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Figure 10: Waveforms showing incorrect sensing due to process variation (a) 

when VREF < VDIODE (The output switched even when VREF < VDIODE) 

(b) when VREF >VDIODE   (The output switched even when VREF > 

VDIODE) 
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3.4 Results 

 

We performed Monte Carlo simulations for analyzing sensing accuracy of 

comparator circuits while varying threshold voltage VT of all the transistors. Ten 

thousand comparators were taken as input sample and their operation is observed for 

15 ºC above and below the target temperature of 85 ºC.  Figure 11 shows the 

histogram for the number of comparators switching at various temperature points. 

All the measurements are made on the basis that output voltage of comparator 

should be switch at 85 ºC. 

From the histogram it is seen that the number of comparators Vs temperature 

follows a Gaussian distribution with mean at 85 ºC. However the 3σ point is 

different for each comparator. The FINFET technology based comparator has the 

lowest 3σ point at 9 degrees. The NMOS and PMOS differential pair based 

comparators have their 3σ point at 10 degrees. This shows that the sensor has less 

than 9 degrees accuracy in presence of process variation with respect to 3σ variation. 

All the circuit simulation results are based on HSPICE  [32] using 32nm PTM  [33] 

models.  
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Figure 11: Histogram of trigger temperature for comparator without 

compensation 
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CHAPTER 4 

 

SELF COMPENSATING COMPARATOR 

 
 
 
As described earlier, the differential part of the comparator is most sensitive to 

process variation. In order to make the comparator resilient to process variation, the 

differential part of comparator has to made process variation tolerant. To achieve 

this we added a compensation circuitry for the crucial transistors M1 and M2. We 

have also seen in the previous section that current changes in transistors M1 and M2 

lead to incorrect sensing of the comparator. The idea of compensation circuitry is to 

map the current flowing through the transistors to voltage across capacitors, and use 

this voltage to reduce the current through the other transistor by body biasing or 

back gate biasing. 

4.1 Self compensation through Body Biasing 

 

Figure 12 shows a cross-section of a long channel NMOS with source, drain and 

bulk terminals grounded. As the gate voltage is increased from 0V, depletion region 

is created below the gate. As the gate voltage is increased further, a condition of 

strong inversion is reached wherein the silicon surface inverts from p-type material 

to n-type. This phenomenon of strong inversion occurs at a critical value of gate-

source voltage, which is termed as the threshold voltage, VT  [44]. 

 
The threshold voltage is a function of  three voltage components: - the 

difference in work function between gate and substrate ( MS), the fixed oxide 

charge present at the Si − SiO2 interface (−QOX/COX) and  the gate voltage required 
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to bring the surface potential to the strong inversion condition (2 F) and to offset 

the induced depletion region charge (−QB/COX). F is called Fermi potential. 

 

Figure 12: Cross- section of a long channel NMOS with source, drain and bulk 

terminals grounded 
 

Putting the above three components together, the threshold voltage under no body 

bias condition can be given by [44]. 
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With no body bias (VSB = 0V), the charge stored in depletion region under the 

strong inversion condition can be expressed as 
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FsiABB qNQQ 220  

Where q is the electron charge, NA is doping concentration and 
si

 is the 

permittivity of silicon. A body effect coefficient  is defined as   

OX
siA C

qN2
 

Thus equation 3.1 can be simplified using equation 3.2 as 

FF

OX

OX
MST

C

Q
V 220  

Under body biasing condition (VSB=0V), the surface potential required for strong 

inversion increases from |2 F | to |2 F +VSB| and the charge stored in the depletion 

region is given by [44] 

SBFsiAB VqNQ 22  

The threshold voltage under different body biasing conditions can then be written as 

follows 

FSBFTT VVV 220  

For VSB<0 threshold voltage VT increases which increases the current through 

transistor and VSB>0 vice versa happens.  
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4.1.1 Operation of Self Compensating Comparator 

 

The self compensating comparator based on body biasing is shown in the Figure 13. 

The body of transistors M1 and M2 is connected to the compensation circuitry, 

which includes capacitance C1 and C2 for storing the source-bulk voltage for M2 

and M1 respectively. Transistors M3 and M4 act as training transistors, that map the 

current in M1 and M2 to voltage on C1 and C2. Transistors M5 and M6 pull body of 

M1 and M2 to ground while transistors M7 and M8 pull the body to voltage on C2 

and C1 during different phases of operation. The transistors M14 and M15 act as 

switches for SEN signal.  

The operation of self compensating comparator is divided into two phases, namely 

training phase and sensing phase. 

 
Training phase: During training phase FET_TRAIN is high and transistors M3, M4, 

M5, M6, M19 and M16 are ON. Capacitors C1 and C2 are charged through 

transistors M3 and M4 and body of transistors M1 and M2 is pulled to ground by 

transistors M14, M15 and M19. Same voltage VDD is given to the gates of both 

transistors M1 and M2 through transistors M16 and M19. Let us assume that due to 

process variation transistor M1 conducts more current than transistor M2. Since 

capacitor C1 is charged through transistor M1 and capacitor C2 is charged through 

transistor M2, capacitor C1 will develop more voltage than capacitor C2. 
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Figure 13: Self Compensating Comparator based on Body Bias (NMOS 

differential pair) 
 
 
 
 
Sensing Phase: During the sensing phase SEN is high and body of transistors M1 

and M2 is connected to capacitors C2 and C1 respectively as transistors M7 and M8 

are ON. As voltage on capacitor C1 is higher than capacitor C2, due to body biasing 

the threshold voltage VT of transistor M2 will decrease and threshold voltage VT of 

transistor M1 will increase. Thus VT mismatch between the two critical transistors 

is reduced. The value of capacitors C1 and C2 and the pulse width of FET_TRAIN 

pulse is chosen such that charge on them do not leak away before the SEN signal is 
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applied. It is to be noted that before every FET_TRAIN pulse voltages C1 and C2 

have to be completely discharged. 

The self-compensation circuitry can also be applied to the comparator built 

on the PMOS differential pair.   

Figure 14 shows the circuit diagram of the comparator build on PMOS 

differential pair. 
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Figure 14: Self Compensating Comparator based on Body Bias (PMOS 

differential pair)  
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The operation of the comparator is similar to the compared based on NMOS 

differential pair. However the sensing and training of capacitors happens at the 

negative edge of SEN and FET_TRAIN signals. 

The timing scheme of self-compensating comparator is shown in Figure 15.  

Figure 16 shows that during training phase the capacitors are charged to different 

values due to the process variation on the transistors. 

 

 

Figure 15: Waveforms showing working of self-compensating comparator 
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Figure 16: Waveforms showing voltage on capacitors C1 and C2  

 

4.2 Self Compensation through Back gate Biasing 

 

The self-compensation circuitry can also be built by connecting two transistors 

called back-gates in parallel to the two critical NMOS transistors. 

We know that current in a transistor when in saturation is given by 

 

ID K ' VGS VT
2

K ' n Cox W
L  

 

When  we  have  two  transistors  parallel  to  each  other  the  current  is  the  sum  

of  I1  and  I2. 

Thus the total current becomes  IDM1  = ID1  + ID1’     and IDM2  = ID2  + ID2’ 

 



 

 

36 

 

2

2

2

2

'2'2'2

222

'1'1'1

111

'

'

'

'

TGSD

TGSD

TGSD

TGSD

VVKI

VVKI

VVKI

VVKI

 

 
Mismatch  of    VT1   and  VT2   due  to  process  variation  leads  to  mismatch  of    

ID1   and  ID2. Suppose ID1 > ID2, to have IDM1 = IDM2 we have decrease ID1’ and 

increase ID2’. This is done by decreasing VGS1’ and increasing VGS2’ 

4.2.1 Operation of Self Compensating Comparator 

 

The self-compensating comparator based on back gate biasing is shown in the 

Figure 17. Additional transistors M1’ and M2’ are added in parallel to transistors 

M1 and M2 respectively. Transistors M3 and M4 act as training transistors, that map 

the current in transistor pair of M1 and M2 to voltage on C1 and C2. Transistors M5 

and M6 gate voltage of M1’ and M2’ to ground while transistors M7 and M8 pull 

the gate voltage to voltage on C2 and C1 during different phases of operation. The 

transistors M14 and M15 act as switches for SEN signal.   

The operation of self compensating comparator is divided into two phases, namely 

training phase and sensing phase. 

Training phase: During training phase FET_TRAIN is high and transistors M3, M4, 

M5, M6, M19 and M16 are ON. Capacitors C1 and C2 are charged through 

transistors M3 and M4 and the gate voltage of transistors M1’ and M2’ is pulled to 

ground by transistors M14, M15 and M19. Same voltage VDD is given to the gates 



 

 

37 

 

of both transistors M1 and M2 through transistors M16 and M19. Let us assume that 

due to process variation transistor M1 conducts more current than transistor M2. 

Since capacitor C1 is charged through transistor M1 and capacitor C2 is charged 

through transistor M2, capacitor C2 will develop more voltage than capacitor C1. 

 

 

Figure 17: Self Compensating Comparator based on Back gate Bias (NMOS 

Differential pair) 
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Figure 18: Self Compensating Comparator based on Back gate Bias (PMOS 

Differential pair)  
 

Sensing Phase: During the sensing phase SEN is high and the gate of transistors 

M1’ and M2' is connected to capacitors C2 and C1 respectively as transistors M7 

and M8 are ON. As voltage on capacitor C1 is higher than capacitor C2, the gate 

voltage of transistor M2’ will greater than that of the transistor M1’. Thus VT 

mismatch between the two critical transistors M1 and M2 can be offset by pumping 

more current through M2’ and less current through M1’. The value of capacitors C1 

and C2 and the pulse width of FET_TRAIN pulse is chosen such that charge on 
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them do not leak away before the SEN signal is applied. It is to be noted that before 

every FET_TRAIN pulse voltages C1 and C2 have to be completely discharged. 

The PMOS based design in shown in Figure 18. The timing scheme of self-

compensating comparator based on back gate biasing is same as the timing scheme 

self-compensating comparator based on body biasing as shown in the  Figure 15 and  

Figure 16.  

4.3    Self compensation through FINFET technology 

 

Though process invariant, the compensation circuit in bulk CMOS at 32nm will 

have other effects like, short Channel Effects, DIBL, GIDL, Punch Through and VT 

Roll off which will affect the sensing accuracy of the sensor. To overcome these 

effects and improve the performances we can readily apply the back gate biasing 

technique to double gate FINFETS. The FINFET is by far the option being 

investigated most widely  [45]. It resolves many of the concerns mentioned 

previously. In fact, it improves some of the scaling problems so well, that practically 

industry has started looking at implementing it even while there is still considerable 

lifetime in the conventional MOSFET.  

One unique property of the FinFET is the electrical coupling between the 

front and back gates. The implication of this coupling is that the threshold voltage of 

the front gate (Vthf ) is not only governed by the process, but also it can be 

controlled by the back gate voltage (VGb). This is similar to the body effect in the 

bulk transistor.  
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An independent-gate FinFET operates in the dual-gate mode (DGM) when 

both gates are biased to induce channel inversion. Alternatively, an independent-

gate n-FinFET (p-FinFET) operates in the single-gate mode when one of the gates is 

deactivated by connecting the gate to ground (VDD). Disabling one of the gates in 

the single-gate mode (SGM) increases the absolute value of the threshold voltage 

compared to the DGM. Therefore, it is possible to modulate the threshold voltage of 

FinFET by biasing the two gates independently  [46]. 

4.3.1     Operation of Self Compensating Comparator 

 

The self-compensating comparator based on FINFET technology is shown in the 

Figure 19. The back gate of FinFETs F1 and F2 is connected to the compensation 

circuitry, which includes capacitance C1 and C2. The capacitors are used for storing 

the voltage for back gate of F2 and F1 respectively. FinFETs F3 and F4 act as 

training FinFETs, that map the current in F1 and F2 to voltage on C1 and C2. 

The operation of self-compensating comparator is divided into two phases, namely 

training phase and sensing phase. 

Training phase: During training phase FET_TRAIN is high and capacitors C1 and 

C2 are charged through FinFETs F3 and F4. The front and back gates of FinFETs 

F1 and F2 are tied together and connected to VDD. Let us assume that due to 

process variation, FinFET F1 conducts more current than F2. Since capacitor C1 is 

charged through FinFET F1 and capacitor C2 is charged through FinFET F2, 

capacitor C2 will develop more voltage than capacitor C1. 
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Figure 19: Self Compensating Comparator based on based on FINFET 

Technology 
 
 

 

Sensing Phase: During the sensing phase SEN is high and the back gate of FinFETS 

F1 and F2 is connected to capacitors C2 and C1 respectively. As the voltage on 

capacitor C1 is higher than the voltage on capacitor C2, back gate voltage of 

FinFET F2 will be greater than that of the FinFET F1. Thus VT mismatch between 

the two critical FinFETS F1 and F2 is offset. The value of capacitors C1 and C2 and 

the pulse width of FET_TRAIN pulse is chosen such that charge on them do not 

leak away before the SEN signal is applied. It is to be noted that before every 

FET_TRAIN pulse voltages C1 and C2 have to be completely discharged. 
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The timing scheme of self-compensating comparator based on FinFET 

technology is same as the timing scheme self-compensating comparator based on 

body biasing as shown in the  Figure 15 and  Figure 16.  

4.4 Impact of process variation on self-compensating comparator 

 

The accuracy of thermal sensor is determined by its ability is sense in presence of 

process variation. 

4.4.1 Experimental Setup 

The effect of process variation on self-compensated comparator is studied from 

Monte Carlo Simulations through HSPICE  [32] where all the transistors are 

subjected to process variation. As the transistors M1 and M2 are the differential part 

of the circuit, they are most sensitive to process variation, and hence the 

compensation for M1 and M2 yields most benefit. 

 
As in the study of process variation on comparator without compensation circuitry, 

ten thousand comparators were taken as input sample and their operation was 

observed for 15 ºC above and below the original temperature. 

4.4.2 Results 

 

Figure 20 shows the comparison between the circuit without compensation and 

circuit with compensation based on body biasing and back gate biasing for NMOS 

and PMOS differential pair based comparators. Self-compensation based on back 
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gate biasing gives the best results in both the cases. Self-compensation based on 

body-biasing has 3σ variation of 9 degrees and 8 degrees in case of comparator 

based on NMOS differential pair and comparator based on PMOS differential pair 

respectively. Whereas for self-compensation based on back gate biasing the 3σ 

variation of 7 degrees is same for both NMOS and PMOS differential pair based 

comparators. Thus with self-compensation with back gate biasing we have 3 degrees 

improvement in sensing accuracy for both NMOS and PMOS differential pair based 

comparators. 

  

Figure 21 shows the comparison between the circuit without compensation 

and circuit with compensation based FINFET technology. The 3σ variation extends 

7 degrees above and the mean value. This is an improvement of 2 degrees over the 

uncompensated comparator. 

  Figure 22 shows the comparison between different compensation techniques. 

Compensation circuit based on FINFET technology gives the best results followed 

by self-compensation based on back-gate biasing followed by self-compensation 

based on body biasing. 
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Figure 20: Histogram of trigger temperature for comparator  with and without 

compensation (a) NMOS differential pair based comparator (b)PMOS 

differential pair based comparator 
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Figure 21: Histogram of trigger temperature for comparator with and without 

compensation for FINFET Technology 

 

 

 
 

 

Figure 22: Histogram of trigger temperature for different self-compensation 

techniques 
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4.5 Area overhead 

 

Comparator circuit with compensation circuitry has twelve transistors more than the 

comparator circuit without compensation circuitry, which imposes an area overhead 

of approximately 114%. However, in this architecture as diodes are the sensing units 

that are replicated throughout the chip, the extra transistors added do not cause much 

area overhead to the entire chip. Also in this architecture there is no area overhead 

due to the calibration unit. 

 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

47 

 

 

 

CHAPTER 5 

 

SELF-CALIBRATION USING DITHERED REFERENCE 

 
 
 

 

5.1 Introduction 

 

In most thermal sensors used today, the accuracy of sensing is improved by 

temperature calibration. Temperature calibration compensates for inaccuracies in 

temperature measurement and helps improve system accuracy. However, 

temperature sensor calibration is expensive. The costs for calibration depend mainly 

on the time the chip is in the tester. Time is needed to assure temperature stability, 

to obtain temperature information and to do the programming. Temperature 

calibration also imposes an overhead in design cost and silicon area. It requires pre 

heating and testing the sensor to know the offset, drift, slope and uncertainty errors. 

Once these errors are known the sensing unit is calibrated using A/D converters and 

look-up tables. Compensating for dynamic errors require even more complex signal 

processing.   Thus, testing imposes test time overhead that translates to cost, while 

A/D converters and look-up tables impose area overhead. 

We have shown in the previous section that accuracy of sensing can be 

increased by self-compensating but is still not comparable to the calibrated sensor. 

To increase the accuracy further, without an increase in test cost we propose a novel 

idea of signal dithering. 
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5.2 Dither 

"Dither" is a British colloquialism for "undecidedness". Dithering is the process of 

injecting noise into the reference signal in order to reduce noise in measurement. 

Dither most often surfaces in the fields of digital audio and video, where it is 

applied to sample-rate conversions and to bit-depth transitions (but optionally if 

sufficient noise already is present). It is utilized in many different fields where 

digital processing and analysis are used, especially waveform analysis.  

To explain dithering let us consider an example. We know that in digital system a 

bit becomes a “1” or a “0” depending on whether the input signal crosses a threshold 

or not. Let us consider that the value of each bit is worth one volt and the threshold 

is exactly 0.5. When the input signal gets above 0.5 volts, the bit turns on and 

becomes a “1”. When the input signal gets below 0.5 volts, the bit turns off and 

becomes a “0.”   

If we add some dither to the signal it helps us determine the level of the input 

signal. Dither is a signal that is added to the input signal. The dither signal can be 

random noise, a triangular waveform, or some complex mathematically derived 

waveform. We will add a sinusoidal waveform to our signal that is exactly 0.5 

(peak-to-peak voltage). This is half of the value of our “bit.” This sinusoidal 

waveform that we are adding to the signal makes our bit keep flipping from “0” to 

“1” as the combined signal crosses the 0.5 threshold. If the level of our input signal 

was exactly 0.5, and if we counted the ones and zeros for exactly one second we 

would have 22,050 zeros and 22,050 ones (at a 44.1kHz sample rate). The average 
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signal level during that second would be 0.5 which is exactly what our input signal 

is. 

Now we change the input signal level to 0.75. When we count the zeros and 

ones for a second we get 33,075 ones and 11,025 zeros. This means that 3/4 of the 

time the signal registered as a “1” and 1/4 of the time the signal registered as a “0.” 

The addition of the dither signal has increased the accuracy of our digital system 

without adding additional bits. Dither signals can be added in the analog domain to 

increase the signal capture resolution of the A/D converter, or it can be added 

digitally to increase the resolution after a 32bit DSP plug-in or after a level change 

or addition of reverb.  When we transfer analog tape to digital, the noise floor of the 

analog tape makes the signal self-dithering. 

5.3 Dither  applied to comparator 

We have seen earlier that the process variation of the sensor can be mapped to offset 

voltage of the comparator. However, after the chip has been manufactured the 

threshold voltages of the transistors are fixed and thus the offset voltage of the 

comparator does not change. If we can find out the offset voltage of the comparator 

we can increase the accuracy of the comparator tremendously. To find the offset 

voltage of the comparator, we dither the reference voltage VREF of the comparator 

keeping the diode voltage VDIODE constant. This can be done by adding a random 

noise into the reference voltage. For practical purposes the signal can be a simple 

sinusoidal signal. Once the offset voltage of the comparator is known the control 

logic multiplexes the VREF such that the offset voltage is zero or very less. Figure 23 

shows the overview of dithering. 
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In order to calculate the offset voltage, multiple measurements are made at a 

constant temperature with dithered reference signal. Depending on the number of 1s 

and 0s obtained at the output of the comparator we calculate the offset voltage. If the 

number of 1s and 0s are equal then there is no offset or in other words offset is zero. 

If the number of 1s is greater than number of 0s then the offset is negative i.e. the 

reference voltage has to be shifted left in order to make the offset zero and vice 

versa if number of 1s is less than number of 0s.  

 

Figure 23: Overview of how dithering is done 
 

The offset voltage is computed based on number of 0(1) at the output of the 

comparator. The conversion table is based on erf() function.  

Let number of 1’s at the output of comparator = 90%  

Then we know that the Cumulative distribution function CDF of the output of the 

comparator = 0.9 

We have the relation between CDF and ERF as 
2

1
2

1 x
erfCDF  

We now have the relation      12
2

CDF
x

erf  

http://en.wikipedia.org/wiki/Cumulative_distribution_function
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Where erf is the error function and µ and σ are the mean and variance of distribution 

of the process variation 

The above equation can be deduced to   12
2

1 CDFerf
x

 

We also have the relation .....
20

1

2

1 31 yyyerf  

From the above relations we can find x which is the reference voltage and (x- 

µ) which is the shift in the reference voltage or in other terms offset voltage of the 

comparator. Once we know the offset voltage of the comparator the sensing can be 

done accurately by changing the input reference VREF with the offset obtained.  

5.4 Experimental Setup 

To find out the offset voltage of the comparator with the signal dithering by means 

of procedure explained in the previous section we need to know the mean and 

variance of the error function. To find the mean and variance of the error function 

first we took a sensor and introduce random process variation of 10 percent in the 

threshold voltage in the comparator. The 10 percent process variation was 

introduced by 500 montecarlo simulations in Hspice [32]. The distribution of the 

sensing temperature gave us the mean and variance of the error function.  

To find out the offset voltage we applied the dither signal (random noise) to 

the reference signal and calculated the number of zeros and ones at the output. We 

mapped these numbers to the offset voltage of the comparator based on the 



 

 

52 

 

equations given in pervious section. A sample of 500 comparators (both differential 

and self compensating) was taken for the experiment.  

The flow of the process is as shown in Figure 24.  

 

Figure 24: Overview of how dither is applied 

 

 5.5 Results 

The dithering results for the three cases of without compensation and 

compensation with body biasing and back gate biasing for the comparator based on 

NMOS and PMOS differential pair are shown in the  Figure 25. Figure 26 shows the 

dithering results comparison between the circuit without compensation and circuit 

with compensation based FinFET technology. 

  

 Figure 27 shows the comparison between different compensation 

techniques. Compensation circuit based on FINFET technology gives the best 

results followed by self-compensation based on back-gate biasing followed by self-
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compensation based on body biasing. 

 
It is clear from the histogram that the accuracy improves with combination of 

active compensation and dithering. We have achieved an accuracy of 2 degrees for 

the self-compensated comparators. It is also seen that the accuracy of sensing 

improves 5 degrees for the comparator with any self-compensation. 
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Figure 25: Number of sensors Vs Offset in temperature with and without 

compensation circuitry (a) NMOS differential pair based comparator (b)PMOS 

differential pair based comparator 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 26: Number of sensors Vs Offset in temperature with and without 

compensation circuitry for FINFET Technology 
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Figure 27: Number of sensors Vs Offset in temperature for different self-

compensation techniques
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CHAPTER 6 

 

CONCLUSION 

 
 
 
 
As thermal management systems gain greater use from mobile devices to mainstream 

processors, embedded thermal sensors are used more widely. Inaccuracy of thermal 

sensors reduces effectiveness of thermal management systems. Manufacturing process 

variations cause inaccuracy problems in thermal sensors. However, in many applications, 

cost considerations prevent calibration of thermal sensors. 

 
We have presented a very small thermal sensor design with active process 

variation compensation circuitry that improves thermal sensor accuracy to 7 degrees. 

With the calibration technique and compensation scheme presented earlier, we achieve 

the targeted goal of less than 3 degree inaccuracy for 3σ variation in thermal sensing 

without using a tester based calibration system. This was the major goal of this work. 
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