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Abstract

:

This paper presents a new layered dielectric leaky-wave antenna (LWA) for the sub-terahertz (THz) frequency range capable of efficient operation at the broadside with a wide beam scanning angle and stable gain. It consists of a conductor-backed alumina dielectric image line (DIL) with two different dielectric layers mounted on top of each other for performance improvement. The upper layer is a high permittivity RO6010 substrate to enhance the directivity as a superstrate and the lower layer is a low-permittivity RT/duroid 5880 substrate stacked on the alumina DIL to prevent the probable excitation of higher-order modes in the DIL channel. A 15-element linear array of radiating overlapped discs is used to mitigate the open stop-band (OSB) problem, fed by the mentioned waveguide, was designed and simulated at frequencies around 170 GHz. The dominant mode of the layered dielectric waveguide is perturbed by the infinite space harmonics generated by two sets of overlapped discs periodically sandwiched between the layers. It exhibited a relatively wide impedance bandwidth of 28.19% (157.5–206 GHz). Its radiation mechanism has been widely studied through simulations. The results revealed that the antenna provides a wide scanning capability through the broadside from −23° to 38°, covering the frequency range between 157.5 GHz and 201.5 GHz. For an array with 15 radiating elements, the simulated peak gain in the band is 15 dBi and the broadside gain is 13.6 dBi at 172 GHz.
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1. Introduction


The development of sub-THz antennas (above 100 GHz) offering the crucial characteristics of narrow-beam, high efficiency and wide-beam scanning capabilities has attracted much attention in recent years [1,2]. They have the potential to be used in recent emerging applications including high data-rate communications [3], speech recognition radar systems [4], remote sensing of terrestrials [5] and molecular spectroscopy [6].



In this regard, a leaky wave antenna (LWA) as a frequency scanning radiating system is a promising candidate due to its simple feeding structure along with a high gain and a wide band performance [7,8]. There are two forms of LWAs based on geometry, termed uniform and periodic. For the uniform LWA, the continuous perturbation exists along the guiding structure, and for the periodic LWA, periodic perturbation of the waveguide is required to create a leaky-wave mode radiation [9]. One advantage of the periodic LWA is its backward to forward scanning capabilities. In contrast, a uniform LWA can only scan in the forward quadrant [9]. To date, various perturbed guiding structures to realize periodic LWAs have been reported in the literature [10,11,12,13,14,15,16,17]. Transverse slotted metallic waveguides including rectangular waveguides [10], substrate integrated waveguides (SIW) [11,12,13], a microstrip line (ML) [14,15] or coplanar waveguides (CPW) [16] as a simple structure of leaky-wave antennas were investigated and realized for their microwave and millimeter-wave applications. However, at high frequencies above 100 GHz, LWAs based on such metallic waveguides are not a popular solution owing to extreme conductor losses and the generation of surface waves [18]. Moreover, for a single mode operation, their sectional dimensions must be in the order of one-tenth of a wavelength, which makes their fabrication challenging [18]. To overcome these weaknesses at sub-THz frequencies, a dielectric waveguide with superior loss characteristics is effectively used to develop LWAs [19,20,21,22,23,24,25,26,27,28]. Dielectric waveguides are a different class of transmission lines that include one or more insulating dielectrics to guide the electromagnetic wave. Multiple dielectric layers are generally used for more sized-reduction purposes. The transmission mechanisms of dielectric waveguides are based on reflections at the dielectric and air interfaces without requiring any conductors; hence, it inherently eliminates conductor loss [29,30,31]. However, some dielectric waveguides use a metal ground plane for the purpose of high levels of integration. A dielectric image line (DIL), as an example of such a transmission line, is more compatible with a planar circuit integration and has been successfully used in millimeter-wave (mm-w) and sub-THz integrated circuits. It significantly reduces the electric current on the ground plane by concentrating the electromagnetic energy along the dielectric interface, thus allowing the transmission with an extremely reduced conductor loss [32].



By introducing a periodic perturbation along the DIL as a semi-open structure, power leakages will happen, and radiation can be produced in a controlled manner to satisfy specific applications. To date, various LWAs have been proposed in the literature based on the periodic perturbations of the DIL either by dielectric gratings or metallic loadings [19,20,21,22,23,24,25,26,27]. Dielectric grating LWAs usually do not radiate in the exact broadside frequency direction as the internal resonance prevents radiation there, which is called the open-stop-band (OSB) phenomenon. These LWAs also suffer from fabrication complexity owing to different types of dielectric grating [19,20,21,22]. In [23], the coupling of sinusoidal metallic gratings with the narrow face of a dielectric line was studied to avoid the OSB problem. The metallic perturbation on the top of a DIL is a second method for leaky wave generation in a DIL environment [24,25,26,27]. This method is attractive due to the inherent simplicity of fabrication and the noticeable radiation. In [26], a periodically loaded DIL with rectangular metal strips was utilized to design a leaky wave antenna. In this LWA, beam scanning is only in the forward direction. In [27], to mitigate OSB phenomena, five rectangular metal strips were used in one unit-cell. It exhibits the main beam scanning from 80° to 120°. Apart from LWAs, other methods, such as near-field transformation, SIW edge-radiation and end-fire antennas can potentially been used for beam-scanning purposes [33,34,35,36,37].



It should also be noted that computer calculations may be necessary to design and optimize such DIL-based leaky-wave structures for improved performance. In this regard, nature-based optimization/ design algorithms have proven to be effective [38,39,40,41]. In this technique, different types of algorithms, such as particle swarm optimization, ant colony and artificial neural networks in conjunction with electromagnetic simulators, can significantly expedite the computational cost of lengthy simulations [42,43,44].



In this paper, a new LWA for large-range beam-scanning is proposed based on the layered DIL in the sub-THz frequency band. In the proposed antenna, a periodic array of metallic overlapped circular discs were employed between the dielectric layers, resulting in a high-efficiency radiator with a broadside OSB mitigation property. The proposed antenna was lightweight and did not require complex prototyping. Compared with the abovementioned DIL-based LWAs, which were successfully applied at lower-millimeter wave frequencies (below 100 GHz), the proposed design retains most of their advantages at sub-THz frequencies, including continuous wide beam-scanning capabilities with OSB suppression as well as having a low-profile structure and low cost.




2. Antenna Array and Design Method


2.1. Radiating Element


A cross-sectional view of the proposed radiating element stacked over a conductor-backed alumina DIL dielectric image line (DIL) is depicted in Figure 1a. The radiation element, composed of different layers mounted on top of each other, consists of a pair of overlapped copper discs. The discs are placed with λg/4 center-to-center spacing to avoid the stop-band phenomenon at the broadside, where λg is the wavelength seen by these metal discs at 172 GHz. A 0.254 mm thick RO5880 dielectric substrate with a low permittivity of 2.4 was used to prevent a higher-order mode excitation. The diameter of the discs was optimized by means of high-frequency simulation software (HFSS) to achieve the maximum directivity in the normal direction, where its initial value was λg/2. The thickness and permittivity of the dielectric layers were presumed to be fixed based on the accessibility of these materials. Figure 1b shows a 15-element array view of the proposed LWA with an equal inter-element spacing of one wavelength (λg) at 172 GHz along the DIL direction.



The DIL operating as the feed line of the radiating elements was a rectangular dielectric slab with a relative dielectric constant of εr, backed by a copper ground plane as presented in Figure 1a. The relative permittivity (εr), width (2a), and thickness (b) of the substrate are the key design parameters of the DIL. The substrate material used in the antenna structure should have a high permittivity (~10 or above in practice) to achieve a high field confinement around the unshielded dielectric and a compact antenna with a large scanning angle. Additionally, to realize a high-gain and high-efficiency antenna, the considered substrate should have low dielectric losses in the sub-THz regimes. Accordingly, in this work, an alumina substrate of 0.254 mm thickness with a dielectric constant of 9.7 and a loss tangent of 0.0005 was considered for the DIL [27]. After choosing the substrate, the width (2a) and thickness (b) of the DIL was designed. The DIL thickness is the most crucial parameter to control the operating frequency range. However, the DIL width has less influence on the working frequency band and strongly affects the second DIL mode cutoff frequency. The widest practical bandwidth is achieved with a nearly equal height and half-width (a unity aspect ratio b = a), using the following formula [45]


   a   λ 0    ≈   0.32      ε r  − 1      



(1)




where λ0 is the free space wavelength at the operational frequency. The estimated value of a is equal to the substrate thickness b which equals 0.15 mm using (1) at the center frequency of 172 GHz. Therefore, the initial value of the DIL width was chosen as 2a = 0.3 mm. Since the commercially available alumina substrate does not have the thickness b = 0.15 mm, the closest available thickness b = 0.25 mm was considered in our design.




2.2. Operation Mechanism and Leaky-Wave Generation


The proposed antenna was a conductor-backed alumina DIL with two different dielectric layers mounted on top of each other and two sets of metal circular discs periodically sandwiched between the layers along the transmitting direction with a periodicity of p. As it is well known, travelling waves inside the proposed layered dielectric image waveguide without the periodic loadings is regarded as a slow wave. Hence, it is not possible to radiate and produce leaky waves directly from the dominant mode, even if it is a semi-open structure. However, with periodic modulations, the leaky conditions can be modified. Through the placement of periodic metallic overlapped discs with the distance p on the top of the layered DIL, an infinite number of leaky modes with a wavenumber βm < k0 were excited. The propagation constant of the mth order space harmonic is defined by [18]


   β m  =  β 0  +   2 m π  p   



(2)




where β0 and βm are the propagation constants for the fundamental and mth order space harmonics, correspondingly and m covers all integer ranges. As the fundamental space harmonic for open dielectric waveguides is usually a slow-wave, the negative spatial harmonics (m = −1, −2, −3, etc.) can only be leaky and radiative. It should be noted that not all leaky modes are physically important, and more than one leaky mode may be excited at the same time. An explanation of how each leaky mode contributes to the antenna radiation performance follows from the dispersion plot in Figure 2. This dispersion diagram of a unit-cell including the propagation (βm) and attenuation constant (α) graphs was obtained using the following equations [18]


    β m  p =  |  Im (   cosh   − 1   (   1 −  S  11    S  22   +  S  21    S  12     2  S  21     ) )  |     α p =  |  Re (   cosh   − 1   (   1 −  S  11    S  22   +  S  21    S  12     2  S  21     ) )  |    



(3)




where the S-parameters of the unit-cell are simply obtained by HFSS simulations.



In Figure 2, we observed that the n = −1 space harmonic enters the radiation region (|β−1| < k0), at 157.5 GHz. When the frequency reaches 172 GHz, the leaky-wave antenna scans to the broadside without encountering an open-stop-band (OSB) problem, which corresponds to a β−1 = 0. The OSB, as a known problem of many LWAs, is mainly caused by the coupling between the forward- and the backward-travelling of the n = −1 leak wave harmonic [46]. In the OSB, the reflection coefficient was increased and the gain drops considerably which avoided continuous beam scanning. In the proposed design, by printing two circular metal discs a quarter wavelength apart, OSB is suppressed. This will be explained in detail later in this section.



As the frequency increased above 172 GHz, the main beam scans in the forward direction. When the frequency reached 190 GHz, the n = −2 space harmonic also enters the radiation region (|β−2| < k0) and β−1p = π. The coupling between the forward-traveling n = −1 and the backward-traveling n = −2, generally encounters the LWAs with another stop band. This can be observed as a sudden increase in the reflection coefficient which restricts the scanning range in the forward direction as well, appearing as a grating lobe around the backward end fire [4]. To suppress this stop band, the radiation from the n = −2 space harmonic should be avoided or weakened. One commonly used technique is to prevent the n = −2 space harmonic from entering the radiation region (i.e., (|β−2| > k0)). This method has been previously mentioned in the literature [22,24,27]. Another approach is to make the attenuation constant of the n = −2 space harmonic as small as possible (near zero). We used the latter technique for designing the proposed antenna using the optimization algorithms in HFSS. The dispersion diagram clearly showed that the stop band corresponding to the n = −2 space harmonic had been successfully suppressed as the propagation constant increased almost linearly and smoothly with the frequency around 190 GHz and the attenuation constant remained relatively stable. As the frequency approached 205 GHz, the reflection coefficient and attenuation constant increased again due to the stop band relating to β−1p = 2π. The other higher spatial harmonics (i.e., n = −3, n = −4 and so on) did not enter the radiation region in the operating frequency range. These bounded modes (slow waves) will attenuate exponentially in the transverse direction and can only propagate along the structure. Consequently, the given frequency range is dominated by a single leaky mode (n = −1) scanning in the backward and the forward directions.



For the broadside scanning at 172 GHz where β−1 = 0, the phase difference between unit-cells (Δφ) became 2π. This implies that the reflected waves from each circular disc become equally in phase at the broadside direction and hence, the maximum power is reflected towards the source. Therefore, the wave is rapidly attenuated as it propagated along the structure and the attenuation constant α becomes high, leading to the open-stop-band (OSB) phenomena [47].



By printing two circular metal discs a quarter wavelength apart, the phase difference between the reflected waves from the first and second discs becomes 180° and they nearly cancel out each other. This means that the α becomes relatively small and the OSB is suppressed. The main beam direction of LWA is dependent on the rate of the propagation constant in guiding structure and the free space wavenumber k0 calculated by [48]


  sin  (   θ m   )  =    β m     k 0     



(4)




where    θ m    is the elevation angle measured from the z axis. The proposed antenna operates at the n = −1 order mode nearby the broadside direction. The propagation constant β−1 of the n = −1 space harmonic can be obtained by the propagation constant of the fundamental mode β0 and the periodicity p of the unit-cells using the Equation (2). Consequently, the main beam direction of the proposed antenna is defined by the phase constant β0 of the fundamental harmonics and the periodicity p as.


   θ  − 1   = arcsin (    β 0  −   2 π  p     k 0    )  



(5)







To have broad-side radiation at a desired frequency of 172 GHz, the radiation elements should be fed equally in phase, namely, with an inter-element spacing of one guided wavelength (λg) at 172 GHz in DIL. The spacing of p = 0.8 mm was adjusted by field simulation from an initial value of 1mm relating to the guided wavelength of the loaded DIL.




2.3. Feeding Network


In this design, a planar substrate truncated microstrip line-to-DIL (Figure 1b) was employed as a feeding network [49]. It is a substrate-truncated microstrip line with two additional metal strips. The length of the tapered microstrip line (ty) and metal strip width (s) with inter-element spacing (g) was adjusted based on the optimized data and generalized empirical equations discussed in [49] for the taken substrate and the frequency band.





3. Simulation Results and Discussion


After finalizing the design of a unit-cell comprised of a layered DIL with two sets of overlapped circular discs periodically sandwiched between the layers for suppressed OSB, a LWA containing 15-unit-cells has been designed and simulated with commercial HFSS. The full length of the proposed antenna is 6.9 λ0, where λ0 is the free-space wavelength at the broadside frequency (172 GHz). The simulated scattering parameters of the antenna including reflection loss (S11) and insertion loss (S21) for two types of unit-cells with one circular disc and two overlapped circular discs with a center-to-center spacing of λg/4 are described in Figure 3a,b, respectively. It is seen from Figure 3a that the unit-cell with a single metal disc presents a high reflection loss over the frequency range of 173–181 GHz, causing no radiation and creating an OSB problem. However, the unit-cell with two overlapped discs gives a very low reflection loss, less than –18 dB at 172 GHz leading to radiation of the broadside (See Figure 3b). From this figure, it can be inferred that from 157.5 GHz to 206 GHz, the return loss S11 was less than 10 dB, and the antenna was completely matched. It exhibits a relatively wide impedance bandwidth of 28.19%. Moreover, the simulated insertion loss S21 was less than −8 dB.



The normalized E-plane radiation patterns of the proposed antenna as a function of frequency have also been analyzed and the results are shown in Figure 4. As it can be seen in this figure, the beam continuously scans from −23° at 157.5 GHz in the backward direction to 38° at 201.5 GHz in the forward direction. At approximately 172 GHz, the broadside radiation is observed. The corresponding plot of co- and cross-polar radiation patterns in the E- and H-plane is depicted in Figure 5. As can be seen, a gain of 13.6 dBi with the side lobe level (SLL) of 13.2 dB was obtained.



The simulated gain and main beam angles versus frequency is also shown in Figure 6. A precise inspection of this plot reveals that gain increased consistently with frequency, with a slight dip at the broadside radiation point. As can be seen, in the band around 172 GHz, the gain was slightly decreased due to the weaker reflection cancellation leading to a reflected wave at the incident port (OSB effect); however, it was still 13.6 dBi. Furthermore, the gain was consistently varying less than 5 dBi over the working frequency band, varying from 10.5 dBi to 15 dBi. The main beam of the proposed LWA was scanned from −23° to 38° in a frequency range from 157.5 to 201.5 GHz. Accordingly, we were reaching a wide continuous beam scanning range of 61° through the broadside. The simulated radiation efficiency versus frequency is also depicted in Figure 7. As it can be seen from this figure, the proposed antenna ensures the minimum efficiency of 60% with 15 unit cells over the scan frequency range. Table 1 illustrates the comparison between the proposed LWA and previous similar works available in the literature. The proposed antenna had a small length with a relatively high gain and provides a wider beam scanning from the backward region to the forward region.




4. Fabrication and Measurement Challenges


Although the proposed design had a suitable configuration acting as a LWA with superior characteristics at Sub-THz frequencies, its fabrication might have some level of complexity. For example, there would be slight discrepancies between the simulated and measured results due to the unavoidable air gap between the ground plane and the dielectric layer in the fabrication. However, to address this issue, it is recommended to consider a Teflon-like low-permittivity insulating layer such as a 50 µm thick fluorinated ethylene propylene (FEP) copolymer film at the beginning of the design [52,53]. It should be noted that this layer should not be considered too thick in order to achieve a wide single-mode bandwidth. With thermal bonding at 300 °C, the dielectric is attached on the metal without any adhesive. Moreover, achieving low reflection levels at such high frequencies is relatively challenging, as even some minor deviation in the feature sizes or dielectric constant can potentially impact the antenna performance. As a result, a high-precision fabrication method such as micro-dispensed silver paste should be selected [54] for the metal loading in the proposed antenna. Furthermore, measuring the antenna radiation patterns over the full 180-degree range may also be challenging because of technical limitations. Indeed, at angles near to the backfire, many sources of diffraction associated with antenna-feeding effects (waveguide flange, plastic screw, etc.) or effects related to the absorbing materials can modify the radiation pattern at such high frequencies. Additionally, due to the lack of connectors at sub-THz frequencies, most test equipment is waveguide-based, making the transitions essential for the proposed design. In this work, since the microstrip line is used for feeding, a simple inline transition between this and a rectangular waveguide may also be required for the measurement. The transitions to rectangular waveguide were not modeled in the simulation.




5. Conclusions


A novel frequency-scanning antenna with wide beam scanning and consistent gain in the sub-THz frequency range was presented in this paper. The antenna system uses a layered dielectric waveguide, in which a 15-element linear array of radiating overlapped discs was designed to mitigate the OSB problem fed by the mentioned waveguide. The dominant mode of the layered dielectric waveguide is perturbed by the infinite space harmonics generated by two sets of overlapped discs periodically sandwiched between the layers. Specific properties of the proposed design in terms of radiation characteristics, feeding network, and fabrication and measuring challenges were discussed. A gain of 13.6 dBi in the broadside direction was obtained. The antenna demonstrated a good radiation performance over the working frequency band and enabled continuous wide-beam scanning from −23° to 38° through the broadside with the peak gain of 15 dBi. The technique proposed in this work can be easily adapted to realize and implement antennas in the higher mm-wave frequency.
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Figure 1. Layout of the proposed LWA. (a) Cross-sectional view of the array and (b) a top view of the structure along with the feeding network; 2a = 0.3, p = 0.8, ty = 0.7, S = 0.12, g = 0.1, r = 0.1 mm, b = 0.254, h2 = 0.254, h1 = 0.127, (Unit: mm). 
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Figure 2. Dispersion curve of the optimized unit-cell with dimensions indicated in Figure 1. 
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Figure 3. Frequency variation of S-parameters of the proposed antenna for two type of unit-cells; (a) one circular disc, (b) two overlapped circular discs with a center-to-center spacing of λg/4. 
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Figure 4. Simulated radiation patterns in the E-plane at different frequencies. 
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Figure 5. Simulated co- and cross-polar E-plane and H-plane radiation patterns at the broadside frequency of 172 GHz. 
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Figure 6. Simulated main beam angles and gain versus frequency. 
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Figure 7. Simulated radiation efficiency versus frequency. 






Figure 7. Simulated radiation efficiency versus frequency.



[image: Electronics 10 02172 g007]







[image: Table] 





Table 1. Performance comparison with the prior literature.
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	Frequency Range

(GHz)
	Scanning

Range (Degree)
	Peak Gain

(dBi)
	Broadside Radiation
	Size
	Efficiency (%)





	[25]
	75–85
	−10°–8°
	12.7
	Yes
	11.1 λ0
	Not mentioned



	[50]
	55 to 67
	Forward only

4°–18°
	6
	No
	12 λ0
	79



	[51]
	230–245
	−25°–25°
	29
	Yes
	8 λ0
	55



	[1]
	220–300
	Backward only

−75°–−30°
	28.5
	No
	10 λ0
	75.8



	[27]
	86–106
	−31°–10°
	11
	Yes
	6 λ0
	58



	[26]
	58–67
	Forward only

7°–38°
	11.7
	No
	2.6 λ0
	85



	This work
	157.5–206
	−23°–38°
	15
	Yes
	6.9 λ0
	60
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