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Abstract

:

The tunable properties of nematic liquid crystals (NLC) are here exploited in a peculiar leaky waveguide with artificial magnetic conductors as the lateral walls, a bottom metal ground plane, and a homogenized metasurface on top to obtain dynamic beamsteering at a fixed terahertz frequency. The waveguide consists of an NLC cell sandwiched between two dielectric layers. The proposed antenna system works on its transverse-magnetic leaky mode and is capable of radiating a beam that scans either by frequency or by changing the bias voltage applied across the NLC cell. The design parameters are optimized through a rigorous modal analysis of the structure, and the radiation performance is validated through full-wave simulations. The results are promising for the realization of next-generation tunable terahertz leaky-wave antennas.
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1. Introduction


The distinctive frequency-scanning feature of leaky-wave antennas (LWAs) [1] recently experienced somewhat of a ‘renaissance’ in the terahertz (THz) range, where it has been proposed as a key feature in a number of promising THz applications spanning from sensing to multiplexing [2,3,4,5,6,7,8]. On the other hand, the frequency-scanning feature is undesired in most microwave communication systems, where instead the beam is required to be fixed over a relatively narrow bandwidth (see, e.g., [9] and the references therein). This aspect stimulated the design of reconfigurable antennas, i.e., antennas exhibiting a beamscanning feature at a fixed frequency [10,11,12].



As a result, various fixed-frequency LWAs have been proposed in the microwave range based on different technologies, such as active impedances [13,14,15], piezoelectric actuators [16], ferroelectric materials [17,18], or other tunable materials, such as nematic liquid crystals (NLC) [19,20,21,22,23,24]. This ‘abundance’ has no counterpart in the THz domain, where it is already challenging to obtain high-gain antennas, even without featuring any reconfigurable property [25,26,27,28]. As a matter of fact, experimental realizations of tunable THz LWAs are yet to appear, although several graphene-based designs have been proposed (see, e.g., [29,30,31]) on a theoretical basis.



Unfortunately, most of graphene-based antenna designs in such frequency ranges rely on rather optimistic assumptions on the graphene properties, as suggested in [32], and recently confirmed by experimental measurements via THz time-domain spectroscopy (TDS) in both transmission [33] and reflection mode [34]. Therefore, research on graphene-based THz LWAs is still at an early theoretical stage, and more mature technologies have to be found.



Interestingly, THz-TDS measurements [35] have shown that the nematic liquid crystal mixtures w-1825 and w-1852 exhibit attractive electromagnetic properties in the THz range—namely, high birefringence and moderate losses. The former is crucial to considerably affect the phase constant  β  of leaky modes in NLC-filled waveguides and, in turn, steer the beam of an antenna over an appreciable angular range. The latter is key to obtain a sufficiently low leakage rate  α , and thereby achieve satisfactory antenna performance in terms of directivity and efficiency.



As a result, a number of tunable passive THz devices based on NLC, such as filters, polarizers, cavities, etc., have recently appeared (see [36] and the references therein) and, more recently, even NLC-based LWAs [37,38,39]. The concept of tunable LWAs based on NLC at a fixed THz frequency was theoretically proposed in [38], where it was applied to a Fabry–Perot cavity-like structure to radiate a pencil beam at broadside and/or a directive conical beam achieving about a   30 ∘   of angular reconfigurability in elevation with efficiencies as high as   80 %   at around 500 GHz.



The results in [38] were confirmed by full-wave simulations, whereas experimental results showing similar performance were obtained at lower frequencies—namely, at the W-band, with a 1-D image-line LWA [39]. More recently, preliminary results [40] demonstrated the possibility to achieve beam-steering at approximately 1 THz with a peculiar leaky waveguide filled with NLC and made of perfect electric and magnetic conductors (PEC and PMC, respectively), and a homogenized metasurface that acts as a partially reflecting sheet (PRS).



In this work, we elaborate on the preliminary analysis of [40], providing the necessary details to properly design both the artificial magnetic conductor (AMC) and the PRS, which were previously supposed to be an ideal PMC and an ideal isotropic metasurface, respectively. Moreover, we derive a useful analytic formula to evaluate the scan rate at a fixed frequency that is then exploited to determine the optimal working points for the proposed design. An original analysis on the antenna performance clearly reveals that the angular tunability is improved by radiating close to broadside or endfire, whereas the gain monotonically increases when radiating close to endfire. However, LWAs do not usually radiate efficiently at endfire unless properly designed (see, e.g., Ref. [41,42]); a sub-optimal operating condition is thus selected to deal with such constraints.



The paper is organized as follows: Section 2 covers the necessary background on LWAs to understand the working principle of the original leaky waveguide proposed here. Section 3 provides design rules to optimize the antenna structure, as well as to correctly synthesize both the AMC and the PRS. Finally, in Section 4, full-wave results are reported and commented. Our conclusions are presented in Section 5.




2. Theoretical Analysis


2.1. Closed Waveguide


We start from the analysis of the PEC/PMC air-filled waveguide (see Figure 1, left, with the relevant coordinate systems), which differs from the one analyzed in [43] for having the PEC and PMC walls along the short and long sides, respectively, (in our geometry equivalent to the horizontal and vertical sides, respectively). A simple eigenvalue analysis of this structure reveals that the fundamental mode is a transverse electric and magnetic (TEM) mode (the limit case of a transverse electric (TE) mode, as opposed to the TEM mode of the parallel-plate PEC waveguides, which is the limit case of the transverse magnetic (TM) mode), whereas the first higher-order mode is the   TM 10   (the first and second subscript refer to modal indexes along the z- and y-axes, respectively).



In the PEC/PMC air-filled waveguide, due to the closed and lossless nature of the problem, the propagation wavenumber   k x   of the   TM 10   mode can only be either purely real or purely imaginary [44], depending on whether the mode is above or below the cutoff. Hereafter, we will focus exclusively on this   TM 10   mode as the radiating properties of the proposed LWA will be determined by its perturbed (partially open) version.



The eigenvalue analysis also reveals that the   TM 10   mode has only   H y  ,   E z  , and   E x   components, with    {  H y  ,   E z  }  ∝ cos  (  k z  z )    and    E x  ∝ sin  (  k z  z )   ,   k z   being the transverse wavenumber. We note here that this modal configuration has consequences on the required feeding scheme of the waveguide. As shown in [45], the sinusoidal profile of the   E y   field of the   TE 10   mode couples efficiently with the Gaussian profile of the impinging transversely polarized THz beam commonly used as a free-space excitation source. Conversely, the   TM 10   mode has a non-negligible   E x   field component that can be efficiently excited with a longitudinally polarized THz beam. Therefore, sources such as those proposed in [46,47] are considered here for efficient excitation of the desired   TM 10   mode.




2.2. Open Leaky Waveguide


We now replace the top PEC plate with a PRS (see Figure 1, the second from the left), which enforces a surface impedance boundary condition of the type    (   H ̲  +  −   H ̲  −  )  ×   z ̲  0  =  E ̲  /  Z s   , where the     + ( − )    superscripts refer to the field immediately above (below) the PRS,    z ̲  0   is the unit vector along the z-axis, and   Z s   is the surface impedance of an isotropic lossless metasurface, which is thus described by a single scalar reactance value    X s  = Im  [  Z s  ]   . We also assume the PRS to be highly reflective (i.e.,    X s  ≪  η 0   , with    η 0  ≃ 120 π  Ω   as the vacuum impedance) so as to slightly perturb the modal configuration of the   TM 10   mode.



However, the partially open nature of the problem will now allow the propagation wavenumber to be generally complex [44,48]. This perturbed version of the   TM 10   will be referred to as the TM leaky mode when   Im [  k z  ] > 0  : it will represent the dominant contribution to radiation when   β > α   and   0 < α ≪  k 0    [49,50], where   β = Re [  k x  ]   and   α = − Im [  k x  ]   are the phase and attenuation constants of the leaky mode, and   k 0   is the vacuum wavenumber. Since the modal field of the TM leaky mode is constant with respect to the y-axis, we will study its propagation properties with the aid of a transverse equivalent network (TEN) [51], as will be discussed in more detail in Section 3.



As is well-known [1], one-dimensional (1-D) PRS-based LWAs, such as those considered here, radiate half of a conical beam. The beam angle   θ 0   (measured from the vertical z-axis) and   − 3   dB beamwidth   Δ θ   are determined by the normalized phase    β ^  : = β /  k 0    and attenuation    α ^  : = α /  k 0    constants through the following approximate relations:


     θ 0     ≃ arcsin  β ^      



(1)






     Δ θ     ≃ 2  α ^  / cos  θ 0  .     



(2)




The directivity D is instead given by [52]:





    D    ≃ 1.2 /  α ^  ,     



(3)




and it coincides with the gain G for a lossless structure. When material losses have to be accounted for (as in the case discussed in the next Section 2.3), it is   G =  η rad  D  , where the radiation efficiency   η rad   can be estimated as [53]:





      η rad  ≃        β ^  rad    α ^  rad     β ^   α ^       



(4)




where    β ^  rad   and    α ^  rad   are the phase and attenuation constants only due to radiation and can thus be obtained by evaluating the propagation complex wavenumber of the lossless structure, i.e., by assuming no material losses.



These formulas only hold for infinite structures; however, more accurate formulas exist for their truncated version [52,54,55,56]. For the cases analyzed here, it will be seen that no substantial differences are expected with respect to the infinite case; thus, Equations (1)–(4) are accurate enough.




2.3. Tunable Leaky Waveguide Filled with NLC


From the radiating viewpoint, the structure considered thus far is a conventional 1-D PRS-based LWA. Therefore, the beam will scan with frequency f through the approximate formula [55]:


      θ 0  ≃  sin  − 1      ε r  −    c  2 h f    2        



(5)




where c is the speed of light in vacuum,   ε r   the real part of the relative permittivity of the dielectric material filling the waveguide, and h the height of the waveguide in the vertical direction—here, the z-axis.



However, our goal is to have beamscanning at a fixed frequency around 1 THz. For this purpose, we now fill the waveguide with an NLC material (mixture w-1825, see [38] and the references therein) as shown in Figure 1, third schematic from the left. As is known [57], the dielectric properties of NLC change when an external low-driving voltage is applied across the cell (see, e.g., Ref. [38,58] for details). A rigorous electromagnetic analysis would require modeling the NLC with a full permittivity tensor [59].



Under this condition, the problem can no longer be decomposed into TE and TM modes, and dyadic Green’s functions [60] or coupled transmission-line equations [61] are required. Nevertheless, as discussed in [61], when the ratio of anisotropy defined as   δ ε : = 2 Δ ε / (  ε e  +  ε o  )   (with    ε o   (  ε e  )    as the ordinary (extraordinary) relative permittivity value of the NLC and    Δ ε = |   ε e  −  ε o   |    as its dielectric anisotropy) is less than   50 %   (as in the case of the mixture w-1825 [35]), the TE–TM coupling can safely be neglected. Hereafter, TE and TM modes are referred with respect to the   x z  -plane; thus, the TE and TM modes are described by   {  E y  ,  H x  ,  H z  }   and   {  H y  ,  E x  ,  E z  }  , respectively.



This assumption allows for greatly simplifying the problem. In particular, we model the NLC as a lossy uniaxial crystal with a diagonal relative permittivity tensor with components given by    ε  x x   =  ε e    and    ε  y y   =  ε  z z   =  ε o    when no bias (off state) is applied and    ε  x x   =  ε  y y   =  ε o    and    ε  z z   =  ε e    at the high-voltage limit (on state) when the NLC optical axis is aligned with the z-axis [58].



The NLC orientation at the off-state is determined by properly placing alignment layers, e.g., polyamide films rubbed along the x-axis—a standard practice in LC technology. The thickness of such layers is in the order of tens of nm; hence, their effect at the THz frequency of operation can be neglected. The relative permittivity values of the considered NLC material are    ε o  = 2.42  ( 1 − j 0.08 )    and    ε e  = 3.76  ( 1 − j 0.05 )    (see, e.g., Ref. [38,58]).



We consider the case where the NLC voltage bias is applied along the z-axis, leading to a rotation of the NLC optical axis in the   x z  -plane. Hence, the orientation of the NLC optical axis can be described by a tilt angle  δ , measured from the x-axis, and the NLC relative permittivity tensor is given by


   ε ˜  =       ε o  + Δ ε  cos 2  δ    0    Δ ε cos δ sin δ      0    ε o    0      Δ ε cos δ sin δ    0     ε o  + Δ ε  sin 2  δ      .  



(6)







Although the dynamics of the NLC as a function of the driving voltage are nonlinear (see, e.g., Ref. [58]), this aspect is secondary in the current context: our goal is to determine the tunable range of the antenna (ultimately bound by the ‘off’ and ‘on’ states) and to optimize its radiation performance. Similarly, the tilt angle, which is generally spatially variant as   δ ( x , z )  , can be approximated by its 2-D spatial average    δ ¯  ≡  1   d x   d z        ∫   ∫     D  x z    δ  ( x , z )  d x d z   (where   D  x z   ,   d x  , and   d z   are the spatial domain of the LC cell along the   x z  -plane and its dimensions along the x- and z-axes, respectively) that describes intermediate biasing states—namely,    0 ∘  <  δ ¯  <  90 ∘   . The components of the NLC permittivity tensor are still provided by Equation (6), where   δ ≡  δ ¯   .



Since we are assuming the optical axis of the NLC to switch in the   x z  -plane, only the TM leaky modes are affected by the application of a voltage (as can be inferred from the characteristic TE–TM admittances of the NLC layer: see, e.g., Ref. [38]), thus, motivating the choice of having PMC lateral walls. The variation of the phase constant of the TM leaky mode through voltage biasing will affect the beam angle through Equation (1), thus, producing the desired beamsteering property at a fixed frequency. The scan rate of the TM leaky mode with respect to variation of the relative permittivity   SR : = d  θ 0  / d  ε r    can be found from Equation (5) and reads:


     SR ≃ csc  ( 2  θ 0  )  / 2 ,     



(7)




which reveals that the angular sensitivity is higher when the antenna radiates at angles close to either broadside or endfire. However, 1-D LWAs do not usually radiate efficiently at such angles, and a trade-off has to be accepted [1].




2.4. Tunable Leaky Waveguide Partially Filled with NLC


The structure described in the previous Section 2.3 would not only be unrealistic (the liquid crystal cannot touch the partially open PRS) but also would exhibit poor radiation performance due to the non-negligible loss tangent of the NLC. This feature contributes to considerably raising the total attenuation constant, thus, increasing the beamwidth (see Equation (2)) and reducing the directivity (see Equation (3)) and, consequently, the total efficiency (see, e.g., Equation (4)).



In order to mitigate the losses, one strategy is to reduce the volume of the NLC cell inside the waveguide and to simultaneously increase the volume of a spacer material with significantly lower losses. This is the approach that we exploit in this work and that is shown on the right side of Figure 1, where the NLC cell is sandwiched between two low-loss layers of the cyclo-olefin polymer Zeonor, whose relative permittivity at THz frequencies equals    ε sp  = 2.35  ( 1 − j 0.0013 )   . The side effect of this strategy is the corresponding reduction of the tunability of the device: the lower the volume of the NLC, the lower the tuning range. In Section 3, we will explain how to properly design the structure to optimally deal with this kind of trade-off.





3. Optimization and Design


3.1. Optimization of the Ideal Structure


According to the assumptions made in Section 2, we develop here a TEN model (see Figure 2) for the structure described in Section 2.4. This TEN can be studied through the transverse resonance technique [51], which provides the relevant dispersion equation


    Y ¯  0  +   Y ¯  s  +   Y ¯  TL   (   Y ¯  sp  ,   Y ¯  NLC  )  = 0  



(8)




where the ‘bar’    ( · )  ¯   denotes normalization to   1 /  η 0    (with    η 0  ≃ 120 π  Ω   as the vacuum impedance), whereas    Y ¯  0  ,    Y ¯  sp  , and    Y ¯  NLC  , represent the normalized wave admittances of air, spacer, and NLC media, respectively.    Y ¯  s   is the normalized surface admittance of the PRS, and    Y ¯  TL   is the normalized input admittance of the three-section transmission-line terminated with a short circuit representing the ground plane. The expression of    Y ¯  TL   is a function of both    Y ¯  sp   and    Y ¯  NLC   and is not reported here for the sake of brevity.



For TM polarization, the characteristic normalized admittances    Y ¯  c   of isotropic nonmagnetic media, such as the spacer and air, are,     Y ¯  c  =  ε r  /    ε r  −   k ^  z 2     , with   ε r   as the relative permittivity of the medium, whereas, for anisotropic uniaxial media, such as the NLC, we have     Y ¯  NLC  =  ε  z z   /    ε  z z   −  (  ε  z z   /  ε  x x   )    k ^  z 2      (see, e.g., Ref. [38]). According to the previous description of the NLC tensor, it becomes clear that the roots of this equation change as the tilt angle of the NLC optical axis changes.



Root-finding methods, such as the Padé algorithm [62] can be employed to obtain the wavenumber dispersion of the higher order TM leaky mode. It is worthwhile recalling that the domain of the function at the left-hand sides of Equation (8) is a two-sheeted Riemann surface. The proper   Im [  k x  ] < 0   and improper   Im [  k x  ] > 0   sheets are connected through Sommerfeld branch cuts   Im [  k x  ] = 0  ; leaky modes are found on the improper sheet [48].



In our analysis, we are interested in evaluating the wavenumber dispersion of the TM leaky mode as a function of both the frequency and tilt angle and for different choices of the sheet impedance value   Z s   and the NLC filling factor defined as   FF =  h NLC  / h  . We stress that the analytical techniques that are typically adopted to maximize the gain in 1-D unidirectional LWAs [52,55] cannot be applied here because of the anisotropy of the NLC layer and its non-negligible losses.



In addition, the results from [52,55] refer to typical frequency-scanning 1-D unidirectional LWAs. Here, the tunable feature enabled by the NLC cell requires the antenna designer to find the parameters that may enhance the maximum angular range at a fixed frequency—not only the gain.



The search for optimal values of FF and   Z s  , thus, requires a parametric numerical investigation, whose final results are here reported (a qualitative analysis is instead discussed in [40]). Specifically, we found that the choice of   FF = 0.2   and    Z s  = j 60  Ω   represents an optimal trade-off among the directivity, radiation efficiency, and tunability.



The numerical results of this optimized structure are reported in the frequency range of   0.6  –  1.2   THz for different NLC states in Figure 3a (the colors shade from blue to red as the NLC state switches from ‘off’ to ‘on’), for a cavity height of   h = 96  μ m  , which corresponds approximately to a resonant cavity at 1 THz when the NLC is in its off state (note that   h ≃  λ 0  /  ( 2   Re [  ε o  ]   )    and that the NLC in its off state and the Zeonor are almost index-matched).



This effect is also appreciable from the dispersion curves depicted in Figure 3a,b, where it is seen that the normalized phase (in solid lines) and attenuation constant (in dashed lines) dispersion curves cross each other (resonant condition for having broadside beams [63,64]) in the range of 0.85–0.95 THz. In Figure 3b, the same results of Figure 3a are obtained for the lossless version of the optimized structure in order to obtain    β ^  rad   and    α ^  rad  , which are essential to compute the radiation efficiency (see Equation (4)) and, in turn, the gain.



In Figure 3a, we also report the fixed frequencies that we selected to evaluate the scan performance through NLC biasing with black, violet, and magenta dotted vertical lines. The rationale behind the choice of these frequencies is as follows.



The lowest frequency (the dotted vertical black line in Figure 3a,b) corresponds to the frequency for which, at the ‘on’ state (see the red-colored dispersion curves), the TM leaky mode is at the leaky cutoff (viz.,    β ^  =  α ^   ) and, thus, radiates efficiently close to broadside (we recall that, for    β ^  <  α ^   , the gain of 1-D unidirectional LWAs abruptly decreases). The highest frequency (the dotted vertical magenta line in Figure 3a,b) corresponds to the frequency for which, at the ‘off’ state (see the blue-colored dispersion curves), the TM leaky mode radiates at endfire (viz.,    β ^  = 1  ). The intermediate frequency (the dotted vertical violet line in Figure 3a,b) is simply a middle-of-the-way choice that represents, in our opinion, a sub-optimal condition at which it is convenient to have the antenna work.



In particular, in Figure 3c, the beamwidth and the beam angle are reported as a function of the NLC tilt angle. The results for the beam angle are in agreement with the formula for the scan rate (viz., Equation (7)), which predicts a greater tunable range for angles either close to the broadside or endfire. However, the results for the beamwidth show that, as the scan rate increases, the beamwidth dynamic range also increases, which is not a desirable property for beamscanning applications.



Figure 3d completes the picture, showing the gain as a function of the average NLC tilt angle, and revealing that there is only a slight improvement in working close to the endfire (magenta curve) with respect to the intermediate condition (violet curve), which instead ensures a quasi-consistent beamwidth through scanning. For these reasons, in the following, we only report results for the fixed frequency of   f = 1.049   THz (the violet curves in Figure 3c,d), as this choice represents an optimal trade-off.




3.2. Design of the AMC Walls


Thus far, we have assumed ideal PMC lateral walls, which, in practice, have to be realized with AMC-like materials, such as high-impedance surfaces (HIS) [65,66]). Simple and accurate design rules for HIS can be found in [65]. Here, we consider a patch unit-cell on top of a grounded slab of Zeonor of thickness    d 1  = 45  μ m   whose design parameters are the period    p 1  = 30  μ m   and gap    g 1  = 8  μ m  .



The parameters have been optimized to obtain a zero-phase reflection coefficient at the desired frequency of   1.049    THz, for a TE mode propagating impinging at grazing incidence over the   x y  -plane (i.e., almost parallel to the propagation x-axis). It is worth noting here that the propagating TM leaky mode will have no   E y   component; thus, it will be TE with respect to the y-axis, which corresponds to the normal axis for the AMC wall.



The full-wave results confirm that the designed unit-cell behaves as an AMC over a narrow frequency bandwidth centered around the working frequency (see Figure 4a); since we are interested in a LWA operating at a fixed frequency, this aspect should not be an issue. The lateral walls will, thus, be modeled as ideal PMC walls.




3.3. Design of the PRS


The sheet impedance of the PRS used in the optimized structure described in Section 3.1 is    Z s  = j 60  Ω  . Homogenized metasurfaces similar to those used for the synthesis of the AMC walls can also be used to realize such a PRS.



However, as opposed to the synthesis of the AMC, where the thickness of the substrate is instrumental to realize the zero-phase condition at the desired frequency, it is here of little importance, since we only require a metasurface that behaves as a PRS. This is fully characterized by a single scalar purely imaginary value of   Z s  . Moreover, the need to use the PRS as an electrode for the application of the signal driving the liquid crystal demands that the PRS is connected as it acts as one of the electrodes. Additionally, this requires a high filling factor as the LC materials under the gaps suffer from lower reorientation as driven only by the fringe field.



Hence, patch and strip-grating unit cells do not represent optimal choices for our PRS as there are either nonconnected topologies or intrinsically low filling-factor geometries. Conversely, fishnet-like unit cells, such as those studied in [25,58], possess both the above-mentioned features of having a connected topology and a relatively high filling factor. However, since we deal with a 1-D LWA with PMC walls, the unit cell will be periodic only along the propagation x-axis. This is a relevant difference with respect to the fishnet-like unit cell studied in [25,58], which is instead 2-D periodic. In particular, we note that the original 2-D periodic fishnet-like unit cell is a superposition of a longitudinal slot and a transverse slot; in our case study, the TM leaky mode will only couple with the transverse slot, and the PMC symmetry along the   x z  -planes will cancel the contribution of the longitudinal slot.



Indeed, the longitudinal slot behaves as an x-oriented magnetic dipole, which is parallel to the PMC walls, and thus it does not radiate (the dual case of an electric dipole parallel to a PEC wall [67]). Therefore, the PRS will be realized considering only a transverse slot unit cell in a 2-D periodic environment, with the contribution of the longitudinal slot being negligible for the reasons above.



The sheet impedance is then extracted by means of conventional Floquet–Bloch full-wave simulations of such a unit cell for different choices of design parameters. After a parametric analysis, we obtained the desired sheet impedance value (see Figure 4b) for the following design parameters: the period    p 2  = 75  μ m  , the slot length   s = 67.5  μ m  , and the slot width   w = 7  μ m  . In the simulation of the unit-cell, a substrate of Zeonor of thickness   50  μ m   is considered so that the extracted   Z s   considers the inhomogeneous character of the materials at the interface.



The frequency-dispersive character of   Z s   is then used in the implementation of the surface impedance boundary condition in the CST [68] full-wave simulation of the entire structure. Although approximate, this approach allows for a great reduction of computational burden while maintaining excellent accuracy as demonstrated in previous studies [25,55].




3.4. Liquid-Crystal Switching


Here, we provide some brief considerations regarding the LC biasing scheme and characteristics. As shown in Figure 2, the LC bias voltage is applied along the z-axis, i.e., between the PRS and the bottom PEC ground plane. At the lateral walls, the metallic patch array of the PMC will behave as a uniform conducting surface at the LC bias frequency, which is typically between 1 and 10 kHz. Hence, the PMC walls have to be electrically disconnected from the PRS/ground electrodes in order to avoid short-circuiting by introducing a small lateral gap, e.g., by slightly reducing the width d.



The electric breakdown strength for Zeonor is    E b  > 100   V/ μ m [69]; hence, a micron-sized gap provides sufficient protection of the material without notably perturbing the THz modal properties. Regarding potential fringe-field effects from the slotted PRS, the aspect ratio of the slot width over the waveguide height   w / h   is less than   10 %  , which is too low to induce detrimental effects [70] considering that the NLC layer is located in the middle of the waveguide.



Regarding the operation bias voltage, it can be estimated by first considering the threshold voltage in a standard planar splay NLC cell, which is given by    V th  = π    K 11  /  (  ε 0  Δ  χ e  )     , where   K 11   is the NLC splay elastic constant,   ε 0   is the free-space permittivity, and   Δ  χ e    is the low-frequency NLC dielectric anisotropy. In particular, at 1 kHz, for the NLC mixture 1825, these parameters are    K 11  = 12.5   pN and   Δ  χ e  = 17   [35]; hence,    V th  ≃ 0.9   V. Given the NLC filling factor FF   = 0.2   and the difference of the low frequency relative permittivities of the NLC and Zeonor, the threshold voltage for the LC switching in the proposed antenna is estimated as 10 V.



Finally, the operation speed of the device is determined by the NLC response time as given by    τ on  +  τ off   :   τ on   can be controlled by increasing the voltage, and generally    τ on  < <  τ off   , unless operating close to the threshold voltage, which, however, provides limited tunability. Hence, the response time is ruled mainly by the switch-off relaxation process,    τ off  =  γ 1   h 2  /  (  K 11   π 2  )    [24], where   γ 1   = 311 mPa·s is the NLC rotational viscosity [71]. The resulting value is approximately one second, and this can be further reduced by employing optimized low-viscosity and/or dual-frequency NLC mixtures.





4. Results


According to the analysis in the previous Section 3.1, a 3-D model of the optimized 1-D unidirectional NLC-based LWA of length   L = 1.5   mm (which is about   5  λ 0    at 1 THz) was designed in CST Microwave Studio and simulated with the time-domain solver.



The results of Section 3.2 and Section 3.3 were exploited to reduce the complexity of the problem; thus, the PRS was implemented with a surface impedance boundary condition, whereas the AMC walls were implemented as PMC boundary conditions. The lateral distance between the two PMC is   d = 75  μ m  . The antenna was excited with a waveguide port operating in its first-order TM mode, and another waveguide port was placed at the end of the antenna to simulate the presence of an absorber. The NLC mixture w-1825 is defined as a uniaxial crystal with diagonal components as in Equation (6). Full-wave simulations of the structure were performed at the fixed frequency of   1.049   THz for a tilt angle that switched from   0 ∘   to   90 ∘   at steps of   15 ∘  .



Full-wave results are shown for both the radiation efficiency and peak gain in Figure 5a,b, respectively, where they are reported as black circles and compared with the analytical results (solid black lines), showing satisfactory agreement. Analytical results were obtained using Equations (3) and (4) for the efficiency and directivity, respectively, with the numerical values of   β ^   and  α  obtained from the dispersion analysis as described in Section 3.1.



In order to have a more complete picture of the radiation performance of the proposed structure, we also report the normalized radiation patterns on the elevation plane for four different bias states (corresponding to   δ =  0 ∘  ,   30 ∘  ,   60 ∘  ,   and   90 ∘  ) obtained with CST and compared with the expected analytical leaky-wave patterns. The latter were computed using the numerical values of   β ^   and   α ^   into the following formula [54]:


         P ¯   ( θ )  =   1 +  sin 2  t  ( θ )  /  sinh 2  a   1 + t   ( θ )  2  /  a 2        



(9)




where   t ( θ ) = b − l sin θ   with   l =  k 0  L / 2  ,   b =  β ^  l  , and   a =  α ^  l   are normalized variables. The comparison is shown in Figure 5c), where a good agreement between full-wave (colored dots) and analytical (colored solid lines) results is observed for the last three bias states; the analytical results for the first state appear to underestimate the effective beam angle, which is most likely due to edge effects, since the beam peak is not far from the endfire. A 3-D view of the radiation pattern obtained from a full-wave simulation of the last bias state is shown as an inset in Figure 5c.



Full-wave 3-D radiation patterns for all bias states were obtained but are not reported for the sake of brevity. Indeed, as can be inferred from Figure 5, the radiation patterns are similar to one another apart from the different beam angles. The gain peak and the beamwidth, which are the most relevant antenna figures of merit, are slightly affected by the variation of the tilt angle as predicted by the analysis of Figure 3c,d (see the violet curve). The only significant difference among all the patterns is the increase of the sidelobe level at endfire (due to surface-wave radiation [72]) when the beam angle increases.




5. Conclusions


We discussed the design criteria and the radiation performance of a PRS-based 1-D unidirectional LWA that exploits the tunable properties of NLC to scan the beam at a fixed frequency in the low THz range. The proposed LWA consisted of a rectangular waveguide whose top wall was a PRS, whereas the side walls were replaced by perfect magnetic conductors to result in the LWA operating in its TM leaky mode. A suitable choice of design parameters allowed for beam steering over an angular range of around   15 ∘   while maintaining an almost constant beamwidth of   15 ∘  .



These results were obtained through an approximate but efficient leaky-wave analysis of the structure and then validated through full-wave simulations. In future works, we will investigate the performance of a more accurate design while considering the realization of the biasing network and its effects on the dynamics of the liquid crystal.
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Figure 1. From left to right, an air-filled PEC/PMC waveguide, which evolves first in an open leaky waveguide where the PEC top plate is replaced by a PRS, is then entirely filled with an NLC to allow for dynamic beamsteering and, finally, is only partially filled with an NLC material to compensate for losses. 
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Figure 2. (a) A schematic 3-D view of a 1-D unidirectional LWA based on PRS and NLC, (b) its cross section along the   y z  -plane, and (c) the related transverse equivalent network. The biasing scheme is shown only in (b). 
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Figure 3. (a,b) Dispersion curves   β ^   (solid lines) and   α ^   (dashed lines) vs. f for NLC states continuously varying from the ‘off’ (blue) to ‘on’ state (red). The results in (a,b) are for the lossy and lossless cases, respectively. Dotted vertical colored lines highlight the frequency at which the antenna performance shown in (c,d) are evaluated. (c) The beam angle   θ 0   (in solid lines) and half-power beamwidth   Δ θ   (in dashed lines), and (d) gain G as the optical axis  δ  tilts from the horizontal z-axis   δ =  0 ∘    to the vertical x-axis (  δ =  90 ∘   ) for the frequencies shown in (a). 
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Figure 4. (a) Phase of the reflection coefficient vs. f (solid black line) of the patch unit cell for realizing the PMC. The vertical dotted line highlights that the phase of the reflection coefficient is zero at the desired frequency of 1.049 THz. (b) Sheet reactance vs. f (solid black line) of the transverse slot for realizing the PRS. The parameters are in the text. 
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Figure 5. (a) Radiation efficiency   η rad  , and (b) gain (in dB) vs. NLC tilt angle  δ  for   f = 1.049   THz. The CST results are shown as black circles, and the numerical results are shown as solid black lines. (c) Normalized radiation patterns at   f = 1.049   THz for four different LC states—namely,   δ =  0 ∘  ,   30 ∘  ,   60 ∘  ,   and   90 ∘   in black, light blue, green, and yellow, respectively. The CST results are shown as colored circles, and the analytical results are shown as solid colored lines. The inset of (c) shows the normalized 3-D radiation pattern for the last NLC state for which the beam peak points at approximately   45 ∘   (as expected from Figure 3c). The intensity of the normalized 3-D radiation pattern goes from −20 dB (green) to 0 dB (red). 
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