
 

 

IJRIT International Journal of Research in Information Technology, Volume 1, Issue 7, July 2014, Pg. 225-233 

 

 

Prashanth Barla, IJRIT  225 

 

 

International Journal of Research in Information Technology (IJRIT) 
                                        

                                      www.ijrit.com            ISSN 2001-5569 

    

Design and Simulation of FM Band Tunable Analog Filter 

using NMOS Varactors 

Prashanth Barla1 

Department of Electronics and Communication Engineering, Srinivas Institute of Technology, Mangalore, 574143, Karnataka, 

India 

 
1prashanthbarla@gmail.com  

 
Abstract 

 
 RF filtering is a fundamental need in all wireless communication systems and is one of the most difficult parts to be integrated in its 

analog front end. Therefore lot of research is being carried out to develop highly efficient filter circuits which are very essential, 

especially in the RF front end. The band pass filter is one the important filter circuitry of the analog front end in the receiver section of 

any wireless communication systems that are seen today.  

This paper focuses on the design and simulation of tunable band pass filter for FM receiver using 0.18µm CMOS technology in Tanner 

EDA tools. The tuning is achieved by altering the capacitance of the circuit which is obtained by changing the control voltage of the 

NMOS varactors used as tuning elements. The range of the FM band for the designed band pass filter is from 88MHz to 108MHz and 

the bandwidth of the response is 270KHz. Since the distance between two FM channels are set to 500KHz, the step width of the band 

pass filter is not more than 500KHz. 
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1. Introduction 

 
The last decade has witnessed a monumental growth in the communications industry. A significant part of this growth 

has been fuelled by an invigorated demand to stay connected using multiple forms of wireless communication. Radio 

frequency integrated circuits (RFIC’s), which were often relegated to niche industries like the military and cable 

television in the past, are now at the heart of the burgeoning communication industry. A compendium of devices that 

these circuits bolster includes: pagers, global positioning system (GPS) receivers, cellular telephones, wireless local area 

network (WLAN) routers and a host of wireline transceivers.  As digital CMOS processes continue to advance the size 

and power consumption of digital circuitry decreases dramatically. At the same time, lower supply voltages make the 

design of high resolution analog-to-digital converters increasingly difficult. Therefore, there is great motivation to 

implement some signal processing in the analog domain in order to reduce A/D converter resolution. Analog filters can 

be very useful in this regard. In RF applications, the front end receiver section is very crucial as it sets the tone to have 

good overall response of the RFIC. The frequency response of the filter must be good in the receiver section of the RFIC 

circuits. In almost all of the RF circuit's front end there is a filter section present. In many applications the required 

signals are present in limited band. A band pass filter is used to obtain this band of signals. An analog to digital 

converter's performance would improve if the signal available at its input is of high quality. So the band pass filter is an 

important aspect of the RFIC. When the filter section needs to tune to different frequencies a varactors are used. Due to 

the disadvantages of the diode in terms of the small tuning range and many other a MOS varactors can be used. These 

type of varactors find them selfs very efficient in the filter sections. 

 

2. Mos varactors 

The MOS varactors can be successfully used as the replacement in many of the applications for the varactor diodes 

eliminating the disadvantages of it. MOS varactor operates in a similar manner as a simple parallel plate capacitor. In this 

case the plates of the capacitor are formed by the polysilicon gate and the channel of a MOSFET. The capacitance of this 



 

 

IJRIT International Journal of Research in Information Technology, Volume 1, Issue 7, July 2014, Pg. 225-233 

 

 

Prashanth Barla, IJRIT  226 

 

MOS device varies non-linearly as the gate bias of the MOSFET is varied through accumulation, depletion and inversion. 

A simple PMOS varactor structure is shown in the Figure 1 

 
Figure 1:  MOS varactor structure(S=D=B) 

 

The structure consists of a PMOS transistor with the drain, source and bulk connected together (D=S=B) to form one 

node of the capacitor, the polysilicon gate forms the other node of the capacitor. This structure has a capacitance that 

varies non-monotonically, since the device is actually operates in inversion, depletion, and accumulation. Figure 2 shows 

the DC tuning curve of this structure. From the Figure 2 it is obvious that capacitance is maximum, both in inversion and 

accumulation region of operation of the MOS. Also from the C-V characteristics it is evident that MOS varactor shows 

nonmonotonic response when source, drain and bulk are connected together. This behavior of the MOS can be improved 

to get a monotonic response by using inversion mode varactors or accumulation mode varactors. As a result of which the 

tuning range of the MOS can also be improved. 

 

Figure 2:  C-V characteristic of MOS varactor(S=D=B) [3] 

 

2.1 Inversion mode MOS varactor  
 

The MOS can be made to operate in depletion region and inversion region preventing it from operating in the 

accumulation region. This helps in achieving a monotonic response. Inversion mode varactor structure is shown in the 

Figure 3. 

 

Figure 3:  Inversion mode MOS varactor 
 

This structure is identical to a MOSFET. The drain and source are shorted together to form one capacitor terminal while 

the polysilicon gate forms the other. However, the bulk of this structure is connected to the highest voltage available in 

the circuit, (e.g. A PMOSs n- well to VDD or an NMOSs p-well to VSS). Since the n-well connection of the device is 

always at a higher or equal potential with respect to the gate, the device can only operate in inversion. 
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This yields the DC C-V characteristic shown in Figure 4. This characteristic is nonlinear and monotonic, but the 

transition from Cmin to Cmax is very sharp. Cmin is obtained in depletion region of operation where Cmax obtained in 

inversion region of operation. The capacitances of the MOS structure when D=S=B and inversion mode capacitors are 

both supported by the BSIM3v3 models. An additional benefit of the inversion mode structure is that its n-well 

connection is tied to VDD rather than a tuning voltage and therefore the device is less vulnerable to latch-up. 

 

Figure 4:  C-V Characteristic of inversion mode MOS varactor [3] 

3. Band Pass Filter 

 

A band pass filter can be designed by combining a low pass section with a high pass section. The low pass filter would 

pass the signals below the upper cutoff frequency, whereas the high pass filter blocks the signals below the lower cutoff 

frequency. Their combined effort will produce a band pass signal which appears at the output. The band pass signals will 

pass between the window of lower cutoff frequency and the upper cutoff frequency. The cutoff frequencies of low pass 

section and the high pass section play an important role in deciding the bandwidth of the band pass filter. 

With the Laplace equivalent of inductor and capacitor the circuit for the band pass filter is shown in the Figure 5. 

 
Figure 5: Band pass filter circuit 

 

In the above circuit the SL1 and 1/SC2 are in parallel, so the equivalent circuit is given as in Figure 6. 

 
Figure 6: Equivalent Band pass filter 

 

The voltage Vx across Z is given as 

…....….(1) 

 

 

Substituting Z in the above eq, 

 

………(2) 

 

Using the above equation the output voltage Vout can be written as  
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……………(3) 

 

 

Substituting the VX to the above equation, Vout is obtained as 

 

…..(4) 

 

So the transfer function of the band pass filter is obtained as 

 

….(5) 

 

The cutoff frequency of the high pass filter which forms the upper cutoff point is calculated as 

………..(6) 

The cutoff frequency of the low pass filter which forms the upper cutoff point is calculated as 

………(7) 

 

3.1 BPF using varactors 
 

The main aim is to design a band pass filter using MOS varactors. The band pass filter needs to be tuned over 

FM frequency range that is 88MHz to 108MHz. The bandwidth of the BPF is 270KHz and the stepwidth of the BPF 

is 500KHz. That is, in the first step if the center frequency of the BPF is at 88MHz, in the next step the center 

frequency of the BPF should move to 88.5MHz when the BPF is tuned. The MOS varactors are used as the tuning 

elements in the work. Here a BPF is constructed by cascading a HPF section with a LPF section. In both the sections 

varactors used as the tuning elements. The high pass filter section defines the lower cutoff frequency, whereas low 

pass filter section defines the lower cutoff frequency of the band pass filter. The capacitance of both the LPF and HPF 

sections are minimum when the center frequency of BPF is at 88MHz and it is maximum when the center frequency 

of BPF is at 108MHz. Because the cutoff frequency of the LPF and HPF is inversely proportional to the capacitance 

of the circuit. By changing the tuning voltage of the NMOS varactors the capacitance of the circuit is varied which 

makes the center frequency of the band pass filter to move from 88MHz to 88.5MHz, with a step size not more than 

500KHz. The same process is continued to make the center frequency to shift from 88MHz to 108MHz, passing 

through all the frequencies coming in between. Care should be taken to make sure that both the LPF and HPF 

sections tune synchronously to obtain the BPF response with the required specifications. 

 
 

Figure 7: FM band tuning 
 

In the band pass filter design, MOS varactors are used to replace the passive capacitors used in the Figure 5. Then the 

circuit contains inductors as passive elements along with MOS varactors as active element. A MOSFET is effectively 

used as a tuning device in the designed band pass filter. Here an Inversion mode MOS varactor is used. 

 

 

 



 

 

IJRIT International Journal of Research in Information Technology, Volume 1, Issue 7, July 2014, Pg. 225-233 

 

 

Prashanth Barla, IJRIT  229 

 

3.2 Capacitance calculation for single MOS varactor: 
 

The MOSFET operates in three regions 

• Accumulation region 

• Depletion region 

• Inversion region 

The value capacitance of the MOSFET is same in accumulation region as well as inversion region which is the maximum 

capacitance, that can be obtained from a MOSFET. The MOSFET capacitance decreases in the depletion region of 

operation. Because of the introduction of the series depletion capacitance with the existing one. It is also the minimum 

capacitance of the MOSFET which is called as the depletion capacitance. 

 

In this work inversion mode MOS varactors are used. So the maximum as well as minimum value of MOS capacitance 

can be easily archived, by doing so operation of MOS varactor in the accumulation region is prevented. In this project 

“nhp.1” is the NMOSFET model used while “bsim3c18_hp_rev7_3” is the library file used. 

 

Example: Let Oxide thickness,Tox = 3.65 x10
-9 

m 

Permitivity of oxide, εo = 3.9x8.854x10-12 m 

Junction depth Xj = 1.5x10
-7 

m 

 

The equation for the oxide capacitance is written as 

Cox=
ε0

Tox
…..……..(8) 

Substituting the values, the oxide capacitance is calculated as , Cox = 9.46x10
-3 

F/m. 

The depletion capacitance equation is given as  

Cdep=
εsi

X j ……..…(9) 

When the MOSFET is operating the depletion region oxide capacitance and depletion capacitance appears to in series 

with each other so the total depletion capacitance is given as ,  

 

………(10) 
 

The gate depletion capacitance is calculated as  

Cgdep = 648.74x10
-6 

F/m. 

 

When L = 0.8x10
-6 

length and W = 100x10
-6 

m is the width of the MOSFET channel, the gate oxide capacitance is given 

by, 

 

Cg=WLCox
……..(11) 

Substituting the values of L ans W in the above equation we get inversion mode gate capacitance, 

 

Cg = 756x10
-15

F/m. 

 

Similarly the gate capacitance when the MOSFET is in the depletion region is given as  

 
Cg=WLCgdep

……..(12) 

 

Substituting the values W, L, Cgdep we get Cg as  

 

Cg=5.1x10
-15 

F/m. 

 

The cut off frequency of the low pass filter is obtained as 

……………(13) 
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Similarly the cut off frequency of the high pass filter is obtained as 

……..(14) 

 

 

 

3.3 High pass section design 
 

From equation 15 for 88MHz center frequency the high pass section’s cut off frequency is obtained as 

fch = 87:865MHz 

Consider the equation 6, let inductance L=0.472uH, and replacing fo by fch in it,then the capacitance C of the high pass 

section of the circuit is calculated as 

Cmax = 6.9513 x10
-12 

F 

Similarly for a center frequency of 108MHz, the capacitance of the high pass section is obtained as, 

Cmin = 4.6125 x10-12 F 

 

3.4 Low pass section design 
 

From equation 13 for 88MHz centre frequency the low pass section’s cut off frequency is obtained as 

fcl = 88.135MHz 

Consider the equation 6, let inductance L=2 H and replacing fo by fcl in the equation, the capacitance C of the low pass 

section of the circuit is obtained as 

Cmax = 1.6304 x10
-12 

F 

Similarly for a center frequency of 108MHz, the capacitance of the low pass section is obtained as, 

Cmin = 1.0831 x10-12 F 

 

4. Results and discussions 

 
Here S-Edit12.6 software is used in order to build the circuit. T-Spice12.6 software will generate the spice code from the 

circuit drawn in the S-Edit in order simulate the circuit. W-Edit12.6 software is used to view the graphs generated, that is 

the behavior of the circuit in the pictorial form. 

 

4.1. Inversion Mode NMOS Simulation 
 

Figure 8 shows single cell NMOS inversion mode varactor. In this paper fringes of inversion mode NMOS varctors are 

used to replace the capacitive components. The inversion mode varactors overcome the disadvantages of varactors when 

they are connected in S=D=B format in terms of their C-V characteristic response. That is, the C-V characteristics of the 

inversion mode varactor is monotonic. Hence it increases the tuning range of the varactors.  

 

 
 

Figure 8: Inversion mode NMOS varactor 

 

Figure 9 shows the C-V characteristics. From the figure it is clear that the C-V characteristic of inversion mode MOS 

varactor is monotonic. By connecting inversion mode MOS fringes in parallel the overall capacitance of the circuit can 

be increased. Hence the required value of the capacitance can be achieved for tuning the circuit 
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Figure 9: C-V characteristic of inversion mode NMOS varactor 

 

4.2. Band pass filter using NMOS varactors 
 

Figure 10 shows the circuit diagram for the tunable band pass filter using IMOS varactors. The circuit consists of cascade 

of high pass filter section as well as low pass filter section. The tuning of the filter is achieved from 88MHz to 108MHz 

FM frequency band. By varying the control or tuning voltage of the NMOS varactors the capacitance of the circuit is 

altered, which results in tuning of the circuit. The high pass filter defines the lower cutoff frequency whereas the low pass 

filter produces the upper cutoff frequency of the band pass filter. In this project the band width of the band pass filter 

ranges is between 260 KHz < BW < 300 KHz, which is the acceptable for FM band. 500 KHz is the step width of the FM 

as the specified standard. The step width of the filter is less than 475KHz, which is well under 500 KHz. 

 

 
Figure 10: BPF using NMOS varactors 

 

Figure 11 shows the frequency response characteristic of the band pass filter using varactor. Here the center frequency of 

the filter is 108.22MHz. The Band width obtained is 300.58KHz. The tuning voltage of the varactor is -0.33V. 

Theoretically the FM band is from 88MHz to 108MHz. The above simulated circuit result shows that, circuit is tuned for 

108.22MHz, including the 108HHz frequency. In the coming tuning steps the circuit need to tune to a frequency which is 
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not more than 500KHz. It is the required step width of the FM tuning specification. Because in the FM channel stations 

are separated by 500KHz difference. 

 

 
Figure 11: Frequency response of BPF 

 

Table 1 is constructed for shift in the frequency when the tuning voltage of the varactor changed. 

TABLE I 

VTUNE V/S FREQUENCY SHIFT 

 

vtune(-V) freq(MHz) Centre 

Freq(MHz) 

BW(KHz) 

0.33 108.07-108.37 108.22 300.58 

0.332 107.73-108.03 107.88 300.0 

0.334 107.38-107.68 107.53 300.71 

0.336 107.02-107.32 107.17 298.27 

0.338 106.65-106.95 106.8 298.65 

: 

: 

: 

: 

: 

: 

: 

: 

: 

: 

: 

: 

0.445 89.24-89.51 89.375 270.0 

0.45 88.96-89.23 89.095 268.92 

0.46 88.48-88.76 88.62 276.76 

0.47 88.07-88.35 88.21 283.34 

0.48 87.72-88 87.86 286.87 

 

5. Conclusion 
 
The NMOS varactor is the heart of the entire work, because the tunability of the circuit completely depends upon the 

NMOS varactor’s control voltage. By changing the control voltage of the NMOS varactor the capacitance of the circuit is 

altered which shifts the center frequency of the band bass filter. By using the CMOS varctors in this design the 

sensitivity of the circuit towards the physical conditions like temperature, pressure is increased. Because the increase in 

temperature generates electron hole pairs in the MOSFETs, hence the conductivity of the MOS is thus affected. Much 

more research work needs to be done in the area of device physics of the CMOS varactors in order to develop a better 

MOS varactor model. In this work the response of the circuit for the parasitic effects of the varactor is neglected. Care 

must be taken in biasing the MOS varactors to prevent the MOSFET by entering into the latchup condition. 
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