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ABSTRACT 

 

A tunable integrated channel select filter at RF was designed using differential quadrature feedback. This 

method of channel selectivity first appeared in a 2012 ISSCC paper with the loop appearing at the output 

of an LNA with the output at baseband. Its methods were studied and derived. This report outlines the 

technique and how it has been used to create a channel select filter for a heterodyne FM receiver. Full 

system level study and simulation in Simulink was done to demonstrate the method’s viability and a full 

transistor level design and simulation was done. Layout and Fabrication were achieved but due to the 

complexity of the circuit and time constraints, measurement will be done over the summer and the 

research will continue. The chip was fabricated in 2.5µm NMOS at Carleton University and had a layout 

area of approximately 4mm
2
. The simulated transistor level design achieved 18.6dB stop band attenuation 

with 11.3dB adjacent channel rejection within the commercial FM band of 88-108MHz.  
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I. PROJECT INFORMATION 

 

Project Title: µFM – A Fully Integrated FM Transceiver 

Individual Project: Tunable Integrated Channel Select Filter at RF using Differential Quadrature 

Feedback 

Project Supervisors: John Rogers, Calvin Plett 

Group Members: Mackenzie Cook, Jonathon Lee, Samantha Trifoli, Owen Paxton, Sewvanda Hewa 

Thumbellage Don, Meshegna Shumye, Rami Albustami, Mohamed Khelifi 

II. PROJECT OBJECTIVES 

 

The objective of µFM is to design, fabricate, and test a fully integrated FM Transceiver. The radio will be 

designed to integrate onto a single integrated circuit using Carleton University’s fabrication facility. The 

end product will be a very small chip that can be hidden easily or disguised as a small piece of jewelry 

such as an earring or ear piece. As an earpiece or earring, an attached earbud can be used to listen to an 

FM radio station. By integrating the receiver and transmitter on one device, it allows complete flexibility 

in terms of the application of the device. Possible applications include: 

 FM radio receiver – In its simplest form, the transceiver could utilize only the receiver, and act as 

an ultra-compact FM radio. 

 FM receiver-transmitter pair – two devices can pair together to become a highly compact wireless 

microphone and receiver. One µFM chip with a microphone on the user, and one µFM chip at the 

receiver connected to a speaker system for a lecture hall or presentation would complete the 

system. The presenter’s chip will not utilize the receiver, and the receiver chip will not use the 

transmitter. 
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 Point to Point communication – Two µFM chips utilizing a microphone and earbud with the full 

transceiver to enable bidirectional communication between users. Transmit frequency from one 

user would be the receive frequency of the other, and vice versa. If communication is not real 

time, but in discrete transmit and receive phases, the same frequency could be used for both and 

more users could operate at the same time. 

o A presenter could utilize this as well, and would allow for real time private feedback 

from an observer as the presentation progresses. Feedback could be as simple as time 

remaining in the presentation, move on to the next topic, or clarify thoughts. 

 

For the purposes of the 4
th
 year project, the µFM system will be designed to operate within the 

commercial FM band (88MHz – 108MHz) to allow for easy testing by tuning into local radio broadcasts. 

Realistically, other frequency ranges could be created for use with other applications such as remote 

control vehicle systems with bidirectional communication (40.8MHz). 
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III. HEALTH and SAFETY, PROFESSIONALISM, and PROJECT MANAGEMENT  

Health and Safety: 

Health and Safety is always a concern in engineering design. With most integrated circuit design, 

however, there is little health risk to the engineer performing the design except for ergonomic related 

issues. For the FM receiver, there is no health threat to the end user as this would be enclosed in 

packaging, which would be a future work item for our particular project. When in the fabrication lab, full 

clean suit, gloves and goggles were worn for protection as you are in the presence of some hazardous 

chemicals used in the fabrication process. 

Professionalism: 

Professionalism is an extremely important aspect to engineering design. Engineering takes place on teams 

and the team members must exhibit professionalism and respect for one another in their interactions. For 

this project, a team of 8 needed to function together as a team seamlessly in order to accommodate each 

other’s designs and to provide another set of eyes during difficulties. The team worked very well together 

and the collective idea generation lead to the project as it is today. Project meetings were always attended 

with punctuality, and full respect was given to the supervisors and other team members. As a result of this 

collaboration, the receiver team won the best oral presentation competition (tied with Professor 

MacEachern’s group), and this is a testament to their professional conduct.  

Project Management: 

From a project management perspective, the team had one major deadline: IC Layout submission. The L-

edit layouts of our designs were due on February 14
th
. The team members’ progress leading up to that 

date varied according to their individual styles, however it was encouraged to have the transistor level 

design completed by the beginning of January, allowing for a full 6 weeks for layout. The team regularly 

met to assess the status of our circuits in relation to the deadlines. One extremely advantageous aspect of 

the project management of our team was with regards to the progress report. Professors Plett and Rogers 

had the group submit a final report styled progress report containing all of the information that we had at 
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that point. As a result of this requirement, the final report was simply an exercise of continuing that 

report. Project management in this instance proved to be extremely effective. 

Transistor level design began in late November, following nearly 3 months of system level design. 

Transistor level design was completed at the end of January. An overlap between layout and transistor 

level design occurred at the end of January due to transistor level problems combining with the need to 

have layout started at that time. The circuit level problems were remedied and the layout was submitted 

on the 14
th
 of February.  

IV. PERSONAL RESPONSIBILITIES 

 

The feedback loop channel select filter’s feasibility study and design is my responsibility. Typical 

receivers have various stages of filtering, including mixing to intermediate frequencies. Eventually the 

desired signal will be centered on a channel select filter which is designed at a fixed frequency to 

eliminate adjacent channels. The feedback loop system acts as a tunable channel select filter at RF 

frequencies. This will eliminate much of the filtering in the front end and only use a single high pass filter 

within the loop. It will allow for the removal of the traditionally off chip channel select filter to enable 

much greater system integration. 

 

The quadrature feedback channel select filter has the potential to greatly change how filter design is 

approached. Channel selection is accomplished with a single first order filter, which is why integration is 

now much more accessible. This could allow for a receiver design team to: 

 Reduce off chip components 

 Reduce overall board size 

 Lower manufacturing costs 

 Improve manufacturing yield 

 Add additional features given identical board size 
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All of these features will allow a product to become more competitive and more profitable due to a 

reduction in cost. Note that the design could allow the reduction in board size or adding of additional 

features, not necessarily both at the same time. 

For context, a modern cell phone has many radios: CDMA, LTE, GSM,  Bluetooth, GPS, NFC, FM radio, 

and WIFI to name a few. All of these radios require band pass filters and could potentially benefit from 

this technique. If the application of this technique saves 10 cents in manufacturing costs, this would be 

substantial for high volume. Samsung, the current cell phone market leader, sold almost 400 million 

phones in 2012. 10 cents savings per phone would equate to $40 million. $1 in savings would equate to 

$400 million. As such, it is extremely advantageous to apply any technique which reduces or eliminates 

off chip components. 

The specific goal for the filter design is to research the system level operation in order to understand how 

it functions and design a transistor level design reflecting the system level operation. The transistor level 

design is to be fabricated in Carleton University’s 2.5µm NMOS fabrication process. 
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V. PROJECT BACKGROUND 

 

The Frequency Modulation Transceiver will have the following block diagram: 

 

Figure 1: High Level Block Diagram 

 

The receiver consists of an antenna feeding a low noise amplifier. The low noise amplifier feeds a channel 

select filter system whose output is mixed down to 10.7MHz to a PLL Based FM demodulator. The 

output signal is then amplified and played by a speaker, presumably an earbud. The receiver and 

transmitter channel frequencies will be independently controlled for flexibility in the chip’s application.  

 

The transmitter section involves modulating an audio signal from the microphone using an FM 

modulator, which was not one of the individually assigned projects. The signal is then upconverted to its 

desired frequency where it is amplified by a power amplifier. A band pass filter then takes care of any 
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non-linearities produced by the PA. The transceiver is to be able to receive and transmit FM modulated 

signals within the commercial FM band of 88 – 108 MHz. 

VI. SYSTEM LEVEL DESIGN 

A block diagram of the feedback loop is shown below:  

 

Figure 2: Feedback Loop Block Diagram 

 

The logic behind the feedback loop is that the frequency synthesizer will be set to the desired frequency 

channel, thus down converting the input signal to baseband. The high pass signal will pass the unwanted 

signals and eliminate the desired signal. The unwanted signals are amplified and mixed back up to their 

original frequencies, where they are subtracted from the input signal. The output signal is then the desired 

signal with significantly reduced adjacent channels. 
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From a filter transformation perspective, the high pass filter which is effectively a notch filter at DC is 

shifted up by the mixer to be a notch filter centered at RF. The input, which has no frequency response (or 

all pass) minus the feedback notch filter becomes a band pass filter.  

 

The problem with the design in figure 2 exactly as pictured is that in its current state it assumes single 

side band (SSB) operation of the mixers. If the mixers were regular (i.e. non SSB) they would generate 

both sum and difference products at the feedback terminal. The extra tones will get re-injected back into 

the loop where it will generate additional frequencies and the filter would start to generate tones at all 

frequencies and become unstable. 

 

In order to solve this problem, the extra components must be cancelled out. A single sideband mixer will 

create one of the sidebands and reject the other.. A block diagram of an upper sideband reject mixer is 

shown below: 

 

Figure 3: Upper Band Reject Single Sideband Mixer Block Diagram 
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The mixer works because of trigonometric identities and use of the 90 phase shift. If the input signal is 

       and the LO is       , then the multiplication in the mixer will be: 

 

                 
 

 
             

 

 
            

 

This is the normal output of a mixer with the sum and difference frequencies. This is also why using 

normal mixers in the feedback loop causes instability.  

 

The bottom branch has the input and LO signals shifted by 90 which would turn them from cosine into 

sine. Consequently their product would be                 . Finally, using the identity 

 

                                   

 

gives a final result and illustrates why only a single sideband appears at the output. At the output 

summation block, the expression becomes: 

 

                                              

 

which is the lower side band (difference) by itself. In order to get the upper side band (sum), the sign at 

the output summer would change to a negative, as seen below: 
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Figure 4: Lower Band Reject Single Side Band Mixer Block Diagram 

 

The output equation with the subtraction would become: 

 

                                              

 

which is now only the upper side band. 

 

The problem with this method of single sideband mixing is the phase shift in the signal path. With the 

synthesizer, it can be made to output in quadrature (I and Q) relatively easily and very accurately. Phase 

shift in the signal path is undesirable because the signal path would have a very wide band of signals, and 

getting a 90 degree shift across the entire band would be extremely difficult. Any inaccuracy in the phase 

shift will mean that the undesired sideband won’t be completely eliminated, and this will affect rejection 

and could lead to instability from spur generation, as seen in the regular mixer discussion previously.   

 

A design used by Youseff, van der Zee, and Nauta from the University of Twente, The Netherlands, in 

their paper entitled “Active Feedback Receiver with Integrated Tunable RF Channel Selectivity […]” 
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used two separate feedback loops for I and Q (one driven by cosine, the other driven by sine) instead of a 

single loop with I and Q separating and recombining at each SSB mixer. Use of this concept for this 

application is shown below in figure 5: 

 

Figure 5: Tunable Channel Select Filter Feedback Loop Block Diagram 

 

This design has no phase shift in the signal path, and it rejects any signal that is in the passband of the 

high pass filters in the loop. The feedback terminals will have the sum and difference products generated 

by the regular mixers, however, in the sine feedback loop, one term will have 0 degrees shift with relation 

to its cosine counterpart, and the other (unwanted) term will have a 180 degree phase shift compared to its 

cosine loop counterpart. The end result is that in the summer, the wanted products will add in phase and 

the unwanted products (which have 180 phase difference) will be cancelled out. This is how the 

quadrature structure enables single side band operation. 
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The feedback response now replicates the discussion regarding figure 2. The desired term is rejected 

within the loop thus passed by the system, and the undesired components are passed within the loop and 

thus rejected by the system. 

 

The level of attenuation in the stop band in steady state will be dictated by the open loop gain, which was 

previously ignored. The steady state error (the remaining undesired signal) is inversely proportional to the 

loop gain. For a loop gain of 100, the undesired signal will be reduced to approximately 0.01 its original 

amplitude for steady state, corresponding to a rejection of 40dB. Now that the loop dynamics are 

understood, performance specifications can be examined. 

 

Channel Select Filter Specifications 

Bandwidth: The filter must pass the entire FM channel of interest. The FM Channel is shown below in 

figure 6: 

 

Figure 6: The Spectrum of an FM Channel 

[Available: http://en.wikipedia.org/wiki/FM_broadcasting] 
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All audio information (the information of interest) is contained within 53kHz. Most useful info is 

contained within 76.65kHz. This is a unipolar bandwidth; figure 6 represents the signal situated at 

baseband. Therefore a bandwidth of ~150kHz to capture the whole signal at RF will be sufficient for most 

purposes, especially if the desired information is only audio. 

 

Rejection: a loop gain of 100 was used as an example in part V, providing a rejection of 40dB. This is 

more than sufficient for radio usage. The main concern is the rejection at nearby channels. Unfortunately, 

the rejection at the adjacent channels is inversely proportional to the bandwidth. The channels are spaced 

200 kHz apart, so the rejection 200 kHz away will suffer with a 75 kHz unipolar 3-dB bandwidth. A 

rejection of 8-10dB is desired for the adjacent channel. A strong signal in the adjacent channel is the 

worst case scenario; however, it is unlikely in most environments to have two nearby channels 200 kHz 

apart. The 2
nd

 and 3
rd

 channels should have rejection greater than 10dB for sufficient performance 

expectations from the FM demodulator.  

 

High Pass Filter Design 

As stated previously, the stop band rejection is determined by the loop gain. The bandwidth is determined 

by the high pass filter. The combination of the gain and the filter determine the rejection at adjacent 

channels. The behavior of a 1
st
 and second-order high pass filter is examined below. 

 

First-order Filter  

For both filters, the loop dynamics need to be understood. Consider a first-order filter of the form: 

     
  

    
 

where G = open loop gain and    = open loop corner frequency. 
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The closed loop transfer function becomes: 

    
     

          
 

 

   
 
     

   
  
   

  

 

The transfer function is now in the form of a lag compensator. As it is first-order, the maximum phase 

shift is -90º, and as such will not be unstable in an ideal system with only that phase shift present. It can 

also be seen above that the corner frequency of the pole has decreased by a factor of 1+G. This will 

narrow the bandwidth while simultaneously increasing rejection. This can be seen in the bode plots of the 

closed loop transfer function with increasing gain below in figure 7: 

 

Figure 7: Bode Plot of Closed Loop Transfer Function (first-order open loop – corner at 1rad/s) 

 

As the gain is increased, the corner frequency of the pole decreases by the same amount. For a gain of 

1000, the corner frequency has shifted to ~10
-3

, or 1/1000. This holds true for the other cases as well. 
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Additionally, it can be seen that the phase response drops to a minimum of -90 regardless of how high 

the gain is increase due to its first-order nature. 

 

As the filters are at the baseband part of the circuit, the mixers will effectively shift this frequency 

response up to RF frequencies. As a result, the unipolar response above (high pass open loop turned to 

low pass closed loop) will become a bandpass filter with a finite stop band rejection dictated by the gain. 

In order to balance obtain the desired bandwidth at RF frequencies, simulations need to be run with 

different open loop filter corner frequencies. A gain of 100 has been chosen for these simulations. For 

ideal mixers, the mixer products can be seen below in figure 8: 

 

Figure 8: Mixer Products Within the Loop 

 

This leads to a loop gain (at RF frequency) given by: 

 

                                                                                       

          Sideband Splitting            Amplifier Gain               Sideband Splitting            Sideband Recombining 
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This will lead to an overall stop band output of:   

                
 

         
        

 

  
                  

 

The bandwidth of the filter at RF frequencies will be double the unipolar low pass bandwidth of the 

closed loop system without mixers, as seen in figure 7. As previously explained, the closed loop 

bandwidth is given by: 

               
      

         
 

Therefore, for a 75kHz unipolar bandwidth, the required HPF cutoff frequency is: 

                               

 

Therefore, for ideal mixers and the exact system shown in figure 5, the designed parameters and expected 

results are: 

Amplifier Gain 100 

Resulting Loop Gain 50 

HPF    3.75MHz 

Stop Band Rejection 34dB 

3dB Bandwidth 150kHz 

 

 

Refer to section VII for simulation results. 
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Second-order Filter  

For the second-order filter, consider the open loop transfer function:  

     
  

       
 
 

  

            
 
 

The bode plot is shown below in figure 9: 

 

Figure 9: Bode Plot of Critically Damped High Pass Filter at 2MHz Corner Frequency 

 

The closed loop transfer function becomes: 

               
 

      
 

 

  
  

            
 

 
            

 

             
 
 

And the corresponding bode plot is shown below in figure 10: 
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Figure 10: High Pass Filter in Feedback without Gain 

 

It can be seen that it also has become of the form of a lag compensator, however it is under-damped (as 

seen by the resonance occurring at the corner frequency). The closed loop response, like the first-order, 

has a flat stop band response. 

 

With gain in the loop, the under-damping impact becomes more pronounced, and this can be observed in 

the transfer function below: 

 

       
 

 

  
   

            
 

 
           

 

                 
 
 
 

 
    

             
  

   
 

          
  

    
 
  

The bode plot (for G = 100) is shown below in figure 11: 
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Figure 11: Feedback High Pass Filter with G=100 

 

Therefore, increasing gain decreases the damping ratio, and increases Q. When the mixers translate this 

into a symmetrical bipolar response, it will cause amplitude distortion in the pass band due to the 

excessive ripple on each side of the centre frequency. 

Second-order Damping Correction  

It can be seen that the feedback gain affects the damping considerably. It is desirable to correct this effect 

in order to avoid amplitude distortion in the passband. See section VII for simulated filter response 

without damping correction. Looking at the “s” term in the denominator, Q can be determined: 

  
 
 

 

   
     

   

 
 

For a gain of 100, Q = 50.5. For a gain of G, the Q increases by a factor of G+1 over the open loop Q. 
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To compensate for the Q increase, the open loop filter should be designed to be overdamped by the same 

factor that underdamps the closed loop response. The Q relation is shown below: 

  
 

      
 

This is the inverse relationship to how the feedback loop with a gain of G behaves. Therefore, when the 

loop is closed with a feedback gain (which increases Q by a factor of G+1), the G+1 will cancel and 

Q=0.5. 

Applying the concept to the current example will have the open loop transfer function as: 

     
  

                 
 
 

Note that    is the original    (before correction) of the system. This adjustment produces a heavily over 

damped system, as seen below in figure 12 (G = 100): 

 

Figure 12: Under Damped Compensatory Open Loop High Pass Filter (Q = 0.5/101≃0.005 and G=100) 
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The resulting closed loop transfer function (with gain of G) is: 

 

       
 

 

  
   

                 
 

 

 
                

 

                      
 
 
 

 
    

                  
  

           
  

    
 
  

The corresponding closed loop bode plot is shown below in figure 13: 

 

Figure 13: Damping Compensated Closed Loop System 
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This is now a critically damped system due to the applied damping correction. However, the roll off is 

still only 20dB/decade so the 2
nd

 order filter does not improve the rejection performance of the 1
st
 order 

filter 

 

Conclusions for Second-order Filter Use in Feedback Loop 

 

A high pass filter in the feedback path of a unity feed-forward feedback loop becomes a low pass filter 

whose Q is increased by a factor of (G+1), where G represents the gain in the feedback path. To 

compensate for this, the HPF needs to be overdamped by the inverse of that ratio. 

At this time, more investigation needs to be done to fully understand the effects of feedback on the        

2
nd

-order filter. From MATLAB and simulation data, the damping correction appears to shift the zero 

forward by a factor of the gain, while the uncompensated system (with amplitude distortion) and the first-

order have the poles move down in frequency by a factor of the gain. Thus, for a compensated second-

order filter, the required corner frequency to achieve the same bandwidth will be a factor of the gain 

smaller than the first order system as the poles are brought down in frequency for the first-order system 

but not for the compensated second-order. This will not be desirable as a lower frequency cutoff will 

require a larger capacitor to build, and additionally the second-order filter itself is more complex. 



Project Final Report Integrated Tunable Channel Select Filter Mackenzie Cook 
ELEC 4907 using Differential Quadrature Feedback 100766869 

 Page 23 of 50 

VII. SYSTEM LEVEL SIMULATION 

The feedback filter system described in part V above was implemented in simulink and simulated. The 

block diagram in Simulink is shown below: 

 

Figure 14: Simulink Simulation Diagram 

 

A(s)/B(s) is the high pass filter indicated in figure 5, and C(s)/D(s) is used to represent the finite 

frequency response of the mixers. It is implemented as a low pass filter to represent the high frequency 

cut off of the mixers.  

If there is no low pass filter representation (i.e. infinite frequency response of the mixers), the desired 

signal is not passed by the system. This is due to the fact that when it passes through the first mixer, it 

generates a signal at DC and a signal at double its frequency, as seen in figure 8. At this point the DC 

component is rejected by the high pass filter, however, the tone at its second harmonic is passed by the 

filter. This tone, amplified and mixed again, will become the original signal frequency and three times 

that frequency. This leaves a large signal component remaining to subtract at the output, and the desired 
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signal is rejected. In summary, the mixer high frequency cutoff must be such that at the worst case, the 2
nd

 

harmonic of the RF signal is rejected at the mixer. The worst case is f=88.1MHz, which will generate DC 

and 176.2MHz tones. The mixer must sufficiently reject 176.2MHz in order for the system to sufficiently 

pass 88.1MHz. 

First-order Filter Simulations 

In part V, the following parameters were determined: 

Amplifier Gain 100 

Resulting Loop Gain 50 

HPF    3.75MHz 

Stop Band Rejection 34dB 

3dB Bandwidth 150kHz 

 

A sample input/output frequency spectrum, along with a time domain waveform, at 100MHz LO and 

90.5MHz input signal is shown below in figures 15-17: 

 

Figure 15: Input Spectrum, RF frequency= 90.5MHz at 120dB 
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Figure 16: Output Spectrum, output signal 90.5MHz at 87.2dB (rejection of 32.8dB) 

 

Figure 17: Time Domain Output - After start up, output stable. 
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The simulated frequency response of the system with a 3.8MHz corner frequency and a 10MHz mixer 

output cutoff frequency is shown below in figure 18. The 10MHz cut off frequency was chosen for 

maximum attenuation at 200MHz while still rejecting signals 10MHz away from the desired signal. 

The high frequency cut off limits the maximum rejection, and this can be seen below: 

 

Figure 18: Overall Frequency Response over FM Band 

(LO = 100MHz, HPF ωo = 3.8MHz, mixer ωo = 10MHz) 
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Examining the rejection at adjacent channels and bandwidth is found below in figure 19: 

 

 

Figure 19: Frequency Response 99-101MHz for System with 100MHz LO 

 

It can be seen that the system has excellent channel selectivity. The measured adjacent channel (200 kHz) 

rejection was 9.1dB, the second channel (400 kHz) rejection was 14.7dB, and the third channel (600 kHz) 

rejection was 18.1dB. A closer view to measure the 3dB bandwidth of the system is shown below in 

figure 20: 
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Figure 20: Bandwidth Measurement: measured as 130 kHz 

 

The measured bandwidth is approximately 130 kHz, 10 kHz short on both sides of the desired signal. As 

mentioned previously, the bandwidth calculations were done with ideal mixers with infinite frequency 

response.  

 

Further simulations were performed with varying HPF corner frequencies (gain remains unchanged) to 

determine the optimum filter for 150 kHz. Figure 21 below shows the frequency responses of higher-

frequency filters, in increments of 200 kHz.  
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Figure 21: Varying HPF Corner Frequencies 

 

It can be seen above, that the 4.4MHz provides approximately 150 kHz of bandwidth and 4.6MHz is 

slightly larger than 150 kHz. Therefore, a corner frequency of 4.4 MHz is sufficient for the system. 

As a result of this change, the adjacent channel rejection will suffer slightly. The adjacent channel 

rejection for 4.4MHz is shown below in figure 22: 
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Figure 22: Rejection of Adjacent Channel(s) 

 

The rejection of the adjacent channel (200 kHz) is approximately 8dB. The 2
nd

 channel (400 kHz) has a 

rejection of 13.9dB, and the 3
rd

 channel (600 kHz) has a rejection of 17.3dB. While it has about 1dB less 

rejection than the 3.8MHz filter, it is still sufficient performance as described by the specifications in 

section VI. 

Second-order Filter Simulations 

 

The use of a second-order filter was theoretically explored in section VI. The simulations were performed 

to verify theory in order to come to a final design decision. 

 

The closed loop effects on the damping of the system were described in detail in section VI. The 

underdamping phenomenon is shown below in figure 23 for a handful of different corner frequencies. The 

filter used was a critically damped second-order high pass filter. 

-5 

0 

5 

10 

15 

20 

25 

98.8 99 99.2 99.4 99.6 99.8 100 100.2 100.4 100.6 100.8 101 101.2 

R
e

je
ct

io
n

 (
d

B
) 

Frequency (MHz) 

Rejection (4.4MHz Corner Frequency) 

Adjacent Channel Required Bandwidth 



Project Final Report Integrated Tunable Channel Select Filter Mackenzie Cook 
ELEC 4907 using Differential Quadrature Feedback 100766869 

 Page 31 of 50 

 

Figure 23: Second Order High Pass Filter Underdamped Closed Loop Response (labels indicate open 

loop corner frequency) 

 

If this filter were used, there would be significant amplitude distortion, as the oscillation in the case of the 

200 kHz filter is more than 10dB in the intended bandwidth. 

 

To compensate, as previously discussed, the high pass filter must be overdamped by 1+G. The resulting 

frequency response shown, via simulation, to provide slightly larger than 150 kHz bandwidth is shown 

below in figure 24: 
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Figure 24: Compensated Second Order High Pass Filter Closed Loop Response (50 kHz corner 

frequency) 

 

There is no longer any overshoot in the passband, however, the response is nearly identical to the first-

order filter response shown in figure 22. A corner frequency of 40 kHz provides less than 150 kHz 

bandwidth, so a 45 kHz corner frequency would provide a bandwidth extremely close to 150 kHz.  

Conclusions 

 

The second-order filter provides the same response (with the damping correction added) as the first-order 

response, however, it requires an open loop corner frequency of ~45kHz, compared to 4.4-4.6MHz for the 

first-order filter, a factor of 100 (the gain) higher. This was expected as explained in section VI how the 

poles of the first-order system were brought down in frequency by a factor of the gain, while the poles of 

the compensated second-order system stayed the same; its zeros were a factor of the gain higher in 
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frequency instead. Further investigation is needed to determine if there is a way to achieve 2
nd

-order 

falloff in closed loop while correcting the closed loop damping. 

 

Based on current information and as the design is meant for fabrication on an integrated circuit, the first-

order filter will be used. The lower complexity requires less design and fewer components, and a higher 

corner frequency filter requires less capacitance, which minimizes the required size for the capacitor.  

 

The stop band is limited in bandwidth by the mixer high frequency cut-off, which is required in order to 

pass the desired signal. This can be seen in figure 18 as the stop band rejection begins to decline as the 

frequency gets farther from the centre frequency. If the high frequency cut off is increased (i.e. to widen 

the stop band) the desired signal will be attenuated more, and this is undesirable. This means that out of 

band signals will not be strongly rejected and this will be a limitation of the channel select filter. The stop 

band width is approximately double the mixer high frequency cutoff, in this case 20MHz. In order to 

increase resilience of the radio, a band-select filter can be used at the input. Another solution would be to 

employ a notch filter at the 2
nd

 harmonic of the FM band in the loop to allow passing of the desired signal 

but still allow the system to reject signals out of band, with the exception of any signals within the 2
nd

 

harmonic band. Further study would need to be done to determine the viability of these potential 

solutions. 

 

To improve rejection, a higher loop gain can be used. This would be beneficial as the required corner 

frequency increases proportionally with the gain, as seen in figure 7 and the calculations which follow it. 

If the gain were increased by a factor of 10, the stop band rejection would increase by ~20dB, and the 

required corner frequency would increase by 10x to approximately 45MHz, which would require a 

smaller capacitor. The plausibility of getting such a large gain will be examined in the transistor level 

design of the amplifier in section VIII.  
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A 150 kHz bandwidth was chosen somewhat arbitrarily. Realistically for the purpose of this project, 

encompassing the mono only would give the minimum amount of information to play a radio station. This 

would require a bandwidth of 30 kHz (see figure 6 for the FM spectrum). This would improve the 

adjacent channel rejection significantly. For Stereo, a bandwidth of 106 kHz would be needed. These 

design decisions will need to be investigated and evaluated. 

 

Another method to improve performance would be to have two of these filter systems in series. This 

concept in theory would double (logarithmically) the rejection. This will need to be investigated to ensure 

stability and performance. It will also need to be determined whether the extra rejection is needed enough 

to warrant the doubling of the block size. 

 

Final System Level Design Specifications: 

 

Block Parameters: 

Amplifier Gain:  100 (40dB) 

Open Loop Gain: 50 (34dB) 

Open Loop Filter:  High Pass, 1
st
 order, 4.4MHz corner frequency 

 

Simulated Performance: 

Adjacent Channel (200 kHz) rejection: 8dB 

Rejection (2
nd

 channel - 400 kHz): 13.9dB 

Rejection (3
rd

 channel - 600 kHz): 17.3dB 

Rejection (2MHz-10MHz):  >28dB 

Bandwidth (pass band):   150 kHz 

Bandwidth (stop band):   20MHz   
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From a transistor level perspective, the overall rejection specification is likely unrealistic, as the parasitics 

in the design may not allow for loop stability with the gain required. As a result, a more relaxed 

specification of 20dB stop band rejection will be used. For future work a professional CMOS process will 

be used and maximizing loop gain will be a priority. 

VIII. TRANSISTOR LEVEL DESIGN 

 

The main challenges in this channel select filter are the loop dynamics (i.e. system level performance), as 

seen in sections VI and VII. From a transistor level point of view, the only unique components are a 

mixer, differential amplifier, source follower buffer, and current summer. Note that VDD = 5V for all 

components. Real resistors made from polysilicon were used except in the differential amplifier current 

source for linearity purposes. During the simulation phase of the system, linearity was a concern for 

instability so resistors were used instead of depletion load MOSFETs. 
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Mixer Design: 

The mixer design was a double balanced Gilbert cell active mixer and was designed such that the loop 

could product reasonable amount of loop gain with the differential amplifier bypassed. The mixer 

produced a gain of 8 dB. The schematic is shown below in figure 25: 

 

Figure 25: Gilbert Cell Mixer Design 

 

The design utilized the following parameters (W and L apply to all MOSFETS): 

 

W = 500µm 

L = 2.5µm 

RD  = 800Ω 

RSOURCE = 3.5kΩ 

 

The challenge in the design of the mixer was initially biasing all of the transistors into saturation, and then 

to generate a reasonably high gain for the system to reduce the specifications on the differential amplifier. 
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Differential Amplifier 

The differential amplifier was a differential pair with resistive load, biased with a current mirror. The 

schematic is shown below: 

 

Figure 26: Differential Amplifier Schematic. Note that the amplifier is inverting 

Design Parameters (length unless otherwise stated is 2.5µm): 

WM1,2 = 100µm 

WM3,4 = 5µm 

WMSOURCE = 100µm 

LMSOURCE = 5µm 

RD = 8kΩ 

 

The depletion mode transistor load for the current source was chosen in order to attain a very high 

resistance with relatively low space requirements compared to equivalent poly resistor load. 8kΩ in poly 

was manageable to design, but the size was rather large. For higher resistances the depletion load was 

used.  
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Source Follower 

In an attempt to DC couple all components in the loop, a DC voltage shift is required at the output of the 

upconversion mixer. The output of the mixer is 4V DC and the input of the summer is approximately 3V 

DC so a DC shift via a source follower circuit is used to avoid capacitive coupling. This is shown below 

in figure 27: 

 

Figure 27: Source Follower Schematic. Used to DC shift from 4V to 3V 

 

Component Parameters: 

W = 100µm 

L = 2.5µm 

R= 1800Ω 

 

A buffer is non ideal but was necessary to couple the summer and mixer together without capacitive 

coupling. It is undesirable because the gain is approximately 0.8 , therefore the overall loop gain is 

reduced. 
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Current Summer 

In order to perform a summing operation of 3 differential signals into 1 differential signal, a summer was 

designed with 3 differential pairs tied together with a common resistive load to convert the current 

summation into a voltage sum. The schematic is shown below in figure 28: 

 

Figure 28: Current Summer with Resistive Load 

 

IN corresponds to the input to the system, and FB1/ FB2 are the cosine/sine feedback loop outputs 

respectively. Note that the FB1 and FB2 connections to the SUM are opposite in order to perform 

subtraction. The current source is a current mirror with resistive load for the reference current. The 

transistor sizing for the mirror and the differential pair is the same. During design and simulation the 

component values were adjusted in order to make sure the output voltage (SUM) accurately reflected the 

sum of the 3 input signal voltages. The end result was a linear gain of approximately 1.2 which served to 

increase the loop gain which improved rejection. 

 

Component Parameters: 

WALL = 100µm 

LALL = 2.5µm 

RSOURCE = 3kΩ 

RL = 900Ω 
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Overall System Schematic 

The final schematic is shown below in figure 29: 

 

Figure 29: Full System Schematic 

The system as a whole was comprised of: 

 4 mixers 

 4 series capacitors to form the required first order filtering 

 2 differential pairs 

 4 source follower buffers 

 1 current summer comprised of 3 differential pairs 

The biggest challenge involved was avoiding capacitive coupling. The series capacitor to form the filter 

was unavoidable, so a voltage divider biasing (not shown) will bias the differential amplifier. All other 

connections are DC coupled. 
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IX. TRANSISTOR LEVEL SIMULATION 

The blocks discussed in section VIII were individually simulated prior to testing the system as a whole. 

 

Mixer: 

The mixer design from section VIII was simulated and the results of mixing 95MHz with a 100MHz LO 

are shown below in figure 30: 

 

Figure 30: Mixer Transient Simulation Results 

 

The mixer achieves a gain of 2.5 at the output, along with the expected sum product and 2
nd

 LO harmonic. 

The 2
nd

 harmonic is common mode therefore it will be rejected by the following stage which is comprised 

of a differential pair input. 
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Differential Amplifier: 

 

The differential amplifier was simulated and found to have a gain of 5.4. The transient simulation is 

shown below in figure 31: 

 

Figure 31: Transient Simulation of Differential Amplifier 

 

 

Current Summer: 

 

The current summer was simulated and adjusted to provide the correct sum with a gain of at least 1. The 

load resistance transforms the current sum into a voltage sum. This resistance can be adjusted to give the 

required output resistance for a given system configuration. The simulation is shown below in figure 32: 
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Figure 32: Current Summer Simulation. The total sum amplitude reflects the sum of the input signals 

 

Overall System: 

Once all of the system blocks were simulated, the system was simulated. Due to instability, the 

differential amplifier was bypassed, but the channel rejection was good due to the loop gain provided by 

the mixers. Future work will be to isolate and combat the instability from excess loop gain to improve 

rejection. Figure 33 below shows the output spectrum of the filter when given tones at various frequencies 

in the FM band at the same amplitude (10mV). This method of testing (transient simulation) was used 

because for this system an AC analysis would not work. Future work would be to port the design into 
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Cadence for fabrication in a professional process and would have much more power for simulation and 

design. 

  

Figure 33: Overall Channel Select Filter Performance. The input signals all had an amplitude of 10mV 

 

The system appropriately selects the desired channel, and rejects the adjacent channels. By adjusting the 

LO frequency the centre frequency of the filter is changed as well. This allows the tunable selection of 

channels. 

At this point in the design, the layout for the integrated circuit was designed, and is shown in section X. 

  

100MHz Passed 

Adjacent Channel 
11.3dB Rejection 

Peak Rejection 18.6dB 
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X. INTEGRATED CIRCUIT LAYOUT DESIGN  

 

The layout was done in L-edit, a software package available at Carleton. The NMOS process at Carleton 

uses a single metal layer which made the design of this circuit challenging as there are many required 

interconnections that require crossing. This forced crossed connection to occur with one signal path going 

through polysilicon which adds resistance to the signal path. All measures were taken to minimize the 

intersections, or if it were required, to minimize the resistance. In the case of the summer, measures were 

taken to ensure that there was a balanced resistance seen in both feedback paths and differential pairs. The 

layout of the circuit is shown below in figure 34: 

 

Figure 34: Integrated Circuit Layout 



Project Final Report Integrated Tunable Channel Select Filter Mackenzie Cook 
ELEC 4907 using Differential Quadrature Feedback 100766869 

 Page 46 of 50 

The overall design occupied 2.2mm x 1.8mm. The bottom left of figure 34 is the ring oscillator designed 

by Mohamed Khelifi, which was incorporated into the layout. 

 

As previously mentioned, there was a lot of focus in either avoiding or minimizing parasitic resistances. 

In the case of the summer interconnection, this is unavoidable due to 6 signals converging into 2 with a 

single metal layer. A closer look at this interconnection is shown below in figure 35: 

 

Figure 35: Closer Look at Summer Layout Connections 

The signals coming from the right are from the input differential pair, and the bottom and top pairs come 

from the sine and cosine loops respectively. These sum together to the pair in the center of the left side. It 

can be seen that even if the connection (for example the left trace of the upper pair) could have been 

directly connected in metal, it was instead connected through poly to match the worst case required poly 
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amount from the other connections. Close inspection of the 3 input pairs (top, right, and bottom) will 

show that they have the same W/L and thus the same resistance. The two poly connections on the left 

share the same W/L as well, however this did not need to match the other connections, only each other. 

The thickest trace shown going overtop of the poly layer is the ground connection, and the poly traces 

were designed to also allow for the ground connection, which exists above and below the output sum 

traces, to connect and proceed to an output bond pad not shown in figure 35.  

In addition to the ground connection being challenging to plan without breaking the trace at any point, the 

VDD trace was challenging to route as well. It can be seen in figure 34 that it is routed around the entire 

outside of the circuit in order to maintain continuity. As a consequence, every other connection that 

needed to go to a bond pad had to go through poly. These poly connections were made as wide as 

possible to minimize the resistance. 

The design has a total of 31 bond pads. The output of the downconversion mixer, input and output of the 

differential amplifier, and input to the upconversion mixer were all designed off chip to enable 

reconfiguration of the system. The output of the downconversion mixer and input to the amplifier are 

necessary for the off-chip capacitors to form the filter, however the output of the amplifier and input to 

the next filter were put to bond pads as well so that the amplifier could be connected and disconnected at 

will during the hardware testing phase. As the amplifier’s additional gain was a source of instability, this 

will allow the mixer-only system to be tested, and also allow for exploration and possible remediation of 

the instability during hardware testing. Additionally, the ring oscillator was not connected directly to the 

circuit to allow isolated testing, and if it does not work, and external LO can be used to test the filter. 
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XI. INTEGRATED CIRCUIT FABRICATION 

 

The circuit layout was submitted to Carleton’s fabrication facility for fabrication. The µFM project was 

the first to design with 2.5µm transistors, and the channel select filter also featured resistors built as 

serpentine polysilicon traces. The first wafer was completed at the end of March, however, due to the fact 

that the chip was shared with the ELEC4609 fabrication course class projects, testing at the time of 

writing was not possible. The nature of the circuit requires that it be wire bonded, and this requires a PCB 

as well. The bonding machine capable of doing the job has not been set up yet. This is a future work item 

to measure the prototype chip. The photomicrograph (image taken through a microscope) of the finished 

chip is shown below in figure 36: 

 

Figure 36: Final Integrated Circuit Photomicrograph 
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XII. FUTURE WORK 

 

This project is intended to be continued during the summer and at the graduate level. As previously 

mentioned, a commercial CMOS process will be used to produce a chip for the 2
nd

 design iteration. The 

next iteration will attempt to mimize the transistor sizes in the mixer while simultaneously reducing the 

current consumption. The loop dynamics will be investigated taking into account all relevant parasitic 

capacitances in order to better understand the frequency response and stability of the filter.  

There is a lot of promise in this technology and a publication is being sought out for the summer based on 

this project. The capabilities of this feedback loop technique will be further investigated. For example, the 

design is flexible to work in a direct downconversion radio, and could also be used as a tunable notch 

filter if the output were taken at a different node in the circuit. If a low pass filter were used instead of a 

high pass, the normal output node in the current chip design will transform into a notch filter. 

 

XIII.  CONCLUSION 

 

The channel select filter functionality was confirmed at the transistor level simulation, and a proof of 

concept for this new architecture has been established. The design was fabricated in Carleton’s 2.5µm 

NMOS process and awaits bonding to a PCB before testing. This research will be continued at the 

Master’s level and a publication will be pursued in the summer. 
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