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Abstract

:

An ultra-wideband bandpass filter (UWB-BPF) using inductively compensated parallel-coupled lines (ICPCL) is presented in this article. It consists of three circuits: a high-pass filter (HPF), a lowpass filter (LPF), and a transmission line. The HPF and the LPF are independently synthesized from the ICPCL. The proposed filter can suppress unwanted frequencies in the upper stopband and increase the skirt slope of the frequency response in the transition bands. The fabricated UWB-BPF with compact size provides good passband performances, with insertion loss of better than −0.49 dB and return loss of better than −12 dB in the frequency range of 2.92–10.95 GHz (the bandwidth of 8.03 GHz). The 107% bandwidth is achieved. In addition, the proposed filter can suppress the spurious frequencies at 2f0, which is greater than 30 dB. The measured results accord well with the simulation results. The novelty of the paper is the introduction of the ICPCL for the construction of the compact UWB-BPF.
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1. Introduction


In recent years, wireless microwave communication systems have played a significant role in our daily activities. The Federal Communications Commission defined that the commercial communications could apply the 3.10–10.60 GHz frequency band for their uses in 2002. UWB-BPF has been paid attentions from research communities and industries [1]. Several circuits and techniques have been developed to operate in this frequency band [2,3,4,5,6,7,8,9,10,11,12,13]. In [4], a composite microstrip bandpass filter with more than 100% bandwidth is introduced. An HPF and an LPF are embedded into each other to increase the efficiency of the circuit as a bandpass filter (BPF) by applying stubs for tuning the passband. In [5], two-section open-circuited stubs are applied to synthesize UWB filters using the Z-transformation technique to achieve sharp attenuations. In [6], UWB filters are synthesized by cascading an HPF and an LPF. The HPF is fabricated from interdigital capacitors and short-circuited stubs while the defected ground structure arrays are used to fabricate the LPF. It achieves a 20 dB attenuation with a wide stopband. In [10], a branch-line with transmission lines is applied to synthesize UWB-BPF. In [11], a stepped-impedance stub is employed to generate the UWB-BPF. Additionally, triple-mode stepped resonators are applied to design the UWB filters using triple-notched bands [12]. Normally, UWB-BPFs are simple to design and they apply a stub transmission line for fine-tuning of the circuit’s frequency band [14,15]. The UWB-BPF is used to filter harmonic frequencies from the circuit’s output. Therefore, the filter design focuses on improving the circuit’s frequency response to achieve wide stopbands. The filters should provide a high skirt slope of the frequency response in the transition frequency ranges, low insertion loss, and high return loss. In previous studies, the circuit design applied transmission lines with high impedances and low impedances which were cascaded to form filter circuits [16,17,18]. It turned out the circuits were large.



There are many applications of ICPCL in the research community. In [19], the ICPCL is applied for designing multi-section parallel-coupled lines, Lange couplers, and Marchand Baluns. In addition, this technique is used to design the microstrip parallel-coupled lines (PCL) with high directivity in [20]. The advantages of the inductively compensated technique are that the compact size of the design circuit is achieved, and the fabrication process is easy.



In the proposed work, an UWB-BPF is developed to achieve a high skirt slope of the frequency response in the transition frequency ranges, low insertion losses, high return losses, and compact size. The HPF and the LPF are independently constructed with the ICPCL. The HPF, the LPF, and the transmission line are cascaded for synthesizing the proposed filter. In the design, The HPF can suppress the frequency range in the lower stopband of the proposed UWB-BPF while The LPF can suppress the frequency range in the upper stopband of the proposed UWB-BPF. Fortunately, the spurious frequency at 2fo is in the range of the upper stopband. The spurious frequency at 2fo can be eliminated. To design the appropriate cut-off frequencies, the cut-off frequency of the HPF must be lower than the cut-off frequency of the LPF. The novelty of this paper is to extend the study of the ICPCL [19,20] to design the UWB-BPF with mathematical equations for electrical length calculation. In this article, Section 2 describes the design of the proposed UWB-BPF. Section 3 demonstrates the measured results and discussions of the proposed UWB-BPF. The conclusions are provided in Section 4.




2. The Construction of the Proposed UWB-BPF


The construction of the proposed UWB-BPF is presented in this section. The technique starts with the design of the ICPCL. The design of the ICPCL is used to synthesize the HPF and the LPF. The proposed UWB-BPF is constructed by cascading the HPF, the transmission line, and the LPF. To obtain simulated results of the HPF, the LPF, and the proposed UWB-BPF, CST Studio Suite is used to simulate the design [21]. The details of the design are shown as follows.



2.1. The ICPL


The ICPCLs are used to synthesize the HPF and the LPF in this work because it can obtain high suppression performances in the stopbands and high directivity from the ICPCL [19,20]. The ICPCLs are achieved by adding compensated inductors    (   L p   )    to a conventional PCL, as shown in Figure 1.



In previous techniques [18,20,22,23], perfect isolation performance at the operating frequency    (   f 0   )      can be achieved (   S  31    (   f 0   )     = 0), which results in an increasing directivity for the ICPCL. From [23], it finds that the equation for the compensated impedance (   Z  L p   )   is:


       Z    L p   =   −  Z  c e    (   Z  c o  2  +  Z c 2   )     s i n h   θ   0  +  Z  c o    (   Z  c e  2  +  Z c 2   )     s i n h   θ   e  − 2  Z c 3  A    Z c   (   Z  c e    s i n  h  θ 0  +  Z  c o    s i n  h  θ e   )  −  Z c 2  A   ,  



(1)








	
where   A = c o s h    θ e  − c o s h    θ o   



	
   Z c    is characteristic impedance,



	
   Z  c e     is even-mode characteristic impedance,



	
   Z  c o     is odd-mode characteristic impedance,



	
   ε  e f f e     is even-mode effective dielectric constant,



	
   ε  e f f o     is odd-mode effective dielectric constant,



	
   θ e    is even-mode electrical length (  =  π 2   ),



	
   θ o    is odd-mode electrical length (  =  π 2  ϑ  ),



	
and   ϑ =      ε  e f f o      ε  e f f e        .








From Equation (1), the compensated inductance could be expressed by the following equation:


  L p =  1  2 π  f 0    I m  {   Z  L p    }  .  



(2)








2.2. Design of the HPF


Figure 2a demonstrates the HPF design based on ICPCL. From Figure 1, ports 3 and 4 of the ICPCLs are connected to ground plane. This technique generates two inductors    (   L 1   )  ,   as shown in Figure 2a. The remaining ports 1 and 2 act as input and output ports. The capacitor   (  C S  )   is connected in parallel between ports 1 and 2. The capacitor    (   C  s h    )    is from fringing fields between the lines of the input and output ports. The operating frequency    (   f 0   )    can be adjusted from the electrical angle of the PCL    (   θ p   )   , the compensated inductors    (   L p   )   , and the capacitor (   C S  ) .   In this HPF design, the cut-off frequency of 3.10 GHz is selected. Because of this cut-off frequency, the parallel-coupled lines in Figure 2a act as the inductors    (   L 1   )   . Parameters for computer simulations can be obtained from Table 1. The scattering parameters of the HPF with the compensated inductors (   L p  =   0.68 nH) and the cut-off frequency of 3.10 GHz, obtained from the computer simulation, is shown in Figure 2b. The transition band between the stopband and the passband is sharp as design. The results and the structure are applied for designing the proposed UWB-BPF using the ICPCLs.




2.3. Design of the LPF


Figure 3a presents the design of the LPF based on ICPCL. From Figure 1, ports 3 and 4 are not connected to ground plane. The remaining ports 1 and 2 are input and output ports. The inductor   (  L s  )   is connected between ports 1 and 2. The capacitor    (   C  s h    )    is from the fringing fields between the lines of the input and output ports. The electrical angle of the PCL    (   θ p   )   , the compensated inductors    (   L p   )   , and the inductor (   L s  )   are used to adjust the operating frequency    (   f 0   )   . The cut-off frequency of 10.6 GHz is selected for this LPF design. With high cut-off frequency, the parallel-coupled lines in Figure 3a act as the capacitor    (   C 1   )   . Table 1 shows the parameters for computer simulations. The frequency response of the LPF with the compensated inductors (   L p  =  0.2 nH) and the cut-off frequency of 10.60 GHz, obtained from the computer simulation, is shown in Figure 3b. The scattering parameters present the properties of the LPF with the high slope of the transition band. The parameters of the LPF design are used in the design of the proposed UWB-BPF using the ICPCL.




2.4. Design of the Proposed UWB-BPF


Based on the design and the simulated results of HPF and LPF in Figure 2b and Figure 3b, the HPF, the LPF, and the transmission line (   T x  )   are connected, as shown in Figure 4, to form the proposed UWB-BPF. Figure 4 depicts the proposed UWB-BPF using the ICPCL. The input port of the HPF acts as an input port of the proposed UWB-BPF while the output port of the LPF functions as an output port of the proposed UWB-BPF. The center frequency (   f c   ) is selected at 6.8 GHz. The lower cut-off frequency (   f  c 1    ) and the upper cut-off frequency (   f  c 2    ) are 3.10 and 10.60 GHz, respectively. Thus, the wide bandwidth is 7.5 GHz. The proposed UWB-BPF in Figure 4 is simulated with the parameters in Table 1. The substrate used in the computer simulations is AD260A from Rogers Corporation, Chandler, AZ (   ε r  = 2.6 ,   h = 1   mm ,   and   t a n   δ = 0.0017  ). The HPF is constructed with the cut-off frequency (   f  c 1    ) of 3.10 GHz while the LPF is designed with the cut-off frequency (   f  c 2    ) of 10.60 GHz. The compensated inductors for the lower cut-off frequency (   f  c 1    ) and the upper cut-off frequency (   f  c 2    ) are 0.68 and 0.2 nH, respectively. The characteristic impedance of the PCL is 50 Ω, which has the even-mode characteristic impedance of 69.37 Ω and the odd-mode characteristic impedance of 36.03 Ω.



Simulations of all these parameters are performed and the simulated results are compared. Figure 5 shows the simulated results of transmission coefficients (S21) and reflection coefficients (S11) without compensated inductors. Figure 6 depicts the simulated results of transmission coefficients (S21) and reflection coefficients (S11) with compensated inductors.



The proposed UWB-BPF is designed with the center frequency (   f c   ) of 6.80 GHz, lower cut-off frequency (   f  c 1    ) of 3.10 GHz, upper cut-off frequency (   f  c 2    ) of 10.60 GHz, and fractional bandwidth of 7.50 GHz. From the simulated results in Figure 5, the center frequency (   f c   ) of the proposed UWB-BPF without compensated inductors is 6.90 GHz. The frequencies of the passband are from 3.10 GHz to 10.70 GHz. The fractional bandwidth of 7.60 GHz is obtained. From the simulated results with compensated inductors in Figure 6, the center frequency (   f c   ) of the proposed UWB-BPF is 7.10 GHz. The lower cut-off frequency (   f  c 1    ) and the upper cut-off frequency (   f  c 2    ) are 2.91 and 11.30 GHz, respectively. The fractional bandwidth of 8.39 GHz is obtained from the simulated results. From the simulated results, we can confirm that the ICPCL can be effectively applied to the design of the UWB-BPF [1].





3. Experimental Results and Discussions


For performance assessment of the proposed filters, HPF, LPF, and UWB-BPF were fabricated on the AD260A substrate. The filters were designed and fabricated with the characteristic impedance of 50 Ω, even-mode characteristic impedance of 69.37 Ω, and odd-mode characteristic impedance of 36.03 Ω. From Figure 2a, the HPF was fabricated using the parameters in Table 2. The compensated inductors (   L p  = 0.68   nH  ) were generated with the transmission line. The capacitor   (  C S  )   was constructed with interdigital capacitors [24,25]. The cut-off frequency of the HPF was 3.10 GHz. W is the width of PCL, S is the gap length between PCLs, and L is the length of PCLs. Figure 7a demonstrates a photograph of the HPF. The simulated and experimental results of the HPF are depicted in Figure 7b. From Figure 7b, the cut-off frequencies of the simulated and experimental results are 2.88 and 2.87 GHz, respectively. The measured return loss and the measured insertion loss of the HPF at the center frequency of 6.8 GHz are better than −10 and −0.87 dB, respectively.



From Figure 3a, the LPF was constructed using the parameters in Table 2. The compensated inductors (   L p  = 0.2   nH  ) were generated with the transmission line. The cut-off frequency of the LPF was 10.60 GHz. Figure 8a shows a photograph of the LPF. The simulated and experimental results of the LPF are shown in Figure 8b. From Figure 8b, the cut-off frequencies of the simulated and experimental results are 9.70 and 10.56 GHz, respectively. At the center frequency of 6.80 GHz, the measured return loss of the LPF is better than −12 dB while the measured insertion loss of the LPF is −0.63 dB. From the measured results of the HPF and the LPF, the experimental cut-off frequencies are located near the simulated cut-off frequencies.



To construct the proposed UWB-BPF with ICPCL, the HPF, the LPF, and the transmission line were connected as shown in Figure 4. The UWB-BPF was fabricated using the combinations of parameters in Table 2. Figure 9a is a photograph of the fabricated UWB-BPF. The proposed UWB-BPF was measured to obtain the measured results using the N5230A PNA-L Network Analyzer. Figure 9b shows the simulated and measured results of the proposed UWB-BPF. It demonstrates very good agreement between the simulated and experimental results.



From the measured results, the proposed filter can attenuate unwanted frequencies (2f0) in the upper stopband and increase the skirt slope of transmission coefficients (S21) in the lower and upper transition bands. The lower cut-off frequency is 2.92 GHz, while the upper cut-off frequency is 10.95 GHz. The center frequency is located at the frequency of 6.94 GHz. Its passband operates in the range of 2.92–10.95 GHz. The fractional bandwidth of the proposed filter is 8.03 GHz (the fractional bandwidth of 107%). The measured return loss and insertion loss at the center frequency of 6.94 GHz are better than −12 and −0.49 dB, respectively. Moreover, the proposed UWB-BPF can eliminate the spurious frequencies at 2f0, which is greater than 30 dB.



Table 3 provides a comparison with other UWB techniques [26,27,28]. The previous studies are chosen from the requirements of the Federal Communications Commission. An intentional UWB device is specified as the device that has the bandwidth equal to or more than 20% of the center frequency or which has the bandwidth equal to or more than 0.5 GHz. Additionally, various UWB filter design techniques have been proposed to meet the required UWB frequency mask (3.1 to 10.6 GHz) [28]. In [26], the circular ring resonator was applied to the BPF. In [27], the coupled-line resonator was used to design the UWB filter. Additionally, in [28], lumped capacitors were added in the UWB filter. From Table 3, it is found that the proposed UWB-BPF provides the widest bandwidth (107%) compared to other techniques and there is the electrical length equation for the UWB design. The proposed UWB-BPF achieves the minimum insertion loss (−0.49 dB), the high return loss (−12 dB), and the compact circuit size compared to others.




4. Conclusions


In this paper, the fractional bandwidth of the proposed compact UWB-BPF that is wider than that of the Federal Communications Commission spectral mask is reported. The simple technique and the structure are presented to realize the proposed UWB-BPF using the HPF and the LPF connected in a series with the transmission line. The HPF and the LPF are independently generated from ICPCL. Simulated and measured results exhibit the outstanding UWB-BPF performance. The proposed UWB-BPF operates in the frequency range of 2.92–10.95 GHz. The fractional bandwidth of the proposed UWB-BPF is 8.03 GHz (107%). The experimental return loss at the center frequency of 6.94 GHz is better than −12 dB. The measured insertion loss is −0.49 dB at the center frequency. The proposed technique has been introduced for improving the skirt slope of the frequency response in the lower and upper transition bands and suppressing the unwanted frequencies at 2f0, which is more than 30 dB. The experimental results accord well with the simulated results. This can demonstrate the design concept of the proposed UWB-BPF.
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Figure 1. A sketch of the ICPCL. 
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Figure 2. The design of the HPF: (a) The schematic of the HPF and (b) frequency response of the HPF with compensated inductors (   L p  = 0.68   nH  ) from computer simulations. 
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Figure 3. The design of the LPF: (a) Schematic of the LPF and (b) the frequency response of the LPF with compensated inductors (   L p  = 0.2   nH  ) from computer simulations. 
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Figure 4. The schematic of the proposed UWB-BPF. 
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Figure 5. The results of the UWB-BPF without compensated inductors using computer simulations. 
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Figure 6. The results of the UWB-BPF with compensated inductors using computer simulations. 






Figure 6. The results of the UWB-BPF with compensated inductors using computer simulations.



[image: Electronics 10 02575 g006]







[image: Electronics 10 02575 g007 550] 





Figure 7. The prototype of the HPF: (a) A photograph of the HPF and (b) the simulated and measured results of the HPF with compensated inductors (   L p   = 0.68 nH). 
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Figure 8. The prototype of the LPF: (a) A photograph of the LPF and (b) the simulated and measured results of the LPF with compensated inductors (   L p   = 0.2 nH). 
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Figure 9. The prototype of the UWB-BPF: (a) A photograph of the proposed UWB-BPF and (b) the simulated and measured results of the proposed UWB-BPF. 
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Table 1. Parameters for computer simulations.
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Sections

	
Electrical Parameters

	
Components

	
Dimensions of PCL






	
HPF

	
       Z  0 e   = 69.37   Ω        Z  0 o   = 36.03   Ω        ε  e f f e   = 2.25        ε  e f f o   = 1.83      

	
       L p  = 0.0   nH        C S  = 0.8   pF      

	
      W = 2.0   mm .       S = 0.17   mm .       L = 8.7   mm .      




	
       L p  = 0.68   nH        C S  = 0.8   pF      

	
      W = 2.0   mm       S = 0.17   mm .       L = 4.8   mm .      




	
LPF

	
       Z  0 e   = 69.37   Ω        Z  0 o   = 36.03   Ω        ε  e f f e   = 2.31        ε  e f f o   = 1.87      

	
       L p  = 0.0   nH        L s  = 0.3   nH      

	
      W = 2.0   mm .       S = 0.17   mm .       L = 2.4   mm .      




	
       L p  = 0.2   nH        L s  = 0.3   nH      

	
      W = 2.0   mm .       S = 0.17   mm .       L = 0.8   mm .      




	
Transmission Line

	
       Z 0  = 50   Ω        ε  e f f     = 2.14      

	
-

	
      W = 2.0   mm .       L = 1   mm .      
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Table 2. Parameters for computer simulations with AD260A substrate.






Table 2. Parameters for computer simulations with AD260A substrate.












	Sections
	Electrical

Parameters
	      (  L P  )    
	Dimensions

of PCLs
	Components





	HPF
	       Z  0 e   = 69.37   Ω        Z  0 o   = 36.03   Ω        ε  e f f e   = 2.25        ε  e f f o   = 1.83      
	      W = 0.4   mm .       L = 1.2   mm .      
	      W = 2.0   mm .       S = 0.17   mm .       L = 4.8   mm .      
	      (   C S   )       W = 0.2   mm .       G = 0.2   mm .       L = 6.0   mm .        N P  = 3      



	LPF
	       Z  0 e   = 69.37   Ω        Z  0 o   = 36.03   Ω        ε  e f f e   = 2.31        ε  e f f o   = 1.87      
	      W = 0.4   mm .       L = 0.4   mm .      
	      W = 2.0   mm .       S = 0.17   mm .       L = 0.8   mm .      
	      (   L S   )       W = 0.2   mm .       L = 3.6   mm .      



	Transmission line
	       Z 0  = 50   Ω        ε  e f f     = 2.14      
	-
	      W = 2.0   mm .       L = 1   mm .      
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Table 3. Result comparison with other UWB techniques.






Table 3. Result comparison with other UWB techniques.





	Reference
	Passband (GHz)
	Bandwidth (GHz)
	Return Loss

(dB)
	Insertion Loss (dB)
	Size (mm2)
	Electrical Length Equation
	Techniques





	[26]
	3.05–10.62
	7.57 (100.9%)
	−13
	−1.5
	122.40
	Available
	Multiple mode resonator



	[27]
	2.50–7.00
	4.50 (60%)
	−23
	No data
	9.94
	Not available
	Coupled-line resonator



	[28]
	3.00–10.20
	7.20 (96%)
	−14.9
	−2
	263.25
	Not available
	Lumped capacitors



	This work
	2.92–10.95
	8.03 (107%)
	−12
	−0.49
	121.48
	Available
	ICPCL
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