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        Abstract



        
          Background:


          The plethora of the emerged radio frequency applications makes the frequency spectrum crowded by many applications and hence the ability to detect specific application’s frequency without distortion is a difficult task to achieve.

        


        
          Objective:


          The goal is to achieve a method to mitigate the highest interferer power in the frequency spectrum in order to eliminate the distortion.

        


        
          Method:


          This paper presents the application of the proposed tunable 6th-order notch filter on Ultra-Wideband (UWB) Complementary Metal-Oxide-Semiconductor (CMOS) Low Noise Amplifier (LNA) utilising self-forward body bias (SFBB).

        


        
          Results:


          The proposed filter presents 23.5dBm minimum interferer rejection (IR) and attenuates the interferer signal from -43dBm to -67dBm at frequency 5.17GHz. In addition, the maximum IR is 40dBm and attenuates the interferer signal from -41dBm to -81dBm at frequency 5.785GHz. The proposed filter provides coarse tuning with frequency spacing (10MHz) and soft tuning with frequency spacing (1MHz). The UWB CMOS LNA consumes only 5.22mW from a supply voltage of 1.2V and presents a maximum gain of 14dB at frequency 6.25GHz in the -3dB bandwidth from 4.75GHz to 7.5GHz. In addition, the average noise figure is 3.1dB and the input insertion losses (S11) is less than -12dB along the designed bandwidth. The simulation is performed in Advanced Design System (ADS2016.01) software utilising 180nm Taiwan Semiconductor Manufacturing Company (TSMC) Berkeley Short-channel Insulated Gate Field Effect Model (BSIM3v3) model files.

        


        
          Conclusion:


          The proposed method achieves high interferer power rejection with both soft and coarse tuning.

        

      



      
        Keywords: CMOS LNA, Low power, RF receiver, TSMC, Notch filter, ADS.

      

    

    


    
      Article Information



      
        Identifiers and Pagination:
Year: 2018

        Volume: 12

        First Page: 21

        Last Page: 33

        Publisher Id: TOEEJ-12-21

        DOI: 10.2174/1874129001812010021

      


      
        Article History:
Received Date: 12/1/2018

        Revision Received Date: 03/4/2018

        Acceptance Date: 10/5/2018

        Electronic publication date: 31/05/2018

        Collection year: 2018

      

    


    
      

      open-access license: This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International Public License (CC-BY 4.0), a copy of which is available at: https://creativecommons.org/licenses/by/4.0/legalcode. This license permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

      

    
* Address correspondence to this author at the Department of Electrical Engineering, University of Baghdad, Jadriya, Baghdad, Iraq; Tel: +9647712343590; E-mail: mohammed.nadhim@uob.edu.iq
    

  


  
    
      

      1. INTRODUCTION


      The C-band microwave frequency designation is fully occupied by multiple applications and multiple channels for each application, for example, the 802.11a 5GHz, UWB, WiMAX 802.16e standards [1]. The plethora of these emerged services and their channels causes two or more nearby signals to enter the receiver simultaneously and consequently distorts the desired signal. The nearby signals necessitate the use of very sharp cutoff frequency-response filter to considerably mitigate the high power of the interferer signal and, as a result, allows only the desired signal to enter the receiver chain [2].


      The third-order notch filter –a type of sharp cutoff frequency filter was described in details, for the first time, for 5GHz, 240nm CMOS Wireless LAN receiver front end [3]. The use of both, the proposed third-order notch filter applied to the LNA stage and an image-reject Phase-Locked Loop (PLL), attenuated the image signal. However, if the RF input signal, for example, was at 5.2GHz, then the image signal would lie at 4.6GHz. This would have resulted in a frequency spacing of 600MHz between the desired signal and the image signal. The aforementioned frequency spacing is large and does not require sharp cutoff frequency filter. In addition, the filter attenuated the image signal by only 12dB and the RF input signals were limited in the range from 5.15GHz to 5.35GHz, which did not cover all the 5GHz band channels. The LNA achieved a high-value noise figure (NF) for busy channels (4.8dB). Moreover, the LNA stage consumed a relatively high value for low power applications requirements (7.2mW). Although the LNA differential topology attenuated the on-chip interferences much better than other LNA topologies, it took a large area.


      The same third-order notch filter presented in [3] was optimised to mitigate the image signal located at 4.25GHz for 5.25GHz, 180nm CMOS Wireless Local Area Networks (WLAN) receivers [2]. The good gain (20.5dB) achieved was hampered by high power consumption (12mW)—a major issue for low power RF applications. Moreover, the difference between the wanted and image signals was 1GHz, therefore, it did not need sharp cutoff frequency filter. In addition, the filter attenuated fixed image frequency at 4.25GHz and it did not tune to attenuate interferers, which might appear near the desired signal if many transmitters occupied the channel spectrum.


      An active inductor was proposed and simulated to tune the image rejection frequency for the same filter proposed in [3]. However, the simulation data [4] for the proposed 5GHz, 180nm CMOS LNA resulted in a very large power consumption (15.46mW) due to the LNA topology used. The frequency spacing between the wanted signal and image signal was also large (850MHz); therefore, it did not need very sharp cutoff frequency filter to attenuate the image signal.


      The same authors in [4] simulated a 2.4GHz, 180nm CMOS LNA with the same IR filter presented in [3] and [4]. However, the tuning range in [5] was only 400MHz from 1.08GHz to 1.41GHz. The frequency spacing between the desired and interferer signal was over 1GHz. As a result, the filter sharpness was not again a major issue. In addition, the simulation data presented very high power consumption of 20mW due to the LNA topology used.


      Many RF applications utilised the capacitance of the MOSFET as a tuning element. For example, the 110nm CMOS VCO utilised the capacitance slope change of the accumulation mode MOS varactor to vary the gain [6]. Another example, the MOS varactor was used in 250nm CMOS VCO to obtain wide tuning range of 500MHz [7].


      Our paper achieves the mitigation of the high power interferer signal that is considered very close to the desired signal. In addition, the mitigation of any high power interferer signal in the application’s frequency spectrum is possible. In addition, our paper proposes the use of PMOS varactor bank to tune the interferer rejection frequency within a frequency spacing of the only 10MHz away from the desired signal. This very low-frequency spacing requires the proposed 6th-order notch filter that provides very sharp cutoff frequency filter. The proposed filter assures enough gain attenuation for the interferer signal as well as high gain to amplify the desired signal. Moreover, the location of the desired signal and interferer signal has very close frequency spacing. The 5GHz 802.11a CISCO standard channel allocations are used as an example to demonstrate the proposed work [8]. The proposed PMOS varactor bank is used, for the first time, in the suggested 6th-order notch filter to tune the interferer rejection frequency with maximum attenuation and much-closed frequency spacing. To reduce the high power consumption for the previously reported papers, the proposed IR filter is applied to the 180nm UWB CMOS LNA topology utilising SFBB technique described in [9].

    


    
      

      2. MATERIALS AND METHODS


      
        

        2.1. 6th-Order Passive Notch-Filter Design Technique


        Two stages of the 3rd-order passive notch filter described in [3] are cascaded to provide more poles and zeros resulting in more attenuation and sharpness response at the required rejection frequency. The proposed filter is shown in Fig. (1).


        [image: ]
Fig. (1)

        6th-Order Passive Notch Filter.

        The input impedance of the filter can be derived through parallel-serial impedance algebraic calculations to obtain the input impedance expression shown in Equation (1).


        
          
            	[image: ]

            	(1)
          

        


        The zeros and poles terms from Equation (1) can be mathematically reduced to Equations (2) and (3), respectively.


        
          
            	[image: ]

            	(2)
          

        


        Where,


        x1 = (L1(C1 + C2 + C3)) + (L2(C3 + C4)) and α1 = (L1L2 (C3C4 + C2(C3 + C4) + C1(C3 + C4)))


        
          
            	[image: ]

            	(3)
          

        


        Where,


        x2 = (L1(C3 + C4)) + (L2(C2 + C3)) and α2 = (L1L2 ((C3C4) + (C2(C3 + C4))))


        The filter components (C1, L1, C3, L2, C4, and C2) controls the rejection and passing frequencies according to the required design. However, the filter components values for C1, L1, C3, L2, and C4 are optimized to 24fF, 695pH, 1.2pF, 876pH, and 10pF, respectively, to guarantee sharp and high rejection value filter response. The optimization is done through the ADS quasi-newton optimization tool to get the suitable values for the filter’s components. In addition, the capacitor C2 is replaced by the PMOS varactor bank discussed in Section (B) to provide tunable interferer frequency rejection within very close frequency spacing and maintain the high interferer rejection value.


        The input impedance could be further simplified to Equation (4). Fig. (2) shows the sharp variation of the input impedance against frequency change in the working bandwidth.


        
          
            	[image: ]

            	(4)
          

        


        Fig. (2) shows that the input impedance of the filter reduces to a very low value (acts as a short circuit to ground) at the desired rejection frequency. Consequently, the filter sinks the drain current and thus the signal is highly attenuated to pass through the following stages. For other frequency values rather than the rejection frequency, the filter acts as an open circuit allowing the signal to pass through the following stages.


        [image: ]
Fig. (2)

        Proposed Filter Input Impedance

        The filter transfer function can be derived as shown in Equation (5). In addition, the transfer function bode plot shows the sharpness of the proposed filter as shown in Fig. (3).


        [image: ]
Fig. (3)

        Proposed Filter Bode Plot.
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            	(5)
          

        

      


      
        

        2.2. PMOS Varactor Bank Design Technique


        In general, the passive capacitor value does not change with the applied voltage on the capacitor’s terminals. However, if the drain, source, and bulk terminals of the MOS device are connected together then the MOS gate capacitance value changes as the gate voltage varies because of the variation in charge concentration within the well and oxide interface. The aforementioned modification in MOS terminals’ connection results in a device called varactor, which can be considered as a voltage-controlled capacitor.


        Fig. (4) shows the small-signal equivalent circuit for the MOSFET, which has the source, drain, and bulk terminals are short-circuited, operating in accumulation mode [10].


        [image: ]
Fig. (4)

        MOSFET small-signal equivalent circuit operating in accumulation mode.

        The junction capacitance (large value) is in series with the oxide capacitance (small value). The junction capacitance relation with the applied voltage is given as in Equation (6) [11].


        
          
            	[image: ]

            	(6)
          

        


        Where Cjo is the incremental capacitance at zero-bias, VF is the applied voltage across the junction, ɸ is the built-in voltage, and n is a variable that is related to doping profile. The junction capacitance is in series with the oxide capacitance and consequently, the total capacitance is approximately equal to the oxide capacitance.


        Fig. (5) shows the variation of the PMOS gate capacitance versus the applied gate-bulk voltage along different PMOS operation modes.


        [image: ]
Fig. (5)

        PMOS gate capacitance variations versus gate-bulk voltage.

        By the aforementioned varactor connection and when operating in the accumulation mode, the varactor equivalent capacitance is constant and can be calculated as follows:


        C’ox represents the oxide capacitance (εox/tox), where εox is the oxide permittivity and tox is the oxide thickness. The total gate capacitance is (C’ox*gate area), where the gate area is the multiplication of the gate width and gate length.


        For the used 180nm TSMC process, consider, for example, the PMOS width is selected to be 13.2μm and the PMOS is operating in accumulation mode with a gate voltage of 3.3V, then the maximum capacitance that can be obtained is 20fF. The resultant maximum capacitance is relatively small value and subsequently the tuning of single PMOS varactor by varying the gate voltage results-in very small capacitances values that do not change the required cutoff frequency considerably. Therefore, a PMOS varactor bank consists of 30 PMOS varactors connected in parallel is proposed as shown in Fig. (6).


        [image: ]
Fig. (6)

        Proposed PMOS varactor bank.

        The capacitor C2 in Fig. (1) is replaced by the proposed PMOS varactor bank, which allows the tuning of the designed rejection frequency by closing up the switches to increase the total capacitance that appeared at point X and thus changes the zeros locations in Equation (2). The interferer rejection frequency is reduced as more capacitors are connected in parallel to PMOS1 by closing the switches from 1 to 30.


        Each PMOS varactor in the proposed varactor bank has a unique width optimised for the desired rejection frequency. Consequently, closing each switch will move the interferer rejection frequency with small frequency spacing (10MHz or more according to the required frequency) to the desired rejection frequency. This results in strong attenuation for the unwanted interferer frequency component in the frequency spectrum.


        Furthermore, the varactor control voltage is used to provide soft tuning around the required rejection frequency with frequency steps of the only 1MHz. The tuning range provided by the varactor control voltage extends as more varactors connected in parallel because the highest peak of Cox is increased, for example, if one varactor is connected then the highest peak of Cox is lower than if all varactors are connected as shown in Fig. (4). Lower values of Cox provide less tuning range than higher Cox value as shown in Equation (2).


        Fig. (7) shows the tuning effect of the varactor control voltage on the rejected frequency location. The small tuning of control voltage provides 1MHz rejection frequency shifting above the 5785MHz. However, the shifting in the interferer rejection frequency reaches a maximum frequency of 5809MHz at a varactor control voltage of -0.25V providing only 24MHz tuning range above the frequency of 5785MHz.


        [image: ]
Fig. (7)

        Varactor control voltage tuning range for single connected varactor.

        On the other hand, if all varactors are connected then the rejection frequency could reach 5349MHz when the varactor control voltage is tuned to -0.35V providing 180MHz rejection frequency tuning range above the rejection frequency of 5169MHz as shown in Fig. (8).


        [image: ]
Fig. (8)

        Varactor control voltage tuning range when all varactors are connected.

        The designed PMOS varactor bank parameters are listed in Table 1, where the frequencies listed are for the CISCO IEEE802.11a standard channels.


        
          Table 1 PMOS Varactor Bank Design Parameters.


          
            
              
                	Rejection Frequency (GHz)

                	PMOS Width (μm) and (Number)

                	Rejection Frequency (GHz)

                	PMOS Width (μm) and (Number)
              

            

            
              
                	5.17

                	2.3 (x1)

                	5.52

                	3.7 (x1)
              


              
                	5.18

                	2.3 (x1)

                	5.54

                	3.7 (x1)
              


              
                	5.19

                	2.3 (x1)

                	5.56

                	3.6 (x1)
              


              
                	5.2

                	2.2 (x1)

                	5.58

                	3.6 (x1)
              


              
                	5.21

                	2.2 (x1)

                	5.6

                	3.6 (x1)
              


              
                	5.22

                	2.2 (x1)

                	5.62

                	3.5 (x1)
              


              
                	5.23

                	2.2 (x1)

                	5.64

                	3.5 (x1)
              


              
                	5.24

                	4.3 (x1)

                	5.66

                	3.4 (x1)
              


              
                	5.26

                	4.3 (x1)

                	5.68

                	3.4 (x1)
              


              
                	5.28

                	4.2 (x1)

                	5.7

                	3.8 (x1)
              


              
                	5.3

                	4.2 (x1)

                	5.745

                	3.3 (x1)
              


              
                	5.32

                	8.9 (x4)

                	5.765

                	3.3 (x1)
              


              
                	5.5

                	3.8 (x1)

                	5.785

                	13.2 (x1)
              

            
          


        

      


      
        

        2.3. Proposed PMOS Frequency Bank Application to UWB CMOS LNA


        The previously design methodologies explained in Sections (A) and (B) are applied to the UWB CMOS LNA topology described by [9] in order to achieve low power consumption due to the suggested self-forward body biasing method, a high gain due to cascading two LNA amplifier stages, and good noise performance. The proposed filter is applied to the LNA’s second stage at the node between the common-source (Q3) and common-gate (Q4) amplifiers.


        From Equations (1) and (2), the input impedance of the filter is at a minimum value-approaching zero at the desired interferer frequency. Consequently, the filter sinks the entire current between the common-source (Q3) and common-gate (Q4) stages. At any other frequencies, the filter impedance is high and the current will pass through the following stages. The proposed design methodology provides sharp cutoff response and very small frequency tuning (10MHz) because of the high order of the filter and the proposed PMOS varactor bank, respectively. In order to assemble the complete LNA schematic, the green arrow in Fig. (1) is connected to the green arrow in the main LNA topology schematic shown in Fig. (9), moreover, the red arrow in Fig. (6) is connected to the redpoint x node in Fig. (1). Table 2 summarizes the main LNA topology component values.


        [image: ]
Fig. (9)

        Main LNA Topology.

        
          Table 2 Main LNA topology component values.


          
            
              
                	Cin

                	10pF

                	L1

                	1.2nH
              


              
                	Cout

                	2.8pF

                	L2

                	1.2nH
              


              
                	R1

                	6.9kΩ

                	L3

                	4.4nH
              


              
                	R2

                	10kΩ

                	Q1 width

                	3.3um
              


              
                	R3

                	6KΩ

                	Q2 width

                	3.3um
              


              
                	R4

                	180Ω

                	Q3 width

                	3.8um
              


              
                	R5

                	10.2Ω

                	Q4 width

                	3.4um
              

            
          


        

      

    


    
      

      3. SIMULATION RESULTS AND DISCUSSIONS


      Many IEEE802.11a transmitters employed in a single geographic region lead to severe interference. Consequently, the CISCO IEEE802.11a standard frequency channels are taken as the input frequencies to the LNA. The design methodology described in Section (II) attenuates the highest power interferer that exists in the frequency spectrum. To verify the described design methodology, a two-tone source is connected to the LNA input. The two-tone inputs specify two input frequencies with an input power of -50dBm. The switches in the PMOS varactor bank can be controlled to change the required rejection frequency as shown in Table 1. The proposed filter achieves 23.5dBm minimum interferer rejection and attenuates the interferer signal from -43dBm to -67dBm at frequency 5.17GHz. In addition, the maximum IR is 40dBm and attenuates the interferer signal from -41dBm to -81dBm at frequency 5.785GHz. The gain (S21) attenuation at the interferer signal along the designed bandwidth is shown in Fig. (10). The varactor control voltage controls the working region of the PMOS varactor bank in the designed bandwidth.


      [image: ]
Fig. (10)

      Simulated S21 of the LNA.

      The average minimum noise figure in the operating bandwidth (4.75GHz-7.5GHz) is 3.1dB, neglecting the sharp peak that occurs at the interferer rejection frequency, as shown in Fig. (11).


      [image: ]
Fig. (11)

      Simulated NF of the LNA.

      The total filter’s inductors’ noise current justifies the sharp peak of noise that occurs at the interferer rejection frequency shown in Fig. (11). However, this noise’s sharp peak is settled quickly to the total LNA noise figure due to the filter sharpness. The proposed filter’s noise model is shown in Fig. (12).


      [image: ]
Fig. (12)

      Proposed Filter's Noise Model.

      When the filter is tuned to a certain interferer frequency, the filter input impedance is at its lower values, as shown in Fig. (2), that the filter is sinking the Q3 drain current. This results in high current values passing through the filter. Therefore, the noise current of the filter’s inductors is at maximum values leading to the sharp peak of noise. The total inductors’ current contribution to the total LNA noise current can be written as:


      [image: ] = 4kT(GL1 + GL2), where


      GLx = QLx*Lx*ωo,


      ωo represents the rejection frequency,


      x refers to the first and second filter’s inductors, and


      QLx represents the inductors’ quality factor.


      The LNA gain at the interferer and desired frequencies is investigated in terms of temperature variation as shown in Fig. (13).


      [image: ]
Fig. (13)

    


    
      

      LNA gain at the rejected interferer with temperature variations. LNA gain at the desired signal with temperature variations.

      Fig. (13) show humps in the frequency response because of the variation of the filter’s total impedance at each different interferer frequency. The suggested varactor bank consists of reliable sizes for PMOS varactors and the humps in the frequency response can be avoided by selecting another width sizes for PMOS varactors, however, the new values can be practically impossible to implement.


      The input and output return losses for the LNA are below (-12dB) in the working bandwidth providing input and output matching, respectively, as shown in Fig. (14).


      [image: ]
Fig. (14)

      Simulated S-Parameters of the LNA.

      Fig. (14) shows that the proposed PMOS bank filter provides a sharp response, that is, if the interferer signal is at 5.768GHz and the desired signal is at 5.785GHz, then the interferer signal is attenuated by -30.15dB and the desired signal is amplified by 9dB. Consequently, the difference between the two gains is 40dB in a frequency spacing of only 20MHz. In comparison, if the interferer signal is at 5.170GHz and the desired signal is at 5.18GHz, then the interferer signal is attenuated by -17dB and the desired signal is amplified by 7dB. Thus, the difference between the two gains is 24dB in a frequency spacing of only 10MHz.


      The linearity of the suggested LNA is tested by two-tone test with two interferers having the power of -50dBm and a frequency spacing of 10MHz with centre frequencies 4.775GHz, 6GHz, and 7.4GHz, respectively, to cover the entire working bandwidth. The resultant IIP3 values are -12.8dBm, -13.75dBm, and -11.11dBm, respectively.


      In addition, the LNA performance in comparison with other relevant and recent suggested LNAs is summarized in Table 3.


      
        Table 3 Performance comparison with other relevant and recent LNAs.


        
          
            
              	

              	Year

              	CMOS technology (nm)

              	-3dB BW (GHz)

              	Voltage gain (dB)

              	NF (dB)

              	Power consumption (mW)

              	IIP3 (dBm)

              	Supply voltage (V)

              	Interferer rejection (dB)

              	Tuning range (GHz)
            

          

          
            
              	[This work]s

              	

              	180

              	4.75 – 7.5

              	14

              	3.1

              	5.22

              	-13.75

              	1.2

              	23.5 - 40

              	5.17 – 5.785
            


            
              	[3]

              	2000

              	240

              	5

              	18

              	4.8

              	7.2

              	-2

              	2

              	12

              	N.A.
            


            
              	[4]s

              	2006

              	180

              	5

              	16.45

              	2.66

              	15.46

              	N.A.

              	1.8

              	16 - 36

              	3.3 – 4.15
            


            
              	[5]s

              	2006

              	180

              	2.4

              	27

              	2.2

              	20

              	N.A.

              	N.A.

              	28

              	1.08 – 1.14
            


            
              	[12]

              	2010

              	180

              	3.1 – 10.6

              	13.2

              	4.5

              	23

              	-1.4

              	1.8

              	8.2

              	5 - 6
            


            
              	[13]

              	2012

              	130

              	0.925 – 0.96

              	15.1

              	3.5

              	24.72

              	-3.4

              	1.2

              	37

              	0.88 - 0.915
            


            
              	[14]

              	2016

              	180

              	3 - 5

              	15.3

              	4

              	9.1

              	1.4

              	1.2

              	29.2

              	2.2 – 2.7
            


            
              	[15]s

              	2016

              	180

              	0.8 – 1.7

              	17.5

              	3.4

              	8.96

              	7.36

              	1.8

              	N.A.

              	0.84 – 1.66
            


            
              	[16]s

              	2016

              	180

              	2.6

              	34.2

              	1.25

              	23.85

              	4.52

              	1.8

              	7.5

              	N.A.
            


            
              	s means simulation only
            

          
        


      

    


    
      

      CONCLUSION


      A variable 6th-order notch filter applied to low power UWB CMOS LNA topology has been demonstrated in ADS software utilising 180nm TSMC BSIM3v3 model files. The proposed work achieves sharp cutoff frequency behaviour and very small frequency tuning spacing. The minimum/maximum interferer rejection are 23.5/40dBm, respectively, with tunable interferer rejection range from 5.17GHz to 5.785GHz dedicated for the channels of IEEE802.11a standard receivers without changing the receiver’s performance. In summary, this work provides strong rejection for the interferers exist in the 5.8GHz band channels in IEEE802.11a receivers.
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