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Abstract

:

In this paper, a novel design of ultra-wideband (UWB) filtering antenna integrated with the multimode resonator (MMR) bandpass filter is proposed, aiming to enhance band-edge selectivity. At the beginning, a MMR bandpass filter is modified and studied. Based on the classic MMR filter, the proposed filter folds the microstrip transmission line to reduce its size while retaining the original filtering performance. Moreover, an open stub and short stub are added to the proposed filter to obtain a transmission of zero. Then, the folded filter with stubs and a UWB bow-tie antenna are integrated together to form a filtering antenna. The open stub and short stub in the MMR structure enhance the antenna’s upper and lower band-edge selectivity, respectively. Series of parameters are studied to analyze their influences on the frequency selection range and band-edge characteristics. Compared with the original UWB dipole antenna, such an integrated approach brings many benefits. Firstly, the UWB filter not only broadens the bandwidth of the device, but also improves band-edge selectivity, which can eliminate the unwanted passband near the operating frequencies. Secondly, the integrated system reduces the size and cost of the devices, which is very important in the miniaturization of wireless systems. In this research, the reflection coefficient (  S 11  ) of integrated filtering antenna is lower than −10 dB between 2.92 and 11.51 GHz, and it has a fractional bandwidth of 119%. The measured shape factor is 1.027 (very close to 1), which proves that this design has a better band-edge selectivity. Simultaneously, good radiation characteristics are also attained, with a maximum realized gain of 6 dBi. Theoretical simulation results are similar to the experimental results. The measurement results of the manufactured device effectively validate that its performances have reached the simulation design requirements.
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1. Introduction


The ultra-wideband (UWB) system is a new technology of wireless communication, with the advantages of high confidentiality, high transmission rate, and low radiation, which is widely used in the field of wireless communication [1]. Since 2002, the US Federal Communications Commission (FCC) established ultra-wideband spectrum specifications, as experts and scholars conducted extensive research on ultra-wideband technology. It also has great application and research potential in the rapidly developing field of wireless communications today. The FCC classifies ultra-wideband systems into three categories: imaging systems [2], vehicular radar systems [3], and indoor ultra-wideband systems [4]. For different communication systems, the FCC has divided different frequency usage ranges. The antenna in this paper is applied in the third category of indoor ultra-wideband systems (5G, Wi-Fi, etc.) [1], which should meet the frequency requirement between 3.1 and 10.6 GHz. Although ultra-wideband (UWB) is widely used in wireless systems, it also faces many challenges, such as interference near frequency band, low positioning accuracy, the deterioration of the radiation characteristics, etc. [5].



To overcome these limitations, the major existing approach is to achieve both radiation and filtering by integrating filtering elements in the antenna design. In traditional device design, the filter and antenna are connected by a standard 50 ohms microstrip line, which may cause extra losses or unnecessary modes of operation. Due to bad matching, this will result in loss between the antenna and filter. Any power loss between the two devices will be directly translated into the noise figure. Thus, the integration of the filter and antenna can effectively reduce the loss [6]. Recently, many integrated filtering antennas with good radiation characteristics have been presented in [7,8]. However, they all have a narrow operating bandwidth, making them unable to meet the requirements for UWB applications. In order to remove the frequency constraint in operating, the method of using the multimode resonator (MMR) is reported in [9,10,11,12]. MMR was initially applied to the design of the broadband filter [13], which can generate multiple resonant modes and form an ultra-wide bandwidth by superimposing several modes. Nevertheless, MMR easily generates additional modes, so the band-edge selectivity of these antennas based on this structure is always poor. In practice, poor band-edge selectivity may lead to receiving other signals, seriously affecting the performance of the receiver.



To improve the band-edge selectivity, lots of research work has been carried out. Wu et al. proposed a printed unidirectional antenna, using parasitic loop and strips to improve the band-edge selectivity [14]. However, the shape factor (which can be denoted as the ratio of −3 dB bandwidth to −10 dB bandwidth) is high, up to 1.23. Moreover, the −10 dB bandwidth of this antenna is narrow (2.18–3.9 GHz), making it impossible to meet the UWB spectrum. In [15], by means of electromagnetic coupling, a circular radiating patch and UWB filter are formed to an integrated device. Due to the presence of the filter, it is possible to reduce the shape factor to 1.07. However, the size of this antenna is 53 mm × 42 mm, which is too large to be applied in the miniaturized RF front-end.



In addition, the type of radiation element needs to be concerned during the design of integrated filter antennas. The printed dipole antenna is applied for various wireless communication systems because of its flexible radiation characteristic, compact size, and easy integration. However, the printed dipole antenna has the disadvantage of a narrow bandwidth [16]. Many studies emphasized the design of the broadband dipole antenna [17,18,19] and how to extend the operating bandwidth [20,21,22]. According to [18,19], wideband printed bow-tie type antennas are developed, and their fractional bandwidths are 91% and 100%. Although their bandwidths are approximated by the UWB spectrum, the band-edge selectivity is poor. To extend the bandwidth of the dipole antenna, researchers have proposed various methods, such as transforming the shape of drivers [20], adding a parasitic patch [21], and using magnetic dipole antenna [22]. The increased bandwidth also introduces structural complexity, resulting in more difficult and costly processing.



In order to fulfill the characteristics of a wide operating bandwidth, good band-edge selectivity, high radiation characteristics, simple structure, and low cost, a new UWB antenna with an integrated filter is proposed in this paper. All of these were developed using Rogers Kappa-438 substrate (  ε r   is 4.38, thickness is 1.0 mm, and   tan δ   is 0.005). Specifically, the proposed integrated filtering antenna mainly consists of a UWB bandpass filter and a bow-tie type dipole antenna. Using the proposed integration method, it can effectively eliminate the matching problem between the antenna and filter. The UWB bandpass filter based on the MMR consists of two symmetrical coupled microstrips and a low-impedance microstrip. In the middle of the low-impedance microstrip, there are an open stub and short stub, respectively. Due to these added stubs, a sharper skirt is realized at the band edge. Such a filter structure allows one to obtain a fractional passband of nearly 110%, which supports the ultra-wideband operation. In order to miniaturize the device, the filter is designed to be folded, which effectively reduces the length of the feedline. The Bow-tie type dipole antenna inherently has a large bandwidth. By connecting to a MMR filter, it achieves a good band-edge selectivity characteristic. Moreover, this filtering structure is based on microstrip and can be implemented on a single layer, realizing many advantages such as compactness and simple integration into other systems. Through manufacturing and actual testing, this approach allowed us to have a device with a maximum realized gain of 6 dBi and a fractional bandwidth up to 119%, which is centered at 7.2 GHz. The organization of this paper is as follows. Firstly, the proposed design of the UWB filter based on MMR is elaborated in Section 2. The design and simulated results of the bow-tie type antenna and its integrated UWB antenna are presented in Section 3. In Section 4, the proposed antenna are fabricated using a standard printed circuit board, and all the performances were experimentally verified in a wide frequency. Finally, the conclusion is presented in Section 5.




2. Proposed Folded UWB Filter


Before describing the design of the integrated filtering antenna, a folded UWB bandpass filter is first proposed. In order to minimize the dimension and improve the out-of-band rejection, we made a fold on the classical MMR structure and added some stubs. Figure 1 shows a comparison of three types of filter: the classical MMR [23], the folded MMR [24] and the proposed folded filter with stubs. The structure of the proposed filter with stubs is shown in Figure 1c. This method can reduce the length of the resonator to 30%. At the mean frequency of 6.85 GHz, the MMR contains two feedlines, two equally high impedance quarter-wavelength parallel coupled lines, one low-impedance transmission line, as well as open and short stubs paralleled in low impedance transmission lines. An aperture compensation technique is applied to the bottom end of the proposed filter, which can provide an effective enhancement of coupling strength in this structure [25].



The dimensions and their equivalent circuit are illustrated in Figure 2. Since the parallel coupled lines are capacitive, they can be directly converted into J-inverters. The value of the J-inverters are mainly related to   L c  , and s [6], which represents the J-inverter susceptance (J).   θ 0   is the electrical length of the parallel coupled line, and its value is mainly controlled by   L c  . Between the symmetrical parallel coupled lines, there is a low-impedance microstrip, with an electrical length of   θ 1  . At    θ 1  / 2  , the open stub is connected to the short stub. In the MMR, the total electrical length is  ϕ  (   θ 0  +  θ 0  +  θ 1   ).   Z 0  ,   Z a  , and   Z b   represent the impedance parameters of the terminal, high impedance line, and low impedance line, respectively.



According to the above parameters, we analyze the design of the MMR based on the equivalent circuit. On the basis of the transmission line theory, the admittance parameter (  Y 0  ) at input port (  Z  i n   ) can be represented by J and  ϕ . The reflection coefficient (  S 11  ) can be further expressed by the total electrical length ( ϕ ) and the normalized   J ¯   (   J ¯  = J /  Y 0   ) [25]:


   S 11  =   j   1 −    J ¯   4    · tan  ϕ    2    J ¯   2  + j   1 +    J ¯   4    · tan  ϕ     



(1)







From Equation (1), each transmission pole is available (   S 11  = 0  ). When   ϕ =  180 ∘   ,   360 ∘  , or    J ¯  = 1  , we can obtain the corresponding mode frequency. As shown in Figure 3, under different coupling distances (  s = 0.5 , 1 , 2   mm), the coupling intensity is variable. If the distance is far (  s = 2   mm), the MMR filter has three separate resonant frequencies (  f 1  ,   f 2   and   f 3  ) within the target passband, which correspond to the three  ϕ  in Equation (1). The first three modes with   f 1  ,   f 2  , and   f 3   exit in the desired passband. With the enhancement of the coupling strength (  s = 0.5   mm), two extra poles are generated among the original poles, enabling the creation of a broader passband. When a tightly coupling degree (  s = 0.1   mm) can be achieved, the bandpass filter with MMR will be realized within an ultra-wideband frequency band. By further adjusting the gap and length of the coupling, it is possible to obtain a better   S 21   and   S 11   in the passband [26].



As depicted in Figure 2, we propose to load two identical high-impedance couple lines at the input/output ports. Each resonator in this model is central symmetrical, and the dimensions of the middle main resonator are   L 2   and   W 2  . In addition, the length of the stubs connected to the low-impedance line is   L  L 1   ,   L  L 2   , and   L  L 3   , respectively. The short stub has a width of   W  l 2    and the open stub has a width of   W  l 1   . Two parallel coupled stubs on either side of the main resonator are denoted by length   L c  , and both stubs have the same length. All coupled lines have the same width of   W c  , and the gap between them is s. The dimensions of the feedline are   L f   in length and   W f   in width. On the bottom ground plane, the length of the aperture is   L h   and the width is   W h  . Detailed dimensions and structure information can be obtained from Figure 2.



The open and short stubs provide additional transmission poles within the passband. To further analyze the effects of various parameters on stubs, we mainly scanned the lengths   L  L 2    and   L  L 3   . From Figure 4a, it can be seen that the open stub creates resonance mainly near the upper passband. As the parameter of   L  L 2    decreases, this resonant mode gradually shifts to higher frequencies and eventually produces a transmission zero at the upper passband. Compared with the case without an open stub, a steeper transition band can be obtained, the size of the open stub has almost no effect at the lower passband. As illustrated in Figure 4b, the short stub affects the lower passband of the bandpass filter. With different lengths of the short stub, there are different band-edge selectivities around lower passband. When the short stub is not present, the bandwidth of the transition band is quite wide.



The simulated scattering parameter of the proposed filter (Figure 1c) and the classic one (Figure 1a) are plotted together in Figure 5. By comparing the simulation and measured results, it is evident that the low cut-off frequency of the UWB bandpass filter is 3.1 GHz and the high cut-off frequency is 10.6 GHz. In the operating band, the   S 11   parameters are all less than −13 dB. This reveals that the proposed design has a fractional bandwidth of 110%, which is better than 42% and 108.10% in the references [27,28]. The simulated   S 21   value at the center frequency (6.85 GHz) is −0.1 dB, with the minimum result of −0.5 dB in the whole UWB passband. Transmission zeros (TZs) exist at the upper and lower cutoff frequencies. By comparison with the classic one without stubs in Figure 5, it can be seen that after adding stubs in the folded filter, we obtain a sharper skirt and a better performance, which can be used as the feedline in the subsequent antenna design.




3. Integrated Filtering Antenna Design


In this work, the design of the UWB dipole antenna without filter is firstly carried out. Next, by connecting the folded filter with stubs proposed above, the overall design of the integrated filtering antenna is completed.



3.1. Single-UWB Antenna


As shown in Figure 6, the design begins with a classic printed bow-tie antenna, which can follow a rectangular microstrip antenna. We can derive the empirical formula on the basis of a rectangular patch [29]. The   T  M 10    mode is the dominant mode of the bow-tie antenna, and its resonant frequency can be obtained by following Equation [30]:


   f r  =  c  4   ε e   L    (   1.152   R t   )   



(2)






   R t  =   L    W a  + 2 Δ l   +    W b  + 2 Δ l        W a  + 2 Δ l     2  L  12 a   + 2 Δ l      



(3)






  Δ l = h   0.412    ε e  + 0.3       W i  h  + 0.262        ε e  − 0.258       W i  h  + 0.813      



(4)






   ε e  =     ε r  + 1  2   +     ε r  − 1  2      1 +   12 h   W i      − 1 / 2    



(5)






   W i  =     W b  +  W a   2    



(6)




where   L  12 a    is the length of the bow-tie antenna arm, and c is the velocity of light in free space. The thickness, relative and effective permittivity of the substrate are determined by h,   ε r  , and   ε e  . In addition, the other structural parameters are described in detail in Figure 6.



The influence of different variations in the bow-tie antenna is studied as follows. Figure 7a depicts the impact of   W b   on the bow-tie antenna. As   W b   keeps increasing, the passband gradually becomes narrower and the high cutoff frequency gradually becomes lower. Therefore, the variable   W b   mainly affects the impedance matching at high frequency. From Figure 7b, the length of the antenna arms   L  12 a    affects the resonant frequency. As the value of   L  12 a    increases, the upper passband gradually decreases. By altering the dimension of   W b   and   L  12 a   , and keeping   W a   constant, it is possible to change the working frequency. Since the edge impedance of the antenna is not 50 ohms, then the multi-stage matching network is necessary to the input port, but this method increases the length of the antenna. Through the above analysis, the bow-tie antenna is similar to a rectangular patch, yet it has a wider bandwidth [30].



After lots of parameter sweeping and optimization, the   S 11   is shown in Figure 8 and detailed dimensions are shown in Figure 6. Over the frequency band ranging from 3.1 to 10.44 GHz, the simulated   S 11   value is below −10 dB, but the out-of-band rejection of the classic bow-tie antenna is very poor. Below 20 GHz, there are multiple high modes at high frequencies and one unbalanced mode at low frequencies. Due to the microstrip antenna matching network being too long, it produces an unbalanced mode and a certain radiation. These unwanted passbands near the operating frequency will greatly affect the application. Also, the band-edge selectivity is poor. Subsequently, using the above filter in place of the feedline of the conventional bow-tie antenna, the   S 11   value can be improved.




3.2. Proposed UWB Integrated Filtering Antenna


In order to improve the problem of poor out-of-band rejection and band-edge selectivity in classic bow-tie antenna, an integrated filtering antenna is designed. As depicted in Figure 9, the MMR can replace the multi-stage matching network, they can be directly connected without impedance transformation between the filter and antenna. So, the proposed folded filter with stubs is embedded in the feedline. By combining the UWB filter and antenna together, the matching performance has been optimized after tuning the parameter. In this design, a rectangular ground plane is placed on the bottom of the substrate and forms an integral part with the bottom dipole antenna. Due to the presence of the ground plane, the proposed folded filter with stubs is able to use the above band characteristics to adjust the antenna’s properties. The size of the stubs in the proposed antenna is very sensitive to parameter tuning, so a little parameter change may lead to a large change in the bandwidth and performance.



The band-edge selectivity can be evaluated by the shape factor K. In general, the shape factor is used to describe the transition band of the filter, which is described as the ratio of the stopband to passband. As it becomes closer to 1, the transition band becomes narrower. Since the integrated filtering antenna has the passband selection of the filter, the shape factor K can be used to describe its band-edge selectivity, which can be expressed by Equation (7) [31]:


  K =   B  W  − 3 dB     B  W  − 10 dB      



(7)




where   B  W  − 3 dB     is the bandwidth of   S 11   below −3 dB.   B  W  − 10 dB     is the bandwidth of the   S 11   below −10 dB. To obtain the improved band-edge selectivity, the influence of stubs lengths   L  L 2    and   L  L 3    are indicated in Figure 10. Figure 10a shows the effect of the open stub length   L  L 2    on the shape factor, which mainly affects the high frequencies. With the change in   L  L 2   , the frequency selection characteristics are changed significantly. Figure 10b shows how the length   L  L 3    affects the band-edge selectivity. In contrast to the open stub, the length   L  L 3    mainly affects the shape factor at low frequencies, and has no effect on the high frequencies. This corresponds to the analysis of the above filter. When   L  L 2  = 1.4   mm and   L  L 3  = 0.7   mm, an optimal value is achieved, which has the lowest shape factor   K = 1.02  .



The   S 11   of the integrated filtering antenna before and after integration with the UWB filter are compared in Figure 11. As illustrated in Figure 11, the integrated UWB filter can extend the bandwidth of bow-tie antenna. After integration, the proposed antenna could operate from 2.90 GHz to 11.60 GHz, with a fractional bandwidth of 120%. This design can eliminate the passband outside the target frequencies. Except for the target passband, no other modes exist below 20 GHz. The proposed antenna has strong interference rejection and band-edge selectivity. In contrast, the classic bow-tie antenna can easily introduce unwanted modes (unbalanced mode   f  m o d e 1   , high mode   f  m o d e 2   ,   f  m o d e 3   , and   f  m o d e 4   ) and has poor band-edge selection characteristics. Poor characteristics may create risk in RF systems, which could potentially disturb wireless systems.



In summary, the key factor is the UWB MMR filter, which substitutes the matching network, broadens the fractional bandwidth of the narrowband antenna, and exhibits filtering characteristics. After lots of parameter sweeping and optimization in Ansoft HFSS 15.0, we obtained better results, such as those shown in Table 1.





4. Simulated and Experimental Results


To prove the performance of the proposed ultra-wideband integrated filtering antenna, the prototype was fabricated and measured. As shown in Figure 12, the antenna prototype was based on the results of the above parametric study and manufactured using standard printed circuit board (PCB) technology. An SMA connector is soldered on the input port of the prototype. They all use CEYEAR network analyzer 3672D to measure   S 11   and radiation characteristics.



The simulated and tested   S 11   are presented together in Figure 13. From the figure, the tested and simulation results meet the requirements of the UWB spectrum. The measured −10 dB bandwidth is from 2.92 to 11.51 GHz, which has a fractional bandwidth of 119%. The tested results reveal that the target frequency and the design frequency is consistency. In addition, there is no other passband at low and high frequencies, which ensures that the antenna can resist noise in the operation. The measured shape factor is 1.027, which is almost equal to 1. A minor shape factor indicates that the proposed antenna has better band-edge selectivity.



To better demonstrate the band-edge selectivity of integrated filtering antenna, the simulated scattering parameters (  S 11  ), realized gain, and VSWR are shown in Figure 14. From Figure 14a, the value of VSWR not only meets the application of UWB, but also effectively suppresses undesired frequencies (unbalanced and high mode). Since there are two reflection zero point   f  T Z 1    and   f  T Z 2    at the high and low frequencies, the VSWR of proposed antenna increases rapidly out of passband, which are greater than 19 at 2.89 GHz and 11.85 GHz (   Γ > 0.9  ). As shown in Figure 14b, the peak simulated realized gain has little variation in the whole operating band, which is around 5–6 dBi (maximum realized gain is 6.8 dBi), and it declines rapidly beyond the cut-off frequencies. The radiation efficiency in the passband reaches 94.4%, and it drops to less than 10% in the out-of-band. Figure 15 presents a comparison of the measured and simulated radiation performance. Both the simulated and measured gain show a dramatic decrease when beyond the operating band. According to the measured results, the peak realized gain is 6 dBi. The measured antenna radiation efficiency is calculated using the measured gain and directivity [32], and a peak radiation efficiency of 83% is obtained.



Furthermore, the surface current distribution at different frequencies are illustrated in Figure 16. In the operating frequencies of the antenna (6.85 GHz), there is more surface current transfer to the radiation unit, and each resonator has a higher surface current. When the device is working outside the operating frequency (2.5 GHz and 12 GHz), the current transmitted to the antenna becomes lower and reflects back near the input port. This is mainly due to the impedance mismatch and a large reflection of the signal, which indicates that the device has the characteristics of a filter.



The radiation patterns for the H-plane (  y o z  -plane) and E-plane (  x o y  -plane) are shown in Figure 17, with frequencies of 3.5, 6.5, and 11 GHz, respectively. Due to the presence of reflective ground, the radiation patterns are similar to the directional antenna at lower frequencies. The magnetic fields indicate a main lobe at 0 degrees. In contrast, the radiation patterns begin to display distortion at high frequencies. When operating at higher frequencies, the distance between the antenna arm and the reflecting ground deviates from   1 / 4 λ  , and there will be no isotropic reflection. Meanwhile, the current can be evenly distributed on the dipole antenna when the frequency is low. As the frequency increases to high frequency, the current distribution is not uniform. Therefore, the radiation performances at the high frequency band become different. The above analysis proves that a better radiation pattern can be obtained around center frequency, but the radiation pattern starts to deteriorate at high frequencies. According to the above comparisons, frequency deviations of approximately 3% for bandwidth between the simulated and tested results are noticed. This is mainly due to manufacturing errors, especially in the tolerance of via-hole and the deviation of the distance between the parallel coupled lines in MMR. Also, the difference between the simulated and measured efficiency is about 11%, and the peak realized gain drops by 0.8 dBi. These changes may be caused by the soldering loss. Although there are deviations between the simulated and the measured results, they are all within an acceptable range.



Finally, these are compared with related work, as shown in Table 2. It is evident that our design provides filtering characteristics, better out-of-band rejection and band-edge selectivity, a wider operating bandwidth, high radiation characteristics, etc. These attractive features effectively meet the requirements of UWB applications.




5. Conclusions


This paper introduces an integrated filtering antenna based on a microstrip UWB folded filter. The UWB folded filter is primarily designed through MMR, which has approximate quarter-wavelength parallel coupled lines at the feedline and a low impedance line between them. By adding open and short stubs in the low impedance line, it is possible to introduce transmission zeros at the low and high frequencies of the passband, respectively. Also, this structure can produce multiple transmission poles in the passband. Based on the integration approach, the folded filter with stubs and the UWB bow-tie antenna are integrated together to form a filtering antenna, which obtains a fractional bandwidth of more than 119%. Using this method, it can effectively eliminate the matching problem and another passband near the target operating frequencies. Furthermore, the open stub and short stub directly allow the antenna to obtain excellent band-edge selectivity at the high passband and low passband. By integrating the UWB filter and the dipole antenna, a wider working bandwidth is obtained, which is from 2.92 GHz to 11.51 GHz (meeting the UWB frequency spectrum). Simultaneously, good radiation characteristics are also attained. The measured results agree well with the simulation. According to the above results, it is possible to directly apply this antenna in the modern UWB systems. In the future, the substrates with a higher dielectric constant shall be used, which can minimize the thickness and size of the integrated filtering antenna.
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Figure 1. Different topology structures of MMR: (a) typical one; (b) folded one; and (c) proposed one with stubs. 
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Figure 2. Overall structure and equivalent circuit of the designed UWB filter.   L f   = 2,   W f   = 1.1,   L h   = 4.4,   W h   = 1.6,   L 2   = 6.5,   W 2   = 3.5,   L  L 1    = 0.9,   L  L 2    = 1.9,   W  l 1    = 0.6,   L  L 3    = 1.0,   W  l 2    = 0.7,   L c   = 4.4,   W c   = 0.3, s = 0.2, all dimensions are in millimeters. 
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Figure 3. Frequency responses of the circuits under different levels of coupled excitation. 
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Figure 4. Comparison of the upper and lower passbands of the proposed filter with different lengths: (a)   L  L 2    and (b)   L  L 3   . 
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Figure 5. Comparison of the scattering parameters of the proposed filter and folded one without stubs. 
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Figure 6. Geometry of a classic printed bow-tie antenna: (a) top layer; and (b) bottom layer.   L  12 a    = 7,   W a   = 12,   W  1 a    = 0.88,   W b   = 1.2, L = 7.2,   L 1   = 2.2,   W 2   = 1.5,   L 2   = 8.9,   W 3   = 1.4,   L 3   = 5.4,   L  f a    = 7,   W  f a    = 1.08,   L g   = 8, all dimensions are in millimeters. 
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Figure 7. The   S 11   of the antenna with different variations: (a) width   W b   (b) length   L  12 a   . 
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Figure 8. The simulated   S 11   of the classic bow-tie antenna. 
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Figure 9. Structure of the integrated filtering antenna. 
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Figure 10. Effect of different variables on the band-edge selectivity of integrated filtering antenna: (a) the open-stub length   L  L 2   ; and (b) the short-stub length   L  L 3   . 
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Figure 11. The S11 comparison between the integrated filtering antenna and the bow-tie antenna. 
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Figure 12. Photograph of the fabricated UWB prototype and test environment. 
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Figure 13. Simulated and tested   S 11   of the developed UWB integrated filtering antenna. 
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Figure 14. Band-edge selectivity characteristics: (a) simulated VSWR; and (b) simulated realized gain of the developed integrated filtering antenna. 
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Figure 15. Comparison of the tested and simulated radiation performances. 
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Figure 16. Simulated current distribution at different frequencies: 2.5 GHz, 6.85 GHz, and 12 GHz for proposed device. 
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Figure 17. Simulated and tested normalized radiation patterns for the integrated filtering antenna: (a) 3.5 GHz; (b) 6.5 GHz; (c) 11 GHz. 
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Table 1. Parameters of the integrated filtering antenna (UNIT: mm).
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	PRM
	Value
	PRM
	Value
	PRM
	Value
	PRM
	Value





	   L  12 a    
	7.1
	   W a   
	12.8
	   W  1 a    
	0.9
	   W b   
	1



	L
	7.5
	   W  l 1    
	0.8
	   L  f a    
	11.7
	   L  c 2    
	4.4



	   L  c 1    
	7.9
	S
	0.1
	   L  L 1    
	1.2
	   L  L 2    
	1.4



	   L  L 3    
	0.7
	   W  l 2    
	0.4
	   L 2   
	6.5
	   L f   
	2



	   W f   
	1.08
	   W h   
	1.6
	   L h   
	4.4
	   L g   
	12
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Table 2. Comparisons between the performances of this work and those of the references.
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	Reference
	Year
	   f 0    (GHz)
	BW (%)
	Filter
	Shape Factor (K)
	Dimensions (mm2)
	Max Realized Gain (dBi)
	Max Efficiency (%)





	[31]
	2018
	7.05
	112
	Yes
	1.04
	24 × 42
	4
	88



	[33]
	2019
	2.4
	11.81
	No
	Not given
	35 × 34
	1.94
	41.5



	[34]
	2019
	4.1
	50.3
	Yes
	Not given
	40 × 11
	2.5
	Not given



	[35]
	2020
	1.87
	19
	Yes
	1.17
	72 × 72
	5.6
	Not given



	[36]
	2021
	7.5
	29.6
	Yes
	>3
	30.4 × 22
	5.1
	Not given



	[37]
	2022
	5
	21.5
	No
	1.47
	25 × 25
	4.8
	93



	[38]
	2023
	6.85
	60
	Yes
	>3
	36 × 38
	3
	>60



	[39]
	2023
	4.5
	40
	No
	>2
	60 × 60
	8.5
	>90



	[40]
	2023
	6.88
	120
	No
	>5
	40 × 29
	2.88
	80



	[41]
	2023
	6.7
	113
	No
	1.79
	25 × 24
	4.5
	80



	This work
	/
	7.2
	119
	Yes
	1.027
	34 × 25
	6
	83
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