to Reduce Planar Monopole Antenna Dimensions


Miniaturized antennas can be realized by making slots in the ground plane or by using parasitic elements. For example, in [78] a modified square planar antenna having dimensions 10 cm × 10 cm was designed and presented for UWB medical applications. By modifying the square patch and also utilizing inverted U-shaped parasitic elements, an enhanced impedance bandwidth was demonstrated from 3.8 GHz to more than 9 GHz. In addition, the proposed antenna offered a fidelity factor of about 90%. In [79], an open circuit T-shaped slot was etched from the ground plane of a square monopole antenna to achieve an overall size of 12 mm × 18 mm. In addition, a  π -shaped parasitic element was placed behind the microstrip line (see Figure 19). By utilizing a T-shaped slot and  π -shaped parasitic element, the bandwidth of the antenna extends from 3.12–10.45 GHz to 2.91–14.72 GHz (FBW = 134%).



The technique presented in [79] was also used by Ojaroudi and Ghadimi [80] to design a multi-resonance monopole antenna for microwave imaging systems. In their design, a rotated E-shaped slot was etched in the ground plane, and an E-shaped parasitic structure was designed behind the microstrip feed line. By utilizing this configuration, the upper-frequency limit of the antenna extended from 10.3 GHz to 15 GHz. The overall dimensions were 12 mm × 18 mm and FBW of designed antenna was >135% since the band was from 2.9 GHz to 15 GHz. The same authors designed square monopole antennas in [81,82]. In particular, in [81], L-shaped slots were inserted in the ground plane of a square monopole, while in [82], E-shaped slots and T-shaped slits were introduced in the ground plane. For the above-presented antenna designs, the fidelity factors for both face-to-face and side-by-side configurations are 91% and 84%, respectively. In [83], three T-shaped slots were etched on the ground plane. In particular, one slot was placed between two rotated T-shaped slots. This design operates in the frequency range of 2.96–15.8 GHz with a maximum measured gain of 6.1 dBi.



In [84], a very compact size (9 mm × 10 mm) UWB antenna was designed and presented for microwave imaging systems. Both the monopole, printed on the upper face of the substrate, and the ground plane at the bottom face have the shape of a quarter of an ellipse. To improve the antenna’s performance, pairs of symmetrical slots were etched from the radiator and the ground plane (see Figure 20), which increased the current path near the termination of the antenna radiating arms. The results showed that the measured 10 dB return loss bandwidth extends from 2.1 GHz to more than 11 GHz. Furthermore, the time domain analysis of the antenna shows negligible distortion in the received pulse, which makes it suitable for medical imaging systems.



A planar antenna capable of providing dual linear polarization was designed in [85] for the detection of breast tumors (see Figure 21). The radiation element was based on a fourtear structure. Two substrate layers of silicon (  ϵ r   = 11.7) and benzocyclobutene (BCB) having   ϵ r   = 2.65 were used for the design. The overall size of the antenna was 15 mm × 15 mm. By utilizing identical arms, the antenna offered dual linear polarization in the operating range of 5–10 GHz. The same antenna was embedded in oil, to be used as a coupling liquid (  ϵ r   = 3) with the breast tissue. In this configuration, the antenna provides an impedance bandwidth of 4 GHz in the frequency range of 3.8–7.8 GHz. Lasemi and Atlasbaf [86] presented miniaturized UWB fractal monopole antennas for breast cancer detection. One antenna design was based on the Sierpinski gasket configuration (see Figure 22a) having dimensions 20 mm × 28 mm, and the other one was a rings-inscribed hexagonal-shaped fractal antenna with dimensions of 16 mm × 22 mm (see Figure 22b). Measurement results showed that the designed antennas operate in the frequency range of 2.95–12 GHz (FBW = 121%).



In [87], a compact negative index metamaterial-based UWB planar antenna design was presented for microwave imaging applications. Four left-handed (LH) metamaterial (MTM) unit cells were placed on the upper edge of a triangular monopole equipped with a slot (see Figure 23). Each LH-MTM unit cell consisted of a modified split-ring resonator (SRR) and a capacitance-loaded strip to obtain both negative permittivity and permeability, which ensured a stable negative refractive index. Through this configuration, the achieved antenna dimensions were 16 mm × 21 mm. Measured results illustrate that the antenna offered 114.5% FBW in the frequency range of 3.4–12.5 GHz with a maximum gain of 5.16 dBi at 10.15 GHz. To validate the time-domain performance of the proposed antenna, two identical antennas were placed 30cm apart from each other. In this condition, the signal received by the second antenna showed limited distortion. They also observed a fidelity factor of 91% and 83% for face-to-face and side-by-side configurations, respectively.



The authors in [88] utilized the same technique as presented in [87] to design a compact metamaterial-based UWB planar antenna. In particular, the top side of the antenna consists of a trapezoid-like patch radiator fed using a stepped tapered microstrip feed line, while the bottom side is formed by a partial ground plane. Furthermore, the radiating patch consists of four metamaterial unit cells, which help to achieve a reduced antenna size (10.2 mm × 15.5 mm). The presented antenna was able to operate in the frequency range between 4.23 GHz to more than 14 GHz (FBW = 107%), where the gain value varies between 2 dBi to 5.17 dBi. In addition, the antenna fidelity factor is >95%, which is higher than the design presented in [87]. In [89], a full ground plane-based UWB wearable textile antenna having dimensions 50 mm × 60 mm was designed for breast cancer detection. To reduce the size, a substrate with a high dielectric constant was selected. The presented antenna was based on photonic bandgap (PBG) structures and substrate integrated waveguide (SIW) technology. The antenna was fed using a grounded CPW (GCPW) through a SIW transition. The designed antenna had a FBW of 120% from 7 GHz to 28 GHz, maximum gain of 10.1 dBi, and maximum radiation efficiency of 94.9%.



A comparison among the performances of planar monopole antennas designed for biomedical applications is provided in Table 3. In the table, the dimensions of the antennas are reported both as absolute values and as values normalized to the wavelength. To this end, the wavelength corresponding to the central frequency of the antenna band was considered. From the table it can be noted that most of the antennas are realized with low permittivity substrates to achieve compact size. In addition, most of the planar monopole antennas provide FBW > 110%, which is the basic requirement for UWB operation. The best performance in terms of FBW was achieved in [67,74] where the authors utilized low permittivity dielectric substrates. In terms of normalized dimensions, the best performance was achieved in [84] with the use of high permittivity substrate.





4.3. Planar Slot Antennas


The conventional geometry of a planar slot antenna consists of a narrow slot etched from the ground plane, while a microstrip feed line is printed on the other side of the substrate, as shown in Figure 24. By utilizing this configuration, a good impedance matching can be achieved, and FBW of about 20% can be obtained [90]. As the width of the slot increases, the radiation resistance (  R r  ) of the slot also increases, which in turn reduces the impedance bandwidth of the antenna [91]. A wide impedance bandwidth can be achieved by properly terminating the open end of the feed line. Furthermore, center-feed [90] or offset-feed [92] excitation systems are used to excite the radiating slot. The impedance bandwidth of the center-fed slot antenna is lower compared to the offset case because the center-fed has a larger value of radiation impedance.



To improve the radiation characteristics, the antenna can be either backed by a reflector or a cavity. However, the use of these structures leads to a bulky design and adds further design complexities. Different slot antenna designs have been presented in the literature [93,94,95]. Some of these antennas are meant for near-field microwave imaging applications, details of which are provided in the upcoming sections.



4.3.1. Techniques Employed to Enhance Slot Antennas Bandwidth


A CPW feeding technique is generally employed to feed slot antennas because it allows to directly excite the radiating slot, making the structure more compact and easier to realize. Tavassolian et al. [96] proposed a flexible uni-planar CPW-fed UWB slot antenna configuration for tumor detection. The antenna consists of a CPW-feed elliptical slot and an irregular U-shaped stub realized on a flexible liquid crystal polymer (LCP) having   ϵ r   = 3. The antenna works from 2 GHz to 12 GHz (FBW = 142.85%). Hossain et al. [97] made a CPW-fed wideband slot antenna excited by a tapered monopole. To increase the operating bandwidth, a tapered arc slot was adopted (see Figure 25). A tuning stub, approximately one-third of the slot size, was positioned inside the radiating slot thereby achieving an impedance bandwidth of 9.69 GHz in the 2.89–12.58 GHz frequency range (FBW = 125%). The performance of the antenna was tested using different coupling mediums such as margarine, soybean oil, and Vaseline, and a FBW = 100% was observed.



See et al. [98] designed a CPW-fed slot antenna and evaluated the proximity effects of the human body. The antenna was formed by using a monopole-like slot and a CPW fork-shaped feeding structure printed on the same side of an FR-4 substrate. The slot and the fork-shaped feeding structure were positioned symmetrically with respect to the slot geometry. The authors demonstrated that the use of this feeding structure can provide effective coupling between the slot and the feeding structure, thus achieving a broader impedance bandwidth. In addition, they noticed that the operating bandwidth can be controlled by changing the width of the slot, while the lowest and upper edge operating frequencies can be adjusted by tuning the length of the horizontal ground strips and horizontal section of the fork-shaped feeding structure. The designed antenna demonstrated good impedance matching in the 3.1–10.6 GHz band. When the antenna was placed at a distance of 1 mm from the human body, the reflection coefficient drops to −5 dB. A similar design was reported in [99] where a tapered slot with a fork-shaped feeding structure was used to excite the antenna, obtaining an impedance bandwidth of 6 GHz from 2 GHz to 8 GHz (FBW = 120%). The performance of the antenna was mantained when the antenna was measured facing a coupling medium whose electrical properties were similar to those of the fatty tissue.




4.3.2. Techniques Used to Design Miniaturized Slot Antennas


In [100], a double elliptical slot antenna design with reduced dimensions (25 mm × 36 mm) was presented for biomedical applications. Two elliptical-shaped radiators were designed on the top side of the substrate, while the double elliptical slot-based ground was designed on the bottom side, as shown in Figure 26. The elliptical radiators were differentially fed by two tapered microstrip lines having a phase difference of 180°. The double elliptical slot on the ground plane increases the path of the magnetic equivalent currents, thus achieving enhanced impedance bandwidth. A differential feeding network was also integrated into the antenna to create a compact structure capable of operating in the 1–9 GHz frequency range with a constant gain (>8 dBi) from 2 GHz to 8 GHz. These performances were maintained when the antenna was considered in the presence of a coupling material. The same authors designed a stepped slot-based dual-polarized elliptical antenna in [101] for medical diagnostic applications. The stepped slot allows bandwidth enhancement and antenna size reduction (50 mm × 50 mm). Islam et al. [102] designed a compact slot antenna of dimensions 23 mm × 21 mm for breast tumor detection. Two monopoles, one rectangular and one circular, excite a house-shaped slot (see Figure 27). The antenna has an average gain of about 4.5 dBi in the 3.1–12 GHz band, and presents a fidelity factor of 87% and 91% when face-to-face and side-by-side configurations are considered.



In Table 4, a comparison among planar slot antennas, which are used for near-field microwave imaging is reported. In the table, the dimensions of the antennas are reported both as absolute values and as values normalized to the wavelength. To this end, the wavelength corresponding to the central frequency of the antenna band was considered. All the designs in the table show FBW ≥ 110%. In terms of FBW, the best performance was achieved in [96]. Minimum antenna dimensions with respect to the wavelength were achieved in [99] where the authors used high permittivity substrate.





4.4. Bowtie Antennas


The bowtie antenna is a planar version of the biconical antenna that can be easily realized on a planar substrate. It consists of two triangular arms etched on a printed circuit board and fed at the arms’ apex [103]. As the currents are abruptly terminated at the ends of the bowtie fins, the antenna has some bandwidth limitations compared to 3-D biconical [104] and discone antennas [105]. Still, the bowtie antenna shows good impedance behavior across a wide band (FBW = 37%) [106].



4.4.1. Techniques Useful to Enhance Bandwidth of Bowtie Antennas


The bandwidth of the conventional planar bowtie antenna can be increased to 40% by realizing a bowtie slot antenna [107]. By further introducing tapering to the metal stubs at the center of the bowtie slot antenna, an even wider impedance bandwidth (FBW = 70.96%) can be achieved [107]. Due to the tapered shape, the VSWR of the bowtie does not degrade significantly as the frequency increases. Furthermore, by optimizing the stub parameters it is possible to create a shift in the lower resonant frequency, and generate an additional resonance process in the higher frequency band, thereby resulting in an improved antenna bandwidth.



In [108], a modified slot-line bowtie hybrid antenna, immersed in a coupling medium having   ϵ r   = 9.5, was presented for cancer detection applications. A strip-slot UWB balun was designed for antenna feeding. The antenna consisted of shaped slots having Vivaldi, linear, and elliptical sections. The shaping of the slot allows control over internal reflections. Furthermore, bowtie plates were attached to the slot to provide control over antenna beamwidth. The bowtie plates were encased in epoxy for improved impedance matching and structural support. The results showed that, according to 10 dB bandwidth criteria, the antenna operates from 2.5 GHz to 9 GHz (FBW = 113%).




4.4.2. Techniques Employed to Enhance Radiation Characteristics of Bowtie Antennas


To enhance the radiation characteristics of the bowtie antenna, a cavity-backed structure can be utilized [109]. This design technique has the advantage of obtaining a unidirectional radiation pattern with high gain, low sidelobes, and backlobes [110,111]. In [112], a compact bowtie antenna design was presented to detect cross-polarized reflections generated from breast tumors. The presented antenna configuration consisted of two crossed bowtie elements, an octagonal cavity behind the bowtie elements, and a metal flange attached to the cavity, as shown in Figure 28. Both bowties had a flare angle of 45°, and they were meant to operate at the center frequency of 3 GHz. The presence of the metallic flange forces surface waves into the dielectric, rather than allowing propagation along with the interface. Additionally, to match the antenna to the breast, a homogeneous medium with properties close to those of fatty tissue (  ϵ r   = 9) surrounds the antenna.



Kwag et al. [113] designed a novel bowtie antenna with a pyramidal shape for UWB radar imaging applications. The radiating element consists of a pair of horn-shaped tapered bowtie arms, while a tapered slot line is placed between the bowties, which are designed for better impedance matching (see Figure 29a). To achieve directional radiation properties, a horn-shaped pyramidal reflector is placed to the back of the bowtie arm, as shown in Figure 29b. For this antenna, the authors observed an impedance bandwidth of 8.64 GHz from 3.06 GHz to 11.7 GHz with a peak gain of 8.5 dBi.



To minimize the late ringing time of the bowtie antenna, which is caused by surface current reflections, resistive loading may be used [114,115]. In [116], a resistively loaded bowtie antenna was presented for cancer detection applications. The presented antenna was based on a wire bowtie structure. For size reduction and reduced surface current reflections, resistors of different values were placed on the radiating elements. These elements consist of three wires, and the flare angle between the wires is set to be 38°. Each wire had six resistors having values of 109  Ω , 17  Ω , 11  Ω , 113  Ω , 120  Ω , and 219  Ω . To match the electrical properties of human tissues at microwave frequencies, the antenna was immersed in a vegetable oil having   ϵ r   = 9 and  σ  = 0.4 S/m. The results demonstrate that the resistive bowtie offered a UWB frequency response from 3 GHz to more than 10 GHz. The measured radiation efficiency of the bowtie antenna in free space was between 18% and 26% across the operating frequency band.




4.4.3. Techniques Useful to Design Miniaturized Bowtie Antennas


The reduction in the bowtie antenna size can be done by introducing meandered lines within a double-layer structure. In [117], the bowtie antenna was matched to the human body to allow more energy to be radiated inside the body. This design showed a small size of 30 mm × 30 mm. The size was reduced by using a dual-layer bowtie antenna with a folded structure and meandered microstrip lines designed on the backside of the antenna (see Figure 30). The designed antenna operates from 0.5 GHz to 2 GHz. The same technique was utilized by [118]. In this design, the arms of the bowtie were connected to the meandered structure designed on the backside of the antenna, and the antenna was fed by a coaxial cable. The meandered connection was used to increase the path of current and thereby allow minimization of the antenna (22 mm × 30 mm). The meandered strips also enhanced the bandwidth of the antenna that operates in the frequency range of 0.85–3.5 GHz.



Table 5 presents a comparison among the bowtie antennas, which are described above. In the table, the dimensions of the antennas are reported both as absolute values and as values normalized to the wavelength. To this end, the wavelength corresponding to the central frequency of the antenna band was considered. The best performance, with respect to FBW, was achieved in [118]. Minimum dimensions with respect to the wavelength were obtained for the bowtie design presented in [117], thanks to the use of a high permittivity dielectric substrate. Nevertheless, FBW is close to the maximum achieved in the literature (120 vs. 121.83), as is the gain (7.5 vs. 8.5 dBi).





4.5. Horn Antennas


Horn antennas are widely used as a feed element for reflector antennas in many applications such as in satellite tracking systems, radio astronomy, radar, radio link wireless communication, etc [119]. In addition, it is employed in phased arrays and as a standard antenna for measuring the gain of other antennas. A horn can take different forms. The most commonly used are those adopted in E- and H-plane sectoral horn configurations, as well as those employed in pyramidal and conical shapes. The horn is nothing more than a hollow pipe of different cross-sections that is tapered toward a wider opening. So, to limit reflection effects, the performance of the horn can be handled by utilizing different types of tapering.



The total field radiated by a conventional horn is a combination of the direct field and those arising from edge diffraction occurring at the antenna opening, whose levels can be evaluated using diffraction techniques [120,121,122]. The edge diffractions, particularly those that occur at edges where the electric field is normal, influence the antenna pattern structure, especially in the back lobe region. The diffractions produce undesirable radiation which affects both the main and side lobe levels of the antenna radiation pattern.



One of the advantages of utilizing horn antennas is that they have no resonant elements, so it can operate over a wide range of frequencies, exhibiting antenna gains of the order of 10–20 dBi or higher. Due to these characteristics, horn antennas are widely utilized in microwave and millimeter-wave (mm-wave) applications. Some of the horn antennas presented in the literature for microwave imaging applications are discussed below.



4.5.1. Techniques Employed to Enhance Horn Antenna Bandwidth


Ridges can be applied to the horn antenna to enhance the operational bandwidth by extending the lower cut-off frequency of the incoming waveguide. In [123], a TEM horn antenna design was presented for near-field microwave imaging applications. A microstrip-to-parallel strip balun was also developed to properly match the coaxial connector impedance to that of the antenna. Numerical simulations and experimental results showed that the VSWR is lower than 2 in the frequency range of 2–12 GHz (FBW = 142.85%). Latif et al. [124] presented a dual-ridge horn antenna design for radar imaging applications. The impedance bandwidth of the antenna was increased by using ridges in the waveguide and flared sections as shown in Figure 31. This antenna exhibits an impedance bandwidth of 3.75 GHz between 1.54–5.29 GHz (FBW = 110%), based on a −7 dB criterion, and a peak gain of 7.8 dBi, when the antenna is immersed in coupling medium.



In [125,126], a transverse electromagnetic (TEM) horn was designed to detect breast tumor. It consists of two metal plates having a linear tapered structure connected to a coaxial cable by means of a balun (see Figure 32a) used to ensure impedance matching. The designed horn antenna was filled with a solid dielectric medium, shown in Figure 32b, having   ϵ r   = 10 and   tan δ   = 0.01 so that it can be utilized for breast tumor measurements without a coupling liquid. In addition, copper sheets were placed on all outer surfaces of the horn except the front aperture, and a microwave absorbing sheet was placed on the top surface to reduce external surface currents responsible for the formation of lateral lobes and back radiation. The results showed that the proposed horn antenna operates from 3 GHz to 11 GHz (FBW = 114.28%).




4.5.2. Techniques Used to Design Miniaturized Horn Antennas


In the previous sections, it was discussed that the use of high dielectric permittivity materials reduce antenna size. In [127], a ceramic material-based dual-ridge horn antenna was designed for biomedical UWB radar applications. By utilizing a ceramic material having   ϵ r   = 70, a horn antenna with an overall aperture size of 16 mm × 11 mm was realized. The presented horn exhibits a gain of about 8 ± 3 dBi in the frequency range of 1.5–5 GHz. Although the design was compact, the use of high dielectric constant material affects the input impedance of the antenna reducing it to 15  Ω . To overcome this problem, the antenna was integrated with a UWB amplifier, which provided matching to the low input impedance of the antenna.



A comparative analysis among the above presented horn antennas is given in Table 6. In the table, the dimensions of the antennas are reported both as absolute values and as values normalized to the wavelength. To this end, the wavelength corresponding to the central frequency of the antenna band was considered. In terms of FBW, the best performance was achieved in [123]. On the other hand, in terms of normalized dimensions, the best performance was achieved in [127].





4.6. Dielectric Resonator Antennas


Dielectric resonator antennas (DRAs) are considered a valid alternative to traditional radiating elements (e.g., 3D monopoles, printed antennas, etc.), especially in high frequency applications. One of the main reasons for using DRAs is that they do not suffer from conduction losses and are characterized by high radiation efficiency when properly excited. Moreover, being 3D structures, they introduce further degrees of freedom to the design, which when suitably exploited allow to obtain radiative performances not achievable with other types of manufacturing technologies [128]. Generally, DRAs are realized by using ceramic materials of high permittivity and high quality factor (greater than 1000). Since high dielectric permittivity make DRAs narrow band, DRAs characterized by low dielectric permittivity have been proposed in literature [129,130]. These characteristics make them suitable for high frequency applications, e.g., 30–300 GHz. Recently, some researchers utilized DRAs for biomedical applications, whose geometries and performances are discussed in the following sections.



4.6.1. Techniques Employed to Enhance Radiation Characteristics of DRAs


An efficient way to increase the gain of DRAs is the integration with suitable structures, e.g., metal reflectors, horns, dielectric lenses, etc [128,130]. A circularly polarized DRA was designed in [131] for mm-wave microwave imaging applications. A low-cost FR-4 based DRA was utilized in this design, which can be excited using a circular loop type feed network as shown in Figure 33. This loop, with its cross-shaped arms, provides orthogonal signals in space and time to the DRA so as to excite the circular polarization. A parametric study was conducted to achieve the best possible performance. The optimized antenna has an overall size of 30 mm × 30 mm and provides an impedance bandwidth of 3 GHz from 24 GHz to 27 GHz, a constant gain of 8.6 dB in the frequency range of 25–26 GHz, and a 3 dB axial ratio (AR) bandwidth of ≈1 GHz from 25.2 GHz to 26.2 GHz.




4.6.2. Techniques Used to Reduce DRAs Dimensions


The size of the DRA is inversely proportional to the dielectric permittivity of the resonator. So, to decrease the size of the DRA, a material with a high dielectric permittivity can be chosen [132]. In [133], a design of a compact cubical dielectric resonator antenna (DRA), shown in Figure 34a, was presented for radar-based microwave imaging. Alumina was used to realize the DRA, which was placed on an I-shaped feed line printed on FR-4 substrate (see Figure 34b). The bottom side of the substrate is comprised of a slotted partial ground structure as shown in Figure 34c. Experimental measurements showed that the presented DRA operates in two distinct frequency ranges, namely 4.31–6.4 GHz and 9.3–13.2 GHz, where it exhibits an average simulated and measured gain of 3.88 dBi and 4.09 dBi, respectively.



A comparison among DRAs meant for biomedical applications is given in Table 7. In the table, the dimensions of the antennas are reported both as absolute values and as values normalized to the wavelength. To this end, the wavelength corresponding to the central frequency of the antenna band was considered. Although the antennas listed in the table are compact, they offer low FBW and large normalized dimensions.






5. Discussion


This section presents a comparison among different antenna types presented in Section 4. They are compared based on their bandwidth, radiation characteristics, design complexity, size, and cost of manufacturing. Based on these characteristics, the following remarks can be made:




	
Vivaldi antennas, discussed in Section 4.1, provide wide impedance bandwidth with high gain. The designs discussed in [36,47,49,50,56,57,59] provide antennas having a wide impedance bandwidth but which are characterized by large dimensions, restricting their use in microwave imaging applications. Among the Vivaldi antennas, the designs presented in [61,62,64] are more suitable for near-field microwave imaging, as they are compact compared to other Vivaldi antennas available in the literature [58,60]. Most of these antennas operate at frequencies above 2 GHz. Designs, which operate at lower frequencies (up to 500 MHz), were presented in [37,66]. The gain of the presented Vivaldi antennas varies in the range of 8.5–11 dBi.



	
Most of the planar monopole antennas presented in this paper are compact and provide wide bandwidth. Among these antennas, the designs presented in [74,77,89] show the greatest dimensions compared to other monopole designs. Most of the designs operate from 2 GHz and their gain varies in the range of 3.5–9 dBi.



	
The slot antennas presented in Section 4.3 can be useful for near-field microwave imaging applications. Among these, the slot antennas presented in [100,101] offer small size, high gain, and wide impedance bandwidth.



	
Most of the bowtie antennas presented in this review provide narrow bandwidth [112,117,118]. However, they are compact in size and their operating band starts at 500 MHz, thus ensuring good penetration into human tissues. The bowtie models presented in [108,113] provide UWB response and show a relatively small size compared to other bowtie antennas available in the literature [116].



	
The horn antennas presented in Section 4.5 offer a large impedance bandwidth. In general, they have a high occupation volume and exhibit higher manufacturing costs than planar antennas.



	
The DRA design discussed in [131] has a small size, but it operates in a frequency band that is not useful for biomedical applications. On the other hand, the DRAs show high performances that could potentially be exploited for near-field microwave imaging applications [133].









6. Conclusions


Microwave imaging is considered a cost-effective, highly sensitive, and safe diagnostic technique. In biomedical applications of microwave imaging, the antenna is considered the main building block, responsible for transmitting and receiving the reflected waves from the human body used for image reconstruction. Based on their application relevance, a comprehensive investigation of antennas intended for near-field microwave imaging was presented in this work. Different antenna types, such as Vivaldi antennas, planar monopole antennas, slot antennas, bowtie antennas, horn antennas, and DRAs, were discussed in detail. Among all the presented antennas, the Vivaldi antennas, planar monopole antennas, and slot antennas are considered to be good candidates for microwave imaging. Most of the presented antennas in this review generally operate in the UWB frequency range and exhibit small sizes, making them suitable to be employed in microwave imaging systems. Moreover, although they are not currently used for microwave imaging applications, wearable antennas could represent a research area on which focus the attention. In fact, if made with insulating and conductive flexible fabrics, they could facilitate the positioning of the antenna in direct contact with the body, thus favoring the transfer of electromagnetic energy inside it.
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Figure 1. A typical near-field microwave imaging system for breast cancer detection. 
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Figure 2. Different approaches used for near-field microwave imaging. 
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Figure 3. Basic design structure of Vivaldi antenna (redrawn from [40]). Dark gray top metal face, medium gray bottom metal face, and light gray dielectric substrate. 
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Figure 4. Schematic of the corrugated Vivaldi antenna (redrawn from [45]). Medium gray metal face and light gray slots. 
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Figure 5. Design of exponentially TS-AVA (redrawn from [47]). Dark gray top metal face, medium gray bottom metal face, and light gray dielectric substrate. 
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Figure 6. (a) Multi-layer BAVA design (redrawn from [36]) (b) BAVA with dielectric reflector (redrawn from [49,50]). Black external arm, dark gray internal arm, medium gray dielectric director, and light gray dielectric substrate. 






Figure 6. (a) Multi-layer BAVA design (redrawn from [36]) (b) BAVA with dielectric reflector (redrawn from [49,50]). Black external arm, dark gray internal arm, medium gray dielectric director, and light gray dielectric substrate.
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Figure 7. Fen leaf inspired fractal AVA for microwave imaging applications (redrawn from [56]). Dark gray top metal face, medium gray bottom metal face, and light gray dielectric substrate. 
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Figure 8. Front view of the resistance-loaded dual-layer Vivaldi antenna (redrawn from [57]). Dark gray top metal face, medium gray bottom metal face, black resistance, and light gray dielectric substrate. 
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Figure 9. Geometrical layout of side slot-loaded Vivaldi antenna (redrawn from [60]). Dark gray top metal face, medium gray bottom metal face, and light gray dielectric substrate. 
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Figure 10. Schematic of the hemi cyliderical slots-based Vivaldi antenna with planar directors (redrawn from [61]). Medium gray bottom metal face and light gray dielectric substrate. 
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Figure 11. Resistive layer-based AVA for UWB microwave imaging systems (redrawn from [62]). Dark gray top metal face, medium gray bottom metal face, black resistive metal face, and light gray dielectric substrate. 
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Figure 12. Schematic of the corrugated AVA design (redrawn from [64]). Dark gray top metal face, medium gray bottom metal face, and light gray dielectric substrate. 
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Figure 13. CPW-fed circular slotted planar monopole antenna for microwave imaging systems (redrawn from [69]). Dark gray metal face and light gray dielectric substrate. 
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Figure 14. Half-heart shaped planar antenna to monitor cardiac activities (a) top metal (b) bottom metal (redrawn from [70]). Dark gray metal face and light gray dielectric substrate. 
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Figure 15. Design of a modified octagonal shape UWB monopole (redrawn from [72]). Dark gray top metal face, medium gray bottom metal face, and light gray dielectric substrate. 
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Figure 16. “Dark Eyes” planar antenna for near-field pulsed biological sensing (redrawn from [73]). Dark grey top metal face, medium grey resistive metal face, black bottom metal face, and light grey dielectric substrate. 
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Figure 17. Geometry of a planar fractal antenna for UWB imaging applications (redrawn from [76]). Dark gray top metal face, medium gray bottom metal face, and light gray dielectric substrate. 
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Figure 18. A modified parabolic-shaped ground plane-based directional circular antenna (redrawn from [77]). Dark gray top metal face, medium gray bottom metal face, and light gray dielectric substrate. 
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Figure 19. Geometry of the modified ground plane monopole antenna (a) front view and (b) back view (redrawn from [79]). Dark gray top metal face, medium gray bottom metal face, and light gray dielectric substrate. 
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Figure 20. Design layout of a compact corrugated planar antenna (redrawn from [84]). Dark gray top metal face, medium gray bottom metal face, and light gray dielectric substrate. 
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Figure 21. Configuration of the fourtear antenna structure (redrawn from [85]). Dark gray top metal face, medium gray bottom dielectric substrate, and light gray center dielectric substrate. 
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Figure 22. Miniaturized fractal antenna designs (a) Sierpinski gasket (b) rings inscribed hexagonal patch (redrawn from [86]). Dark gray top metal face, medium gray bottom metal face, and light gray dielectric substrate. 
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Figure 23. Negative index metamaterial-based planar monopole antenna (redrawn from [87]). Dark gray top metal face, medium gray bottom metal face, and light gray dielectric substrate. 
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Figure 24. Geometry of a planar slot antenna (redrawn from [93]). Dark gray top metal face, medium gray bottom metal face, and light gray dielectric substrate. 
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Figure 25. Schematic of a CPW-fed tapered arc slot antenna (redrawn from [97]). Dark gray metal face and light gray dielectric substrate. 
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Figure 26. Layout of the double-elliptical slot antenna (redrawn from [100]). Dark gray top metal face, medium gray bottom metal face, and light gray dielectric substrate. 
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Figure 27. Design of the compact hut-shaped slot antenna (redrawn from [102]). Dark gray top metal face, medium gray bottom metal face, and light gray dielectric substrate. 
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Figure 28. (a) Top view and (b) side view of the crossed bowtie antenna (redrawn from [112]). Dark gray top metal face, medium gray metal flange, light blue cavity face, and light gray dielectric substrate. 
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Figure 29. Design layout of the bowtie antenna (a) geometry of bowtie (b) pyramidal reflector (redrawn from [113]). Dark gray top metal face, medium gray cavity face, and light gray dielectric substrate. 
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Figure 30. Design of the double-layer bowtie antenna (redrawn from [117]). Dark gray top metal face, medium gray center metal face, and light gray dielectric substrate. 
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Figure 31. Geometry of the double-ridged horn antenna (a) 3-D view (b) side view (redrawn from [124]). Medium grey ridges and light grey outer metal. 
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Figure 32. (a) 3D view of flared TEM horn antenna (b) The horn enclosed in a dielectric medium (redrawn from [125,126]). Dark gray metal face and light gray dielectric medium. 
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Figure 33. Schematic of the circular polarized DRA for biomedical applications (redrawn from [131]). Dark gray top metal face, light gray dielectric substrate, and medium yellow DRA. 
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Figure 34. Design of a cubical shaped DRA (a) front-view (b) feed line (c) slotted ground plane (redrawn from [133]). Dark gray top metal face, medium gray bottom metal face, light gray dielectric substrate, and medium yellow DRA. 






Figure 34. Design of a cubical shaped DRA (a) front-view (b) feed line (c) slotted ground plane (redrawn from [133]). Dark gray top metal face, medium gray bottom metal face, light gray dielectric substrate, and medium yellow DRA.
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Table 1. Dielectric properties of human body biological tissues at different frequencies [38].
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Tissue

	
Frequency




	
0.5 GHz

	
2 GHz

	
5 GHz




	
   ϵ r ′   

	
  σ  

	
   ϵ r ′   

	
  σ  

	
   ϵ r ′   

	
  σ  






	
Skin (Dry)

	
44.91

	
0.728

	
38.56

	
1.265

	
35.77

	
3.06




	
Skin (Wet)

	
48.62

	
0.704

	
43.52

	
1.335

	
39.61

	
3.574




	
Fat

	
5.54

	
0.042

	
5.32

	
0.085

	
5.02

	
0.242




	
Muscle

	
57.32

	
0.843

	
54.16

	
1.508

	
50.13

	
4.24




	
Bone

	
12.94

	
0.10

	
11.65

	
0.31

	
10.04

	
0.962




	
White Matter

	
41

	
0.473

	
36.73

	
1.001

	
33.44

	
2.858




	
Blood

	
63.25

	
1.383

	
59.02

	
2.186

	
53.95

	
5.395
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Table 2. Performance comparison among Vivaldi antennas designed for microwave imaging applications.
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Refs.

	
Dimensions

	
Dielectric Material

	
Dielectric

Constant

	
Frequency

Band (GHz)

	
Fractional

Bandwidth (%)

	
Peak Gain

(dBi)

	
Operating

Medium




	
(mm    2   )

	
(   λ 2   )






	
[36]

	
44 × 74

	
1.05 × 1.77

	
Rogers 6002 & 3001

	
2.94 & 2.28

	
2.4–12

	
133.33

	
-

	
Air




	
[37]

	
60 × 60

	
0.55 × 0.55

	
Rogers RT6010

	
10.2

	
0.5–5

	
163.63

	
-

	
Coupling Medium




	
60 × 60

	
0.55 × 0.55

	
T-Ceram E-20

	
20




	
42 × 50

	
0.38 × 0.45

	
T-Ceram E-37

	
37




	
[45]

	
50 × 62

	
0.83 × 1.03

	
Taconic RF-35

	
3.5

	
2–8

	
120

	
10.4

	
Air




	
[47]

	
40 × 70

	
1.08 × 1.86

	
Rogers RT/Duroid 5880

	
2.2

	
4–12

	
100

	
9.8

	
Air




	
[49,50]

	
44 × 80

	
1.49 × 2.72

	
Rogers 6002 & 3001

	
2.94 & 2.28

	
2.4–18

	
153

	
-

	
Canola Oil




	
[56]

	
50.8 × 62

	
1.8 × 2.2

	
FR-4

	
4.4

	
1.3–20

	
175.58

	
10

	
Air




	
[57]

	
54.7 × 75

	
1.66 × 2.28

	
F4E-265

	
2.65

	
2–16.3

	
156.28

	
11

	
Air




	
[58]

	
150 × 150

	
1.25 × 1.25

	
FR-4

	
4.4

	
1–4

	
120

	
10.74

	
Air




	
[59]

	
36.3 × 59.81

	
0.96 × 1.58

	
Rogers RO3206

	
6.15

	
4.87–11

	
77.25

	
8.5

	
Air




	
[60]

	
75 × 88

	
1.06 × 1.25

	
Rogers RT/duroid 5870

	
2.33

	
1.54–7

	
127.86

	
9.8

	
Air




	
[61]

	
49 × 48.4

	
1.08 × 1.07

	
FR-4

	
4.3

	
2.9–10.4

	
112.78

	
9.58

	
Air




	
[62]

	
50 × 50

	
1.17 × 1.17

	
Rogers RO4003

	
3.38

	
3.1–11

	
112

	
11

	
Air




	
[63]

	
48 × 65.2

	
0.6 × 0.82

	
Rogers RO3003

	
3

	
2.2–5.4

	
84.21

	
-

	
Canola Oil




	
[64]

	
22 × 40

	
0.5 × 0.91

	
Rogers RT6010

	
10.2

	
3.1–10.6

	
109.48

	
-

	
Coupling Liquid




	
[65]

	
50 × 50

	
1.14 × 1.14

	
Rogers RT6010

	
10.2

	
2.75–11

	
120

	
9.4

	
Air




	
[66]

	
30 × 36

	
0.17 × 0.21

	
T-Ceram E-37

	
37

	
0.5–3

	
142.85

	
-

	
Coupling Liquid
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Table 3. Comparative analysis among planar monopole antennas for biomedical applications.
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Ref.

	
Dimensions

	
Dielectric Material

	
Dielectric

Constant

	
Frequency

Band (GHz)

	
Fractional

Bandwidth (%)

	
Peak Gain

(dBi)

	
Operating

Medium




	
(mm    2   )

	
(   λ 2   )






	
[67]

	
28 × 30

	
1.07 × 1.15

	
FR-4

	
4.4

	
3–20

	
147.82

	
8.81

	
Air




	
24 × 30

	
0.92 × 1.15

	
9.08




	
[68]

	
20 × 25

	
0.47 × 0.59

	
FR-4

	
4.3

	
3.19–11.03

	
110.26

	
6

	
Water




	
[69]

	
33.14 × 14.90

	
0.77 × 0.34

	
FR-4

	
4.4

	
3–11

	
114.28

	
4.74

	
Air




	
[70]

	
50 × 85

	
1.14 × 1.94

	
Rogers RO4003

	
3.38

	
3.1–10.6

	
110

	
9.4

	
Air




	
-

	
-

	
Rogers RT6010

	
10.2




	
[71]

	
31 × 31

	
0.72 × 0.72

	
Rogers RT/Duroid 5870

	
2.33

	
3.04–11

	
113.39

	
7.5

	
Air




	
[72]

	
29 × 27

	
0.87 × 0.81

	
FR-4

	
4.4

	
3–15

	
133.33

	
-

	
Air




	
[73]

	
22.5 × 20

	
0.46 × 0.41

	
Rogers RT6010

	
10.2

	
2.7–9.7

	
113

	
-

	
Air




	
[74]

	
51 × 95

	
0.93 × 1.74

	
FR-4

	
4.4

	
1–10

	
163.63

	
-

	
Air




	
[76]

	
23.1 × 32

	
0.58 × 0.8

	
FR-4

	
4.6

	
3.1–12

	
117.88

	
3.54

	
Air




	
[77]

	
50 × 50

	
1.08 × 1.08

	
FR-4

	
4.4

	
4–9

	
76.92

	
10.5

	
Air




	
[78]

	
10 × 10

	
0.21 × 0.21

	
Rogers RO3010

	
10.2

	
3.8–9

	
81.25

	
4

	
Air




	
[79]

	
12 × 18

	
0.35 × 0.52

	
FR-4

	
4.4

	
2.91–14.72

	
134

	
-

	
Air




	
[80]

	
12 × 18

	
0.35 × 0.53

	
FR-4

	
4.4

	
2.9–15

	
135

	
6

	
Air




	
[81]

	
12 × 18

	
0.34 × 0.51

	
FR-4

	
4.4

	
2.95–14.27

	
131.47

	
6

	
Air




	
[82]

	
12 × 18

	
0.31 × 0.47

	
FR-4

	
4.4

	
2.97–12.83

	
124.81

	
-

	
Air




	
[83]

	
12 × 18

	
0.37 × 0.56

	
FR-4

	
4.4

	
2.96–15.8

	
136.88

	
6.1

	
Air




	
[84]

	
9 × 10

	
0.19 × 0.21

	
Rogers RT6010

	
10.2

	
2.1–11

	
135.87

	
-

	
Air




	
[85]

	
15 × 15

	
0.375 × 0.375

	
Silicon/Benzocyclobutene

	
11.68/2.65

	
5–10

	
66.66

	
-

	
Oil




	
[86]

	
20 × 28

	
0.49 × 0.69

	
FR-4

	
4.4

	
2.95–12

	
121

	
4

	
Air




	
16 × 22

	
0.39 × 0.54

	
3.6




	
[87]

	
16 × 21

	
0.42 × 0.55

	
FR-4

	
4.4

	
3.4–12.5

	
114.5

	
5.16

	
Air




	
[88]

	
10.2 × 15.5

	
0.3 × 0.47

	
FR-4

	
4.3

	
4.23–14

	
107

	
5.17

	
Air




	
[89]

	
50 × 60

	
2.9 × 3.5

	
Denim substrate

	
1.4

	
7–28

	
120

	
10.1

	
Air











[image: Table] 





Table 4. Comparison among slot antennas meant for near-field microwave imaging.
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Ref.

	
Dimensions

	
Dielectric Material

	
Dielectric

Constant

	
Frequency

Band (GHz)

	
Fractional

Bandwidth (%)

	
Peak Gain

(dBi)

	
Operating

Medium




	
(mm    2   )

	
(   λ 2   )






	
[96]

	
40 × 38

	
0.93 × 0.88

	
LCP

	
3.16

	
2–12

	
142.85

	
-

	
Air




	
[97]

	
64 × 63

	
1.65 × 1.62

	
-

	
2.5

	
2.89–12.58

	
125

	
6

	
Air




	
[98]

	
26 × 29

	
0.59 × 0.66

	
FR-4

	
4.4

	
3.1–10.6

	
109.5

	
-

	
Air




	
[99]

	
19 × 19

	
0.31 × 0.31

	
Rogers RT6010

	
10.2

	
2–8

	
120

	
-

	
Similar to fat




	
[100]

	
25 × 36

	
0.41 × 0.6

	
Rogers RT6010

	
10.2

	
1–9

	
160

	
12

	
PEG-water-solution




	
[101]

	
50 × 50

	
0.83 × 0.83

	
Rogers RT6010

	
10.2

	
1–9

	
160

	
11

	
PEG-water-solution




	
[102]

	
23 × 21

	
0.57 × 0.52

	
FR-4

	
4.4

	
3.1–12

	
117.88

	
6.2

	
Air
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Table 5. Performance comparison among bowtie antennas designed for microwave imaging systems.
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Ref.

	
Dimensions

	
Dielectric Material

	
Dielectric

Constant

	
Frequency

Band (GHz)

	
Fractional

Bandwidth (%)

	
Peak Gain

(dBi)

	
Operating

Medium




	
(mm    2   )

	
(   λ 2   )






	
[107]

	
18.85 × 11.62

	
0.77 × 0.48

	
-

	
3.2

	
8–16.8

	
70.96

	
8

	
Air




	
[108]

	
50 × 30

	
0.95 × 0.57

	
Rogers RT6010

	
10.2

	
2.5–9

	
113

	
-

	
  ϵ r   = 9.5




	
[112]

	
62.5 × 62.5

	
0.68 × 0.68

	
-

	
9

	
2–4.4

	
75

	
-

	
Similar to fat




	
[113]

	
48 × 32

	
1.18 × 0.78

	
FR-4

	
4.4

	
3.06–11.7

	
117.07

	
8.5

	
Air




	
[116]

	
70.3 × 37

	
1.52 × 0.8

	
Arlon’s “Foam Clad”

	
1.15–1.3

	
3–10

	
107.69

	
-

	
Vegetable Oil




	
[117]

	
30 × 30

	
0.125 × 0.125

	
Rogers RT6010

	
10.2

	
0.5–2

	
120

	
7.5

	
PEG-water-solution




	
[118]

	
30 × 30

	
0.21 × 0.21

	
Rogers RT/Duroid 5880

	
2.2

	
0.85–3.5

	
121.83

	
-

	
PEG-water-solution
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Table 6. Comparative analysis between horn antennas for microwave imaging applications.






Table 6. Comparative analysis between horn antennas for microwave imaging applications.





	
Refs.

	
Length

(mm)

	
Aperture Size

	
Frequency

Band (GHz)

	
Fractional

Bandwidth (%)

	
Peak Gain

(dBi)

	
Operating

Medium




	
(mm    2   )

	
(   λ 2   )






	
[123]

	
70

	
-

	
-

	
2-12

	
142.85

	
-

	
Air




	
[124]

	
108

	
61.6 × 61.6

	
0.7 × 0.7

	
1.54-5.29

	
110

	
7.8

	
Canola Oil




	
[125,126]

	
75

	
38 × 47

	
0.88 × 1.09

	
3-11

	
114.28

	
-

	
Solid Dielectric




	
[127]

	
-

	
16 × 11

	
0.17 × 0.11

	
1.5-5

	
107.7

	
8

	
Air
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Table 7. Comparative analysis among DRAs meant for near-field microwave imaging.
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Ref.

	
Dimensions

	
Dielectric Material

	
Dielectric

Constant

	
Frequency

Band (GHz)

	
Fractional

Bandwidth (%)

	
Peak Gain

(dBi)

	
Operating

Medium




	
(mm    2   )

	
(   λ 2   )






	
[131]

	
30 × 30

	
2.55 × 2.55

	
FR-4

	
4.4

	
24–27

	
11.76

	
8.6

	
Air




	
[133]

	
15 × 20

	
0.43 × 0.58

	
FR-4

	
4.4

	
4.31–6.4/9.3–13.2

	
39.02/34.66

	
4.09

	
Air




	
Alumina

	
9.8

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
Microwave
Imaging

Active Passive Hybrid

y y y y

Radar-based Microwave Thermoacoustic Ultrasound

Tomography Imaging Radiometry Tomography Approaches






media/file52.png





media/file39.jpg





media/file18.png





media/file21.jpg





media/file44.png
(b)






media/file26.png





media/file57.jpg





media/file55.jpg
@ -





media/file7.jpg





media/file63.jpg
Absorbing sheet

/ ictectric material
®)






media/file28.png
(a) (b)





media/file10.png





media/file49.jpg





media/file11.jpg
External arms

Internal arm

Stacking substrate
@

External arm

Dielectric director

Internal arm
®)





media/file6.png





media/file36.png





media/file15.jpg





media/file62.png
(b)

(a)





nav.xhtml


  sensors-22-03230


  
    		
      sensors-22-03230
    


  




  





media/file54.png





media/file2.png
".k. \

. '\.\.
‘<—| Transmitter

4

Receiver

¥

Pre-processing

¥

Imaging






media/file53.jpg





media/file23.jpg





media/file59.jpg





media/file24.png





media/file29.jpg





media/file1.jpg
Tumor.

o
o\

Transmitter

Receiver

Pre-processing

Imaging






media/file12.png
External arms

Internal arm

L —

Stacking substrate
(a)

External arm

Dielectric director

Internal arm

(b)





media/file9.jpg





media/file42.png
Metallic arms

'\

Benzocyclobutene

Silicon






media/file68.png
(b)






media/file56.png





media/file47.jpg





media/file38.png





media/file65.jpg





media/file17.jpg





media/file60.png





media/file30.png





media/file51.jpg





media/file35.jpg





media/file48.png





media/file27.jpg
(b)





media/file3.jpg
Microave

Imaging

| e | ==

e ‘
[V, R r—
[r— o s
sdig mogra pproa
i Radiometry ‘Tomography
‘Tomography Imaging






media/file22.png





media/file19.jpg





media/file66.png





media/file58.png
(a) (b)





media/file40.png





media/file33.jpg





media/file32.png
Resistive loading

Resistive layer

|

Ground plane






media/file14.png





media/file67.jpg





media/file41.jpg
Metallic arms

e

Benzocyclobutene

Silicon





media/file37.jpg
(a)

(b)






media/file46.png





media/file45.jpg





media/file16.png





media/file20.png





media/file50.png





media/file5.jpg





media/file31.jpg
Resistive loading

B

Resistive layer

Ground plane

Ve






media/file25.jpg





media/file61.jpg





media/file0.png





media/file8.png





media/file64.png
Absorbing sheet

Dielectric material

(b)





media/file43.jpg
(b)





media/file34.png





