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Low Band Directivity Enhancement of DETSA Using Characteristic Modes Analysis

This paper presents a characteristic modes approach to optimize the low band directivity of a Double Exponentially Tapered Slot Antenna (DETSA). By integrating discrete loads at specific positions inside the antenna structure, the radiated characteristic fields can be manipulated to improve its directivity. The study examines the influence of the loading position on the optimization results. With the proposed loading configuration, the directivity of the DETSA reaches 6.5 dBi in the lower part of the band ~150 MHz rather than 2.5 dBi for the classical unloaded case. Geometrical modifications and additional loads are then introduced to enhance the radiation performance of the proposed DETSA over a wideband.

I. INTRODUCTION

Ground Penetrating Radars (GPRs) have become essential equipment in various domains such as archeology, civil engineering, mine detection, etc. Along with the urging need for more compact GPR systems, additional constraints are imposed on the antenna design in terms of its physical size and radiation properties. In this context, classical GPR antennas such as resistively loaded bowties [START_REF] Lestari | A Modified Bow-Tie Antenna for Improved Pulse Radiation[END_REF] or bulky Vivaldi antennas [START_REF] Alkhalifeh | Design of a 3D UWB linear array of vivaldi antennas devoted to water leaks detection[END_REF] should be replaced with compact and highly directive antennas. Due to its relatively compact size and UWB performance the DETSA constitutes an interesting candidate for the integration in GPR systems [START_REF] Zhang | A Novel Compact Double Exponentially Tapered Slot Antenna (DETSA) for GPR Applications[END_REF]. However, such antenna suffers from a low directivity in its low operating band. For applications such as GPR, it is required that the antenna radiates a directional pattern in the front hemisphere. Hence, a low antenna directivity could lead to a poor system performance. This paper proposes an approach based on the Characteristic Modes Analysis (CMA) [START_REF] Harrington | Theory of characteristic modes for conducting bodies[END_REF] in order to boost the directivity of a DETSA antenna in the low operating band. By analyzing the characteristic modes that are supported by the antenna, loading positions are identified on the proposed structure. With the appropriate loading topology, it is possible to control the radiated characteristic fields in order to enhance the directivity of the antenna [START_REF] Jaafar | Characteristic Modes Approach to Design Compact Superdirective Array With Enhanced Bandwidth[END_REF]. Hence, a parametric study is applied to calculate the maximal directivity as a function of the loading positions. The study shows that the location of the embedded loads is a critical factor in maximizing the directivity of the antenna. After identifying the optimal loading positions that are essential to optimize the directivity in the low band, a final DETSA design is proposed. In this configuration, additional loads are integrated inside the antenna topology in order to maintain a directive pattern throughout the whole bandwidth of operation. The initial antenna geometry is inspired by [START_REF] Zhang | A Novel Compact Double Exponentially Tapered Slot Antenna (DETSA) for GPR Applications[END_REF]. The arms of the DETSA are rolled back and lengthened to form a closed loop behind the exponentially tapered slot. In order to improve the radiation performance of the antenna in the low operating band, the characteristic modes that are supported by the structure are analyzed. Figure 3 shows the modal significance of the first six modes. At 150 MHz, the modes 1 and 2 are dominant. Starting from 250 MHz, mode 4 becomes the most significant with a contribution of Mode 2 which exhibits a modal significance of around 0.5. Yet, the surface current distribution of the given modes (Figure 4), shows that only modes 2 and 4 are coupled with the excitation (port 1) while the others will not contribute in the antenna radiation given that they exhibit null currents at the excitation points.

In the low frequency band, mode 2 is the dominant mode with a high current distribution at the tapered slot profile. However, this distribution is not sufficient to generate a high directivity in this part of band. In order to improve the radiation performance, parasitic loads should be integrated inside the antenna structure. Starting with an initial DETSA antenna suffering from a low directivity in the low operating band, an optimization approach is proposed to enhance its radiation performance. Using the CMA, along with a parametric study, the optimal loading positions have been identified. The load values are then optimized using the NCM to improve directivity properties at low frequencies.With the new configuration, the loaded antenna exhibits significant enhancement (+4dB) in the directivity compared to the initial unloaded configuration.
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 1 Figure 1 Proposed DETSA antenna geometry. (a) Unloaded Antenna with the potential loading positions. (b) proposed design

Figure 1 (

 1 a) shows the geometry of the initial DETSA which occupies a surface of 613 x 552 mm 2 . In the lower part of the frequency band (150 MHz-250 MHz), the power radiated by the antenna is almost equally distributed between the forward and backward (Figure 2 (a)) hemispheres with a Front-to-Back Ratio (FTBR) close to 1 dB at 150 MHz (Figure 5 (b)). At 250 MHz the unloaded antenna exhibits a radiation valley in the front direction, while the proposed antenna maintains a good directivity throughout the whole frequency band (Figure 2 (a & b)).

  In the upper band, Mode 4 exhibits a high current distribution on the rolled back strip. Mode 4 as well as mode 2 contribute in increasing the directivity of the antenna above 250 MHz. Hence, a suggested loading position is the 221 978-1-6654-9658-2/22/$31.00 ©2022 IEEE APS 2022 backwards strip where Mode 4 exhibits a high current distribution. Locating the optimized loads at this position will impose a specific current. distribution which will provide a more directional radiation pattern in the low band. Nevertheless, in order to validate the suggested loading positions, a parametric study is carried out by varying the loading position along the backward strips (Figure 2(a)). For each position d, the optimal loads are calculated based on the Network Characteristic Modes (NCM) optimization presented in [5]. Figure 5 shows the radiation performance of the loaded antenna versus the loading position d. The directivity as well as the FTBR increase as d increases; i.e. as the position of the loads approaches that of the maximal current distribution of Mode 4 in the backwards strip. For d > 200 mm, the directivity of the DETSA attains 6 dBi at 150 MHz. This is an improvement of around 4 dB in comparison to the unloaded case. The optimized parasitic loads for each variation of the loading position is given in Figure 6. The resistive load values vary between 2000 Ohm for d= 50 mm down to -300 Ohm for d = 250 mm. The loading position d =200mm, provides the best compromise with a relatively low resistance (10 Ohms) and a reactance of 900 Ohms which corresponds to an inductive load of 930 nH. With this loading configuration, the radiation performance of the antenna is significantly enhanced in the low frequency band (Figure 2 (b)). Following the same procedure, geometrical modification and additional loads are embedded inside the antenna (Figure 1 (b)) in order to enhance the radiation over the whole operating bandwidth (Figure 2 (c)).
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 2 Figure 2 Normalized total Directivity in the XoY cut plane . (a) Unloaded (simulated) (b) Loaded at position (d=200 mm) (simulated), (c) Final loaded design (Measured).

Figure 3 Modal

 3 Figure 3 Modal Significance of the initial antenna.

Figure 4

 4 Figure 4 Surface current distribution of the modes at 150 MHz.

Figure 5

 5 Figure 5 Radiation performance versus loading position. (a) Directivity in the forward direction (𝜃 = 90°, 𝜙 = 0°), (b) Front-to-Back-Ratio.

Figure 6

 6 Figure 6 Optimized parasitic loads versus loading position. (a) Resistance, (b) reactance III. CONCLUSION
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