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Abstract

This master thesis describes the design of a low power and low noise CMOS circuit capable of limiting 
9 frames per second. This is a part of a larger ongoing project for development and design of a low-cost 
IR night-vision network camera. This circuit is implemented in 0.35µm process. An RC-oscillator with 
voltage averaging feedback concept is used as timing reference which is capable of overcoming ± 20% 
of frequency variations.

The circuit consumes 85 μW power when enabled and 1.853 μW power when disabled. This circuit 
design allows 9 frames per second. The variation in frequency due to a temperature range of -40°C to 
100°C is within ±2.5% and for voltage range of 3.2V to 3.6V is within ±1%.
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Chapter 1

Introduction
1.1 Background

High performance infrared cameras uses cooled thermal detectors which makes infrared cameras bulky, 
expensive to operate and manufacture. The advantage of using cooled thermal detectors is high thermal 
sensitivity, long range and ability to perform high speed infrared imaging. On the other hand low power 
and low cost un-cooled microbolometers infrared camera with acceptable performance is  good for 
many civil applications. Some of its applications includes
 
● Night vision
● Civil surveillance
● Automotive applications
● Firefighting
● Industrial process monitoring 
● Finding energy leaks
● Flame detection and many more.

Studies have shown that road traffic collisions are the main cause of casualties all over the world. The 
ability  of  humans  to  see  are  reduced at  night  or  extreme weather  conditions,  which  increases  the 
number of collisions. The road range that a driver can see with the help of  headlights at night is less 
than that can be seen during the day. Infrared vision enhances the range of visibility at night further 
than standard headlights, thus Infrared camera's can help in preventing human losses in the world by 
reducing the number of collisions.

An infrared camera senses infrared radiation, therefore surveillance systems using infrared cameras can 
detect things that might not have been possible to detect by any other surveillance system. Therefore,  
infrared  surveillance is  helpful  in  many ways  including surveillance  of  specific  area during  night, 
maintaining  heat  related  systems  and  operations,  electrical  systems  maintenance  and  studying 
environmental conditions. Due to some export restriction on infrared cameras the frame rate of infrared 
cameras needs to be restricted. The main purpose of uncooled microbolometers infrared cameras are its  
low cost, therefore this frame rate limiter circuit must be low power and low cost.

1.2 Objective

This master thesis describes the design of a low power and low noise frame rate limiter circuitry in  
0.35µm process, as part of a larger ongoing project for development and design of a low-cost IR night-
vision network camera. The frame limiter circuit will be used in the Infrared camera circuitry as shown 
below in figure 1.1
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A CMOS circuit capable of limiting the frame rate to 9 frames per second needs to be developed. The 
circuit can only rely on an on-chip timing reference to prevent manipulation of the maximum frame 
rate. The idea is to use an internal RC-oscillator as timing reference. Due to the low control of RC time 
constants in a normal CMOS process, the oscillator will need initial trimming to adjust its frequency so  
that the maximum frame rate becomes close to 9 frames per second but does not exceed this value. This 
trimming value and the enabling of the frame limiting function should be burned into the chip by on-
chip fuses where burned fuses cannot be reversed. It is important that further burning of fuses only 
lowers the achievable frame rate so that user cannot manipulate the circuit to a higher frame rate. It is 
sufficient for the fuse memory to have 5 bits for trimming of the RC-oscillator frequency and having 
one bit for enabling the frame rate limitation.

The circuit needs to be low power and low noise.  As the infrared camera in this case is using IR 
detector (un-cooled microbolometers), the signals from un-cooled microbolometers are very low (1 μV 
range), it is essential that the RC oscillator used in frame limiter circuit produce very low noise to 
internal power supply. Moreover the RC oscillator is working asynchronous to the IR circuit and so the 
transient disturbance from RC-oscillator will influence the read out circuit differently from time to time 
and thus add undesirable noise to the read out image signal.

1.3 Frame rate limiter model

The CMOS circuit, which is supposed to work as a frame limiter is shown in Figure 1.2. The block 
indicated in the dotted rectangle in figure 1.2 is the timer block that determines the length of the period 
to block Vsync. After each Vsync this block is reset and starts blocking new Vsync up-to 1/9 seconds if 
enabled. In the dotted rectangle there is the RC-oscillator, frequency divider and SR-Latch.

To measure the blocking time a pin named Timer_test is used. The blocking time is measured then 
adjusted, if it does not satisfy the required time, by applying a proper trim value to the RC-oscillator. 
This trim value and other signals are set by on-chip programmable registers. In this work these signals  
are just considered as input signals and we can forget the registers. When a suitable trim value has been 
found it should be burned into the fuse memory to lock the circuit to maximum 9 frames/second.

After the burn, output from the multiplexer will always come from the fuse memory without ability for 
the user to change it. The only thing that users will be able to do if they try, is to burn more fuses which  
should limit the frame rate even more. When no frame rate limitation of the chip is desired, the chip  
disables the frame rate limitation circuit.
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1.4 Fuse block

Figure 1.3 shows the starting point of the fuse memory cell. To save power consumption, the actual  
readout is only made only during every new Vsync (here connected to read) which is high only during 
a single clock period per frame, otherwise it is zero and no power is consumed. The read data bit value 
is then kept until next Vsync. The advantage of using D Flip flop in fuse memory cell is to stop static 
current when the Vsync is low. 

1.5 Project specification

The frame rate limiter circuit is designed in 0.35 μm CMOS technology with nominal supply voltage of 
3.4 V. The upper and lower limits on R and C are 100kΩ to 10MΩ and 1pF to 25pF respectively. These 
upper  limits  are  mainly  because  of  size  and  power  consumption.  Frame  rate  limiter  project 
specification is given in the Table 1.1
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Figure 1.3: Fuse memory cell structure
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Table 1.1: Frame rate limiter project Specification
Parameters Specifications Unit
Power consumption enabled < 100  μW
Power consumption disabled < 10  μW
Relative timing drift over temperature range ± 2.5  %
Relative timing drift over voltage range ± 1.0  %
Temperature range -40  ≤ T  ≤ 100  °C
Supply voltage range 3.2 ≤ V  ≤ 3.6  V
Nominal supply voltage 3.4  V
Clock frequency 6.25  MHz
Number of fuse bits for timing calibration 5  -
Frame rate limit after fuse calibration 8.28 ≤ f ≤ 9  Hz
Oscillator capacitor values 1.0  ≤ C  ≤ 25  pF
Oscillator resistor values 100k ≤ R  ≤10M Ohm
Process AMS 0.35  μm
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Chapter 2

Oscillators
The main component needed for the frame rate limiter circuit is oscillator. In this project it is used as  
time reference to calculate the blocking time of frames. The blocking time of frames can be set by 
varying the frequency of oscillator. Unwanted frequency variations can also be due to the voltage and 
temperature variations. These variations depend on the architecture or the type of oscillator used, and 
for proper operation we need to select a very good and stable architecture for oscillator.

2.1 Classification of oscillators

Oscillators can be divided into two main categories on the basis of output waveform. 

● Sinusoidal

● Non sinusoidal.

2.1.1 Sinusoidal oscillator

Oscillators  that  produces  sine-waves  at  the  output  comes  in  sinusoidal  category.  Sine-wave at  the 
output has constant amplitude and ideally constant frequency, but no system is ideal in reality. The 
degree  of  closeness  to  ideal  output  depends  on  the  factors  like  amplifier  types,  characteristics  of 
amplifier, frequency and amplitude stability.

The frequency produced by sinusoidal oscillators ranges from low audio-frequency to ultrahigh radio 
and microwave frequencies. There are three main types of sinusoidal oscillators

● RC-oscillators

● LC-oscillators

● Crystal-oscillators

RC-oscillators are mostly used in audio-frequency range. To get a low frequency from RC-oscillator, 
large  resistor  and  capacitor  is  used,  and  due  to  this  reason  RC-oscillators  are  suitable  for  low 
frequencies.  Another  network  called  LC  tank  network  used  to  obtain  high  radio  frequencies,  the 
oscillator having LC tank network is called LC-oscillators.  LC-Oscillators are not suitable for low 
frequencies because for low frequencies large inductor and capacitor in LC tank network are required. 
The large inductors and capacitors take more area that is why it is impossible to integrate them on-chip, 
moreover they are costly and have more weight. The third type is Crystal-oscillator which provides a 
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very stable output frequency, low temperature dependency and high quality factors. In vacuum it is 
possible  to  get  a  Q-value  between  104 to  108.  The  oscillation  frequency  is  roughly  inversely 
proportional  to  the  thickness  of  quartz  piece.  Crystal-oscillator  is  mostly used  for  the  frequencies 
between audio range and radio frequency range. Sinusoidal oscillators are used in many applications 
like radios, Televisions, signal generators and wireless systems.

2.1.2 Non-sinusoidal oscillator

Non-sinusoidal oscillators are those oscillators that produce complex-waveforms, their output maybe a 
square, rectangular, triangular, trapezoidal wave or the combination of two waves. All non-sinusoidal 
oscillator has one property in common that they form a relaxation oscillator. A relaxation oscillator  
stores energy in a reactive component during one phase of the oscillation cycle and release it in the 
other phase of relaxation cycle [10].  The frequency of oscillation is a function of charge or discharge 
time  of  capacitor.  This  capacitor  is  in  series  with  resistor  or  inductor  depending  on  the  type  of 
oscillator. So relaxation oscillator can be RC and LC. Blocking oscillators, multi-vibrators, sawtooth 
generators, and trapezoidal generators are examples of relaxation oscillators [11]. 

2.2 Conventional RC-oscillator

A common conventional  relaxation oscillator  is  shown in figure 2.1.  This  circuit  oscillates  due to 
continuous charging and discharging of the capacitor as follows:

Q

Q̄

S

R

U

Ū

 td
Vhigh

Vlow

I1

I2

Vosc

C

Figure 2.1: Conventional RC-oscillator [1]
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● The voltage Vosc increases when the current I1 charges the capacitor C.

● When Vosc > Vhigh , comparator sets RS-FF and connects the current source I2 to the capacitor 
C, its called discharging phase.

● Vosc falls when current I2 flow it discharges C.

● If Vosc < Vhigh, the second comparator resets RS-FF and connects the current source I1 to the  
capacitor this is called charging phase. 

2.2.1 Problems with conventional RC-oscillators.

Conventional RC-oscillators frequency variation is higher compared to the required specification of 
frame rate limiter circuit, these variations are due to the following reasons: 

● Frequency varies with comparator delay td, as td changes with temperature and voltage.

● Frequency will vary due to the aging of current sources (I1, I2) and it will affect the accuracy of 
the oscillator

● Jitter will be accumulated due to the flicker noise of current sources and will degrade low  
offset-frequency phase noise.

Vlow

Vhigh

 
td  

td  
td

t

Vosc
 - I2 /C

 - I1 /C

Figure 2.2: Conventional RC-oscillator waveform [1]
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2.3 Comparison's of different research work on RC-oscillators

Due to the stability and power consumption issues in the conventional RC-oscillator, researchers have 
used different intelligent design techniques to reduce the frequency variation. Some of these techniques 
were studied in order to select a good oscillator for this project. These oscillators with different design 
techniques are shown in Table 2.1

Table 2.1 Comparison's of different research work on RC-oscillators [1]
Sundaresan[2] Vilas Boas[3] Lasanen[4] Choe [5] Sebastiano[6] Tokunaga[7]

Type Ring Relaxation Hybrid Relaxation Relaxation Relaxation
Feature Biasing  with 

BGR
Biasing  with 
BGR

Peak  holding 
feedback

Offset 
Cancellation

Mobility-
based Current

Voltage 
Averaging 
Feedback

Process 0.25 μm 0.5 μm 0.35 μm 0.13 μm 65nm 0.18 μm
Area[mm²] 1.14 0.19 0.09 0.07 0.11 0.04
Frequency 7 MHz 11.6 MHz 5 MHz 3.2 MHz 0.1 MHz 14 MHz
Vdd [V] 2.5 3 1 1.5 1.2 1.8
Current 
Consumption 

600 μA 133 μA 20 μA 25.6 μA 34 μA 25 μA

FoM [dB] N/A N/A N/A N/A N/A N/A
Variation [%] 
with Vdd

±0.31
@2.4to2.75V

±0.8
@2.4to2.75V

±0.95
@1.0to1.3V

±0.4
@1.4to1.6V

±0.23
@1.05to1.35V

±0.16
@1.7to1.9V

Variation [%] 
with Temp.

±0.84
@-40to125ºC

±2.5
@-40to125ºC

±0.7
@-20 to 60ºC

±0.25
@20 to60ºC

±1.1
@-20 to 80ºC

±0.75
@-40to125ºC

Some main points of  these oscillators are discussed below.

Band-gap referenced voltage regulator is used as a supply voltage to produce reference temperature 
independent voltage. A ring oscillator with a band-gap Circuit Sundaresan [2] reduces the frequency 
variation but because of high current consumption compared to our project specification it cannot be 
used. A digital trimmable relaxation oscillator with a temperature compensation Vilas Boas [3]. This 
design uses band-gap voltage reference module wisely designed to minimize the noise coming from 
oscillator, device mismatching, random offset and different process variations. Because of the large 
current consumption and temperature variation compared to our project specification, it is not a good 
choice. Self adjusting CMOS RC-oscillator Lasanen [4] is a peak holding relaxation oscillator with 
negative feedback using a Voltage control oscillator. A relaxation oscillator with a self-clocked offset-
cancellation scheme for comparators is presented Choe [5], which reduces phase noise.
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2.4 Oscillator selection for the project

The advantages of crystal-oscillator are stable frequency, low jitter noise and best accuracy of the order 
ppm. Crystal-oscillator uses quartz crystal, the disadvantages of quartz crystal is its large size and high 
price compared to resistor which makes difference in large productions. Because of the large size it 
cannot be used in small chips, it also consume more power and has a large start up time. So using 
crystal oscillator it is not a good choice.

On the other hand RC-oscillator has small size, it is cheap, consume less power and has low start-up 
time compared to crystal oscillators. Their disadvantage is high jitter noise and unstable frequency. 
Because of low power and low start-up time it is used in many on-chip applications like biomedical 
sensors, ASIC applications and microcomputers.

There are some conventional oscillators that are more accurate like ring oscillator type with bandgap 
reference [2], a relaxation type with BGR [3] and peak holding feedback using hybrid oscillation with 
relaxation and ring [7], [4] [1] but their frequency variation with voltage and temperature variation is  
more than  ±1% , which is not a good choice for us due to our project specifications. We need an 
oscillator with frequency variation within ±1%.

Therefore a paper proposing voltage averaging feedback concept for keeping the frequency variation 
within  ±1% due to temperature and voltage was selected. The comparison between commonly used 
oscillators with intelligent design for more stability and the oscillator (chosen for this project) is shown 
in Table 2.2

Table 2.2 Comparison of Conventional RC-oscillator[1]
Conventional Oscillators Selected for the project

Implementation Off-chip On-chip On-chip On-chip
Oscillation Crystal RC (relaxation) RC (Ring) RC (VAF relaxation)
Frequency 1kHz - 100MHz 1kHz - 100kHz 10MHz - 1GHz 14MHz
Frequency Variation 1 - 100ppm ±1% ±5% ±1%
Current 10 μA-100mA 10 μA-100 μA 10 μA - 100mA 25 μA @ 14MHz
Size <5cm³ 0.1mm² 0.01mm² <0.1mm²
start-up 1ms - 10ms 10 μs - 100 μs 1 μs - 10 μs 1 μs - 10 μs
Cost >10 cents 1 - 3 cents <1 cent 1 - 3 cents

Due to the low power, low cost and low frequency variation of RC-oscillator with VAF concept, this 
oscillator is a good choice for this project. 
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Chapter 3

Voltage Averaging Feedback Concept
To make  a  conventional  RC-oscillator  stable  and more  accurate,  the  comparator  delay  td must  be 
shortened so that it can be neglected. In order to reduce the delay td, the comparator need to be supplied 
with large power, so the oscillator will consume more power and it will not be a low power oscillator.  
For this purpose a feedback concept called Voltage Averaging Feedback (VAF) is used instead to get a 
stable and accurate oscillation with low power dissipation. VAF with first order lag is applied to the 
oscillation to solve the following conventional issues:

● Oscillation is obtained independent of comparator delay td with the help of VAF.

● VAF achieves oscillation without current source, which means reduce flicker noise.

● As there is no current source, the aging effect is almost negligible.

3.1 Start-up sequence of RC-oscillator with VAF

● The first step is to reset the oscillator, which is done by making NRST low. RS-FF gives high 
output when the NRST is low, and it makes the NMOS ON, connecting Vosc1 to ground. High 
RS-FF output turns off the PMOS making it sure that there is no current flow to resistance. The 
output of RS-FF is connected to transmission gate through inverter, which is also closed, that 
makes sure that all of the Vosc1 is grounded. Similarly Vosc2 is pulled down to zero too with 
high RS-FF output. Some voltage is developed at the output of VAF as Vc during the reset  
stage.

● When NRST goes high, it makes the left side RS-FF output low, that turns PMOS ON, letting 
Vosc1 raise because NMOS is turned off by low RS-FF output, similarly transmission gate is 
turned on, and Vosc1 is transferred to low pass filter as Vosc, R1 and C1 forms a low pass filter. 
Vosc2 is still low because the right hand NAND gate is connected to NRST through two not 
gates These not gates produce sufficient delay to ensure that the left side NAND output is  
reduced before the right hand NAND.

● Vosc1 increases with time depending on the RC-time constant. When Vosc1 exceeds Vc, the  
comparator output is pulled down to the lower level, this makes the output of left hand RS-FF 
high. High RS-FF pulls down right hand NAND gate to low, since all of its inputs are high.  
Now Vosc2 is transferred as Vosc to LPF and Vosc1 is cut off by the of transmission gate. At the 
same time Vosc1 is pulled down to low level.
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● Similarly Vosc2 increases with time depending on the RC-time constant. When Vosc2 exceeds 
Vc, the comparator output is pulled down to low level, this makes the output of right hand RS-
FF high. High RS-FF pulls down left hand NAND gate to low, because all of its inputs are  
high now. The Vosc1 is transferred as Vosc to LPF and Vosc2 is cut off due to the transmission 
gate. At the same time Vosc2 is pulled down to low level.

The proposed oscillator circuit repeats the above steps and oscillates like a multi-vibrator. As shown in 
the figure 3.1 the voltage Vosc1 and Vosc2 is transferred to LPF as Vosc one after the other. Active 
filter virtually shortens the DC voltage of Vosc1 and Vosc2 as Vref.

C

C1

Figure 3.1: RC-oscillator with VAF concept [1]

Voltage averaging feedback

Relaxation RC-oscillator

RST

R R

Vosc1 Vosc2

Vosc
R1

Ibias Ibias

Ibias

Vc

C
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3.2 Oscillation mechanism of RC-oscillator with VAF

The  proposed  VAF  (Voltage  Averaging  Feedback)  concept  given  in  the  Figure  3.1,  consists  of 
relaxation oscillator and an active filter for VAF. The comparator and feedback amplifier design shown 
in figure 3.2 is used to obtain a sufficient noise margin and to facilitate rail to rail input. 
In the proposed design, the relaxation oscillator acts as a voltage controlled oscillator, where Vc signal 
acts as the control signal of the voltage controlled oscillator. The signals Vosc1 and Vosc2 adds up to 
form the Vosc. The Vosc signal is then transferred to the active filter part. DC voltage of the complete 
oscillation is maintained at the reference voltage (Vref) by the active part of the filter, this can be seen 
in Figure 3.3.

At low frequency the two voltages Vref and Vosc are shortened virtually. The time constant of R1C1 
defines the low frequency domain.  For the sake of simplicity,  the feedback back amplifier used in  
active filter is assumed to be ideal. Figure 3.4 shows a simplified half circuit of the relaxation oscillator.
For R1>>R the oscillation waveform is given in equation (1).

      Vosc1 ,2=Vdd (1−e−1 /RCt)       (1)

  Figure 3.2: (a) Feedback amplifier (b) Comparator [1]



                                                                                                                                                                      15  

As explained in the previous paragraph, the DC of the Vosc is equalized with that of Vref by the VAF 
loop given in equation (2).

1
T
∫

0

T
Vosc1 ,2(t)dt=Vref                                   (2)

 
The minimum effect on the oscillator frequency due to the variation in td is because of the VAF. The 
VAF automatically adjusts Vc to satisfy the equilibrium condition of (2). As a result of this adjustment 
a stable frequency is achieved. To keep the frequency same, if td decreases, Vc will go higher and vice 
versa. This effect helps in lowering the power of the oscillator, because the delay of the comparator can 
be neglected to some extend due to VAF and due to this reason we can choose smaller transistors for 
the comparator and still get an accurate oscillation. This oscillation frequency is not sensitive to the  
Vdd as α is fixed by the resistive divider as shown in the figure 3.6(a). 

+
-

+
-

Vosc1,2

R1R

C

VrefVdd

Figure 3.4: Modeling of RC-oscillation with VAF [1]

 td td

 T

1/fosc

Vc

Vref

Vosc1 Vosc2

(dc of Vosc1,2)

 t

Figure 3.3: Waveform showing inverse relation between Vc and  td [1]



                                                                                                                                                                      16  

Vref is generated by the voltage divider shown in figure 3.6(a). A simplified equation can be obtained 
as given in equation 3.

(1−α)
RC

T=1−e
− T
TC         (3)

α=Vref
Vdd              (4)

According to equation (3), the oscillation frequency of the oscillator is related to time constant RC and 
α. Normalized frequency is plotted against α is shown in figure 3.5.

Due to variation in R and C the oscillator frequency can deviate from its desired value, to overcome 
this  problem a  digital  trimming  network  can  be  used,  which  will  be  explain  in  detail  later.  This 
trimming network can be considered as a tunable network, thus the oscillator can be used as tunable  
oscillator. Temperature coefficient of capacitors are very small so it can be ignored for temperature 
variations. On the other hand resistors change its value due to temperature variations depending on the 
temperature  coefficient  of  the  resistor.  Variation  in  R  results  in  frequency  variation  according  to 
equation (3), therefore a resistor with low temperature coefficient should be used in order to get more 
stable oscillators.
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3.3 Advantages of RC-oscillator with VAF

Some advantages of using VAF concept for oscillator are explained below

3.3.1 Aging free oscillation

With time the performance of MOS transistor decreases. For the oscillators that are used as reference, 
this  problem cannot be neglected,  so the oscillators that uses current source for oscillation will  be 
effected with aging and will not be as accurate as in the beginning. This problem is solved in this 
design by VAF concept because it uses passive elements for the oscillation (R and C), so its accuracy is 
the same throughout its life.  The feedback amplifier used in VAF is always affected by aging, but 
because of differential design all the transistors will be similarly affected, and the random offset will 
mostly be the same throughout the life of an oscillator. Moreover, the gain of feedback amplifier is high 
enough, to minimize the systematic offset due to aging.

3.3.2 Noise reduction

The main cause of noise in conventional oscillator is current source and comparator. Oscillator with 
first order lag oscillations produce enough noise due comparators that cannot be ignored. There are two 
types of noises that mainly dominates the oscillation these are; thermal noise and flicker noise. Thermal 
noise can be reduced by providing large power and flicker noise can be reduced by increasing the size 
of transistors. But the problem with providing large power is that the oscillator will consume more 
power  and it  will  be  no longer  a  low power oscillator.  Moreover  increasing the size  of  transistor  
increases the gate size, and this increases the ratio of gate parasitic capacitance including capacitance of 
the oxide layer(Cox) which varies with voltage and temperature variations. Large transistor consume 
more power.

VAF concept solves this problem by its negative feedback effect. VAF has high pass filter like transfer 
function and it helps in suppressing the phase noise spectrum at low offset frequency domain. Due to 
this reason a small and low power comparator can be chosen. Feedback amplifier used in VAF provides 
Vc for the oscillator, feedback amplifier size has no effect on the oscillations of the oscillator. So a 
large feedback amplifier can be choosen to reduce flicker noise. Low offset phase noise of the oscillator 
is  mainly  due  to  feedback  amplifier.  Finally  VAF  helps  in  reducing  low  offset  phase  noise  of 
comparators and the flicker noise of the feedback amplifiers.

3.3.3 Temperature compensation

To  deal  with  temperature  variations,  two  different  resistors  are  used  with  opposite  temperature 
coefficients to cancel the effect of each other as shown in figure 3.6 (a)

Figure  3.6  (b)  shows  that  Vref  increases  along  with  temperature  increases,  which  decreases  the 
oscillation  frequency  of  the  oscillator.  Moreover  the  increase  in  temperature  also  increases  the 
oscillation  frequency which  is  canceled  by the  raise  in  Vref,  as  Vref  is  inversely  proportional  to 
oscillation frequency, and temperature is directly proportional to oscillation frequency. 
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3.4 Variation of oscillator frequency due to Vref

According to equation (3), the time period of oscillation T depends on α, therefore the variation of 
frequency of the oscillator needs to be calculated with respect to α. 
Now to find out the variation in α, we have

Δα= ΔVref
Vdd        (5)

Vref=Vdd ( R2
R1+R2

)        (6)

ΔVref =Vdd (
R2± (2 %R2)

R1± (2%R1)+R2±(2 %R2)
)        (7)

Vref is given by the voltage division of two resistors as shown in figure 3.6(a). On the same chip the 
mismatch  between  poly-silicon  resistor  is  less(±2%),  we  consider  this  variation  in  α  only  due  to 
mismatch. Variation in frequency due to mismatch is shown in Table 4.6

(a)

(b)

Figure 3.6: (a) Vref generation (b) Balancing temperature variation [1]
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Chapter 4

Simulation results for RC-oscillator with VAF
The RC-oscillator shown in figure 3.1 simulated with R = 610 kΩ and C = 5pF. The oscillator oscillates 
with 77.9 kHz frequency, with the supply voltage of 3.4 V and temperature equal to 27 °C. The 77.9 
kHz is taken as reference frequency of the oscillator. The RC-Oscillator has an enable pin, when frame 
limitation  is  not  needed,  its  turned  off  with  the  help  of  the  enable  signal,  to  reduce  the  power 
consumption.  The enable signal  turns off  the active parts  of the oscillator  (feedback amplifier  and 
comparators), thus lowering the power consumption of the whole frame limiter. It has one reset pin,  
which is used to reset the oscillator (active low). The waveform the oscillator output is shown in the 
figure 4.1.

Table 4.1: Simulation results of RC-oscillator with VAF concept for voltage variations.
Supply voltage (Volts) Temperature (°C) Frequency (kHz) Frequency variation
3.4 27 77.9 0
3.2 27 77.78 0.15%
3.6 27 78.03 -0.16%

Table 4.1 shows the variation in frequency. When the oscillator was simulated for different supply 
voltages and the temperature was kept constant at 27°C. The voltage varied from 3.2 volts to 3.6 volts, 
the frequency of the oscillator was measured and compared with the reference frequency. The variation 
in the frequency was less than 1% of the reference frequency. This frequency variation of the oscillator 
due to the supply voltage variation is within project specification.

Table 4.2 shows the variation in frequency when the oscillator was simulated for different corner cases.  
3.4V is taken as voltage and 27°C as temperature reference. Voltage is varied from 3.2 volts to 3.6 volts 
and temperature is varied from -40°C to 100°C. For all these cases the frequency variation is within 
project specification which is ±2.5% of the reference frequency.

Figure 4.1: Waveform of the RC-oscillator with VAF concept
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Table 4.2: Simulation results of RC-oscillator with VAF concept for temperature variations.

Supply voltage (Volts) Temperature (°C) Frequency (kHz) Frequency variation
3.6 100 76.43 1.89%
3.6 -40 79.42 -1.95%
3.4 -40 79.33 -1.83%
3.4 100 76.02 2.41%
3.2 100 75.98 2.46%
3.2 -40 79.26 -1.74%

4.1 Power consumption of the RC-oscillator with VAF

The average power consumption of the oscillator is calculated by the equation (8), the average current 
drawn by the oscillator from the power supply, when enabled is -19.92 μA.
So the average power consumption of oscillator 67.7 μW.

Pavg= Iavg∗Vdd        (8)

When the oscillator is disabled by low enable signal, it draws 426 nA current from the power supply 
and the power consumption is 1.45 μW.

4.2  Schematic of voltage averaging feedback concept

Two types of resistors are used to produce Vref as shown in figure 4.2. Vref is then applied to the  
feedback amplifier. Rpolyh with negative temperature coefficient and rpoly2 with positive temperature 
coefficient. The purpose of using resistors with opposite temperature coefficients is to minimize the 
effect of temperature variations of the oscillator frequency.
 

Vref
Vc

C2

R2

Vosc

rpolyh1

rpolyh2

rpoly2

Figure 4.2: Vref generation
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When the temperature varies, the resistance of one resistor will increase while that of the other resistor 
will decrease, so they will cancel the effect of each other. The other advantage of using resistors with  
different temperature coefficients is when the temperature varies it will vary the voltage Vref, which 
will  control  the Vc and thus  control  the oscillation of the oscillator.  The area required for  rployh 
resistor is smaller as compared to rpoly2.The upper limit for resistance is 5MΩ in this project, which is  
mainly due to area requirement. 0.5MΩ rpoly2 in series with 3.5MΩ rpolyh resistor takes the same 
area as 5MΩ rpolyh resistor, so we cannot increase the resistance from 4MΩ. Rpolyh is connected to  
Vdd and its value is 4MΩ.

Figure  4.3:  shows  the  waveform of  Vref  and  Vc.  The  higher  the  resistance,  lower  is  the  power 
consumption. R2 >>R1, so that almost all of the voltage is across R2. 

R2 = 5MΩ
rpolyh1 = 4MΩ
rpolyh2 = 3.5MΩ
rpoly2 = 0.5MΩ
C2 = 10pf 

4.3 Schematic of trimming network used in RC-oscillator

Trimming network is used to control frequency variation if it is large enough to disturb the function of 
frame limiter circuit. Each capacitor is connected to the ground through a switch which is controlled by 
a fuse. A switch can be closed or open depending on the requirement. There are five capacitors having 
capacitance equal to c, 2*c, 4*c, 8*c, and 16*c, where c = 100fF.

Table 4.3: Frequency tuning of RC-oscillator (VAF) 
Resistance R
(kΩ)

Frequency  before 
trimming (kHz)

Frequency  variation 
before trimming (%)

Frequency  after 
trimming (kHz)

Frequency variation 
after trimming (%)

488 97.13 -24.68% 78.93 -1.32%
732 65.13 16.39% 80.03 -2.73%

Figure 4.3: Output waveform of the Feedback amplifier
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Figure 4.4 shows the schematic of the trimming network. Resistance usually varies about ±20% when 
they are mounted on the chip. The oscillator was simulated with varying the resistance ±20% and then 
was corrected with the help of trimming block as shown in table 4.3 above.

4.4 Comparator

The comparator compares the voltage across the capacitor C (Vosc1 or Vosc2) with the voltage Vc as 
shown in figure 3.1. When voltage across the capacitor is lower than Vc, the output of the comparator 
is high and when this voltage exceeds Vc, the output of the comparator goes low. The output of the 
comparator is connected to the input of NAND gate, due to a large rise and fall time of comparator,  
NAND gate was not following comparator properly. A buffer is used between comparator output and 
NAND gate input to reduce the rise and fall time of comparator output to make the oscillator work 
properly.

Figure 4.5 shows the waveform of comparator used in RC-oscillator with VAF concept.

Figure 4.5: Waveforms of comparator a and comparator b

c2*c4*c8*c16*c

Figure 4.4: Trimming Network
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4.5 Current mirror

The RC-oscillator needs ten current sources to supply current to comparators and feedback amplifier. A 
simple current mirror is used to distribute the reference current source into ten different current sources.
An enable signal is used to turn off all the currents, to save power. The reference current is taken as 1 
μA. Two different magnitudes of currents are used by the oscillator which are 1 μA and 0.4 μA for the 
oscillator to work properly. The current sources produced by the current mirror is given in the table 4.4

Table 4.4: Current mirror as current source
Ibnc1 1 μA
Ibnc2 1 μA
Ibnfb 1 μA
Ibpc1 1 μA
Ibpc2 1 μA
Ibpfb 1 μA
Vbn2 1 μA
Vbn1 1 μA
Vbp1 0.4 μA
Vbp2 0.4 μA

4.6 Frequency variation due to process variations

When transistors are mounted on the chip, it is not possible to get exactly the same transistor with same 
properties,  it  varies  from transistor  to  transistor.  Different  chips  will  have  different  transistors.  In 
cadence it is possible to simulate a circuit with different transistor models that corresponds to typical 
transistors on the chip. A transistor can be fast, slow or typical, by considering these three types of 
transistors we can get a maximum of five different corner cases. Which are 

cmostm = Typical NMOS and PMOS
cmoswp = Fast NMOS and PMOS
cmosws = Slow NMOS and PMOS 
cmoswo = Fast NMOD and Slow PMOS
cmoswz = Slow NMOS and Fast PMOS 

Table 4.5 shows the simulation results of the oscillator when simulated for the above different corner 
cases.  The frequency of oscillator  when simulated for  typical  NMOS and PMOS is  considered as 
reference frequency. As it can be seen in table 4.5, all the frequency variations are with ± 2.5% of the 
reference frequency, thus meeting the project specifications.
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Table 4.5: Frequency variation due to process variation.
Process Frequency (kHz) Frequency
cmosws 77.89 0.01%
cmostm 77.9 0.00%
cmoswo 79.19 -1.65%
cmoswz 76.95 1.22%
cmoswp 78.84 -1.21%

4.7 Frequency variation due to α

Variation in α (±2%) is due to the mismatch in resistors on the same chip. Variation in α is calculated by 
equation (5), (6) and (7) and is shown in Table 4.6. The value of α in Table 4.6 from Number 5 to  
Number  9  is  calculated  with  the  help  of  equation  (5)  considering  different  combinations  of  ±2% 
mismatch in resistor R1 and R2. The variation in frequency, when α is 0.48 is approximately -6.4% and 
the variation, when α is 0.52 is 6.1%. but these variations will be constant from chip to chip and we can  
adjust it easily with trimming configuration.

Table 4.6: Variation in frequency due to α
Number α Vref Frequency (kHz)
1 0.80 2.720 25.710
2 0.70 2.380 41.300
3 0.60 2.040 57.010
4 0.55 1.870 66.582
5 0.50 1.700 77.893
6 0.51 1.734 75.585
7 0.52 1.768 73.079
8 0.49 1.666 80.612
9 0.48 1.632 82.884
10 0.45 1.530 91.365
11 0.40 1.360 107.890
12 0.30 1.020 155.617
13 0.20 0.680 246.305
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4.8 Monte-carlo analysis

Monte-carlo analysis  is  a simulation tool which runs a large number of simulations  and randomly 
varying different process parameters.  Monte-carlo analysis  were performed only for oscillator with 
process variation and mismatch enabled.
The histogram obtained from Monte-carlo analysis  having a mean of 77.6681 kHz and a standard 
deviation of 1.5004 kHz is shown in figure 4.6.
The allowable variation in frequency, due to the variations in temperature and voltage is ±2.5%. Thus 
the range of frequencies allowed for this project is from 75.9 kHz to 80 kHz. The histogram obtained 
from Monte-carlo analysis shows that some variations are out of bond and it cannot be used for the 
project, but thanks to the trimming circuit it can be taken care off. The trimming circuit can take care of 
±20% variations.

Figure 4.6: Histogram of oscillator frequency (Monte-carlo analysis)
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Chapter 5

Frame rate limiter schematic
Frame rate limiter model is simulated in cadence and its schematic is shown in figure 5.1. The fuse 
block shown is used to lock down the model at a certain frequency, it can also be used to change the 
frequency to a desired value. The enable signal is used as a select signal to multiplexer, which comes 
through the fuse block. Once the enable signal is high, and it is done by burning the fuse , then it cannot 
be reversed and the user has no control on the circuit and its frequency is fixed. Moreover the enable 
signal will be high at all times enabling the oscillator and divider.

The frequency of the frame rate limiter is 9 Hz. To check the functionality of the frame rate limiter it  
should be simulated for at-least 112ms. Simulation oscillator and divider for such a long time takes a 
lot of time and space, which was the main hurdle in this project. Oscillator is the block which calculates 
the blocking time of the Vsync signal, any variation in oscillator frequency will vary the blocking time 
of Vsync signal. Therefore to make sure that the model will work under extreme corner cases, the 
oscillator was simulated for all corners. The reason for not simulating the whole model for corner cases 
was because of the time and memory it takes to check the functionality of the model. The digital part is  
also predictable and will not give time deviations as long as it works.

Frequency divider used in this model is a 14 stage divider, which means it divides the frequency of the 
oscillator by 214. Frequency divider is implemented by using D-flipflop, the function of the divider is to 
reduce the frequency down to 9 Hz. 

To change the blocking period of frames, one method is to add more dividing stages in the frequency 
divider (to increase the blocking period) or remove the dividing stages in the frequency divider (to 
reduce the blocking period). The other possibility is to vary the RC-time constant of the oscillator, to 
get fine tuning of the frequency, it is easy to vary R and C keeping them within project specifications. 
While  on-chip  tuning  can  be  achieved  by making  α programmable,  to  tune  the  frequency or  by 
trimming RC of the oscillator to tune the frequency as it is done in this project.

The Frame limiter circuit is simulated at
Supply voltage = 3.4 Volts
Temperature     =  27°C
Current             = 1 μA
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Figure 5.1: Schematic of frame rate limiter model
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The waveform of the frame rate limiter is shown in figure 5.2. The waveform in the middle having the 
blue color is the output of the oscillator. The output of the oscillator goes through the frequency divider, 
which is divided by the factor of 214 and is reduced to 9.52 Hz as shown in Figure 5.2. The output of the 
frequency divider is connected to the input of RS-Latch. When the output of the frequency divider goes 
high, RS-Latch still has a low output, because the reset signal is still low. When the reset signal goes 
high, RS-Latch is set and it gives high output, which is the input to OR-gate. If the circuit is enabled, 
the OR-gate will give a high output, enabling the Vsync to pass through the AND-gate as shown in 
figure 5.2.

Figure 5.2: Waveforms
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The waveform of first 120 μs is shown in figure 5.3. It can be seen that the circuit is in rest mode from 
0 μs to 8 μs, and at 8 μs the reset signal goes low, which activates the circuit and the oscillator starts 
oscillation. The waveform in Figure 5.3 shows that the oscillator is active after 8 μs .

Figure 5.3: Waveforms



                                                                                                                                                                      30  

5.1 Multiplexer

The purpose of multiplexer in this project is to select the input to the oscillator either from the fuse 
block or from the registers. If the multiplexer selects the input from fuse block, then the user's has no 
control over the circuit and it is locked to a particular frequency and if the multiplexer selects, the input 
to the oscillator from registers, then user's has control over the circuit and the frequency of the frames 
per second can be changed or blocking of the frames can be disabled completely.

5.2 Frequency divider

The purpose of frequency divider in this project is to lower the oscillator frequency. The combination 
of frequency divider and oscillator gives approximately 9 Hz at the output of frequency divider, which 
is enough to allow 9 frames per second.

The frequency divider can be seen in figure 5.1. It has a pin to reset the frequency divider and another 
pin to enable or disable it, if no frame limitation is desired. The enable signal helps in reducing the 
power consumption by turning the divider off, when it is not needed. The frequency divider used in this 
project has two outputs Q and QN, Q is inverted to get QN. The input frequency to the divider is the  
output of oscillator, which is to be divided. The frequency divider used in this project has 14 stages 
Single stage divider has a D-Fflipflop and an Adder. 

5.3 Fuse block

The purpose of the fuse block is to lock the circuit to a particular frequency, it can also be used to 
change the frequency of oscillator by deciding the state (blown or not blown) of fuses. The schematic 
of single fuse bit is shown in Figure 5.4

Q

D

CLK

Vsync

dataout

data

w

fuse

r

MP2MP1

Figure 5.4: Single fuse bit
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The fuse block shown in the Figure 5.4 is modeled in Verilog A. The fuse block is programmed to blow 
itself when the current value exceeds from a certain threshold, and when it is blown once, it cannot be 
reversed. To save power consumption the actual readout is only made during every new Vsync which is 
high only during a single clock period per frame, otherwise it is zero and no power is consumed. The  
advantage of using D Flip flop in fuse memory cell is to stop static current when the Vsync  is low. The 
size of PMOS is kept at 1 μm to reduce the current flow.
The fuse block shown in Figure 5.1 has a total of 6 single fuse bits, the output of five fuse bits goes 
through multiplexer to a trimming network to trim the oscillator if  needed. The output of fuse bit 
having select_f as input is used as select signal to multiplexer to decide whether the circuit needs to be 
locked or not. The waveform obtained from single fuse bit is shown in Figure 5.5. The output of the 
Nand gate is high for the first 5ms and it keeps the transistor MP1 off, while transistor MP2 is in the  
ON state. When a pulse(Vsync) comes in, D-flipflop pass low voltage at the output, because the fuse 
acts as short circuit.

At 5ms data signal goes high, making the output of Nand gate low and the transistor MP1 turns ON. 
The current passing through MP1 is high enough to blow the fuse, and the output of the D-flipflop is 
updated at the next rising edge of Vsync as shown in Figure 5.5.

Figure 5.5: Fuse bit waveform
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5.4 Power consumption

To calculate the average power consumption of the whole circuit, the average current for the whole 
circuit was 25.09 μA, when the frame limitation was enabled, the average power consumption for the 
whole circuit was 85.306 μW and when the frame limitation was disabled, the average current for the  
whole circuit was 545.3 nA and the average power consumption was 1.853 μW.

The  power  consumption  of  the  circuit  when  the  frame limitation  is  enabled  and  when  the  frame 
limitation is disabled meets the project specification.
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Chapter 6

Summary
In this project a CMOS circuit capable of limiting the frame rate to 9 frames/seconds is designed for  
low cost night vision infrared network camera. It is implemented in 0.35 μm process. An RC-oscillator 
with voltage averaging feedback concept  in  combination with frequency divider  is  used as  timing 
reference. The circuit can be locked to a particular frequency through fuse circuitry, so that no user can 
change the frequency of the circuit. If no limitation is needed the circuit is left unlocked and the user 
can  change  the  frequency of  the  circuit  according  to  the  need  and  capability  of  the  circuit.  Any 
variation in frequency that is out of project specification can be overcome by a trimming network, 
which is capable of overcoming around ± 20% of frequency variations. 

The circuit consume 85 μW power when it is enabled, which is 15 μW lower than maximum allowable  
power consumption. When disabled it consume 1.853 μW power. Moreover the variation in frequency 
due to temperature and voltage variation meets the project specification. The frame limiter circuit was 
tested for the temperature and voltage range of -40°C to 100°C and 3.2V to 3.6V respectively. Finally 
the frame limiter circuit works fine in all possible corner conditions specified in Table 1.1.
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