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Abstract. 
This paper provides a review spanning different technologies used to implement near-field focused antennas at the microwave frequency band up to a few tens of GHz: arrays of microstrip patches and printed dipoles, arrays of dielectric resonator antennas, reflectarrays, transmitarrays, Fresnel zone plate lenses, leaky-wave antennas, and waveguide arrays.



1. Introduction
In the past, near-field focusing techniques based on lens antennas and reflectors have been extensively used at optical and mm-wave bands. Nonetheless, over the last decades, several near-field focused (NFF) antennas have been designed and characterized for applications at lower frequencies. Indeed, NFF antennas are receiving considerable attention in several applications such as RFID (Radio Frequency Identification) systems, gate access control systems, industrial microwave applications, local hyperthermia, and wireless power transfer systems [1].
NFF microwave antennas can be implemented by a number of different technologies and layouts, which can be seen as proper modifications of those that are conventionally used to design and realize far-field (FF) focused antennas. Available solutions include ellipsoidal reflector antennas and pyramidal/conical horns with a dielectric lens in front of the antenna aperture, but they are quite bulky and heavy antennas at the microwave band. Therefore, other technologies that allow for the implementation of planar NFF microwave antennas are preferred. Most of them are array antennas, where the phase of each element current is adjusted to get constructive interference of all field contributions at the focal point.
In this paper, technologies and layouts proposed for the implementation of NFF antennas, at the microwave frequency band up to a few tens of GHz, are revised. The paper is organized as follows. Main parameters and general design criteria for NFF array antennas are concisely introduced in Section 2, while the reader is referred to [1, 2] for a more detailed analysis. Then, a large set of NFF arrays are reviewed in Sections 3–6, which have been classified as follows:(i)Rectangular (Section 3.1) and circular (Section 3.2) arrays of printed antennas (patches or dipoles)(ii)Arrays of dielectric resonator antennas (Section 3.3)(iii)Reflectarrays (Section 4.1)(iv)Transmitarrays (Section 4.2)(v)Fresnel zone plate lens antennas (Section 4.3)(vi)Linear (Section 5.1) and planar (Section 5.2) leaky-wave antennas(vii)Waveguide arrays (Section 6)It is worth noting that the review is limited to those technologies suitable to implement NFF antennas for short-range wireless links at the microwave frequency band (up to a few tens of GHz) and does not include the optical devices, such as lenses, dielectrically loaded horns, and reflector mirrors, which are the most valuable technologies at mm-wave frequencies and beyond. Moreover, attention has been mostly devoted to NFF antennas for which the antenna size, , and the distance between the focal point and the radiation sources on the array/antenna aperture are both greater than the free-space wavelength .
2. Main Features of NFF Array Antennas
NFF arrays essentially exploit the extreme flexibility of array antennas to control the side lobe level, shape the −3 dB focal spot, implement multifocus antennas, and electronically scan the focal point. Important features of the NFF antennas are the focus depth (or depth of focus, ), the focus width  at the focal plane, and the level of the secondary lobes around the focal spot region, namely, the axial lobes and the side lobes [1]. Typical parameters of conventional FF-focused antennas (radiation pattern, antenna gain) are also of interest in most of the applications, to quantify the capability of the NFF antenna to minimize the field radiated in the FF region. Indeed, in the context of short-range applications, reducing FF radiation helps to limit the interference with adjacent wireless systems, the effects of unwanted multipath phenomena, and the personnel radiation hazards.
In the conjugate-phase approach [1], the phase of the excitation of each array element is set to compensate for the phase delay introduced by the path between the array element and the assigned focal point, to achieve constructive interference of all the contributions at the focal point. If the focal distance  is larger enough than the antenna size , then the above phase tapering can be approximated by a quadratic phase profile (Fresnel approximation). Actually, due to the field spreading factor, the peak of the radiated power density does not occur at the focal point where all field contributions sum in phase (focal shift) [1]. The field peak is always located at a point between the antenna aperture and the focal point [1]. Additionally, proper tapering of the amplitude of the excitation may be added to control the level of the secondary lobes around the focal spot region. Indeed, a relatively high level of the secondary lobes around the focal spot may degrade measurement accuracy in noncontact sensing applications, or heat healthy tissues in microwave hyperthermia systems. Also, high secondary lobe level may reduce transmission efficiency in wireless power transfer systems, increase the interference with nearby wireless systems, raise the personnel exposure to radiation hazards, and enlarge the number of false positive readings in RFID systems. Although the conjugate-phase approach is the most used design criteria for NFF antennas, a number of multiobjective optimization techniques have been proposed for reducing the level of the side lobes around the focal spot region, shaping the antenna near field, getting multifocus antennas, or achieving a simultaneous control of the NF radiation and FF pattern [1]. The NFF antennas illustrated in the present review have been designed by using the conjugate-phase approach, unless otherwise stated.
In [2], Buffi et al. summarized the basic design criteria for NFF planar square arrays, also giving design and performance curves. The effects of the array geometry on NFF planar array performance have been numerically analyzed in [3] by considering elementary sources and a number of different arrangements for the array elements: ring, ring with cross, four orthogonal arrows, and so forth. There, a quadratic phase profile and a uniform amplitude excitation are assumed for the array excitations. The distance between the elements is kept equal to half a wavelength along the two orthogonal array directions, for any array geometry. The different geometries have been compared in terms of the focal spot size, the side lobe level, and the amplitude of the field at the focal point. This latter has been normalized by dividing the total electric field by the number of array elements, which is between 32 and 52 for the different array arrangements. All the considered arrays occupy an area of , and the focal point is at 5λ from the array surface. A similar numerical analysis can be found in [4] for additional array geometries.
As an example, the −3 dB and −6 dB focused beams of an  NFF array of 2.4 GHz circularly polarized patches (as those used in [5]) are shown in Figure 1. The interelement spacing is  and the array size is . The focal distance is  m. The phase of the array excitation has been calculated by using the conjugate-phase approach and no amplitude tapering is applied. The converging feature of the radiated beam close to focal plane is apparent from the figure, as well as the expected diverging behavior when moving far from the array surface toward the array FF region. The achieved −3 dB focus width at the focal plane is  cm, the depth of focus is  cm, the side lobe level at the focal plane is less than −15 dB, and the focal shift is 22.5 cm.




	
	
		
			
				
					
				
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
				
		
			
				
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
					
						
					
				
			
			
			
			
		
			
			
				
		
		
			
			
				
		
	


Figure 1: Focused beam of the field radiated by an  NFF planar array of circularly polarized patches: isosurfaces at −3 dB and −6 dB. The −3 dB and −6 dB focal spots at the focal plane have been added, in the horizontal plane of the plot. The array is located at the  surface of the reference system. The focal plane and the maximum field amplitude plane are at around 1 m and 77.5 cm from the array surface, respectively.


3. NFF Arrays of Microstrip Patches, Printed Dipoles, and Dielectric Resonators
In this section, planar and circular arrays of printed antennas (patches or dipoles) are reviewed in Sections 3.1 and 3.2, respectively. Section 3.3 is devoted to some implementations of arrays made of dielectric resonators. Finally, a comparison of the performance of some of the above NFF arrays is given in Section 3.4. It is worth noting that printed array technology allows us to realize lightweight and low-profile NFF antennas by easy tuning of the microstrip feeding network with respect to that required by conventional FF-focused arrays.
3.1. NFF Rectangular Arrays of Printed Patches
In this section, a number of NFF rectangular arrays of patch antennas presented in the scientific literature are reviewed, starting from those at the lower frequencies, up to some arrays operating at a few tens of GHz.
A NFF microstrip array for microwave-induced hyperthermia at 433 MHz [6] has been designed by imposing the maximization of the power transfer efficiency [7]. Numerical simulations for the SAR (Specific Absorption Rate) in the array NF region are validated against measurements with an array prototype radiating close to a 20 cm high glass tank filled with a homogeneous human-body-mimicking material. The tank has the same width as the planar microstrip array, and the measurements are done at 17.4 cm from the array surface. A  planar array ( cm2 wide) of probe-fed rectangular patches has been used for the SAR analysis when a low-loss (conductivity  S/m) and low-permittivity (relative permittivity ) fat-mimicking phantom is considered. A SAR analysis in the presence of a high-loss ( S/m) and high-permittivity () body-mimicking phantom has been done using a  planar array of smaller slotted coaxial-fed rectangular patches. In the latter case, the focal point is at a distance of 21 cm from the array surface; a foam layer and two matching dielectric layers located between the antenna and the body-mimicking phantom are necessary to tune the antenna return loss. For both optimized arrays, the −3 dB spot width at the maximum-SAR plane is around 8.5 cm.
Two 8×8 microstrip arrays operating at 1.8 GHz have been proposed for an access control system based on the identification of the mobile phone carried by a person moving through a gate [8]. Both slot-coupled patch arrays are  cm2 large () and are designed to get a −3 dB spot size of 30 cm at 1.5 m from the antenna surface. The interelement distance is 0.6λ. One of the two arrays is linearly polarized with a uniform excitation amplitude. The other one is circularly polarized (CP) and implements 20 dB Taylor amplitude tapering to satisfy severe constraints on side lobe level performance.
A number of NFF antennas have been proposed for fixed RFID readers at 2.4 GHz. Indeed, in those cases where the tagged objects are in the NF region of the reader antenna, a NFF array can allow for reading-rate rising, tag collision mitigation, and item location tracking. Also, in typical RFID portals for supply-chain or warehouse management, adjacent portals are very close to each other and then a NFF reader antenna can limit the interference between nearby portals, as an alternative to expensive and large metallic or absorbing shields. Moreover, a NFF antenna with low side lobe level can reduce the reading errors due to the multipath phenomena. In this context, Buffi et al. [5] designed and prototyped a NFF microstrip array suitable for RFID portals at 2.4 GHz. An  array of single-feed CP patches has been designed to get a peak of the power density at 1.5 m from the array surface. Actually, the conjugate-phase tapering has been calculated to focus at 2.7 m from the array surface, in order to compensate for the focal shift. A sequential rotation technique has been applied to each  subarray to improve the axial-ratio performance at the focal spot. Indeed, CP radiation is commonly required for RFID antennas to achieve tag identification independently on the spatial orientation of the tag. It is worth noting that exploiting a subarray structure may reduce the array focusing performance if the focusing conjugate-phase profile applies to each subarray instead of each array element. The interelement distance is 0.8λ and whole array size is  cm2 (). The NFF array exhibits a −3 dB spot size of 20 cm at 1.5 m from the array surface, and the depth of focus is around 1.4 m. A further planar microstrip array for 2.4 GHz RFID readers has been designed and characterized in [9]. There, the synthesis technique presented in [10] has been applied to shape the near field of a  rectangular array, to achieve an almost constant field amplitude with a minimum ripple in a plane parallel to the array and located at 1 m from it.
It is apparent that the phased-array concept largely used in radar antennas and smart antennas for mobile communication base stations can also be applied to NFF arrays. Then, as an additional feature of a 2.4 GHz RFID system, in [11], a  planar array of CP patches has been used to implement a phased NFF array able to move the focal spot in one of the two antenna principal planes, through a set of phase shifters and a microcontroller unit. Comparisons with a conventional RFID reader antenna have been provided in terms of the signal amplitude measured at the reader receiver (RSS, Received Signal Strength).
Again, 2.45 GHz NFF microstrip small arrays of inset-fed patches have been designed in [7, 12, 13] by using an optimization procedure that maximizes the power transfer efficiency between the NFF array and a test antenna located at the assigned focal point. In [7],  arrays with a side of around 24 cm exhibit a spot size less than 9 cm at focal distances ranging from 9.8 cm to 19.6 cm. A spot size reduction has been obtained with a bit larger  array. Experimental results for another  array at 2.45 GHz are given in [13], where the feeding network has been moved to the backside of the microstrip planar array. The same approach as in [7] has been used to design a couple of  NFF planar arrays of CP patches operating at 2.4 GHz [14].
The NFF array performance is apparently dependent on the radiation pattern of the specific radiating element that is going to be used. Specifically, increasing the directivity of the array element can be used to raise the power density at the focal spot and reduce the focal spot size and side lobe level, as shown in [15], where a  array of patches with a pentagonal shape has been optimized and measured at 2.4 GHz. The  cm2 array in [15] has been compared with a  array of conventional rectangular patches [16]. The interelement distance is 0.8λ for both arrays. At the focal plane, which is located at 80 cm from the array surface, the polygonal patch allows reducing the spot size from  cm2 to  cm2, with a 3 dB side lobe level reduction too. Moreover, the polygonal patch provides a 2 dB increase of the power density at the maximum field point, which is located at 30 cm from the array surface. Since the  array of patches in [16] has been designed for hyperthermia treatment, numerical results for the field amplitude in the array axis direction are shown not only in free space but also when the array is located at a distance of 28 cm in front of a multilayer human-body numerical phantom. More recently, some faceted NFF arrays of microstrip patch antennas at 2.4 GHz have been proposed to increase the power density at the focal point and get a more symmetric focal spot (namely, a value of the ratio  as close as possible to unity) [17, 18].
In the context of X-band applications, two  planar microstrip arrays have been designed and tested to be used for noncontact, nondestructive microwave inspection of small material samples in the 10–12 GHz frequency range [19, 20]. Each  cm2 wide array is made of linearly polarized coaxial-fed U-slotted patches. The two arrays implement a phase profile to focus at 12.6 cm and 30 cm and achieve a −3 dB spot size close to 3 cm and 7.6 cm, respectively. Permittivity measurements on a set of different material samples showed that the NFF array performs as an X-band horn antenna loaded with a dielectric lens, the latter being more bulky and expensive to fabricate. In [21], a radiometric temperature sensor employing a NFF microstrip array was proposed to monitor the temperature of cooked meat products in the food industry, as an alternative to infrared measurements. The NFF  array operates at 12.5 GHz and consists of sixteen subarrays. Each subarray is a  microstrip array of linearly polarized inset-fed patches. The array is  cm2 large ( at 12.5 GHz). The −6 dB spot width is equal to 6.6 cm, at a distance of 30 cm from the array plane. 20 dB Taylor amplitude tapering is used to provide reduced side lobes. Antenna spatial resolution tests have been performed in a hamburger patty-cooking factory, showing that the NFF antenna can resolve individual hamburger patties that are spaced on a square grid with roughly a 12.7 cm side width.
Dolph-Chebyshev amplitude tapering and a quadratic phase profile have been applied to achieve the desired side lobe level at the focal plane of linearly polarized NFF planar microstrip arrays at 10 GHz [22]. A  patch array has been designed and prototyped. The array size is around  cm2 and the position of the maximum intensity of the field is achieved at 6.2 cm from the array surface, when a focal length of 20 cm is assumed to calculate the quadratic phase profile. In addition, numerical results are given for the performance of larger NFF arrays made of  and  elements, with Dolph-Chebyshev amplitude tapering of 20 dB and 40 dB, respectively. The focus width in the transverse plane and the focus depth are given for a set of values of the focal length: from 0.5 m to 2 m for the  array (around  cm2 wide) and from 3 m to 11 m for the  array (around  m2 wide). The radiation pattern results confirm that the field radiated by a NFF antenna at the focal plane, near the axis of the antenna, has the same properties of the FF radiation pattern of the corresponding FF-focused array [1]. A reduced likeness level appears at the maximum intensity plane, unless the focal shift is small. Small interelement distances may increase mutual coupling between the array elements, so requiring more accurate synthesis techniques. In [22], the effects of the mutual coupling on the NF pattern of  Dolph-Chebyshev microstrip arrays have been studied for interelement distances down to half a wavelength.
A  NFF planar array of patches operating at 10 GHz has been recently presented in [23], where a subarray structure is proposed to mitigate the mutual coupling between the array elements and reduce the feeding line losses, with respect to arrays using a corporate feeding network. Also, in [24], a NFF sparse planar array of 16 X-band patches has been designed by using a genetic algorithm for the optimization of the array element positions, to control the side lobe level.
In some applications, the NFF antenna is required to focus on two or more targets simultaneously (multifocus array). In this context, Álvarez et al. [25, 26] developed an optimization scheme based on the application of the iterative Levenberg-Marquardt optimization algorithm to minimize a least squares problem. In [26], a set of experimental results are shown for a planar array of  microstrip inset-fed patches, with an interelement distance of 0.8λ at 12 GHz. The NFF array is able to realize two simultaneous field amplitude peaks in the array near-field region, which are at 12 cm (4.8λ) and 16 cm (6.4λ) from the array surface, respectively, out of the array axis. In [27], a  NFF planar array consisting of dual-linearly polarized slot-coupled patches has been designed to operate at 12 GHz, by implementing a conjugate-phase profile. Since the radiating patches are fed through two separated microstrip feeding networks (one for each linear polarization), two simultaneous and independent focused spots can be achieved, one for each linear polarization. The array is  cm2 wide, and the element spacing is 0.9λ. Numerical results are shown for two distinct focal points that are both located on a plane at 25 cm from the array surface. A −3 dB spot size of 6.5 mm has been obtained for the focal point along the array broadside direction.
At higher frequencies, an array of  linearly polarized inset-fed microstrip patches has been realized and characterized in [28], where the excitation phases of the array elements are determined by the minimization of a cost function through the steepest descent method. The  cm2 wide array is to be used for the remote monitoring of vital signs at 24 GHz. The target area is  cm2 (36λ 2) wide, and it is located at 12 cm from the array surface. A focus width of around 7 cm has been measured at the focal plane.
3.2. Circular NFF Arrays of Printed Dipoles and Patches
A circular phased array can be advantageously adopted when the focal spot is required to move along the direction normal to the array surface [29, 30]. Indeed, only one phase shifter for each array ring is required, as all the array elements on the same ring are equidistant from the focal point. Therefore,  phase shifters are needed for a circular array made of  rings. In [29], a prototype of an array of 24 half-wavelength radially oriented printed dipoles has been shown to provide a focus width between 2.8 and 4 cm, when the focal length is varied from 0.3 to 0.9 m (corresponding to a scan interval of 10λ at 5.8 GHz). The circular array with a tunable focal length has been suggested for RFID systems at 5.8 GHz and is made of three concentric rings, whose radii are 10, 30, and 50 cm, respectively. Only two phase shifters are required. Each ring contains 8 printed dipoles that are uniformly distributed along the ring. A 4 dB improvement in terms of field amplitude increase at the focal spot region has been obtained in [30], by using a collinear orientation of the dipoles instead of the radial orientation, at the expense of a slightly larger focus depth. However, an optimization of the ring radii with respect to those in [29] is needed to reduce the forelobe and side lobe levels.
A NFF circular array with a fixed focal point on the array axis has been designed in [31]. The radii of two array rings have been calculated with a criterion that resembles that for the design of Fresnel zone plate lens antennas (see Section 4.3):where  indicates the radius of the innermost ring,  denotes the radius of the th ring, and  is the focal distance. It is worth noting that in this case all the array elements (and not only those located on the same ring) must be fed in phase to focus at a distance . This approach simplifies the feeding network implementation but does not help to minimize the far-field radiation, which is usually crucial in most of the NF applications. The prototyped 12 GHz NFF array is made of 16 linearly polarized microstrip patches, uniformly distributed on two rings (4 and 12 elements on the inner and outer ring, resp.). The ring radii are  and , and the focal length is set at . A further NFF circular array operating at 2.4 GHz has been recently presented in [32]. It consists of 4 and 12 microstrip CP patches on the inner and outer ring, respectively. The array excitations have been determined to maximize the power transfer efficiency between the array and a test antenna (a receiving CP patch equal to those used for the array) located at the assigned focal point, by following the optimization procedure in [7]. The calculated optimal phases of the array elements sharing the same ring are not equal, as the CP patches are radially oriented and then a phase delay of 2π/(number of elements per ring) must be recovered. All the elements on the same ring could be fed in phase if the CP patches were aligned, as they are in [31]. The inner and outer radii are 5 cm and 10 cm, respectively, and the maximum intensity point is at 6.5 cm from the array surface, while the point at which a maximum of the power transmission efficiency was enforced is at 10 cm from the array surface.
3.3. NFF Planar Arrays of Dielectric Resonators
A set of  NFF planar arrays made of CP dielectric resonator antennas have been designed in [33–35] to implement a fixed RFID reader antenna operating at 5.8 GHz. Their performance in the NF region is compared against that of the equivalent unfocused array, by numerical simulations. In [34], the array consists of sixteen  subarrays. Each subarray consists of four CP single-feed elliptical dielectric resonator antennas and implements a sequential feeding technique to enlarge the antenna axial-ratio bandwidth. The interelement distance is 0.68λ and the complete array is  cm2 large ( at 5.8 GHz). The phase profile has been chosen to focus the radiated field at 40 cm (7.37λ) from the array surface. A similar numerical analysis has been shown in [33, 35], where a dual-feed CP cylindrical dielectric resonator antenna is used for the array elements. Simulated performance at 3.6 GHz of a double-focus  planar array of hemispherical dielectric resonator antennas is given in [36], to show the effectiveness of a synthesis procedure that can account for the mutual coupling between the array elements.
Finally, in [37], radiating metallic vias with different diameters have been used as resonators of an X-band NFF  array, since the vias are equivalent to open-ended air-filled circular waveguides. Metallic vias are realized into a multilayer substrate made of five 1.5 mm thick FR4 layers that are bonded together. Since the phase propagation constant depends on the via diameter, each via implements a phase shifter and a radiating element, at the same time. To achieve a compact configuration, an SIW (substrate integrated waveguide) feeding network underneath the layer with the radiating elements is used to excite the vias through coupling slots. The total size of the array is around  cm2, and it exhibits a peak of the electric field at around 15 cm from the antenna aperture. More recently, a similar structure has been used to realize an  NFF array at Ka-band (35 GHz) [38].
3.4. Focusing Performance Comparison
To summarize, the focusing performance of some of the above described planar NFF arrays is herein compared with the design curves presented in [2], which have been derived for  squared arrays with interelement distance equal to  along both principal axes. In Figure 2, curves for the −3 dB spot diameter, , are shown as a function of the normalized array size, , for different values of the normalized focal distance , in the interval . The markers show the performance related to the NFF arrays described in [4, 7, 8, 12, 15, 16, 20, 22, 33]. Besides, curves related to the depth of focus, , are represented in Figure 3, as a function of the array size , for . The markers represent the performance described in [5, 7, 12, 15, 16, 33]. All results represented by markers in Figures 2 and 3 are also summarized in Table 1.
Table 1:  planar focused arrays: performance in terms of depth of focus () and −3 dB spot width ().
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Figure 2: The −3 dB spot diameter  (spot size in the transverse plane at the focal distance) as a function of the array size, , for  (see Figure 9 in [2]). The markers denote the performance of NFF arrays described in [4, 7, 8, 12, 15, 16, 20, 22, 33]; the circles and squares are related to simulated and measured results, respectively; for each referenced paper, the empty markers indicate results given by the authors and the filled markers are results extracted from figures.  is the focal distance  normalized to the radius of the far-field region boundary ().






	
	
		
			
		
		
		
		
		
		
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
		
			
		
		
			
		
		
			
			
				
			
				
			
				
			
				
			
				
			
				
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
				
					
			
			
		
			
				
					
			
			
		
			
				
					
			
			
		
			
				
					
			
			
		
			
				
					
			
			
		
			
				
					
			
			
		
			
				
					
			
			
		
			
				
					
			
			
		
			
				
					
			
			
		
			
				
					
			
			
		
			
				
					
			
			
		
			
				
					
			
			
		
			
				
					
			
			
		
			
				
					
			
			
		
			
				
					
			
			
		
			
				
					
			
			
		
			
				
					
				
					
				
		
		
			
				
		
		
			
		
			
		
			
	


Figure 3: The depth of focus  as a function of the array size, , for  (see Figure 10 in [2]). The markers denote the performance of NFF arrays described in [5, 7, 12, 15, 16, 33]; the circles and squares are related to simulated and measured results, respectively; for each referenced paper, the empty markers indicate results given by the authors and the filled markers are results extracted from figures.  is the focal distance  normalized to the radius of the far-field region boundary ().


The numerical results emphasize that, for a given antenna size, both the depth of focus and the focus width increase when the focal point moves far from the array plane. Also, for a given focal distance, focusing performance improves for larger antennas, as predicted by approximate expressions derived for the −3 dB focal spot width  of NFF electrically large apertures with a uniform amplitude excitation [1]:
Equation (2) is directly related to the fact that, in the focal plane, at a distance , around the spot axis, the NF pattern looks like the FF pattern of the corresponding unfocused antenna [1], and then the angular beamwidth is proportional to  (the latter being  and  for rectangular and circular apertures, resp., for a uniform amplitude excitation). However, if  becomes smaller than unity, the spot width  deviates from the above linear behavior and flattens out to a minimum value, which is close to λ/3 for focused arrays with a uniform amplitude excitation [39].
4. NFF Planar Lens Antennas
Reflectarrays (Figure 4(a)), transmitarrays (Figure 4(b)), and Fresnel zone plate lens (FZPL) antennas (Figure 4(c)) are all considered in this section devoted to NFF planar lens antennas, which can be considered as planar devices able to shape the phase front of the electromagnetic field radiated by the antenna feeder. All of them are suitable to avoid the complexity and losses introduced by the feeding network of electrically large NFF microstrip arrays. On the other hand, spillover can significantly reduce their efficiency. As in conventional FF-focused reflectarrays and transmitarrays, the required phase shift is obtained by modifying one or more geometrical parameters of the unit cell of the quasi-periodic reflecting/transmitting surface.
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(c)
Figure 4: Basic geometrical configurations of different NFF planar lens antennas: (a) reflectarray, (b) transmitarray, and (c) Fresnel zone plate lens. The spherical wave radiated by the feed at  interacts with the antenna layer to excite a field that is focused at .


4.1. NFF Reflectarrays
Reflectarrays combine the promising features of reflector and array antennas into the realization of high-gain FF-focused antennas. In NFF reflectarrays, the required phase of the reflection coefficient at the th element, for focusing at the focal point , can be calculated by using a ray-optics approximation. By considering the geometrical parameters shown in Figure 4(a), it follows that each cell of the quasi-periodic surface has to introduce a phase shift of the reflection coefficient given bywhere  and  are the distances of the th array element from the feeder phase center  and the focal point , respectively. Moreover,  and  are the distances of the reflectarray center from the feeder phase center and the focal point, respectively.
A NFF reflectarray for RFID systems at 2.4 GHz has been designed and characterized in [40]. The circular reflectarray has a diameter of 80 cm and allows getting a focal spot size of around 20 cm on a transverse plane at 90 cm far from the reflectarray center. In [41], the NF performance of the above microstrip reflectarray is compared against that of a planar microstrip [5] array and an ellipsoidal reflector [42]. All above NFF antennas are for 2.4 GHz RFID readers, exhibit the same transversal size (80 cm), and are designed to get a maximum field amplitude at around 90 cm from the antenna aperture. The NF radiation characteristics of the offset-fed ellipsoidal reflector antenna have been analyzed through a Physical Optics approximation in [42]; the reflector feed (a CP patch) and the focal point are at the two foci of the ellipsoidal reflector, respectively, which are both in the NF region of the reflector aperture.
A challenging NFF reflectarray design is the one presented by Chou et al. in [43]. The final goal was the design of a dual-band NFF reflectarray suitable for RFID readers at 915 MHz and 2.4 GHz, which was required to exhibit a focal spot region at the same position (around 1 m from the reflectarray surface) at both frequencies. Then, a multilayer double-periodic reflecting surface is needed to implement two different phase profiles, as focusing phase tapering depends on frequency (see (3)). Moreover, since the focal shift depends on frequency, two different focal points must be calculated to synthesize the phase profile. Additionally, for a given size of the dual-band reflectarray, it is apparent that the size of the −3 dB focal spot is inherently larger at 915 MHz as the reflecting surface is electrically smaller. At 2.4 GHz, the realized prototype shows a peak amplitude at 1.1 m from the reflectarray, with a focus width of around 32 cm. At the same distance, the focus width goes up to 48 cm at the lower frequency band. Two CP patches realized in a staked arrangement have been used as the reflectarray feeder, one for each RFID frequency band. As far as the multilayer  cm2 reflecting surface is concerned, 36 cross-shaped and 144 rectangle-shaped periodicity cells are printed on two different substrates, to implement the required phase profile at 915 MHz and 2.4 GHz, respectively. A dual-band reflectarray as that in [43] has been designed and prototyped in [44], by using concentric square rings as reflecting elements at both 915 MHz and 2.4 GHz. An optimization procedure based on the steepest descent method (SDM) [28] has been applied in [45] to derive the phase correction required for each reflectarray element, as an alternative to the conventional conjugate-phase profile.
At higher frequencies, a NFF reflectarray operating at 8 GHz has been designed and prototyped to show its effectiveness for H3N2 virus sanitization [46]. The size of the reflectarray is around 16 cm. Both the feed horn and the assigned focal point are located at a distance of 16 cm from the reflectarray surface. The effectiveness of the NFF reflectarrays has been shown experimentally through a comparison against a conventional slot array. Finally, the NF scanning characteristics of a Ku-band (14.25 GHz) reflectarray have been numerically investigated in [47]. Numerical results are shown for a set of three 36 cm wide circular reflectarrays, which are focused at a distance of 35.5 cm from the aperture, when fed by a pyramidal horn antenna. The three subarrays are designed so that the focal point direction is, respectively, at 0, 15, and 30 degrees from the boresight direction in the antenna -plane.
4.2. NFF Transmitarrays
In NFF transmitarrays, the phase compensation to be applied at the th array element for focusing at the focal point  looks like (3) but with the geometrical parameters shown in Figure 4(b). When compared to a reflectarray, a transmitarray does not require an offset-feed arrangement to avoid the blockage effect, as the feed can be located right in front of the array with no blockage losses. A simple model to analyze a NFF transmitarray is presented in [48], which uses an array-based approach that can account for the spillover effect. However, the proposed approach does not include the field contributions arising from the diffraction phenomena at the transmitarray border. The model has been validated through a comparison with full-wave numerical results, for a set of NFF transmitarrays at 10 GHz. An  NFF transmitarray focused at 6.5 cm from the antenna aperture exhibits a 1.7 cm spot size and a side lobe level of around −13 dB, at the focal plane. If the focal length reduces to 4 cm, then the spot size diminishes to 1.4 cm, although the side lobe level is slightly higher in this case. In [49], a  NFF transmitarray using CP dielectric resonator antennas as radiating elements has been designed and compared with the FF-focused version of the same transmitarray. The phase control of the radiating elements is implemented by changing the side length of the square dielectric resonators. The antenna is designed to operate with RFID readers at 5.8 GHz. The array size is  cm2. The feeding horn and the focal plane are at 28.4 cm and 40 cm from the transmitarray surface, respectively. A spot width of 7.8 cm is obtained at the focal plane. Simulation results for double-focus transmitarrays at 10 GHz have been recently presented in [50]. Each of the  unit cells is made of a dielectric square box with four identical holes. The required phase compensation is implemented by changing the radius of the holes, from one cell to another. Firstly, the required phase profile and the corresponding layout of each unit cell have been determined by assuming that the antenna had to focus at a single point, either in the NF region or in the FF region. Later on, a NF/FF double-focus layout is obtained by resorting to a chessboard arrangement of the above designed cells. In this way, the performance of the final layout is in between those of the FF-focused and NF-focused transmitarrays. The array size is  cm2. A linearly polarized horn feed and the focal point are positioned at 17.55 cm and 31 cm from the array surface, respectively. The simulated −10 dB spot region at the focal plane is  cm2 wide. A similar approach has been used to design a double-focus transmitarray with both focal points in the antenna NF region, which are at a distance from the array surface equal to 31 cm and 34.7 cm, respectively. The achieved size of the −10 dB spot region at the focal plane is  cm2 for the focal spot closer to the array and  cm2 for the other one.
It is worth noting that when the theoretical phase compensation in (3) is realized, the focusing performance of a reflectarray/transmitarray is quite similar to that of a planar array with equal size. Small differences are due to the intrinsic amplitude tapering of the equivalent current distribution that is introduced by the spherical spreading factor associated with the feed radiation. The small geometrical differences among the radiating elements of the reflectarray/transmitarray (which are needed to implement the phase profile) usually have a minimum impact with respect to the results that can be obtained by a planar NFF array with identical radiating elements.
4.3. NFF Fresnel Zone Plate Lens Antennas
A Fresnel zone plate lens (FZPL) antenna consists of a distribution of transparent and opaque concentric annuli on a planar surface [51] (Figure 4(c)). The radii of the annuli are calculated such that the field contributions from all transparent annuli add in phase at the targeted focal point  [52, 53]:where  is the radius of the th ring.
In [53], the −3 dB spot size and the side lobe level (at both the targeted focal plane and the maximum field amplitude plane) have been analyzed as a function of the focal distance, for a set of FZPL antennas at the Ka-band (32 GHz). Simulations are validated against measurements on two prototypes realized with a 16 cm diameter circular plate. The focal length for the two antennas is 15 cm and 45 cm, respectively. The horn feed is at 9.5 cm from the dielectric plate. For the FZPL antenna with an assigned focal point at 15 cm from the lens, a 1.24 cm focus width is obtained at the focal plane. For the prototype with a larger focal length, the focus width goes up to 3.4 cm. Focusing performance degradation is studied when focus scanning is implemented by displacing the horn feed along its transverse axis. As an alternative to a time-consuming mechanical scan, electronic scanning can be implemented by frequency sweeping, as (4) depends on frequency. The focusing performance of a FZPL antenna is studied in [54], when the focal spot is moved along the plate axis by changing the frequency in the 12–18 GHz frequency range (Ku-band). The diameter of the plate is 44 cm and the horn feed is at 44 cm from the plate. At the center frequency of 15 GHz, the focal spot is located at 42 cm from the plate. The focal spot moves in a forward direction from the original position when the frequency is higher than the center frequency, and vice versa. The focus width varies between 2 cm and 3 cm, in the above frequency range (the higher value corresponding to the upper frequency limit).
A FZPL printed antenna focused in the NF region has been designed and characterized in [55], to be used for free-space material measurements at X-band. The prototype is made of five rings in a circular plate with a diameter less than 42.5 cm. The horn feed and the focal point are both at 30 cm from the plate. Focusing performance is studied in the 8.2–12 GHz frequency bandwidth, showing a focus width that ranges from 3.4 cm to 8.5 cm, for different distances from the lens plane (with the smaller focus widths obtained at the upper frequency of the X-band). The radius of the th ring, , has been calculated as in [51]which can be derived from (4) if a quadratic approximation is used.
A typical arrangement of focused-beam systems for reliable and nondestructive measurements of the electrical properties of materials in free space consists of two horn antennas and two doubly hyperbolic dielectric lenses. Reid and Smith [56, 57] analyzed the performance of such a system when the two doubly hyperbolic lenses are substituted with two grooved-dielectric phase-correcting FZPLs, since they are lighter and thinner than traditional lenses. One side of the FZPL is planar, while the other is properly shaped. In [56], the lens profile has been determined by ray tracing techniques. They are made of Rexolite () and have a radius of 29.3 cm. They are designed to operate at 10 GHz, with a horn feed at 36 cm from the lens surface. The focal distance is 80.2 cm. It has been verified that the FZPLs and the doubly hyperbolic lenses exhibit similar focusing performance, except that the location of the beam waist for the FZPLs is significantly more frequency-dependent than it is for the doubly hyperbolic dielectric lens. The focal point moves close to the lens if the frequency moves from 10 GHz to 8 GHz. Moreover, the power passing through a circle at the focal point with an assigned reference radius is lower for the FZPLs. Most of the power (more than 60%) passes through a circle with a radius close to 5 cm. In [57], the lens profile has been optimized through a genetic algorithm that has been used to maximize the power passing through a circle of a given radius at the focal plane.
5. NFF Leaky-Wave Antennas
Conventional leaky-wave (LW) antennas are based on a travelling wave that radiates continuously along a guiding structure, with a uniform phase constant to produce a FF-focused beam (Figure 5(a)). As far as electrically large antennas are concerned, LW antennas require a simpler feeding mechanism when compared to array antennas, with a reduction of the feeding network losses.
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(d)
Figure 5: Ray-optics representation of the field radiated by (a) a rectilinear uniform LW antenna focused in the far-field region; (b) a curved (equiangular spiral shaped) uniform LW antenna focused in the near-field region; (c) a rectilinear tapered forward LW antenna focused in the near-field region; (d) a rectilinear tapered backward LW antenna focused in the near-field region. In (a) and (b), the radiation angle  is constant, while in (c) and (d) it varies along the guiding structure.


5.1. NFF Linear Leaky-Wave Antennas
A classical approach to focus the radiated field at a point in the antenna NF region consists in a curved guiding structure (Figure 5(b)). In [58], a rectangular waveguide is bent into an equiangular spiral, to focus the field radiated by a uniform and continuous longitudinal slot realized into the narrow wall of the waveguide. All rays emitted by the slot are concentrated at the pole of the spiral (focal point). As regards the -plane power distribution around the focal point, numerical results have been compared with measurements on a prototype operating at 10 GHz. An approach that is effective to avoid a bulky curved guiding structure is based on a tapered (or modulated) rectilinear LW guiding structure (Figure 5(c)) [59]. In this case, the complex propagation constant of the leaky mode, , changes along the rectilinear guiding structure (-axis), so building up the required phase-conjugated distribution profile on the antenna radiating aperture. By referring to the geometry in Figure 5(c) and resorting to a ray-optics approach, it comes out that the leaky-mode phase constant has to satisfy the following equation [59]:where  is the position-dependent radiation angle of the rays emitted by the portion of the LW structure around the abscissa . Also, (, 0, ) denote the focal point coordinates, and the phase constant is related to the required phase profile on the antenna aperture, , by the relationship . It is worth noting that imposing (6) is equivalent to enforcing the phase condition of a converging cylindrical wave , where  is the distance between the focal point and the point of abscissa  on the antenna aperture. As expected, the latter phase profile agrees with the phase-conjugate profile required on a NFF linear source/array. On the other hand, the leakage rate  controls the tapering of the field amplitude on the antenna radiation aperture and then the antenna radiation efficiency.
It is apparent that the most challenging issue when designing a tapered NFF LW antenna is the determination of the geometrical and electrical parameters of the nonhomogeneous rectilinear guiding structure that can allow a simultaneous and (hopefully) independent control of the required phase constant, , and leakage rate, , profiles. A rectilinear nonuniform leaky-mode guiding structure can be realized by a waveguide, as, for example, by making the size of the waveguide cross section vary gradually along the longitudinal axis. On the other hand, the planar printed-circuit technology offers low-profile, lightweight, and easily tunable solutions, when compared to waveguide-based LW antennas. A planar nonuniform LW interface, using a metamaterial-based backfire-to-endfire LW antenna, was proposed in [60]. There, the radiated field is calculated through an approximated phased-array approach, and numerical results are shown for two linear NFF LW antennas with a focal length equal to 6λ and different lengths of the leaky-mode guiding structure (12λ and 30λ).
Gómez-Tornero et al. [61] demonstrated that the hybrid waveguide printed-circuit LW antenna technology (Figure 6) is able to synthesize the simultaneous tapering of the propagation constant and leakage rate, by simply modifying the printed-slot parameters (namely, the slot width and its position along the length of the rectilinear LW antenna). The tapered LW antenna is made of a dielectric-filled rectangular waveguide open on the top where a printed circuit is added in the dielectric-air interface. Two metallic parallel plates are placed along all the printed circuit length to form lateral walls (Figure 6). The slot width  mainly controls the pointing angle  while the slot position  is responsible for the variation of the leakage rate . Simulation results are obtained for a 20λ-long tapered guiding structure, with a focal distance equal to 25λ, at 5.5 GHz. A further rectilinear nonuniform LW antenna has been analyzed in [62]. There, a width-tapered half-width microstrip LW line embedded between two metallic planes (8 mm thick parallel-plate waveguide) has been used (Figure 7). A prototype operating at 15 GHz has been implemented with a length of 7.5λ. Both LW structures in [61, 62] are used to realize a one-dimensional NFF LW antenna, namely, 2D focusing in the air space between the two metallic parallel planes (Figure 8). To reduce the spot size and obtain a symmetric (not tilted) NF focal region, in [62], two in-phase LW antennas have been located front-to-front. They are fed at the opposite ends, with separation of one wavelength. The whole antenna length is 32 cm (16λ). A focus width of 6.7 mm (0.33λ) and a depth of focus of 25 mm (1.25λ) have been achieved, with an assigned focal point at 60 mm (3λ) from the antenna surface. A quite high level of the secondary lobes is observed from both numerical and experimental results. Another one-dimensional NFF LW antenna has been realized by modulating the geometry of a substrate integrated waveguide [63]. The focusing capabilities are shown for a SIW-LW antenna with a length of 15 cm (7.5λ at 15 GHz) and a focal point at 16 cm (8λ) from the SIW surface.
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(b)
Figure 6: Leaky-wave antenna in hybrid waveguide printed-slot-circuit technology: (a) nontapered LW antenna radiating a far-field focused field; (b) a near-field focused LW antenna based on a tapered printed slot [61].






	
	
		
		
		
		
		
		
		
			
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
					
						
					
				
			
		
		
		
		
			
		
		
			
				
				
					
				
				
					
				
			
		
		
			
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
				
					
				
				
					
				
			
		
	


Figure 7: A width-tapered half-width microstrip LW line embedded between two metallic planes [63].






	
	
		
			
				
				
					
				
			
		
		
			
		
		
			
		
			
		
			
		
			
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
		
			
		
		
			
				
					
				
					
				
			
		
		
			
		
			
				
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
	


Figure 8: A tapered rectilinear leaky-wave antenna embedded between two metallic planes, to implement 2D focusing in the -plane.


In case of periodic structures with a period , the Floquet mode propagation constants are given by , where  is the propagation constant of the fundamental space harmonic and  is the harmonic order. By a proper choice of the period , it is possible to get a single radiating mode for , such that its corresponding pointing angle is negative:
This means that the LW antenna can radiate a FF-focused backward leaky mode (Figure 5(d)). As for previous nonperiodic structures, tapering of the periodic structure can be used to control the LW pointing angle in (7), to realize a NFF LW antenna. In this context, a nonuniform sinusoidally modulated half-mode microstrip line has been designed to realize a NFF LW antenna at 15 GHz [64]. Both the average value of the strip width and the modulation index of the sine function are used to control the phase constant and the leakage rate of the backward leaky mode, yet avoiding the excitation of spatial harmonics other than that for . Two LW antennas (each one 6λ = 120 mm long) have been assembled front-to-front to get a focal spot at 5.5λ = 110 mm from the radiating aperture. Owing to using a backward LW mode, the feeding point can be advantageously located at the center of the antenna.
A NFF LW antenna can also be obtained by using nonperiodic scatterers (embedded in a scatterer layer) that cause the scattering of the evanescent wave propagating along a waveguide layer, in such a way that the scattered fields sum constructively at the selected focal point [65, 66], as illustrated in Figure 9. Constructive interference occurs at the focal point whenwhere  is the surface-wave propagation constant,  is an arbitrary reference point along the waveguide, and  are the focal point coordinates.




	
	
		
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
		
			
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
			
			
				
		
		
			
			
		
			
		
			
		
			
				
			
		
			
		
			
		
			
		
			
		
			
		


Figure 9: A nonuniform periodic scatterer (in red) radiates a portion of the guided wave with a location-dependent phase delay. The scattered waves build up constructive interference at the target point.


In [66], the surface-wave guiding structure is fabricated by periodically milling rectangular holes on an aluminum plate, which is 40 cm long and 7.5 cm wide. Here, the scatterers needed to radiate field contributions at the targeted focal point are obtained by incorporating chirped grating on the waveguide, by intentionally leaving some holes unmilled. A prototype at 20 GHz exhibits a focus width of 9.7 mm (0.65λ) at 30 cm (20λ) from the waveguide surface (which is around 26.5λ long).
As far as focus-scanned LW antennas are concerned, the inherent dispersion feature of the leaky mode can be used for the synthesis of antennas where the focal point is shifted by changing the signal frequency [61, 62]. For the NFF LW antenna designed in [61], the properties of the focused beam have been analyzed when changing the frequency in the 4.7–6.5 GHz range. In [62], the focus-scanning properties have been studied in the 14–17 GHz frequency range: the focal length changes from 100 mm at 14 GHz to 26 mm at 17 GHz (it results to be 60 mm at the center frequency of 15 GHz). A split of the focal spot along the transverse direction is observed at frequencies less than 14.2 GHz. If more complex shaping of the focal spot is required (namely, not only a focus shift), the LW antenna can be fed through a multitone microwave signal [67]. A set of signal tones can be used to control the focus depth of a single-focus beam, as well as realize a multifocus NFF antenna. In [67], the number of tones and the corresponding frequency and power amplitude have been determined through a minimax optimization procedure. Experimental results are obtained by feeding the antenna developed in [62] with a microwave synthesizer and multitone signals, in the 14–16 GHz frequency interval.
As stated above, in NFF LW antennas, the inherent dispersion feature of the leaky-mode allows for the frequency-scanning of the focal point with no active elements or bulky feeding networks. However, such a solution cannot be applied in those cases where the bandwidth allowed by the standards for the spectrum management is not enough wide to implement the required focus displacement. As an alternative, in [65], the focus scanning is implemented by electronically tuning the pattern of the periodic scatterers on top of the waveguide layer. The scatterers are microstrip line-based fine cascade connections of field effect transistors (FETs). When a group of FETs are switched to the on state, some half-wavelength microstrip strips are formed, which work as resonating scatterers. A prototype operating at 2.4 GHz has been constructed by using 480 FETs, which are uniformly distributed on a parallel-plate waveguide that is 1.5 m long and 3.2 cm wide. When the focus is located almost above the center of the guiding structure, at 50 cm (4λ) from the waveguide surface, the focus width and focal depth are close to 9 cm (0.72λ) and 26 cm (2.1λ), respectively. Since the LW antenna is a one-dimensional NFF antenna, the focus width in the direction orthogonal to waveguide and passing through the focal point is quite larger (60 cm). Finally, it is verified that slight focus scanning (a 7 cm shift of the focal point) can also be obtained by changing the frequency in a 150 MHz interval around 2.4 GHz.
5.2. NFF Planar Leaky-Wave Antennas
The modulated leaky-mode concept developed for linear NFF LW antennas has been extended to planar LW antennas in [64, 68, 69], to get 3D focusing. In [64], an array of eight 120 mm long and radially oriented nonuniform sinusoidally modulated half-mode microstrip lines has been implemented at 15 GHz, to focus the field at 110 mm from the array surface. The array is fed at its center and radiates a linearly polarized field. The authors underline the notion that the achieved focus width in the transverse plane (around 15 mm) is larger than the one achievable by a NFF circular aperture with the same radius as the array and a uniform aperture field. This is partly due to the fact that the vector field contributions coming at the focal spot from the eight array elements are not aligned (polarization mismatching). The focus width varies between 15 mm and 20 mm, when considering different longitudinal planes. The measured focal depth is 60 mm. In [68], it has been demonstrated that a cylindrical surface wave can be transformed into a modulated cylindrical backward leaky wave by a quasi-uniform array of double slots. Both the period and the width of the double slots are a function of the surface polar coordinates, to implement the required profiles of the LW phase constant and leakage rate. To validate the concept and synthesis procedure described in [68], a planar printed-circuit prototype, operating at 10 GHz and circularly polarized, has been realized and measured [69]. The final antenna is an Archimedean spiral-shaped double-printed slot on the top of a circular dielectric-filled parallel-plate waveguide. The antenna geometrical parameters are set to achieve a quadratic phase profile and a quasi-constant amplitude for the field on the radiating aperture. The final antenna has a diameter equal to 6.67λ (20 cm). It is fed at its center through a coaxial cable, and the assigned focus is at 4.63λ (13.9 cm) from the antenna surface. A detailed analysis of the copolar and cross-polar components is given, together with a study of the frequency-scanning performance in the 9–11 GHz frequency bandwidth.
6. NFF Waveguide Arrays
NFF arrays can also be realized by slotted rectangular waveguides, radial line slot antennas, and arrays of open-ended waveguides. When compared with printed antenna technology, waveguide antennas exhibit a better efficiency and higher power handling. Clauzier et al. [70] designed and characterized a slotted waveguide antenna to be used as the feeder of a transmitarray of an X-band navigation radar, which is 10 cm wide and 153 cm long. To this end, I-shaped slots are realized in the narrow side of a rectangular waveguide, to get a 2D focusing effect in the -plane, with a larger beam in the -plane. Using a NFF antenna allows locating the feeder at a distance from the transmitarray as small as 50 cm, so meeting the requirement on the maximum size allowed for the whole radar antenna. The 10λ-long rectangular waveguide is fed at its center and its two ends are connected to matched loads. The required focusing phase profile along the slotted waveguide (for a focal distance equal to 50 cm = 15.7λ) has been imposed by an optimization of the slot positions, at 9.41 GHz.
Full-wave simulation results for another NFF X-band slotted waveguide array have been presented in [71]. As in [70], the focusing phase profile has been implemented by proper positioning of the radiating slots, even though longitudinal slots are used instead of transverse slots. A set of 10 slotted waveguides have been arranged in a planar star configuration to achieve a 3D focal spot at the broadside direction. The planar NFF antenna diameter is 36.84 cm and the focal point is at 10 cm from the array plane. To avoid a null of the near field at the broadside direction, the radially aligned rectangular waveguides are symmetrically positioned with respect to the antenna -plane (namely, the left and right half of the planar array are the mirror image of each other). In the context of planar NFF arrays with a circular aperture, similar considerations about the orientation of either linearly polarized radiating elements distributed in the rings of circular arrays or linearly polarized linear antennas arranged in a planar star configuration can also be found in [29, 30, 64]. Indeed, the positioning and orientation of the abovementioned linearly polarized array elements or linear antennas are essential when considering the required polarization and the amplitude maximization of the electric field at the focal point and around it. In this context, it is worth mentioning a NFF radial line slot antenna (RLSA) that has been designed and prototyped in [72], for operations at 12.5 GHz. The NFF RLSA has a diameter of 30 cm and the focal point is at 15 cm from the antenna aperture. The antenna is fed at its center through a coaxial cable-to-radial waveguide transition. Numerical and experimental results are only shown for the electric field component orthogonal to the array plane, although the latter is apparently a nonradiative field component that rapidly vanishes (with a decrease rate larger than ) when the focal point moves far from the antenna aperture. Also, the tangential field components exhibit a null at the broadside direction, due to the circular symmetry of the RLSA (the equivalent surface currents are tangential magnetic currents that only depend on the radial distance from the antenna center). The radial field component radiated by a NFF antenna has been considered in very few NFF antenna designs. In this context, Fenn [73] has shown that the radial field component is negligible in a large NFF array of vertical monopoles at 1.3 GHz, when the observation point is located at a distance from the array plane equal to one or two aperture diameters. Moreover, Blanco et al. [74] studied a NFF annular-slot leaky-wave antenna at 10 GHz, where the goal was to use the normal component to complement the tangential component around the focal spot region, in order to obtain a more symmetric focal spot. Indeed, at the microwave frequency band, the NFF antennas are not so electrically large as those at the mm-wave and optical frequencies, and it follows that the focus depth is always larger than the focus width (the focal spot has an elliptic shape). In [74], the prototyped antenna consists of six concentric-slot pairs and exhibits a 6λ diameter at 10 GHz, with a focal length equal to 3λ. Due to the focal shift, the maximum field point is located at 6.5 cm = 2.17λ from the antenna surface. Numerical comparisons are made with results obtained by considering a circular aperture with the same size, when the equivalent surface current is supposed to be aligned along one of the aperture principal axes (not anymore radially oriented). In the latter case, the near field shows a dominant tangential component (parallel to the antenna aperture), while the field normal component is negligible. An increase of the ratio  up to 0.63 is obtained for the radially polarized annular-slot antenna, thanks to a decrease in the  and an increase of the focus width  ( for the ideal aperture distribution used for the comparison). The obtained increase of the  ratio is due to the fact that all field components are used to estimate the field amplitude around the focal spot: the radial component gives a higher contribution along the antenna axis, while the tangential component is dominant outside the antenna axis. However, the above improvement of the symmetry properties of the focal spot cannot be obtained for any value of the focal length, as the radial field component (nonradiative field component) and the tangential field component (radiative field component) exhibit a different amplitude decay rate in terms of the distance from the antenna surface.
In the context of NFF antennas with a mechanical shift of the focal point, Karnik et al. [75] designed and prototyped a conformal array of open-ended rectangular waveguides, to implement a focused microwave hyperthermia applicator at the K-band (18–26 GHz). An array of waveguides aligned along their longitudinal axis includes a central movable element (named the focusing element) plus a number of surrounding waveguides (2 and 4 directing elements, for a linear and a planar array, resp.), which are fixed at their position. The central element can move along its longitudinal axis to both improve the flexibility of the array surface in blending with the patient body surface and move the focal spot region around the area to be heated. If the waveguides are fed in phase, a natural focal point is generated at the center of the circle/sphere where the apertures of the waveguides are located. Simulations and measurements confirmed the ability of the array to get focus widths as small as 4 mm, when the focal point moves within a 15 mm range. Indeed, it is known that a physical curvature of the NFF antenna surface can help to improve the focusing performance [76]. Finally, among the nonplanar NFF arrays, it is worth mentioning the linear array of four Yagi-Uda antennas shown in [77] for wireless power charging of devices at distances of the order of 1 m from the transmitting antenna. The Yagi antennas are at a distance of 1.8 wavelengths, and they are rotated so that they point toward the desired focal point position to increase the power density around the focal spot.
7. Conclusions
Antenna technologies used to implement near-field focused antennas at the microwave frequency band have been reviewed through a comprehensive analysis of the experimental and numerical results presented in the open scientific literature. It has been found that many of the technologies used for conventional unfocused antennas have been revised to implement near-field focused antennas, as, for instance, microstrip arrays, reflectarrays, transmitarrays, Fresnel zone plate lenses, leaky-wave antennas, and waveguide arrays. With respect to the layouts of conventional unfocused antennas, the implementation of the focusing excitation profile for the array currents only requires small layout modifications, as an adjustment of the feeding network in microstrip arrays, or tuning of the geometrical parameters of the quasi-periodic cells in reflectarrays/transmitarrays, or tapering of the guiding structure in leaky-wave antennas. The array excitation profile can be derived by either ad hoc optimization techniques or a simpler phase-conjugate approach.
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