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Abstract

:

Planar waveguide slot arrays (WSAs) have been used since 1940 and are currently used as performing antennas for high frequencies, especially in applications such as communication and RADAR systems. We present in this work a review of the most typical waveguide slot array configurations proposed in the literature, describing their main limitations and drawbacks along with possible effective countermeasures. Our attention has been focused mainly on the improved available design techniques to obtain high performance WSAs. In particular, the addressed topics have been reported in the following. Partially filled WSAs, or WSAs covered with single or multilayer dielectric slabs, are discussed. The most prominent second-order effects in the planar array feeding network are introduced and accurately modeled. The attention is focused on the T-junction feeding the array, on the effect of interaction between each slot coupler of the feeding network and the radiating slots nearest to this coupler, and on the waveguide bends. All these effects can critically increase the first sidelobes if compared to the ideal case, causing a sensible worsening in the performance of the array.
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1. Introduction


Waveguide slot arrays and antennas (WSAs) are made of slots cut in the wall of a guided structure, which behaves as a set of antennas. The first employment of these peculiar radiating structures can be dated back to the 1940s [1], but the intrinsic advantages of the antennas (e.g., feed and radiating element integrated in the same structure, low insertion loss, tunable radiation pattern, low cross-polarization levels, and ease of fabrication) granted them a long-lasting popularity which has endured to this day. Indeed, they are currently used as performing antennas for high frequencies, mainly in applications such as communication and RADAR systems, as well as for aerospace and satellite applications [2].



In many applications, especially for frequencies beyond the X band, WSAs are a better choice compared with both reflector and printed antennas, especially because they are characterized by high radiation efficiency, high mechanical strength, the capability of handling high power, and low losses [2,3]. On the other hand, being WSA resonant antennas, they have a relatively narrow bandwidth, a high cost of production, and are not easily reconfigurable because once the array has been realized, it is hard to change its electromagnetic behavior [4]. The pros and cons of WSAs are summarized in Table 1.



The listed features make WSAs suitable for RADAR and remote sensing applications within a frequency range starting from the higher part of the S band to millimeter waves and above. In fact, the typical requirements for such antennas are the capability of handling high power and low losses, together with a relatively narrow bandwidth, and all these requirements are easily achievable through WSAs. This is also the reason which pushed the use of WSAs in telecommunication applications beyond the Ku band, where a moderate bandwidth can also ensure an adequate capacity of the channel. Furthermore, the low WSA losses can be an additional advantage for such applications.



Considering that the low-pressure air filling the standard WSA is characterized by a limited dielectric strength, these WSAs have a low peak power [4,5], and this can be a severe limitation for many applications, such as RADAR and space applications. A possible countermeasure consists of pressurizing the internal region of the waveguide (thus increasing the air dielectric strength) by using a sheet of dielectric to “seal” the pressurized region. Two different choices are available for where to place the dielectric slab: inside the radiating waveguide or attached to the external slotted ground plane in the half-space region above the waveguide. Moreover, it is possible to use a single or a multilayer configuration [6,7,8]. Depending on the application, this sheet of dielectric can be eventually attached to the external half-space region [6], where it can act as a covering for protection or as a layer insulating the structure from excessive heat when it is used for aerospace applications. In addition, the array gain and aperture efficiency can be increased by an adequate configuration of the dielectric cover [7]. It is worth noting that the number of radiating slots can be greatly reduced if compared to the case of an array radiating into free space with the same gain and efficiency. This size reduction can be achieved by suitably optimizing the configuration of the dielectric cover, also significantly decreasing the WSA production cost.



Typically, in order to increase their narrow bandwidths, waveguide slot arrays are divided into subarrays [9,10]. The main feeding point of the array can be implemented using different methods, but the most common way is through slots (called coupling slots). These slots “couple” the radiating guides with the corresponding feeding guide, where each subarray is fed by “its” feeding waveguide. In turn, each feeding guide is commonly fed using coupling slots cut in the main waveguide feeding network [11]. Alternatively, a properly designed T-junction can be used to replace the slot coupler [12]. As was shown in [12,13,14], the feeding T-junction network can degrade the array performance because the slot couplers strongly interact with the nearest radiating slots. These effects are typical second-order effects, which must be taken into account in the modeling of the array feeding network because they can deteriorate the behavior of a WSA (worsening its frequency response and far-field pattern), resulting in a raise of the first sidelobes compared with an ideal WSA. Hence, they must be taken into account during the design of a high-performance WSA, mainly for applications requiring a particularly low sidelobe level (SLL) [12,13,14,15].



In this review, our attention has been focused mainly on the improved available design techniques to obtain high performance WSAs, presenting possible effective countermeasures to overcome the main drawbacks and limitations encountered in the most typical applications of these antennas.




2. Early Work


Like many other antenna concepts [16], WSAs were introduced during WWII. Afterward, Stevenson [17] published the first, albeit quite approximate, analysis of a waveguide slot, based on an integral equation for the current distribution ascribable to a simple solution for the real part of the slot admittance.



Subsequent breakthroughs in WSA modeling have included the extensive and very accurate set of admittance measurements made by Stegen [18], the variational technique by Oliner [19] and Yee [20], and the method of moments (MoM) approach by Vukhac and Carson [21] for the numerical computation of the slot admittance. Definitely, the most important contribution in the design of WSAs is the iterative procedure devised by Elliott in [22] and [23] (recipients of Best Paper awards from the IEEE Antennas and Propagation Society). In these works, Elliott introduced a very accurate design procedure for WSAs, fully including the external mutual coupling as well as the TE20 internal one [24].



Elliott’s papers were written at the beginning of the 1980s and limited to small arrays because the O(N2) computations of the mutual coupling matrix, at each step of the procedure, were out of reach for the computers available at the time. However, soon afterward, new and far more effective approaches to the mutual coupling computation [25,26] have allowed an increase in the size of the arrays. On the other hand, such large arrays require a more complex feeding network [27]. Therefore, the iterative approach was improved to handle arrays with several hundred slots, or even thousands, without trap problems, which could prevent convergence.



The improved accuracy achievable by Elliott’s method and the increase in array size, due both to a more effective theoretical approach and the increase of computational power, pushed the research toward more accurate and complex external modeling [28,29,30] and different slot configurations [31,32,33,34]. In [32,33,34], the radiating slot configuration was suitably modified to achieve circular polarization using the following: two closely spaced inclined radiating slots as circularly polarized radiators [32]; a coffee bean-shaped printed element [33]; and a T-shaped radiating element, including a perpendicular arm coupled to the rectangular slot [34]. A thorough and clear review of the state of the art at the end of the XX century with an extensive reference list has been published by Rengarajan, Josefsson and Elliott [35]. However, almost two decades have passed since [35] was published, and many new improvements and breakthroughs have been achieved in WSA design. In the following sections, we will discuss and document these innovations, relying on [35] to outline an evolutionary perspective.




3. Waveguide Slot Models


In the last two decades, and particularly after [35], thanks to a growing enhancement of the computational resources available to researchers and, consequently, to the development of highly effective general-purpose commercial software, the characterization of the well-known radiating slots proposed in the twentieth century has been performed with increasingly high accuracy. In this respect, several new (and better performing) waveguide slot configurations have been proposed. All the solutions considered in this section are intended to be used as the single element of a WSA. Therefore, for a thorough and rigorous design of the WSA, an accurate characterization of the single radiating slot is required, regarding both its circuital model and its radiating properties.



Broad wall longitudinal slots provide extremely pure linear polarization, and they are the most widespread as radiating elements. However, the slot models in [18,19,20] have some limits, in particular when accurate results are needed even for radiating slots with small offsets (i.e., with small admittance), which are always desirable in order to achieve a very low SLL in the WSA radiation pattern. In [36], some modeling techniques based on the FDTD and including generalized non-orthogonal mesh, non-uniform mesh, rgw method of sub-region connection and PML were synthetically used in order to accurately model a slot on a waveguide wall. The proposed results were in good agreement with the experiment and with the results of the MoM procedures in [18,19,20], which neglected the longitudinal component of the electric field on the slot aperture. On the other side, the slot analysis proposed in [36,37] was actually able to provide accurate results, even for radiating slots with small offsets. A new idea for a tailored analysis of slots with small offsets was also proposed in [38], based on the MoM procedure with the Rao, Wilton and Glisson basis functions.



WSAs employed in aerospace applications are usually equipped with a dielectric cover, mainly used for protection or aerodynamical purposes. Accurate design of WSAs for these kinds of applications requires accurately taking into account the effect of this dielectric cover, which can significantly affect the array performances. Subsequent to the early works by Bailey [39,40], and more recently by Rexberg [41] and Katehi [5], in 1999, Mazzarella and Montisci [30] proposed an improved and effective analysis of dielectric-covered narrow longitudinal shunt slots based on the MoM in the spectral domain, rigorously taking into account the finite waveguide wall thickness within the MoM procedure. Actually, in [5], the waveguide wall thickness was considered by the mean of an empirical correction after the MoM solution was obtained. Furthermore, the piecewise sinusoidal basis functions adopted by Katehi in the MoM procedure did not take advantage of the single-mode behavior of a nearly resonant slot. In fact, an entire function representation, as provided in [30], requires a significantly smaller number of basis functions, which improves the effectiveness of the method, mainly when a large number of computations must be performed, as is required by the design of a WSA. The MoM procedure of [30] has been also applied to the analysis of radiating inclined slots [42].



However, in [5,30,42], a spectral domain MoM approach was implemented in order to obtain the admittance matrix elements in the dielectric region. The resulting procedure is very time-consuming, because the matrix elements are expressed in terms of infinite double integrals and their integrands exhibit low convergence and high-oscillation behavior. The discrete complex image method was used in [43] to cast the spatial domain Green’s functions into closed forms; hence, a direct calculation of the infinite double integral in the spatial domain was available. This approach allows for reducing the computation time with respect to the spectral domain procedure, giving the same or higher accuracy. A significant improvement in the computational efficiency and accuracy was also provided by Amiri and Forooraghi in 2014 [44]. Their work was based on an asymptotic model in the spectral domain. The magnetic field in the external region is calculated through the spectrum of two-dimensional solutions (S2DS), and this allows for reducing the initial three-dimensional (3D) problem to a 2D problem. With the S2DS method, the problem involves only a single integral with simple point singularity instead of double singular integrals, hence requiring significantly less computational effort.



Several antennas based on broad wall waveguide longitudinal slots have been proposed in recent years for different applications, exhibiting tailored properties or improved radiating characteristics. Compared with the standard waveguide longitudinal slot, these solutions involve the following:




	(a)

	
The modification of the guiding structure [45,46,47,48];




	(b)

	
The modification of the radiating element [49,50,51].









Let us analyze in detail the above points:




	(a)

	
An interesting work involving modification of the guiding structure was proposed in 1990 by Green et al. [46]. The properties of longitudinal radiating slots in the asymmetric ridge waveguide were investigated. This solution allows for suppressing the butterfly lobes [52], since all the radiating slots are centered with respect to the waveguide axis. Afterward, several configurations of longitudinal slots in the ridged waveguide have been presented, though most have different purposes, such as the RCS reduction of the ridged waveguide slot array using EBG radar absorbing material [53] or the improvement of radiating properties by using a ridged waveguide slot array with a high-impedance ground plane [54], just to cite some examples. However, using a ridged waveguide is not the only way to improve the slot (and slot array) performance. In fact, other valuable solutions are available in the recent literature. For example, in [45], a reconfigurable radiating slot is proposed by means of tuning the screws in the waveguide broad wall opposite to the slot. In [55], the radiating slot was printed in a copper-clad dielectric substrate which replaced the upper waveguide wall and allowed easy and low-cost replacement of the radiating slots when the pattern requirement changed. In [47] a gap waveguide cavity slot array was proposed where the conductor losses were reduced by using the cavity-based radiator with virtual electric walls, which replaced the traditional waveguide slot array. The E-plane waveguide was integrated with the cavity and split from the center broadside, giving robust assembly to the designed array at a low cost. In [48], a slot array antenna based on the use of groove gap waveguide technology was proposed, where glide-symmetric EBG holes instead of pins were used, showing a simpler solution in terms of manufacturing and assembly compared with the use of pins as the unit cell.




	(b)

	
In [49] and [50], the radiating element was modified by adding in the external region a truncated waveguide radiating in free space, or a radiating patch, electromagnetically coupled to the waveguide slot. Both of these configurations allow for suppressing the butterfly lobes [52] and increasing the radiating element gain, and they are suitable to allow pressurization of the feeding waveguide. Different radiating characteristics are instead achieved with a slot doublet, which consists of two longitudinal slots cut on the opposite broad walls in the same vertical plane of the radiating waveguide [51,56].









The above analysis procedures can be easily extended to inclined and transverse radiating slots, though they are less commonly used as radiating slots in WSAs [57,58,59,60]. Radiating longitudinal slots cut on the narrow wall of a rectangular waveguide are also used [61]. Both inclined and transverse slots in the waveguide broad wall and longitudinal slots in the waveguide narrow wall do not require alternately offsetting the slot in an array, thus improving the radiation pattern. On the other hand, the use of inclined slots reduces the array polarization purity, as both inclined and transverse slots increase the dimension of the array, whereas longitudinal slots cut on the narrow wall do not guarantee enough flexibility in the array design procedure as that provided by longitudinal slots in the broad wall.



In recent years, thanks to the rapid development of fifth-generation (5G) wireless communication, several circularly polarized WSAs have been proposed [62,63,64,65]. Such antennas are good candidates for mm-wave bands because of their several important advantages compared with antennas with linear polarization, such as combating multipath interferences or fading, no strict orientation requirement between transmitting and receiving radiators and polarization mismatch reduction. Additionally, dual band (with two non-adjacent working bands) [66,67] and dual linear polarization WSAs [66,68] are interesting candidates for 5G applications, which also call for wideband [69,70,71,72], high-gain [73,74,75] and beam-steerable [76,77] antennas.



In Figure 1, some waveguide slot models are reported, including the most common broad-wall radiating slots (longitudinal, inclined and compound slots).




4. Waveguide Slot Arrays


4.1. Analysis and Synthesis of Longitudinal Slot Arrays


The geometry of a typical planar array is reported in Figure 2. It consists of M “radiating” waveguides, each one carrying a (possibly different) number Nm of radiating slots. The radiating slots are spaced λg/2 apart, where λg is the wavelength of the dominant mode of the waveguide carrying these slots. The radiating waveguides are fed by a transverse waveguide using, in the most typical configuration, a series-series coupling slot. In its typical equivalent circuital model, the radiating slots are represented through a shunt admittance on the transmission line equivalent to the waveguide [21]. Following [2], a waveguide array of shunt slots can be described by two design equations:
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where G10 is the characteristic conductance of the equivalent transmission line for the fundamental TE10 mode in the radiating waveguides; VSn is the (external) slot voltage at the slot center; K1, fn and α depend on the radiating waveguide geometry and on the slot offsets [11]; YAn is the n-slot active admittance; Vn is the mode voltage at the shunt element YAn; and gnm is the normalized coupling coefficient between slot n and slot m.



In Equations (1) and (2), the internal interaction between adjacent slots is supposed only due to the fundamental TE10 mode of the waveguide. At any rate, we can easily include higher-order mode interactions by simply considering their effect as a further mutual coupling term, and this approach is accurately detailed in [24]. Typically, in order to obtain an accurate analysis of the WSA, we must solely consider the first higher-order mode TE20 and only for adjacent slots.



The impedance at the input port of the main feeding waveguide can be expressed as [2]
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(3)
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wherein Cm is the current transformation ratio of the mth coupling slot and YINm is the input admittance of each waveguide. Obviously, the sum is only extended to the slots contained in the mth radiating waveguide.



Equations (1) and (2) form a linear system where the unknowns are the slot voltages, whose solution completes the analysis of a planar waveguide longitudinal slot array.



The behavior of a planar WSA is ruled by Equations (1–4), which is a set of design equations connecting the geometrical variables with the electrical variables of the array.



These design equations describe the following:




	(1)

	
The excitations of the slots due to the radiating waveguide [22];




	(2)

	
The external mutual coupling between the radiating slots [22];




	(3)

	
The interaction between the radiating slots due to the beam-forming network [11,78,79].









In the design of a waveguide longitudinal slot array, the nonlinear system formed by Equations (1)–(4) must be solved, and its solution requires an iterative procedure.



The required input data of this design procedure are the excitations of the radiating slots (the N slot voltages VSn) and the input impedance ZIN at the input node of the array.



The output results of this design procedure are the offsets and lengths of the radiating slots composing the WSA.



Following the procedure described by Elliott [22], the most efficient choice for computing the mutual coupling coefficients gnm consists of evaluating these coefficients using the results of the preceding iterative step, because slight variations in lengths and offsets only produce small changes in the coefficients of mutual coupling. By exploiting this choice, we can decouple the design equations, and therefore we are able to recompute the new lengths and offsets for each radiating slot independently.




4.2. Design of a WSA in a Waveguide Partially Filled with a Dielectric Slab


Usually, the realization of typical waveguide slot arrays (whose generic geometry is reported in Figure 2) requires expensive procedures, and this is particularly true for applications above the K-band. In addition, WSAs have no flexibility, because it is difficult changing a WSA’s electromagnetic behavior once the array has been realized. This implies that a possible change in the requirements of the WSA imposes to realize the array itself from the beginning.



In [4], a copper-clad laminate replaces the upper wall of the radiating waveguide (Figure 3). With this design choice, the waveguide structure becomes easier to realize and more flexible if compared with standard WSAs. This is due to the fact that the performance of the array only depends on the configuration of the slotted laminate, and the laminate can be easily substituted with a negligible production cost if compared with the total array cost, ensuring the same or higher accuracy with respect to typical waveguide slot arrays.



The structure described in [4], whose geometry is reported in Figure 3, is appropriate, especially for a WSA where the radiating waveguides are partially filled with a dielectric substrate. In this case, the copper layer can be positioned above the dielectric laminate (Figure 3a), and therefore the radiating slots radiate in an open half-space in the same way as a classic WSA. Moreover, the etched copper-clad laminate, having the dielectric substrate attached to its bottom part, and which is hence placed inside the waveguide, gives to the structure an important improvement: it allows for keeping the waveguide internal region’s pressurization, increasing the dielectric strength of the air. This feature is extremely useful for several applications of WSAs, such as aerospace applications and RADAR (where high transmission power is usually required).



In many cases, a more robust structure is required in order to keep the waveguide pressurization, and therefore the copper-clad laminate must be substituted with a dielectric sheet, which has to be inserted inside the waveguide and attached to a thick slotted wall (see Figure 3b). It can be deduced that the configuration of the array which is easier to realize is the one having a single dielectric layer, which is common for all the radiating waveguides. Hence, the configuration proposed in [4] and reported in Figure 3 is made of a metallic “comb-like” structure, consisting of the bottom and the sidewalls of the radiating waveguides, which is covered on the upper side by a laminate clad with copper (Figure 3a) or a sheet of dielectric attached to the wall of the slotted waveguide (Figure 3b). Either structures described in Figure 3a,b require a feeding with alternating phases for the radiating waveguides of the WSA in order to avoid deterioration of the array performance, caused by the effect of the internal coupling involving adjacent radiating waveguides. This coupling is due to the common dielectric layer for all the radiating waveguides (so as to get a flexible and cheaper structure, as was already described in this section), and this can be prevented by simply feeding all the radiating waveguides with coupling slots having the same tilt angle.



The insertion of a dielectric layer inside the waveguide gives the structure another important advantage, since it decreases the guided wavelength, hence reducing the array spacing. In fact, the radiating slots must be spaced at half the guided wavelength in a WSA [2] (about 0.7–0.8 λ0 in an empty waveguide, where λ0 is the wavelength in free space). Therefore, the number of slots composing the array (i.e., the number of elements of the array) is limited in an empty waveguide, and in many cases, this could hinder obtaining a satisfying radiation pattern or an adequate aperture distribution. On the other hand, the presence of the dielectric sheet can allow a rise in the number of elements of the array, helping the designer to obtain a better radiation pattern.



The standard Elliot procedure used in the design of a WSA with empty radiating waveguides can be extended for partially filled radiating waveguides fed with alternating phases by computing the slot self-admittance Yn of the design equations in the waveguide partially filled with the dielectric sheet [4].



The extended design procedure presented in [4] neglects the internal mutual coupling between adjacent radiating waveguides. Therefore, each radiating waveguide in the model of the array was treated as if it was separated through metallic sidewalls from the adjacent radiating waveguides. In other words, each radiating waveguide is supposed to have its own dielectric slab (as indicated in Figure 3c). As a consequence, it is possible to analyze the cases depicted in Figure 3a,b with the model in Figure 3c, appropriately choosing the thickness of the region internal to the slot. This thickness must, in fact, be equal to the thickness of the metal in the laminate clad with copper for the case of Figure 3a and to the waveguide wall thickness for the case of Figure 3b.



The design procedure described in [4] was applied to the case of a 10 × 5 planar array having a Taylor distribution with 10 elements (and requiring −20 dB sidelobes) in the E-plane and a uniform distribution with 5 elements in the H-plane. In both cases, all the waveguides were WR90, and the arrays were designed at the central frequency of 9 GHz, with the sheet of dielectric having a dielectric permittivity of 2.2 and its thickness being h = 0.508 mm while the slotted wall of the waveguide was 1 mm thick (t = 1 mm).



The designed array (considering both the case of a common dielectric layer (Figure 3a,b) and its corresponding approximate model (Figure 3c)), had a simulated radiation pattern for the E-plane, reported in Figure 4a, and for the H-plane, shown in Figure 4b, while Figure 4c shows the array frequency response. These results highlight that by using alternate phase feeding, it is possible to neglect the effects of the mutual coupling between the radiating waveguides during the design procedure.




4.3. Design of a WSA in a Waveguide Covered with a Dielectric Slab


Many WSA applications require the dielectric sheet to be more properly positioned in the half-space region external to the radiating waveguides rather than inserted into the radiating waveguide. This is a common requirement, for example, in aerospace application, such as supersonic aircraft, guided missiles and space vehicles, where the dielectric slab is used as a covering for protection or as a layer insulating the structure from excessive heat. The standard procedure proposed by Elliott for designing a WSA [2] can be appropriately modified to account for the case of radiating waveguides protected with a covering dielectric sheet (Figure 5.). In this case, the dielectric layer attached to the external metallic wall of the radiating waveguides modifies both the external coupling coefficient between the radiating elements and the self-admittance of each longitudinal radiating slot, which therefore must be accurately recomputed while taking into account the effect of this covering layer.



The circuital and radiating behaviors of a single longitudinal slot in a dielectric-covered waveguide have been described in detail by Mazzarella and Montisci [30] and Katehi [5], while in [6], the external mutual coupling was computed while considering the effect of the dielectric cover, allowing extension of the design procedure proposed by Elliott to the case of a WSA with dielectric-covered radiating waveguides.



When the slots radiate in free space (i.e., the radiating waveguide is not covered by a dielectric layer), the normalized coupling coefficient gnm in the second design’s Equation (2) can be computed as described in [22]. This expression cannot be used when the radiating waveguides are covered with a dielectric slab and must therefore be recomputed while including the effect of the external dielectric sheet. The resulting expression of the mutual coupling coefficient for a waveguide covered with a dielectric slab can be written as [6]
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where A is an appropriate normalization coefficient, Mn and Mm are the normalized equivalent magnetic currents on the slot apertures “n” and “m”, respectively (as indicated in Figure 2b), Fext[Mn] is the vector potential in the region external to the waveguide due to the equivalent magnetic current Mn and k2 = ω2εμ.



In the space domain, the Green function related to the vector potential F cannot be computed in its closed form. Therefore, we must evaluate Equation (5) by resorting to the spectral domain. Using the Parseval identity, we can write
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where u and v are the spectral variables conjugate of the space variables x and z and ℑ is the Fourier transform operator. Byetting u = k0ρsin(ϕ) and v = k0ρcos(ϕ), Equation (4) can be computed by splitting the domain of integration into three subdomains:


  i )   ( ρ , φ ) ∈  [  0 , 1  ]  ×  [  − π , π  ]  ;   i i )   ( ρ , φ ) ∈  [  1 ,    ε r     ]  ×  [  − π , π  ]  ;   i i i )   ( ρ , φ ) ∈  [     ε r    , ∞  ]  ×  [  − π , π  ]   











This is performed to consider the effect of the pole caused by the propagation of the TM0 mode (corresponding to the surface wave traveling into the dielectric layer) [6]. While in the subdomains (i) and (ii), the corresponding integrals in Equation (6) can be computed with a standard Gaussian quadrature after adequate changes of the variable [6]. The evaluation of the integral in the unbounded subdomain (iii) in particular requires attention and must be carefully evaluated by applying adequate mathematical concepts. We can write the integral (6) as
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where in    d  n m   =   Δ  x  n m  2  + Δ  z  n m  2      is the distance between the generic slots “n” and “m” of the array (Figure 2b).



Since the integrand, with respect to the variable ρ in Equation (7), rapidly oscillates for increasing values of ρ, its convergence decreases, becoming slower for increasing values of dnm, the distance between the “n-th” and “m-th” slots of the array. The convergence of this integral can be accelerated by resorting to the weighted average algorithm (WAA) together with the Shank’s transform, as described in detail in [6].



This design procedure has been applied to a planar array with 10 × 5 elements requiring a Chebychev distribution (having an SLL of −30dB) with 10 elements in the H-plane and a uniform distribution with 5 elements in the E-plane. The modified design procedure, including the dielectric cover effect in the computation of the external mutual coupling, was compared with the standard design procedure, which does not take into account the influence of this dielectric cover on the array behavior [6].



In the presented example, feeding and radiating waveguides are both half-height WR90 (with a transverse section having dimensions of 22.86 mm × 5.08 mm), and their wall thickness is 1 mm with a design frequency of 9 GHz. The dielectric slab thickness is h = 0.381 mm, and its dielectric permittivity is 2.2. The length of all the coupling slots is 17.1 mm, their width is 1.5 mm, and the tilt angle with regard to the axis of the feeding waveguide is 22.6°, which leads to a coupling coefficient of 0.5.



The lengths and offsets of the designed slots, both computed through the extended procedure including the external dielectric coupling and using the standard design procedure (where coupling is evaluated as if the slots radiate in free space, and which we can hence call “free space coupling”) are indicated in [6].



Figure 6a,b reports the far-field patterns simulated with High Frequency Simulation Software (HFSS) for the designed array, while Figure 6c shows its frequency response. Figure 6 shows the comparison between the case of “dielectric coupling” and that of “free space coupling”, highlighting the significant improvement in the array performance obtained using the tailored synthesis procedure. In particular, the array designed considering the influence of the dielectric cover in the evaluation of the external mutual coupling had a −13 dB SLL in the E-plane (with a nominal uniform pattern) and a −28.7 dB SLL in the H-plane (with a nominal −30dB Chebichev distribution). On the other hand, the corresponding SLL values for the “free space coupling” were −14 dB and −26.2 dB, respectively. In addition, the frequency response for “dielectric coupling” had better behavior, with a minimum reflection coefficient equal to −30dB at the design frequency, while it increased to −22 dB for the case of “free space coupling”.



The convergence of the integral expressing the mutual coupling in Equation (7) rapidly worsened for increasing slot distances, and this can be a severe limitation in the design of large arrays, since its calculation becomes even more time-consuming. Therefore, it is difficult to maintain the desired accuracy for big distances between the radiating slots. In addition, the correct implementation of the WAA calls for a deep investigation of the behavior of the integrand function, strongly decreasing the spectral domain approach’s efficiency and robustness. This is mainly due to the fact that the oscillation period is related by means of a complicated relation to the slot distance, and the WAA should be appropriately tailored to this behavior to properly ensure the convergence of this integral. In order to avoid these drawbacks, the external mutual coupling can be directly computed in the spatial domain, resorting to the discrete complex image method (DCIM) [43]. The DCIM requires a computational time significantly smaller than the spectral domain procedure for an accurate evaluation of the mutual coupling, also giving a computational time and an accuracy which are independent from the slot distance. Therefore, the use of DCIM does not need any particular treatment for large slot distances, as is required instead for the case of the spectral domain approach.




4.4. Multilayer Dielectric Cover Effect in WSAs


In several applications, the model of a single-layer dielectric-cover cannot be used, and WSAs with multilayer dielectric covers are required. This is the case, for example, with flat sandwich radomes, which are mainly used for thermal insulation and protection [80], increasing the radiating waveguides’ pressurization or even for aerodynamic purposes in several WSA applications, and eventually also for coatings with layers of paint. Therefore, the circuital properties of a radiating slot cut in a waveguide implemented with a multilayer dielectric cover were investigated [7].



As an example of the layout of a WSA with a multilayer dielectric cover, in Figure 7, the longitudinal radiating slot (shown in Figure 6a) is covered with four dielectric layers, having thicknesses equal to h1, h2, h3 and h4 and relative permittivity equal to εr1, εr2, εr3 and εr4.



Usually, the dielectric covering structures are applied to the WSA after its design and realization. Hence, the shape and dielectric and geometrical properties of these covering layers are chosen to minimize their effect on the WSA’s circuital and radiating properties, rather than being optimized for their effective purpose. A more effective and better solution is the “embedding” of this radome structure in the WSA by including the multilayer dielectric cover directly in the analysis and design procedures of the array. This way, the dielectric properties and the geometry of the radome can be determined in order to optimize the array protection, its thermal insulation and eventually also the radiating waveguides’ pressurization [7].



An effective and accurate model for a radiating slot cut in a multilayer dielectric-covered waveguide is therefore required, namely one which allows analyzing a dielectric cover with a generic number of layers N. The effect of the presence of an arbitrary radome structure on the performance of a longitudinal slot was detailed and evaluated in [7], where several configurations of multilayer dielectric covers were considered for a radiating slot in a WSA working in the X-band, focusing the discussion on the most typical practical cases. The procedure described in [7] can be exploited by waveguide slot antenna designers during the design phase, since it allows for estimating the effects of the radome structure on the radiating performance of the longitudinal slot, and this can significantly ease the design of a multilayer dielectric-covered WSA. In particular, it is possible to evaluate if, given a certain configuration of the dielectric cover, the circuital and radiating behavior of the slot can be reasonably assumed to be independent from the properties of one or more covering layers.



Let us consider, as an example, a WSA covered with three dielectric layers. In a typical configuration, the first layer of a sandwich radome can be used as a cap for the radiating slots, allowing radiating waveguide pressurization. The thickness of this layer must be determined to guarantee an adequate strength when high-pressure air is necessary for into the waveguide. The second layer is instead a foam with low dielectric permittivity, and its thickness is chosen to reach adequate thermal insulation of the WSA. The third layer is used essentially for aerodynamic and protection purposes. In Figure 8 and Figure 9, the configuration of the dielectric layers covering the WSA is reported. The images show the variation of the slot resonant length and of the normalized conductance at the resonant frequency (9 GHz) with respect to the thickness of the first (h1) and second (h2) covering layers, respectively. In both figures, X0 represents the offset of the slot with respect to the center of the radiating waveguide, as shown in Figure 7a.



As is described in [7] and reported in Figure 8, the resonant length of the radiating slot is inversely proportional to the first layer’s thickness, whereas it increases with the second layer’s thickness (Figure 9). This behavior is due to the fact that, in the analyzed configuration, the second layer has a dielectric permittivity smaller than the third layer. Therefore, the equivalent permittivity seen by the slot diminishes when the thicknesses increase. In both cases (Figure 8 and Figure 9), the conductance of the slot computed at resonance was nearly constant with respect to h1 and h2.



Usually, a WSA also requires a paint layer in the sandwich radome, and therefore a fourth layer should be added to the previously analyzed configuration. On the other hand, both the slot resonant length and its normalized conductance at the resonant frequency can be considered independent from the fourth layer’s thickness if this thickness is within the range of 0–150 µm. Hence, under the appropriate conditions, which depend on the thickness of the second layer (the insulating layer in this case), we could neglect this fourth layer during the WSA design.



As was demonstrated in [81], an accurate choice of the configuration of the multilayer dielectric cover can be exploited to improve the aperture efficiency and the gain of the designed array. Additionally, it allows to benefit of the radome structure, which ensures the WSA’s adequate protection, pressurization of the radiating waveguides and thermal insulation. However, most importantly, a suitable choice of the structure of the multilayer dielectric cover can allow the designer to reduce the number of the radiating slots if compared with a WSA radiating in free space and having the same efficiency and gain. This represents a valuable improvement for the WSA because it directly affects the production cost (which is very high with respect to, for example, microstrip patch antennas). As a matter of fact, the small fabrication cost increment required for an optimized dielectric-covered array is vastly overcompensated by the savings due to the diminished number of both radiating slots and guides. Moreover, the consequent simplification of the waveguide network which feeds the array allows for more compact solutions.



In [81], a suitably designed dielectric cover is described which allows for a significant reduction of the number of radiating slots (by about 30%) with no degradation of the performance of the array. The proposed solution was tested on three different planar arrays with 6 × 6 elements (having a two-layer dielectric cover), 8 × 8 elements (having a two-layer dielectric cover and radiating into free space) and 10 × 10 elements (radiating into free space). In that paper, the basic configuration consisting of a dielectric cover with two layers was chosen (the array geometry is reported in Figure 10), according to [82], where the first layer was a substrate with a low dielectric permittivity (such as air or foam) and had an appropriate thickness, whereas the second layer was a high-dielectric permittivity substrate which acted as a partially reflecting sheet. The resulting comparisons are reported in Figure 11 and Figure 12 (where the frequency response and the radiation patterns in the E-plane and H-plane are shown). The presented results confirm that an array with 8 × 8 elements which radiates in free space exhibits the same frequency bandwidth and radiating properties of an array containing 6 × 6 elements with a dielectric cover (Figure 11), and that an array with 10 × 10 elements which radiates in free space has the same behavior as an array with 8 × 8 elements and a dielectric cover (Figure 12), highlighting the performance improvement of the WSA thanks to the multilayer dielectric cover.




4.5. Interaction between the Beam-Forming Network and the Radiating Waveguides


The behavior of a planar WSA, in terms of the radiated field and frequency response, is influenced by a multitude of effects of the second order in the beam forming network [11,12,13]. The most significant ones are the interaction between the radiating slots in the radiating waveguides and the slot couplers between radiating and feeding waveguides, the interaction due to the higher-order mode between the coupling slots and the interaction between the waveguide bends and the nearest slot couplers in the feeding waveguides. Hence, in order to design a high-performance WSA, more accurate and adequate design procedures must be devised, which can be derived by a suitable modification of the Elliott model used to design a standard WSA [11,12,13]. In [11,12,13], the extension of the Elliot procedure, taking into account the second-order effects in the planar WSA, is presented, and it includes the following:




	
The strong influence between the T-junction and the coupling slots which connect the radiating and feeding waveguide;



	
The interaction between the coupling slot and the nearby radiating slots;



	
The effect of the bent terminations.








In addition to these effects, in [83], an efficient design procedure is described that is able to compensate for higher-order mode coupling between inclined coupling slots and neighboring radiating slots. This compensation is obtained with only a minimal cost to the design complexity and consists of adding closed-form terms to the expression for the active admittance of radiating slots. The results of this modification are minor adjustments to the dimensions of the slot radiators, which effectively improve the amplitude accuracy and phase consistency of element excitations, which can be crucial, especially when designing shaped beam arrays [5].



Effects i–iii produce a non-negligible increment of the level of the first sidelobes comparable to an ideal WSA (until 5–6 dB), and this causes a significant degradation in the array’s performance. Hence, they must be considered in the design of a WSA with high performance, such as a WSA requiring a reduced SLL. As an example, if we consider high-performance radar systems, they require ultra-low sidelobe antennas [15,84,85,86,87], characterized by a very low level of the sidelobes with respect to the usual SLL required for standard radar applications. In these applications, even an increment of the near sidelobes of only a couple of dBs, or a prediction of their topography with an inadequate accuracy, can result in unsatisfying behavior.



In addition, in many radar applications, the WSA is split into sub-arrays, because this design choice allows for augmenting the array frequency bandwidth. In these structures, each sub-array can be fed using a T-junction [12,13] or by an inclined coupling slot [11,13,88,89]. The former solution is a common choice for monopulse arrays, where planar arrays are fed by one or more T-junctions positioned in the E-plane of the array. This kind of array requires each feeding guide to end with a shorted termination, which must have a length equal to half a wavelength beyond the last coupling slot. This shorted bend is commonly implemented with an “L” or “U” bend, which influences the behavior of the coupling slot itself [13]. Such (and similar) applications call for an appropriate characterization and design of planar WSAs for high-performance systems.



In order to take into account the second-order effects i–iii and include them into a tailored analysis procedure, the first step consists of devising an appropriate model for each specific effect through an opportune matrix model (a hybrid matrix). Afterward, the set of equations derived by this matrix model must be adequately included into the equations used to describe the behavior of the array [13].



Here, we limit the discussion to effect i, whereas the detailed descriptions of effects ii and iii can be found in [13]. The interaction between the T-junction and the nearest slot couplers that belong to the feeding network of the array can be described by modeling the T-junction through a five-port network (Figure 13). In Figure 13b, which represents the T-junction equivalent circuit and matrix model, IL and VL indicate the current and the voltage along the feeding waveguide, respectively, immediately to the left (subscript LX) or to the right (subscript DX) of the slot couplers near the T-junction. IC and VC indicate the current and the voltage, respectively, in the slot couplers near the T-junction. IAT (or VAT) is the feeding known term at the T-junction. The radiating waveguides farthest from the T-junction are replaced in Figure 13b by their input impedance (i.e., the impedance seen looking at the input port of their slot coupler). The T-junction can therefore be modeled by the following hybrid matrix, which corresponds to the equivalent circuit of Figure 13b:


   {     V  A T   =  Z  11    I  A T   +  S  12    V  L _ L X   +  S  13    V  L _ R X   +  S  14    V  R X  C  +  S  15    V  L X  C       I  L _ S X   =  A  21    I  A T   +  Y  22    V  L _ L X   +  Y  23    V  L _ R X   +  Y  24    V  R X  C  +  Y  25    V  L X  C       I  L _ D X   =  A  31    I  A T   +  Y  32    V  L _ L X   +  Y  33    V  L _ R X   +  Y  34    V  R X  C  +  Y  35    V  L X  C       I  D X  C  =  A  41    I  A T   +  Y  42    V  L _ L X   +  Y  43    V  L _ R X   +  Y  44    V  R X  C  +  Y  45    V  L X  C       I  S X  C  =  A  51    I  A T   +  Y  52    V  L _ L X   +  Y  53    V  L _ R X   +  Y  54    V  R X  C  +  Y  55    V  L X  C       



(8)




wherein Zij are the impedances, Yij are the admittances and Sij and Aij are adimensional coefficients. All these coefficients of the 5 × 5 hybrid matrix are calculated using a method of moments (MoM) procedure which allows for analyzing the structure of Figure 13a.



The results of the procedure presented in [13], which included the second-order effects i–iii in the analysis of a planar WSA, were compared with the measured data of a prototype realized by Selex Galileo, consisting of a monopulse array designed to work at the X-band, having a diameter of 72 cm and the geometry shown in Figure 14. This array is formed by 56 radiating waveguides, each one having a different number of radiating slots, and it is split into 4 sub-arrays. The array is composed of a total of 656 radiating slots, with a beam-forming network consisting of 56 inclined coupling slots. Each of the four sub-arrays is fed by a waveguide through the coupling slots, and each feeding waveguide, which ends with two shorted bends (one for each side), is fed in turn by a T-junction as shown in Figure 14. The T-junctions are placed between the ninth and tenth radiating waveguides for sub-arrays 1 and 2, and between the fifth and sixth radiating waveguides for sub-arrays 3 and 4, with an array structure of (9-5, 5-9, 9-5, 5-9).



The nominal pattern of the array shown in Figure 14 is a Taylor distribution having an SLL equal to −30 dB in both the H-plane and the E-plane. The array’s E-plane far-field pattern is reported in Figure 15. Figure 15 shows that the behavior of the array was predicted in a very satisfying and accurate way using the improved analysis model, which gave results close to the measured data. The interferences between the coupler, the bent terminations and the nearby radiating slots caused a variation of a couple percent in the excitation amplitude and of 5–10° in the excitation phase of these radiating slots with respect to the “ideal” case, and this modification in the slot excitations resulted in a significant increase of the first-level sidelobes. The far-field pattern had significant degradation only in the array’s E-plane, whereas the H-plane (whose far-field diagrams were not reported here for this reason) was not influenced by the interaction between the radiating and coupling slots, which resulted only in a slight modification of its sidelobes.



Finally, in order to summarize the parameters of the state-of-the-art works, the advantages of the WSA configurations described in this review are reported in Table 2, and Table 3 compares a large number of WSAs with different configurations in terms of the number of elements, aperture size, return loss bandwidth, axial ratio bandwidth, gain bandwidth, peak gain, efficiency and sidelobe level.





5. Conclusions


This work presents a review which was focused mainly on the improved available design techniques proposed in the literature to obtain waveguide slot arrays with high performance, highlighting the most important limitations and drawbacks of such arrays along with possible effective countermeasures.



The main topics addressed in this review were as follows: partially filled or covered WSAs with a multilayer dielectric sheet, useful for insulating or protecting the structure from unfavorable environmental conditions, and increasing the waveguide peak power, array efficiency and gain. In addition, the most prominent effects of the second order in the planar array feeding network (such as the effect of the interaction between each slot coupler of the feeding network and the radiating slots nearest to this coupler, the effect of the feeding T-junction on the array performance and the effects of the waveguide bends) were accurately discussed. All these second-order effects can critically increase the first sidelobes if compared to the ideal case, causing a sensible worsening in the performance of the array, and must be considered in the array design.
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Figure 1. Waveguide slot models: (a) Typical broad-wall radiating slots; (b) slot doublet; and (c) waveguide longitudinal slot with cavity. 
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Figure 2. Geometry of a typical planar waveguide slot array with longitudinal radiating slots. (a) 3D view. (b) Top view. 
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Figure 3. Side view of waveguide slot arrays (WSAs) with waveguides partially filled with a dielectric slab. (a) “Comb-like” structure with copper-clad laminate as a “cover”. (b) “Comb-like” structure with a dielectric slab and slotted wall as a “cover”. (c) Array model used in the synthesis procedure. 
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Figure 4. (a) Simulated far-field pattern requiring a Taylor nominal pattern and having a sidelobe level SLL = −20 dB (E-plane) for (i) an array having a common dielectric layer and (ii) an array approximate model considering separate radiating waveguides. (b) Simulated far-field pattern requiring nominal uniform distribution (H-plane) for (i) an array having a common dielectric layer and (ii) an array approximate model considering separate radiating waveguides. (c) Frequency response for (i) an array having a common dielectric layer and (ii) an array approximate model considering separate radiating waveguides. 
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Figure 5. 3D view of a WSA with the radiating waveguides covered by a dielectric layer. 
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Figure 6. (a) Far-field pattern simulated with HFSS in the H-plane, with a nominal Chebychev pattern with −30 dB sidelobes. The continuous line refers to “dielectric coupling”, while the dashed line refers to “free space coupling”. (b) Far-field pattern simulated with HFSS in the E-plane with a nominal uniform pattern. The continuous line refers to “dielectric coupling”, while the dashed line refers to “free space coupling”. The cross-polar components are not reported because their level was below −45 dB. (c) Frequency response simulated with HFSS. The continuous line refers to “dielectric coupling”, while the dashed line refers to “free space coupling”. 
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Figure 7. Radiating slot geometry in a waveguide with a multilayer dielectric cover using four dielectric layers. (a) Top view. (b) Side view. 






Figure 7. Radiating slot geometry in a waveguide with a multilayer dielectric cover using four dielectric layers. (a) Top view. (b) Side view.



[image: Electronics 10 01311 g007]







[image: Electronics 10 01311 g008 550] 





Figure 8. Three-layer case. The continuous lines represent the resonant length of the slot with respect to the thickness h1 of the first covering layer. The dashed lines represent the conductance at resonance, normalized to the waveguide fundamental mode admittance with respect to the thickness h1 of the first covering layer. Frequency = 9 GHz. 
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Figure 9. Three-layer case. The continuous lines represent the resonant length of the slot with respect to the thickness h2 of the second covering layer. The dashed lines represent the conductance at resonance, normalized to the waveguide fundamental mode admittance with respect to the thickness h2 of the second covering layer. Frequency = 9 GHz. 
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Figure 10. Geometry of the analyzed array. (a) Side view. (b) Top view. 
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Figure 11. Gain of an array with 6 × 6 elements and a dielectric cover and of an array with 8 × 8 elements radiating in free space (HFSS simulations). (a) E-plane. (b) H-plane. (c) Simulated frequency responses of the 6 × 6 and 8 × 8 designed arrays using HFSS. 
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Figure 12. Gain of an array with 8 × 8 elements and a dielectric cover and of an array with 10 × 10 elements radiating in free space (HFSS simulations). (a) E-plane. (b) H-plane. (c) Simulated frequency responses of the 8 × 8 and 10 × 10 designed arrays using HFSS. 
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Figure 13. (a) Subarray fed by a T-junction (side view and top view). (b) Five-port circuital and matrix models of the T-junction. 
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Figure 14. Geometry of the analyzed monopulse planar WSA. 
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Figure 15. E-plane far-field pattern of the monopulse WSA. The short bend length is equal to 12.4 mm, and the analysis model with the T-junction was performed using a straight shorted termination for the feeding waveguides with an impedance of 200 Ω. 
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Table 1. Pros and cons of waveguide slot arrays (WSAs).
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	Advantages of WSAs
	Drawbacks of WSAs





	Low power dissipation and low losses
	Small, useful bandwidth (resonant antennas)



	High mechanical strength
	High realization cost



	Massive realization
	Low flexibility



	Small size
	Weak reconfigurability



	Easily unfoldable
	-



	High power handling capability
	-



	High radiation efficiency
	-
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Table 2. Advantages of the proposed WSA configurations.
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Advantages




	
WSA

Configuration

	
Pressurization

	
Thermal Insulation

	
Gain Enhancement

	
Aerodynamic Purposes

	
Flexibility






	
Standard WSA

	
-

	
-

	
-

	
-

	
-




	
WSA with waveguides covered with dielectric slab

	
Yes

	
Yes

	
-

	
Yes

	
Yes




	
WSA with waveguides partially filled with dielectric slab

	
Yes

	
-

	
-

	
-

	
Yes




	
WSA with multilayer dielectric cover

	
Yes

	
Yes

	
Yes

	
Yes

	
Yes











[image: Table] 





Table 3. Comparison of the state-of-the-art works, considering several WSAs with different configurations.
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	Ref.
	Freq

(GHz)
	No. of Elements
	Aperture Size (λ02)
	RLBW

(−10 dB)
	ARBW

(3 dB)
	GBW

(3 dB)
	PG
	η
	SLL

(dB)





	[34]
	30
	10 × 1
	0.9 × 6
	4%
	8%
	4%
	16.3dBi
	98%
	−18.5



	[47]
	120
	8 × 8
	5.67 × 5.67
	13.3%
	-
	13.3%
	25 dBi
	75%
	−13



	[48]
	28.6
	4 × 9
	4.3 × 8.6
	7%
	-
	7%
	24.8 dBi
	75%
	−11.5



	[62]
	30
	4 × 4
	3.5 × 3.5
	40.21%
	36.51%
	37.02%
	19 dBic
	-
	−13



	[63]
	29
	4 × 4
	10.25 × 8.7
	29.6%
	25.4%
	19%
	20.3 dBic
	57.9%
	−10



	[64]
	30
	8 × 8
	6.12 × 6.12
	27.6%
	32.7%
	30%
	25.2 dBic
	75.2%
	−13



	[65]
	28
	4 × 4
	7 × 5
	27.7%
	27.8%
	25.3%
	20.2 dBic
	78%
	−10



	[69]
	28
	8 × 8
	7.6 × 7.6
	28%
	-
	25.2%
	26.4 dBi
	60%
	−13



	[70]
	60
	16 × 16
	15.4 × 15.6
	11.4%
	-
	11%
	33.5 dBi
	83.6%
	−14.9



	[71]
	12
	8 × 8
	7.4 × 7.4
	36.9%
	-
	31.9%
	23.4 dBi
	60%
	−21.3



	[72]
	60
	8 × 8
	7.6 × 6.9
	30%
	-
	29.1%
	27.5 dBi
	80%
	-



	[73]
	78.5
	32 × 32
	29.56 × 29.56
	19%
	-
	19%
	38.4 dBi
	76.4%
	−13



	[74]
	62
	16 × 16
	7 × 6.4
	16%
	-
	16%
	32.5 dBi
	70%
	−13



	[75]
	130
	32 × 32
	30.43 × 30.43
	12%
	-
	12%
	38 dBi
	60%
	−13



	[81]
	9
	8 × 8
	5.92 × 7.8
	2%
	-
	2%
	27.1 dBi
	67%
	−20



	[84]
	9.3
	64 × 24
	55.8 × 17
	4.3%
	-
	4.3%
	37.7 dBi
	50%
	−22.5



	[85]
	35
	22 × 1
	22.68.57 × 2.92
	3.7%
	3.7%
	3.7%
	23.3 dBic
	75%
	−28



	[86]
	94
	16 × 16
	17.23 × 17.23
	21%
	-
	21%
	30.5 dBi
	60%
	−20



	[87]
	40
	22 × 20
	17.23 × 17.23
	3.75%
	-
	3.75%
	31.8 dBi
	-
	−30







RLBW: return loss bandwidth; ARBW: axial ratio bandwidth; GBW: gain bandwidth; PG: peak gain; and η: efficiency.
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