

  electronics-10-00607




electronics-10-00607







Electronics 2021, 10(5), 607; doi:10.3390/electronics10050607




Article



A UWB Antenna Array Integrated with Multimode Resonator Bandpass Filter



Sharif Ahmed 1,*[image: Orcid], Tan Kim Geok 1,*, Mohamad Yusoff Alias 1, Ferdous Hossain 1[image: Orcid], Hussein Alsariera 2, Azlan Abdaziz 1 and Ping Jack Soh 3[image: Orcid]





1



Faculty of Engineering and Technology, Multimedia University, Melaka 75450, Malaysia






2



Department of Electronic and Computer Engineering, University Teknikal Malaysia Melaka (UTeM), Melaka 75450, Malaysia






3



Advanced Communication Engineering (ACE) CoE, Faculty of Electronic Engineering Technology, University Malaysia Perlis (UniMAP), Arau 02600, Malaysia









*



Correspondence: sharifahmed1113@gmail.com (S.A.); kgtan@mmu.edu.my (T.K.G.)







Received: 3 December 2020 / Accepted: 6 January 2021 / Published: 5 March 2021



Abstract

:

This paper presents a novel design of a modified ultrawideband (UWB) antenna array integrated with a multimode resonator bandpass filter. First, a single UWB antenna is modified and studied, using a P-shape radiated patch instead of a full elliptical patch, for wide impedance bandwidth and high realized gain. Then, a two-element UWB antenna array is developed based on this modified UWB antenna with an inter-element spacing of 0.35 λL, in which λL is the free space wavelength at the lower UWB band edge of 3.1 GHz, compared to 0.27 λL of a reference UWB antenna array designed using a traditional elliptical patch shape. The partial ground plane is designed with a trapezoidal angle to enhance matching throughout the UWB frequency range. The mutual coupling reduction of a modified UWB antenna array enhances the reflection coefficient, bandwidth, and realized gain, maintaining the same size of 1.08 λ0 × 1.08 λ0 × 0.035 λ0 at 6.5 GHz center frequency as that of the reference UWB antenna array. The UWB antenna array performance is investigated at different inter-element spacing distances between the radiated elements. To add filtering capability to the UWB antenna array and eliminate interference from the out-of-band frequencies, a multimode resonator (MMR) bandpass filter (BPF) is incorporated in the feedline while maintaining a compact size. The measurement results showed a close agreement with simulated results. The proposed UWB filtering antenna array design achieved a wide fractional bandwidth of more than 109.87%, a high realized gain of more than 7.4 dBi, and a compact size of 1.08 λ0 × 1.08 λ0 × 0.035 λ0 at 6.5 GHz center frequency. These advantages make the proposed antenna suitable for UWB applications such as indoor tracking, radar systems and positioning applications.
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1. Introduction


The ultrawideband technology, since it was introduced by the Federal Communication Commission (FCC) [1], has been applied for many wireless applications such as Unmanned Aerial Vehicle (UAV) systems [2], sensing and medical applications [3], weather radar application [4], indoor localization systems [5], wireless body area networks (WBANs) [6] and the Internet of Things (IoT) [7]. This is because of its attractive benefits of low cost, high data rate, and wide operating bandwidth [8,9]. Despite the widespread use of ultrawideband (UWB) applications, they face challenges related to interference with adjacent wireless systems, low resolution, and degradation of radiation characteristics in the upper portion of UWB spectrum.



To overcome these limitations, enhancement of the RF front-end of the wireless communication system is considered by integrating filter elements in the antenna design to simultaneously achieve radiation and filtering. Contrary to traditional designs of filters and antennas connected using external cables, recent studies have proposed the integration of the two components as a single unit. Thus, the losses, cost, and size associated with the extra impedance transformation elements are reduced [10,11].



Integrated filtering antennas, with radiation and filtering functions achieved, have been reported in [12,13,14,15,16,17,18,19,20,21]. However, their operating impedance bandwidth is typically narrow, and they are unable to operate throughout the entire UWB frequency spectrum. In addition to limitations in bandwidth, the filtering antennas reported in [12,13,14,15,16,20,21] are implemented using multi-layered structures, which reduces the space efficiency for practical modern wireless communication applications. To overcome this, single-layered UWB antennas integrated with bandpass filters have been proposed in [22,23,24,25]. Despite featuring ultrawide impedance bandwidths and compact sizes, these designs are applied on single antenna elements with low peak gains, which are limited to 4.25 dBi, 5.2 dBi, 4 dBi, and 4 dBi, respectively.



To improve radiation characteristics, several studies have adopted an array configuration with wideband [26,27] and UWB [28,29] operating frequency spectrum. However, these studies do not include filter design with wideband and UWB antenna arrays; hence, they suffer from interference. On the other hand, several other researchers have integrated an antenna array with a bandpass filter to form a filtering antenna array as reported in [30,31,32,33,34,35], but the maximum and minimum fractional operating bandwidth is 88.76% [31] and 3% [35], respectively.



Different bandpass filtering design techniques have been adopted in antenna arrays and reported in the literature. Several instances include the stub-loaded resonator (SLR)-based feeding network [30], feeding network based on microstrip and slotline transitions [31], filtering by using feedline and patches coupling [32], symmetrical stepped impedance resonators [33], ring slot-coupled feeding structure with Jerusalem cross radiating element [34], and power divider connected with two baluns [35]. However, the passbands of these filtering elements are narrow and limited to a maximum passband of 88.76% [31]. In addition, the filtering structure in [30] requires multi-layered configuration, whereas other researchers in [33] and [34] implemented multiple ports with multi-layered structures. These features increase the size and complexity of the filtering and consequently the overall antenna structure.



To simultaneously enable the features of wide impedance bandwidth, filtering function, and good radiation characteristics, a new class of integrated UWB antenna array is proposed. Specifically, a multimode resonator-based bandpass filter consisting of two interdigital-coupled lines and single-wing stub is designed and implemented on the proposed antenna array. This filtering configuration supports an ultrawide operation with a fractional passband of more than 120% and a compact size of 0.58 × 0.47 × 0.036 λ0. Moreover, this filtering structure is designed using a single feedline and implemented on a single layer, which ensures size compactness and simplifies its integration with the UWB antenna array. Finally, when integrated on an antenna array, this method resulted in an enhanced peak gain of up to 7.4 dBi and a fractional bandwidth of higher than 109.8%, which is centred at 6.5 GHz with a compact size of 1.08 × 1.08 × 0.035 λ0. Figure 1 summarizes the difference between the traditional and proposed design approach in the RF front-end architecture. The paper is organized as follows. First, the modified designs of a single element UWB antenna and two-element UWB array antenna are designed and studied in Section 2. The design, simulation, and testing of a UWB single-wing bandpass filter and integrated modified UWB antenna array and single-wing bandpass filter are presented in Section 3. Finally, the conclusions in this work are drawn in Section 4.




2. UWB Antenna Design


In this work, a reference UWB antenna array is first designed. This is followed by a small-sized UWB single-wing filter being embedded in the modified UWB antenna array to arrive at the final compact-sized UWB filtering antenna array.



2.1. Single Patch UWB Antenna


The design procedure begins with a traditional elliptical monopole antenna, as shown in Figure 2a. The lower band-edge frequency is estimated using design equations for an equivalent cylindrical monopole antenna in [36], as follows:


   f L  =  c λ  =   72    [   (  H + r + G  )  × k  ]       GHz   



(1)




where H is the height of the planar monopole antenna and r is the radius of equivalent the cylindrical monopole antenna. Parameter G is the gap between the patch and the partial ground plane, and it is calculated using   G = ( L f 1 + L f 2 ) − L g  . All units in Equation (1) are in millimeters. Parameter  k  is the factor that represents the effect of the substrate dielectric constant, and it is around 1.15. Parameters H and r for the patch of the planar monopole shown in Figure 2a can be obtained by using Equations (2) and (3), respectively, as follows.


  H = 2 L p  



(2)






    r = W p / 4  



(3)







For the P-shaped patch monopole shown in Figure 2b, the height, H, is also equal to   2 L p  , whereas the radius, r is equal to   ( W p + W f 2 ) / 8  . Thus, the lower band-edge frequency of the P-shaped patch monopole antenna can be estimated using Equation (4). On the other hand, the upper cutoff frequency can be determined by the filter, which selects the operating band and rejects unwanted frequency bands. All units in this equation are also in millimeters.


   f L  =  c λ  =   72    [   (  2 L p + { ( W p + W f 2 ) / 8 } + G  )  × k  ]       GHz   



(4)







The feedline of the elliptical monopole antenna can be calculated using Equation (5) [37]. The antenna Roger RO4003C substrate has a relative dielectric constant,    ε r    of 3.38 and thickness, h of 1.524 mm where      B =    377 π  /   (  2 Z o    ε r     )     , and   Z o = 50 Ω  .


     W f   h  =  2 π   [  B − 1 − ln  (  2 B − 1  )   ]  +    ε r  − 1   2  ε r    ×    [  ln  (  B − 1  )  + 0.3 −  (    0.61    ε r     )   ]   



(5)







The elliptical monopole antenna is designed with a transition feed between the 50 Ω and the elliptical radiated patch, as shown in Figure 2, to enhance the impedance matching throughout the UWB band [38]. Modification on the monopole antenna patch is performed in Figure 2b to further improve matching and realized gain and to make it suitable for UWB antenna array development. The radiated patch of the single UWB antenna is modified to be in a P-shape instead of a full elliptical patch shape. After modelling of the antenna, parameters of the antenna were optimized for optimum performance. First, antenna parameter space and goals were specified. Second, the optimization algorithm of “Trust Region Framework” was chosen. After that, CST software was run to study the antenna performance at different parameters’ values. The optimized dimensions of the modified P-shape patch antenna are listed in Table 1.



First, the effect of the shape variations of the UWB radiator on the reflection coefficient is investigated. A study of different lengths of the Wp′ slot located on the elliptical patch is performed, and its result is illustrated in Figure 3a. When a half-patch radiator (at Wp′ = 0) is designed, the reflection coefficient response is less than −11 dB. However, when the radiated patch is designed in a P-shape (at Wp′ = 0.89 mm = Wf2/2), the reflection coefficient response is less than −13 dB throughout the UWB band. Finally, when the radiated patch is enlarged (at Wp′ > Wf2/2), the reflection coefficient response goes above –10 dB at frequencies higher than 9 GHz. Thus, the P-shaped patch is selected to achieve an optimum performance of reflection coefficient throughout the UWB band from 3 to more than 10 GHz.



A conventional UWB antenna is simulated, in Computer Simulation Technology (CST) software, as a reference antenna, resulting in an operation starting from 2.21 GHz to more than 15 GHz. Then, the modified UWB antenna is also simulated, producing an operating bandwidth from 2.327 GHz to more than 15 GHz. The reflection coefficient of a modified UWB antenna is enhanced to almost −15 dB throughout the operating band, whereas the reference UWB antenna reflection coefficient is close to −10 dB at around 8 GHz, as seen in Figure 3b. In addition to the reflection coefficient improvement seen, the gain of modified antenna is enhanced as well. The gain comparison of the conventional and modified UWB antennas is presented in Figure 3b. Throughout the operating frequency range, the modified UWB antenna has a higher gain. The gain of the modified UWB antenna is higher than 3 dBi from 3 GHz onwards compared to that of the conventional antenna. The gain of the modified UWB antenna continues to increase to 5.03 dBi at 10 GHz, and only 4.76 dBi gain is achieved by the reference UWB antenna at the same frequency.




2.2. Modified UWB Antenna Array


Next, the optimized modified single UWB antenna is applied to form a two-element UWB antenna array, as shown in Figure 4. The radiator of the conventional UWB antenna array is modified by cutting two adjacent sides to increase the spacing between the two patches and minimize mutual coupling. The final modified UWB antenna array consists of a two-element radiating patches with an inter-element spacing of d2 connected by an equal power divider. On the other hand, the reference UWB antenna array is designed similarly with this final antenna, with d1 representing its inter-element spacing. For the final modified UWB array, a rectangular section is removed from the center of the partial ground plane on its reverse side to improve matching. To further enhance the impedance matching throughout the UWB band, the shape of this partial ground plane modified to be in a trapezoidal shape. This shape is defined with an angle of ϕ between the substrate edge and the upper edge of the ground. All design parameters of the modified UWB antenna array are listed in Table 2.



The patch shape change (at different lengths of Wp′) of the UWB antenna array is first studied in terms of reflection coefficient and operating bandwidth. The influence of the change in the length of Wp′ on the reflection coefficient and impedance bandwidth is studied at Wp′ = 0–8.6 mm, as shown in Figure 5. Note that Wp′ = 0 mm corresponds to the half-patch of the radiated element and Wp′ = 8.6 mm corresponds to the full elliptical patch of the radiated element. At Wp′ = 0 mm (at d2 = 0.37 λL), the reflection coefficient response is higher than −10 dB around frequencies from 4.8 GHz to 6.3 GHz. This is due to the mismatch between the half-elliptical patch and the feeding line. When Wp′ = 1.75 mm (at d2 = 0.35 λL), the reflection coefficient response goes below −10 dB from 2.17 GHz to 10.052 GHz with a fractional bandwidth of 129%. When Wp′ > 1.75 mm (at d2 < 0.35 λL), the reflection coefficient response goes above −10 dB between 8 GHz and 9 GHz. Thus, optimum performance is obtained when the radiated patch has a P-shape (Wp′ = 1.75 mm and d2 = 0.35 λL). This is due to the increase of the inter-element spacing distance between elements, resulting in a significant reduction in the mutual coupling between the radiating elements.



Figure 6 shows the reflection coefficient, impedance bandwidth, and realized gain of reference and modified UWB antenna array. The reference UWB antenna array operates from 2.502 GHz to 8.166 GHz, with an impedance bandwidth of 5.664 GHz. On the other hand, the modified UWB antenna array starts operating at 2.17 GHz and stops at 10.052 GHz, with an impedance bandwidth of 7.882 GHz. Comparison in terms of realized gain shows that the modified antenna array enhanced realized gains by at least 2 dBi and exceeds 3.5 dBi in some frequencies within the UWB operating band. These improvements in the modified UWB antenna array performance are due to the increased inter-element distance and reduction of mutual coupling between the radiating elements. The inter-element spacing distances are d2 = 0.35 λL and d1 = 0.27 λL respectively for the modified and reference antenna array. These enhancement enables the modified array to be easily integrated with the single-wing UWB bandpass filter and will be described in the next section.





3. Modified UWB Antenna Array with Multimode Resonator Filter


3.1. Multimode Resonator-Based UWB Bandpass Filter


In this study, a multimode resonator UWB bandpass filter based on the concept of a stepped-impedance resonator (SIR) is designed [39]. The single-wing UWB bandpass filter is chosen due to its wide impedance bandwidth, good transmission and reflection coefficients, size compactness, and ease of integration with UWB antennas. This bandpass filter is formed using two pairs of interdigital-coupled lines that are connected to 50 Ω terminals and a single-wing stub. These interdigital-coupled lines are equivalent to two pairs of transmission lines, whereas the single-wing stub is designed to perform impedance stepping, which creates multiple modes within the UWB band. Due to the strong coupling of the interdigital-coupled lines and the overlapping of high-frequency modes, a UWB bandpass response from 3.1 GHz to more than 10.6 GHz is achieved [40]. The interdigital-coupled lines are designed with a length of    λ / 4    with respect to the upper frequency band. For narrowband antennas, the dimensions of the single-wing impedance transformer applied to the interdigital-coupled lines can be designed with reduced impedance matching bandwidth. The single-wing bandpass filter and its equivalent circuit are shown in Figure 7, whereas its design parameters are summarized in Table 3 (all units in mm). The fabricated single-wing bandpass filter is illustrated in Figure 8.



The multimode bandpass filter is measured using Vector Network Analyzer (VNA). The measured S-parameters (S11, S12, S21, S22) of the filter are compared with simulated results obtained from CST software as shown in Figure 9. The measured results indicate a –10 dB reflection coefficient (S11) from 2.77 GHz to 11.23 GHz, and about 1 dB of transmission coefficient (S21). A close agreement is observed between the simulation and measurement results. The offsets in frequency observed is due to substrate permittivity variation and fabrication resolution tolerance.




3.2. Integration of Modified UWB Antenna Array and BPF Filter


Upon the optimization of the modified UWB antenna array in terms of reflection coefficient, impedance bandwidth, and gain, it is now integrated with the single-wing MMR bandpass filter. As shown in Figure 10, the single-wing MMR bandpass filter is embedded in the feedline of the modified UWB antenna array that consists of two-element patches with the modified partial ground plane. Table 4 lists the designs parameters of the UWB antenna array with the bandpass filter in mm.



Reflection coefficients of modified UWB antenna array before and after integration with the single-wing BPF as well as the reference UWB antenna array are compared as in Figure 11. The reference UWB antenna array has a narrow impedance bandwidth from 2.8 GHz to 8 GHz, which does not cover the entire UWB band. This is due to the small inter-element spacing between antenna array elements that led to a strong mutual coupling and resulted in a poor reflection coefficient and impedance bandwidth. A UWB antenna array with a bandpass filter is observed to operate from 2.967 GHz to 10.05 GHz, with an equivalent fractional bandwidth of 108.83%. The integrated design can suppress the upper frequencies up to 15 GHz. In contrast, the reflection coefficient of UWB antennas without the bandpass filter operates from 2.17 GHz to 10.052 GHz, with a higher order mode generated at around 14.5 GHz. This indicates that the suppression capability of lower and upper bands is not achieved and may potentially cause interference with other wireless communication systems operating in these frequency bands.



The realized gain and radiation efficiency of the UWB antenna array with and without the single-wing bandpass filter are compared in Figure 12. From the low frequency of 3.1 GHz to around 6 GHz, the realized gain of the UWB antenna array is similar to that of the UWB antenna array integrated with the bandpass filter. However, at frequencies of more than 6 GHz, the gain of UWB antenna array with the bandpass filter increases to a maximum of 7.636 dBi at 10.35 GHz. After 10.35 GHz, the gain of this antenna array decreases to reach its minimum of lower than 4.28 dBi at 12 GHz. It is observed that the presence of the filter has suppressed high frequencies (higher than UWB band), which reduces the radiated power at these frequencies and thus eliminated their interference with other adjacent wireless devices. It is observed that the variation in terms of gain within the UWB band is more evident in the filtering antenna in comparison to that of the antenna array. This is associated with the variation in impedance matching at different frequencies within UWB band, besides the strong coupling between the interdigital lines of the MMR and the feedlines. From the radiation efficiency response of the UWB antenna array with and without a bandpass filter, it can be seen that the radiation efficiency of the UWB antenna array without a filter is around 96% throughout the simulated frequency range, whereas the UWB filtering antenna array radiation efficiency is around 95% in the selected UWB band and dropped significantly in the out-of-band frequencies. This drop in the out-of-band frequencies radiation efficiency is due to the single-wing bandpass filter, which suppressed the power of the unwanted frequencies from radiating.



To investigate the operation of the single-wing bandpass filter on UWB antenna array, the current distribution densities are simulated at 10 GHz for both UWB antenna arrays. As seen in Figure 13a, a higher current distribution density is achieved with the presence of the bandpass filter in the array compared to the current distribution density of the array without filter, as illustrated in Figure 13b. This is due to the strong currents flow on the interdigital coupled lines in the single-wing bandpass filter, especially in the x direction. These currents are of the same phase with the modified radiated patch, resulting in a significant realized gain enhancement.



Then, all UWB antennas are fabricated using Roger RO4003C board, with a relative permittivity of 3.38, thickness of 1.524 mm, and a tangent loss of 0.0027. The prototypes of the single UWB antenna and UWB antenna array integrated with the filter are shown in Figure 14.



Figure 15 reflects the simulation and measurement results of the reflection coefficients of the modified single UWB antenna and modified UWB antenna array with filtering function. The simulation results are obtained using CST software, whereas measurement results are obtained using Vector Network Analyzer (VNA). It is noted that the simulated and measured −10 dB reflection coefficient response of a single antenna covers a frequency range from less than 2.33 GHz up to 15 GHz. On the other hand, the reflection coefficient obtained from the simulation and measurement of the UWB filtering antenna array covers the UWB band and suppresses the lower and higher frequencies up to 15 GHz. This filtering capability is an advantage of integrating the UWB single-wing bandpass filter within the antenna array. The slight difference between simulation and measurement results of the reflection coefficient is due to the substrate permittivity variation and fabrication resolution tolerance.



The gains and radiation patterns measurement of the reported antenna array with a filtering function was conducted in an anechoic chamber in Universiti Teknologi MARA (UiTM) and the measurement was stepped up as shown in Figure 16. A horn antenna was set as a transmitter, and the fabricated prototype of the UWB filtering antenna array was put as a receiver. The distance between the transmitting horn antenna and antenna under test, R, is set to 1.5 m. For E-plane radiation measurement, the receiving antenna is rotated from 0° to 360° on its axis in steps of 5°. The measurement for the radiation pattern is repeated in another plane (H-plane) by rotating both transmitting and receiving antennas by 90°. The antenna gain is obtained by applying the Friis equation and the gain transfer method [41].



The simulated and measured realized gain results of the modified single UWB antenna and modified UWB filtering antenna array are compared as shown in Figure 17. It can be observed that the integrated filter within the antenna array has enhanced the gain around 10 GHz and reduced gain in the upper frequencies higher than 10.6 GHz by more than 3 dBi. This indicates the effectiveness of the proposed filter. The maximum achieved gain of the fabricated prototype is 7.4 dBi, whereas 7.64 dBi is obtained from simulation. This variation in gain is associated with the impedance matching variation at different frequencies within UWB band. This variation in the impedance is due to the strong coupling between the interdigital lines of MMR and the feed lines, besides small environmental effects during measurements.



The simulated and measured results of the radiation patterns of the modified UWB antenna array with a bandpass filter are compared at 3 GHz, 5 GHz, and 9 GHz, as presented in Figure 18. Close agreements are observed between simulation and measurement results. The reported antenna array has an omnidirectional radiation property in the H-plane, with similar radiation characteristics as that of the conventional UWB antenna array without filtering capability. This indicates that there is no degradation of radiation performance associated with the bandpass filter integration.



The features of the proposed filtering antenna are compared in detail in terms of design configuration, integrated filtering, center frequency, f0, size, profile, impedance bandwidth, IBW, fractional bandwidth, FBW, and peak gain with other literature in Table 5. It is evident that the proposed UWB antenna featured a wide operating bandwidth, high realized gain, and a compact size. These attractive features make the proposed design suitable for UWB applications.





4. Conclusions


In this article, a new design of UWB antenna array with the capability of filtering has been reported. The UWB antenna array is modified to obtain mutual coupling improvement, high realized gain, and wide impedance bandwidth while simultaneously maintaining the compact size. The integration of a UWB antenna array and multimode resonator bandpass filter eliminated its operation in the out-of-band frequencies (higher than 10.6 GHz). The realized gain at high frequencies is enhanced to more than 7.4 dBi, maintaining a compact size of 1.08 λ0 × 1.08 λ0 × 0.035 λ0 at a center frequency of 6.5 GHz. Furthermore, this UWB antenna array with an integrated filter achieves a wide fractional bandwidth of more than 109.87%. These features of the reported UWB antenna array with filtering capability make it a suitable choice for modern UWB wireless applications.
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Figure 1. RF front-end architecture (a) Traditional design approach; (b) Proposed design approach. 
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Figure 2. Geometry of a single UWB antenna, (a) reference UWB (ultrawideband) antenna, and (b) modified patch UWB antenna. 
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Figure 3. Single element UWB antenna; (a) Study of patch dimension change of UWB antenna on the reflection coefficient and bandwidth; (b) Reflection coefficient and realized gain comparison of reference and modified UWB antenna. 
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Figure 4. Geometry of the modified UWB antenna array: (a) top view, (b) bottom view. 
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Figure 5. Study of patch dimension change of a UWB antenna array on the reflection coefficient and bandwidth. 
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Figure 6. Simulated reflection coefficients and realized gain of the reference and modified UWB antenna array. 
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Figure 7. Single-wing UWB multimode resonator (MMR) bandpass filter and its equivalent circuit. 
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Figure 8. Prototype of the UWB single-wing bandpass filter: (a) Front view, (b) Back view. 
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Figure 9. S-Parameters of the fabricated UWB single-wing bandpass filter. 
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Figure 10. Geometry of the integrated UWB antenna array with the single-wing bandpass filter: (a) Front view, (b) Back view. 
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Figure 11. Simulated reflection coefficients of reference antenna array, modified antenna array, and modified antenna array with bandpass filter (BPF). 
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Figure 12. Simulated realized gain and radiation efficiency of the modified UWB antenna array with and without BPF. 
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Figure 13. Current distributions at 10 GHz for the UWB antenna array: (a) Antenna array with single-wing filter, (b) Antenna array without filter. 
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Figure 14. Photograph of the UWB antenna prototypes: (a) Modified UWB antenna front view, (b) Modified UWB antenna back view, (c) Modified UWB filtering antenna array front view, (d) Modified UWB filtering antenna array back view. 
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Figure 15. Simulated and measured reflection coefficients of a single modified UWB antenna and UWB antenna array integrated with BPF. 
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Figure 16. Radiation and gain measurement setup of UWB filtering antenna array. 
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Figure 17. Simulated and measured realized gain of single modified UWB antenna and UWB filtering antenna array. 
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Figure 18. Simulated (solid line) and measured (dashed line) radiation patterns of modified UWB filtering antenna array: (a) At 3 GHz, (b) At 5 GHz, and (c) At 9 GHz. 
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Table 1. Optimized parameters of the modified UWB antenna.
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Parameter

	
Value [mm]

	
Parameter

	
Value [mm]






	
Wf1

	
3.38

	
Wp

	
11




	
Lf1

	
14.77

	
Ws

	
30




	
Wf2

	
1.78

	
Ls

	
40




	
Lf2

	
3.0

	
Lg

	
17.76




	
Lp

	
9.8

	
Null
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Table 2. Design parameters of modified UWB antenna array.
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	Parameter
	Value [mm]
	Parameter
	Value [mm]





	Ws
	50
	Wm
	2.4



	Ls
	50
	Lf
	21.5



	Wp
	8.6
	Wf
	3.41



	Lp
	9.4
	Lg
	19.25



	d1
	26.76
	Lgm
	21.25



	d2
	33.61
	S1
	2.8



	Ln
	3.62
	S2
	5.0



	Wn
	3.5
	ϕ
	85°
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Table 3. Design parameters of the single-wing UWB MMR bandpass filter.
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Parameter

	
Value [mm]

	
Parameter

	
Value [mm]






	
Wf

	
25

	
W2

	
0.49




	
Lf

	
20

	
W3

	
0.1




	
L1

	
2.5

	
W4

	
0.68




	
L2

	
2.5

	
W5

	
0.43




	
L3

	
6.6

	
W6

	
0.1




	
L4

	
2.1

	
W7

	
3.40




	
L5

	
6.34

	
R1

	
5




	
g

	
0.95

	
R2

	
1.43




	
W1

	
0.41

	
Null
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Table 4. Design parameters of the UWB filtering antenna array.






Table 4. Design parameters of the UWB filtering antenna array.





	Parameter
	Value [mm]
	Parameter
	Value [mm]





	Ws
	50
	W6
	0.1



	Ls
	50
	W7
	3



	L1
	2
	W9
	24.66



	L2
	2
	R1
	5.16



	L3
	7.44
	R2
	1.33



	L4
	2.05
	Wp
	8.6



	L5
	7.66
	Lp
	9.4



	g
	1.9
	Lg
	19.25



	S
	23.83
	Wm
	2.4



	Ln
	3.61
	Wn
	3.5



	W1
	0.44
	Lgm
	21.25



	W2
	0.67
	S1
	4



	W3
	0.1
	S2
	2.8



	W4
	0.83
	ϕ
	85°



	W5
	0.88
	W8
	3.39










[image: Table] 





Table 5. Comparison of the proposed design with previous filtering antenna designs in literature.
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	Ref.
	Design Configuration
	Integrated Filtering?
	f0

(GHz)
	Size,

λ03
	10 dB IBW

(GHz)
	FBW

(%)
	Peak Gain (dBi)





	[13]
	Filtering structure designed on two dielectric layers with Г-shaped antenna
	Yes
	2.61
	0.39 × 0.3 × 0.0044
	2.57 to 2.64
	2.7
	2.2



	[14]
	A co-designed filtering antenna that consists of a patch radiator and coupled strip line open-loop resonators based bandpass filter
	Yes
	4
	0.53 × 0.53 × 0.07
	3.72 to 4.36
	15.8
	5.2



	[15]
	Multilayer wideband filtering antenna using periodic metasurface cells
	Yes
	7
	0.77 × 0.77 × 0.04
	6.87 to 8.1
	17.6
	8.3



	[16]
	Patch antenna is integrated with filter with bandpass response. This filter consists of coupled open-loop strip line resonators.
	Yes
	2.44
	0.44 × 0.44 × 0.04
	2.38 to 2.5
	5
	3.5



	[17]
	Integration of monopole antenna with an interdigital bandpass filter (IBPF)
	Yes
	1.47
	0.45 × 0.23 × 0.0064
	1.02 to 1.92
	61.22
	3.5



	[18]
	Filtering monopole antenna using split ring resonator (SRR)
	Yes
	2.4
	0.40 × 0.44 × 0.0064
	2.25 to 2.55
	12.5
	2.4



	[19]
	Planar filtering antenna using capacitive loaded loop (CLL) filter
	Yes
	2.362
	0.23 × 0.213 × 0.0079
	2.264 to 2.46
	8.3
	1.376



	[22]
	UWB slot antenna with stepped impedance resonator feed line and two ground slots
	Yes
	7
	0.56 × 0.28 × 0.018
	3.1 to 11
	114
	~4



	[23]
	Modified UWB antenna integrated with single-wing BPF filter
	Yes
	6.883
	0.849 × 0.574 × 0.035
	2.95 to 10.82
	114.3
	4.25



	[24]
	UWB filtering antenna by integration of antenna and UWB bandpass filter
	Yes
	6.855
	0.823 × 0.48 × 0.018
	3.06 to 10.65
	110.7
	5.2



	[25]
	A circular patch antenna coupled to a Multimode Resonator (MMR) with triangular ring stub for UWB filtering antenna
	Yes
	6.85
	1.21 × 0.96 × 0.0184
	3.1 to 10.6
	109.5
	4



	[31]
	Planar antenna array integrated with filtering feed network based on microstrip and slotline transitions
	Yes
	4.2
	1.2 ×1.2 × 0.014
	2.35 to 6.1
	88.76
	7.1



	[33]
	Stacked layer, differentially fed filtering antenna applying E-shaped feeding lines
	Yes
	3.5
	0.7 × 0.7 × 0.15
	3 to 3.95
	27.3
	8.1



	This work
	Filtering antenna array based on modified UWB antenna array integrated with a single-wing BPF filter
	Yes
	6.5
	1.08 × 1.08 × 0.035
	2.89 to 9.94
	109.87
	7.4
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