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Abstract 

 

 In this thesis, a novel architecture of a simple, low power temperature sensor with a 

readout circuit for thermal management of Integrated Chips is proposed. The temperature sensor 

is a two transistor sensor which output voltage is Complementary to Absolute 

Temperature(CTAT) characteristics. The readout circuit is a Successive Approximation Register 

Analog to Digital Converter. This design aims to achieve lower power consumption than the 

previously published designs. The power consumption of the entire system is 5.619nW with an 

error of +0.8/-0.9 °C. The circuits are designed in TSMC 65nm technology in Cadence software 

and computations and interpretations are done using MATLAB.   
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Chapter 1. Introduction 

 Smart temperature sensors are widely used in ambient temperature recording, food 

quality monitoring, MEMS systems and On-chip thermal management. On-chip thermal 

monitoring is becoming increasingly important as VLSI circuits become more complex and 

denser. On-chip thermal monitors provide critical input to the power and thermal management 

structures that are necessary to prevent excessive chip temperatures from destroying the device 

or reducing the expected lifetime to unacceptable levels. In applications where on-chip heating is 

of concern, multiple built-in temperature sensors are distributed throughout the chip to monitor 

temperature at critical positions on the die. These on-chip temperature sensors must be 

compatible with the technology available in the process, must not consume a large area, and 

must have good accuracy with low power consumption over standard process variations and over 

typical supply voltage variations. 

 For example, multi-core architectures dominate the microprocessor product lines of 

leading semiconductor companies because of the significant improvements in energy efficiency 

and performance over traditional single-core structures. However, multi-core structures have 

large temperature gradients and localized “hot spots”. These hot spots are of major concern in 

multi-core and will degrade reliability if any local peak temperature becomes too high. To 

mitigate these concerns, a power management strategy has been adopted throughout the industry 

that reduces the processor power consumption when the local die temperature reaches a 

predetermined limit. This predetermined limit can be viewed as a trigger temperature. Different 

methods of reducing the power consumption have been proposed, but they all include a reduction 

or “throttling” of the clock frequency and/or a reassignment of tasks amongst the cores. This 

approach requires several temperature sensors judiciously placed at critical points in each core 
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and as the number of cores continues to grow, this approach will require a growing number of 

on-chip temperature sensors that could be in the hundreds for processors with a large number of 

cores. Essentially all temperature sensors generate an electrical output signal that carries 

temperature information. This output signal is typically a voltage, a current, or a period. Usually 

the temperature sensors are designed to achieve a relationship between the output signal and the 

chip temperature that is nearly linear. 

 

Figure 1. 1. Temperature sensor block diagram 

 

 

Any temperature sensor consists of a sensor whose output varies with temperature which 

can be quantized. The output signal is given to different types of Analog to Digital converters 

which gives the equivalent digital temperature code which will be given as input to the thermal 

management processors. The type of Analog to Digital Converter used depends upon the nature 

of the sensor output, the resolution of the ADC and power and area requirements. The 

transducer’s output can be current, voltage or frequency that varies with temperature. This is then 

fed to the readout circuit which converts the input from the sensor. The digital temperature code 

is sent to the control unit of the processor for further processing of data. 
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1.1 Motivation and Background 
 

The electronic devices have pervaded our everyday life to an unseen extent and will 

continue to do in the future. The number of transistors in a single Integrated Chip have also been 

increasing at a high rate because of the technology scaling of the transistors. 

 

Figure 1. 2 No. of transistor in a microprocessor chip versus time 

The above figure shows that thermal management in Integrated Chips is very vital for its 

performance and reliability. Various types of temperature sensor have been proposed and 

implemented for the purpose of thermal management in Integrated Chips. Resistor and BJT 

based temperature sensors were the most commonly used temperature sensors for a while. But 

CMOS temperature sensors are being widely used now in account of their low power 

consumption and high linearity of the sensor output. 

There are various types of temperature sensor in the electronics market. 
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 Thermocouple:  

A thermocouple is a sensor that measures temperature. It consists of two 

different types of metals, joined together at one end. When the junction of the two 

metals is heated or cooled, a voltage is created that can be correlated back to the 

temperature.  

 Resistance Temperature Detectors: 

Resistance Temperature Detectors are temperature sensors that contain a 

resistor that changes resistance value as its temperature changes. 

 Thermistor: 

Thermally sensitive resistor is an element with an electrical resistance that 

changes in response to temperature. 

 I.C sensor: 

Integrated circuit sensors whose output which can be voltage, current or 

frequency linearly varies with temperature. 

 

The I.C temperature sensor works on either the two following properties 

a) Proportional to Absolute Temperature(PTAT): 

The output of the sensor, either current, voltage or frequency linearly increases for 

increase in temperature. 

b) Complementary to Absolute Temperature(CTAT): 

https://www.omega.com/en-us/resources/history-of-the-temperature-sensor
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The output of the sensor, either current, voltage or frequency linearly decreases 

for increase in temperature. 

 

 

Figure 1. 3 CTAT and PTAT plot 

  

1.2 Thesis Contribution 
 

There are several types of IC temperature sensors have been proposed. In this design a 

two transistor temperature sensor is proposed which output voltage exhibits 

complementary to absolute voltage characteristics. Compared to previous works, this 

work shows lesser power consumption and temperature inaccuracy. This thesis is aimed 

at designing a temperature sensor with readout circuit that consumes very low power. 

1.3 Thesis Organization 
 

Rest of the thesis is organized as follows. Chapter 2 deals with literature review which 

gives insight about previously designed temperature sensors. The design of the proposed 

temperature sensor and other components used is discussed in Chapter 3. This is followed 

by Chapter 4 which gives simulation results and other metrics obtained. Chapter 5 gives 
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the comparison with other works. The conclusion and future possible work is discussed in 

Chapter 6. 

Chapter 2. Literature review 

2.1 Introduction 
 

 The literature review consists of a brief description of different designs of temperature 

sensors based on sensor output type and the types of Analog to Digital Converters that have been 

proposed. 

2.2 VCO Based Temperature Sensor 
 

 In this work[5] the temperature sensing is done by using the change of the output 

frequency of VCO in respect to temperature. 

Principle: 

The proposed sensor operates by measuring the oscillation frequency of two different 

ring oscillators (sensing elements), each having different temperature sensitivity. The ratio of 

oscillator frequencies, when digitized, represents the temperature. Temperature affects the 

frequency of a CMOS ring oscillator either through mobility or through the threshold voltage 

variations. Mathematically, frequency of a ring oscillator, to a first-order approximation, is 

inversely proportional to the delay of the delay stage (1/RCL). 

In this work, threshold voltage is used to create temperature sensitivity difference. The 

proposed sensor incorporates two ring oscillators: VCO1 and VCO2, each having different 

temperature sensitivities. VCO2 is designed with transistors having smaller threshold voltage as 

compared with VCO1, that is, the PMOS and NMOS pair in VCO2 has smaller threshold voltage 
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compared with the PMOS and NMOS pair in VCO1. As a result, the effect of mobility variation 

due to temperature on VCO2 frequency is more dominant than that on VCO1. Consequently, the 

frequency versus temperature plot of VCO2 has a steeper slope as compared to VCO1. 

 

 

Figure 2. 1 VCO Temperature Sensing 

The ratio of frequencies of VCO1 and VCO2 [FVCO1/FVCO2] exhibits the desired PTAT 

characteristic. This ratio is digitized to obtain the digital output proportional to the temperature. 

In the proposed sensor, the frequency ratio is digitized with the help of a digital logic. 

Experimental Results: 

 Power consumption of the proposed sensor was measured at room temperature with 1V 

power supply was found to be 154µW. The Inaccuracy of the temperature sensor was found to be 

+0.9V/-0.9°C. 

2.3 Temperature Sensor using Exponential Subthreshold Oscillation 
 

 In this design[4], the Ring Oscillator is operated in Subthreshold region which frequency 

has an exponential dependence on Temperature. 
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Principle: 

 In this design, a subthreshold oscillator is used as a sensing element to provide high 

temperature sensitivity with low power consumption. The temperature sensor consists of a 

sensing ring oscillator, a timing reference, and sampling circuits. The circuit first finds the faster 

oscillator to reach programmable 2N cycles and then waits for two additional cycles of the 

slower oscillator before stopping both counters. Thus, conversion time is bounded by 2NxTref 

and the quantization resolution is decided by the faster oscillator rather than the slower one. In 

addition, a counter underflow detector ensures a minimum of 2n cycles on both counters before 

stopping them, ensuring enough conversion time. 

 

Figure 2. 2 Subthreshold Ring Oscillator Temperature Sensor 
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Experimental Results: 

Power consumption of the proposed sensor was measured at room temperature with 1V power 

supply was found to be 750nW. The Inaccuracy of the temperature sensor was found to be 

+0.76V/-0.76°C. 

2.3 Ratioed-Current Delay Temperature Sensor 
 

In this work[3], a ratioed-current delay temperature sensor is proposed which has 

proportional to absolute temperature characteristics with a readout circuit of Time to Digital 

Converter. 

Principle: 

In this design, two identical NMOS devices are biased with different gate overdrive 

voltage. The ratio of the current of these two NMOS devices is found to proportional to absolute 

temperature. Through simple logic circuits, we can obtain two Temperature-Sensitive-Delays 

(TSDs) pulses, where the ratio of the two pulses is also a PTAT. 

Since the ratio of the two TSDs is interested, a temperature-sensitive ring oscillator 

(TSRO) can be used as the clock of the TDCs (time-to-digital converters) to quantize both TSDs 

simultaneously and the delay ratio can still be accurately obtained. 

Since we use frequency-domain information (from TSRO) to quantize the time-domain 

information (from TSDs), the TDC values and ratio calculation are therefore represented in the 

hybrid domain (time/frequency hybrid domain), as opposed to the previous time-/frequency- 

domain sensors that are sampled by a temperature-insensitive frequency reference. It is worth 
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noting that the hybrid-domain TDC bandwidth should be large enough to minimize both the 

quantization and ratio calculation error 

 

Figure 2. 3 Ratioed-current delay temperature sensor 

Experimental Results: 

Power consumption of the proposed sensor was measured at room temperature with 1V power 

supply was found to be 280nW. The Inaccuracy of the temperature sensor was found to be  

+1V/-1.6°C. 

2.4 PTAT current temperature sensor 
 

 In this design[6], a proportional to absolute temperature current is produced by the sensor 

which is then compared with a reference current which is then converted to digital code. 
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Principle:  

Temperature insensitive current source Iref and proportional to absolute temperature (PTAT) 

current source IPTAT are generated separately. Each current source is mirrored and fed into the 

current-starved ring oscillator to translate the temperature information into frequency. 

Afterwards, the clock signals are fed into an UP-counter that is triggered by a start signal in order 

to produce a digitized output. The sensor controller decides when the conversion should start and 

responds by a data valid signal when the data is available. The key blocks of this work is to 

generate current sources Iref and IPTAT with low power dissipation and is still able to maintain 

reasonable temperature characteristics. 

 

Figure 2. 4 PTAT current temperature sensor 

Experimental Results: 

Power consumption of the proposed sensor was measured at room temperature at 1V power 

supply to be 220nW. The Inaccuracy of the temperature sensor was found to be +0.8V/-0.9°C. 
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2.5 Temperature sensor using Sub-thermal drain voltage 
 

 In this work[2], of temperature sensing based on a sub-threshold MOSFET operation at 

sub-thermal drain voltage is proposed. 

Principle: 

A pair of MOSFETs operating in sub-threshold region is biased with two different VDS 

values. A sub-thermal drain voltage (STV) less than the thermal voltage and above-thermal 

voltage(ATV) higher than the thermal voltage is proposed. 

It is found that the ratio of the two currents from the two different NMOS is proportional to the 

absolute temperature. Two CFCs along with two counters provide on-chip digital conversion of 

I2/I1 without the help of external clock reference. The current ratio I2/I1 is converted into f2/f1 

using two CFCs. CLK2 edge is counted until CLK1 edge is counted 1024 times achieving a 

resolution of around 110mK. The output of counter 2 is then latched and kept until the next 

measurement. 

 

Figure 2. 5 Sub-thermal drain voltage based temperature sensor 
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For high accuracy and wide supply operation, the oscillation frequency needs to be highly linear 

to I1 or I2. This is achieved by employing relaxation oscillator based CFCs. 

Experimental Results: 

Power consumption of the proposed sensor was measured at room temperature at 0.8V power 

supply to be 13nW. The Inaccuracy of the temperature sensor was found to be +1.3V/-0.7°C. 

2.6 Two transistor based temperature sensor 
 

In this work [1], a two transistor temperature sensor of proportional to absolute temperature 

property is proposed which is then converted to current and subsequently frequency which is 

converted to its digital temperature code by digital logic blocks. 

Principle: 

The structure has three major components: 1) a temperature sensing core, 2) a current to 

frequency converter, and 3) a frequency to digital converter. The temperature sensing core 

converts temperature into a current. An oscillator is then used to convert this current into a 

frequency. Finally, a binary counter translates frequency into a digital output code. For 

temperature sensors that use a similar scheme, the total power consumption is dominated by the 

magnitude of current generated in the sensing core. This is because the generated current 

determines oscillator frequency, which directly relates to the counter dynamic power 

consumption. Therefore, generating a small current with well-defined temperature dependency is 

crucial to designing a low-power temperature sensor 
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Figure 2. 6 2T PTAT voltage temperature sensor 

Experimental Results: 

Power consumption of the proposed sensor was measured at room temperature at 1.2V power 

supply to be 71nW. The Inaccuracy of the temperature sensor was found to be +1.3V/-0.7°C. 
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Chapter 3. Proposed Temperature sensor 

3.1 Introduction 
 

 In this thesis, a two transistor temperature sensor which output voltage is complementary 

to absolute temperature characteristic is proposed. The readout circuit is chosen to be Successive 

Approximation Register Analog to Digital Converter. 

3.2 Temperature Sensing System 
 

The proposed temperature sensing system has three major components, 

 Two transistor CTAT sensor 

 Unity Gain Buffer 

 SAR ADC 

3.3 Sensor Design 
 

The two transistors are one PMOS and one NMOS whose drain and gate are shorted 

together. The source of the PMOS is connected to VDD and the source of NMOS is connected to 

ground. The output voltage was plotted for a temperature sweep of 0 – 100 °C and the output 

voltage was found to be decreasing with increase in temperature. 
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Figure 3. 1 Proposed temperature sensor 

The W/L ratios of both the transistors were swept so that the plot with the maximum range can 

be obtained. The W/L ratios were then chosen so as the range of the output voltage is maximum 

in this case which is 30.5mV. The aspect ratios of both the transistors are given in the following 

table. 

Transistor W/L ratio(µm) 

PMOS 0.2/15 

NMOS 0.2/1 

 

Table 3. 1 Aspect ratio of sensor transistors 

The designed temperature sensor output was found to be highly linear. The supply voltage for 

this sensor is 0.6V. 
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3.3 Unity Gain Buffer Design 
 

 Since the sensor output cannot be directly connected to SAR ADC, a buffer amplifier is 

needed in between them to drive the ADC. Thus a unity gain buffer of very low power was 

designed. 

 The operational amplifier used as the buffer is a single stage PMOS input amplifier. 

 

Figure 3. 2 PMOS input operational amplifier 

The Op-Amp operates in subthreshold region to consume very low power. The bias 

current for the amplifier is 1nA. The open loop gain of the amplifier was found to be 45dB.  

The Unity gain buffer is then designed by connecting the output directly with the negative input. 

The gain of the amplifier was then found to be 0dB, thus working as a unity gain buffer. 
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Figure 3. 3 Unity Gain Buffer 

The power consumption at 0.6V VDD was then found to be 0.6nW for the unity gain buffer for 

the bias current of 1nA. The sensor output was then connected to the unity gain buffer. When the 

output voltage of the buffer was swept with temperature, the same result was obtained from the 

output of the buffer and the temperature sensor. 

3.4 Successive Approximation Register ADC 
 

The ADC uses a 10-bit capacitive DAC and bottom-plate sampling. After the SAR has finished 

quantization of the sampled input, the residue is estimated using an ML estimator. The ADC 

output is obtained by subtracting the estimated residue from the 10-b SAR output. The 

mathematical model of the SAR ADC is given below 

 

Figure 3. 4 Mathematical Model of SAR ADC 
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The digital output from SAR is given by  

𝑑𝑠𝑎𝑟 =  𝑉𝑖𝑛 + 𝑛𝑡ℎ + 𝑞1 = 𝑉𝑖𝑛 + 𝑉𝑟𝑒𝑠 

 where nth is thermal noise of the comparator and DAC, q1 is the SAR quantization noise, 

and Vres is residue after 10- bit quantization. After the SAR has finished quantization, the 

comparator is fired M times and the comparator outputs, d[i], are used for estimating Vres. 

The overall ADC output is given by dout = dsar − Vˆ res. 

 

Figure 3. 5 SAR ADC circuit diagram 

3.4.1 Comparator design 
 

 A strong arm latch comparator is used in the SAR ADC. A latch type comparator has the 

advantages of high speed, low static power consumption and better power management over 

normal comparators [8]. The comparator consists of two cross coupled inverters that acts as the 

latches and MOSFETs connected in parallel to the input transistors for calibration of the offset. 
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Figure 3. 6 Strong arm latch comparator 

When the Clk is low the input and output nodes are pulled to VDD by the PMOS transistors. 

When the Clk is high, the tail transistor turns on and the input transistors are turned on based on 

the gate voltages. The nature of the current flow in the circuit is determined by the difference 

between VINP and VINM. If VINP > VINM then OUTP is set to 1 and OUTM is set to 0. If 

VINP < VINM then OUTP is set to 0 and OUTM is set to 1. 

The power consumption of the SAR ADC scales with temperature. To achieve a low power, the 

sampling frequency of the ADC is set to be 940Hz. Temperature sensors for the application of 

thermal management in Integrated Chips have a resolution from 9 bits to 15 bits. In this work, 

resolution of the SAR ADC is chosen to be 12 bits. For a supply of 0.8VDD, the power 

consumption of the SAR ADC was found to be 5nW. 
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Chapter 4. Simulation results 

4.1 Introduction 
 

 In this chapter we define and calculate various metrics to evaluate the temperature 

sensing system over other similar works. These metrics defines the uniqueness and reliability of 

this proposed design. 

4.2 Sensor simulation 
 

 The two transistor temperature sensor was simulated by sweeping the temperature from 

0°C to 100°C. It was observed that the output voltage was linearly decreasing with increase in 

temperature, thus proving the complementary to absolute temperature characteristic. The full 

range of the output voltage from 0 – 100 °C was found to be 30.5mV.  

 

Figure 4. 1 Sensor output vs Temperature 
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The linearity of the output plot of the temperature sensor was then checked by fitting a straight 

line between the starting and ending points of the plot and taking the difference between the two 

plots. 

 

Figure 4. 2 Linearity error plot vs Temperature 

The maximum deviation from the straight line was found to be 122.8µV at 46.7°C. This metric 

indicates that the output plot from the temperature sensor is highly linear. 

4.2.1 Transient Noise simulation 
 

 Apart from the linearity check, noise simulations were done to confirm whether the 

transient noise of the sensor was low. The transient noise was done for 500 cycles and was done 

for three temperatures. 1) 0°C 2)100°C and 3)46.7°C which was the temperature for which the 

maximum delta occurred and standard deviation of the transient noise was calculated. 
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Temperature(°C) Standard deviation(µV) 

0 21.346 

46.7 74.173 

100 124.44 

 

Table 4. 1 Transient Noise simulation 

4.2.2 Monte-Carlo Simulation 
 

 Monte-Carlo Simulation was done on the sensor to ensure that the output of the sensor 

does not vary much with mismatch of the transistors. These simulations were done for three 

temperature points 1) 0°C 2)100°C and 3)46.7°C 

Temperature(°C) Standard deviation(mV) 

0 4.32021 

46.7 4.35932 

100 4.37262 

 

Table 4. 2 Monte-Carlo Simulation 

4.2.3 Corners Simulation 
 

 Corners simulation was done to ensure that the output voltage of the sensor does not vary 

much with process variation and remains fairly constant across all corners. The supply was 

0.6VDD and all the four corner simulation was done and the linearity check was done to ensure 

the delta does not vary much across all corners.   
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Corners at 0.6V supply Standard deviation(mV) 

SS 172.7 

SF 204.4 

FS 120.6 

FF 114.1 

 

Table 4. 3 Corners simulation 

4.3 Buffer Simulation 
 

The temperature sensor was connected to the buffer and the output of the buffer was plotted 

against temperature. It was found the voltage was decreasing with increase in temperature. 

 

Figure 4. 3 Buffer output vs Temperature 
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4.4 SAR ADC Simulation 
 

 The buffer output was then simulated to digitize the output. The resolution of the ADC 

was fixed at 12 bits. The sampling frequency was chosen to 940Hz with 0.8V power supply. The 

sampling frequency has a direct correlation with power consumption. So lower the frequency, 

lower the power consumption. 

 

Figure 4. 4 Digital output vs Temperature 

4.5 Error Simulation 
 

The absolute error of the digital output was then calculated by fitting a straight line between the 

starting and ending points of the digital output. The maximum error for both positive and 

negative ends was found to be +0.8/-0.9. In terms of Celsius the absolute error of the system was 

found to be +0.67/-0.75 °C. 
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Figure 4. 5 Absolute error vs temperature 

4.5.1 Error across all corners 
 

 The same error calculations were done across all corners to find the inaccuracy of the 

temperature sensor. 

 

Table 4. 4 Error simulation across all corners 

Corners at 0.6V Error (°C) 

SS +1.46/-0.56 

SF +0.39/-1.48 

FS +0.5/-1 

FF +0.58/-0.9 
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4.6 SAR ADC Performance Vs Temperature 
 

 The SAR ADC was previously published in [7]. The SNDR of the ADC was simulated 

across temperature and it was found the SNDR of the ADC does not vary much against 0 – 50 °C 

 

Figure 4. 6 SAR ADC SNDR vs Temperature 

4.7 Power Breakdown of the system 
 

The total power consumption of the entire system was found to be 5.619nW. The power 

breakdown is as follows 

Component Power consumption(nW) 

Sensor 0.019 

Unity Gain Buffer 0.6 

SAR ADC 5 

Table 4. 5 Power breakdown of the system 
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Chapter 5. Comparison of the results 

5.1 Introduction 
 

 During the last few years many different approaches of temperature sensor have been 

proposed and published. Low power consumption, high accuracy and small area are the most 

important factors considered in the design of temperature sensors. In this chapter we will 

summarize the improvement of this work compared to other similar works. 

5.2 Evolution of I.C Temperature sensors 
 

 Previously many of the works used BJTs as temperature sensor [9] because of the 

temperature dependence characteristics of VBE and ∆VBE which are also used in design of 

bandgap reference circuits. Resistor based temperature sensors [10] were also used for their 

energy efficiency. But CMOS based temperature sensors are widely used now because of their 

low power consumption and high accuracy. The entire temperature sensor system with the 

readout circuit of power consumption in nW range are widely researched upon currently. 

5.3 Comparison with other works 
 

 The power consumption of the entire system operating at 0.6V power supply was found 

to be 5.619nW and an inaccuracy of +0.67/-0.75 °C. 

Table 6.1 provides the comparison results of this work with the state of the art temperature 

sensors. It can be inferred from the table that this work has less power consumption compared to 

similar works and even the inaccuracy is very low. 
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*Power supply for SAR ADC is 0.8V 

Table 5. 1 Comparison with previous results 

 

 

 

 

 

 

 

 

 

Paper Process(nm) Supply 

voltage(V) 

Temperature 

range(°C) 

Power(nW) Error(°C) 

[1] JSSC’ 14 180 1.2 0 – 100 71 +1.5/-1.4 

[2] CICC’ 18 180 0.8-1.4 -20 – 80 13 +1.3/-0.7 

[3] ASSC’ 14 65 0.4 0 – 100 280 +1/-1.6 

[4] ISSCC’ 17 180 1.2 -20 – 80  570 +0.76/-0.76 

[5] JSSC’ 16 65 1 0 – 100 154000 +0.9/-0.9 

[6] CICC ‘08 180 1 0 – 100 220 +3/-1.6 

This Work 65 0.6* 0 – 100  5.619  +0.67/-0.75 
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Chapter 6. Conclusion and future work 

  Temperature sensors used in thermal management for Integrated Chips are widely 

used to maintain the performance and reliability of the Integrated Chips. Sensors with low area 

and negligible power consumption are widely researched upon and implemented because of the 

increasing number of transistors in a single chip and due to technology scaling. 

 Even though sensing component does not consume much power the readout circuit, 

usually the ADC’s contribute the major part of the power consumption of the system. This 

proposed design aims to achieve lower power consumption and better accuracy in comparison 

with other previous designs.  

 With technology scaling and further research on the readout circuits, the conversion 

speed, accuracy and power consumption can be improved upon in the future. 
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