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ABSTRACT 

Temperature is unique of the supreme significant important physical quantities and is almost 

common in our day-to-day life and which is autonomous of the amount of material i.e. temperature is 

having intensive property. This dissertation presents a CMOS temperature sensor which is designed 

using self-bias differential voltage controlled ring oscillator at 180 nm TSMC CMOS technology to 

achieve low jitter operation.  

The paper focuses on design, simulation and performance analysis of temperature sensor and its 

various components. Used VCRO has full range voltage controllability along with a wide tuning 

range from 185 MHz to 810 MHz, and with free running frequency of 93 MHz. Power dissipation of 

Voltage controlled ring oscillator at 1.8V power supply is 438.91µW.  

This paper presents a Temperature sensor with redesigning of individual blocks like CMOS 

temperature sensor component, voltage level shifter, a counter and edge triggered d flip flop with 

reduced area. Various parameters like delay and power dissipation of other circuits are also 

calculated with respect to different power supply & threshold voltages. Result shows that speed and 

power dissipation of circuit are directly proportional to power supply voltage. From results we see 

that by increasing temperature power dissipation of circuit increases while delay decreases. Power 

dissipation and delay of VCRO based temperature sensor at 5V power supply is 80.88mW and 7.656 

nS respectively and temperature range is from -175 to +165. 

 

Introduction  

With the scaling down of modern VLSI  technologies, more complicate digital circuits have been 

implemented with a higher clock rate and lower supply voltage, which introduces more constraints 

for the analog circuits. Therefore, the design of low voltage, low-power analog circuitries has 

become more important. Because of powered by batteries, the supply voltage is often limited, and the 

life time of the battery is of great importance for these devices, and all these factors address the 

requirements of low-power system building blocks. However, the decreased supply voltage restricts 

the signal swing in circuits and brings difficulties for analog circuit design. In low-voltage 

environments, the transistor characteristics degrade and some circuit techniques can no longer be 

used, thus the low-voltage design is different from the traditional circuit design technique. Ring 

Oscillator generates a clock signal which is proportional to the change in temperature. A current-

starved inverter with 4-digit tunable inputs makes the ring oscillator frequency-tunable. The voltage 

level shifter makes sure that the number of its rising edge is counted by the counter. The register 

saves the counter output at every positive edge of the external clock. The difference between two 

successive outputs of the register indicates the temperature.  

Another thermal management system is that of the SX-9 supercomputer designed by E. Saneyoshi et 

al. in [2]. An off-chip microcontroller collects temperature distribution through readings of multiple 
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small thermal sensors placed on-chip and in turn controls the CPU throttling and the chip cooling 

fans. 

Requirements of an on-chip temperature sensor  
For temperature measurements, a tolerance of 1-2ºC is acceptable as an error margin, but accuracy 

should be maintained while sustaining variations in process and supply voltage parameters for a wide 

temperature range of at least 0 ºC to 120ºC. Process variations are static variations. Once the chip is 

fabricated, within die and die-to-die variations remain constant. These can be taken care of during 

calibration. But supply voltage variations being dynamic in nature are a major concern. The sensor 

must be immune to supply variations in a range of at least +/-10% of the nominal supply voltage.  

Further, the sensor should occupy low area, as this will allow multiple sensors to be placed on-chip 

for localized measurements. To achieve this it is advisable to avoid any large blocks, complicated 

analog circuitry or precise references in the design.  

Low power consumption (less than 1mW) is desirable as it reduces errors due to self-heating and 

conserves battery power in low-power portable devices.  

 

BASICS OF TEMPERATURE SENSOR 

TEMPERATURE sensors are widely applied in measurement, instrumentation, and control systems. 

In many applications, it would be attractive to use temperature sensors that produce a readily 

interpretable temperature reading in a digital format. Such “smart” temperature sensors combine a 

sensor and interface electronics on a single chip, and are preferably manufactured in a low-cost 

standard CMOS process. Smart sensors are Micro-Electromechanical System (MEMs) devices that 

have more embedded features than ordinary sensors. They are smaller in size, cost effective and 

consume less power, and are aimed to detect and report information in unusual and extreme 

situations. Nevertheless, most temperature sensors applied today are conventional sensors, such as 

thermistors or platinum resistors, which require separate readout circuitry. In part, the limited use of 

smart sensors can be attributed to their restricted operating range (typically limited to the military 

range from 55 C to 125 C. The information received from smart sensor is shared with an end user.  

One of the main properties of a smart sensor is sharing information among neighbours with over 

lapping sensing areas. Smart sensors with signal conditioning and embedded function are more 

adopted in the market. More importantly, they are relatively inaccurate compared to conventional 

sensors. A typical inaccuracy in the mentioned temperature range is 2 C, while the inaccuracy that 

can be obtained with, for instance, a class-A platinum resistor in that range is 0.5 C. higher accuracy 

can be obtained by calibration at multiple temperatures, but this would undo much of the cost 

advantage of CMOS smart temperature sensors.  

Most CMOS smart temperature sensors are based on the temperature characteristics of parasitic 

bipolar transistors. 

Generations of Smart Sensor 

New type of sensors comes out when older types of sensors fail in unfavourable conditions like 

weather and temperature conditions. The strategy of implementing expert knowledge from previous 

technology to a framework of new architecture that supports smaller and smarter sensor was used. 

The intention is to enable sensor manufacturing to be more flexible and dynamically configurable. In 

recent years, the increase in the area of nanotechnology has produced interesting materials which 

provides more opportunity for the development of sensing transduction technology. Older 

generations of sensors are built on to produce improved performance and extension of its functional 

capabilities. The technology behind this improvement makes use of advanced calculation, algorithm 
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and signal processing. Example of these includes characteristic functions, weight functions, and 

inferential calculation of soft sensors its own advanced self-adaptive method for frequency-to-digital 

conversion. The generation of smart sensor can be categorized into three generations. 

 First generation  

 The first generation can be classified according to its receptor. The sensor receptor is trapped in the 

base sensor. The electronics part of the sensor is usually fused with the transducer.  

 Second generation 
 This generation is based on the individuality of component making up the sensor. The electronic 

element and the sensor node of the sensor are separate in the sensor.  

Third generation  
In this generation, the electronic element and the sensing node of the sensors are fused together on a 

single chip, and are relatively small and portable.  

Types of smart sensor  
There are different types of smart sensors used in many fields of the industry like, biomedical 

application, control systems, security systems etc. These Microsystems combine sensing, accuracy 

and signal processing in a microscopic scale. Examples of smart sensors include [X]  

• Temperature sensors  

• Pressure sensors  

• Accelerometer sensors  

• Optical sensors  

• Humidity sensors  

• Gas sensors  

• Chemical sensors  

• Biosensor sensors etc. 

 

DESIGN OF TEMPERATURE SENSOR  

Voltage Controlled Ring Oscillator 

The voltage controlled ring oscillator is used to generate a signal of specific frequency. This VCO is 

designed using self-bias differential ring oscillator as shown in figure 4.4. A ring oscillator is a 

device composed of an odd number of NOT gates whose output oscillates between two voltage 

levels, representing logic ‘1’ and logic ‘0’.  

In this figure 4.4, the MOSFETs M7 and M13 operate as inverter while MOSFETs M2 and M18 

operate as current sources. The current sources are used to limit the current available to the inverter 

or it can be said that the inverter is starved for the current. So this type of oscillator is called current 

starved voltage controlled oscillator. Here the drain currents of MOSFETs M1 and M12 are the same 

and are set by the input control voltage. The other transistors are added just to form the 5-stages of 

ring oscillator because the 5-stage ring oscillator gives better VCO characteristic and frequency 

range.  

 

This VCO characteristic also depends on the width and length parameters. So the width and length of 

each MOSFET is chosen very carefully according to the used technology. Specification table for ring 

oscillator is shown in table 4.1. Length and width of MOS transistor is set according to technology. 
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Fig 1: Voltage Controlled Ring Oscillator 

Table 1: Specification for Ring Oscillator 

 

 

 

 

 

 

 

 

Voltage Level Shifter 

The voltage level shifter is used in the temperature sensor circuit to extends the reduced voltage level 

of the ring oscillator output to full-scale of high voltage level. This output of level shifter is then 

applied counter to so that the number of its rising edge is counted. When a signal traverses on-chip 

voltage domains, a level shifter is required. Inverters can handle a high to low voltage shift with 

minimal leakage. For a low to high voltage level translation, inverters tend to consume a large 

amount of leakage power, and hence special circuits have been proposed for this type of translation. 

The level shifter is able to perform voltage level shifting with low leakage for both low to high, as 

well as high to low voltage level translation. Schematic diagram of Voltage Level Shifter is shown 

above in fig 1. In this figure vin is the input and vout is the output of the level shifter. Output voltage 

of level shifter is same as input voltage with increased voltage or equal to same as input voltage. 

S.No. Parameter Values 

1. Technology 180nm 

2. Threshold Voltage 0.37V 

3. Minimum Operating Voltage 1.8 V 

4. NMOS Length=0.18u Width=0.60u 

5. PMOS Length=0.18u Width=1.62u 
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Fig 2: Voltage Level Shifter 

 Edge Triggered D Flip-Flop 
Flip flop is an electronic device that is used to store one bit of information. D flip flop is  

 
Fig 3: Schematic Diagram of D Flip Flop 

called as delay flip flop. It has two input D and clock & two outputs Q and Qb. Output of D flip flop 

is same as input data D, when clock signal is high. Schematic diagram of D flip flop is shown in fig 

4.6.D flip flop is designed using four NAND gate and one inverter. 

Input XOR Gate 

The XOR gate (sometimes EXOR gate) is a digital logic gate that implements an exclusive or i.e. a 

true output (logic ‘1’) is produced if one of the inputs to the gate is true.  

It gives false output both inputs are either false (logic ‘0’) or true. A way to remember XOR is "one 

or the other but not both". XOR represents the inequality function, i.e., the output is high if the both 
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inputs are opposite otherwise the output is low. Schematic diagram of two input XOR gate is shown 

in fig 4.7. 

 
Fig 4: Schematic diagram of XOR gate 

 

CMOS Comparator 
The CMOS comparator is widely used in the process of converting analog signal to digital signals. In 

an analog-to-digital conversion process, it is necessary to first sample the input. This sampled signal 

is then applied to a combination of comparators to determine the digital equivalent of the analog 

signal. The comparator is a circuit that compares an analog signal with another analog signal or 

reference and outputs a binary signal based on the comparison. Schematic diagram of 1-bit 

comparator circuit is shown in fig 4.8. When input vin is greater than input vref then output is logic 

‘1’, and if input vin  is smaller  than input vref then output is logic ‘0’. It compares the input value 

with the reference value and gives output. 
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Fig 5: CMOS Comparator Circuit 

Buffer  

Buffer circuit consist two inverters. Output of one inverter is connected to the input of second 

inverter. Schematic diagram of buffer is shown in fig 4.9. 

 
Fig 6: Buffer circuit 

 

Temperature Sensor component 

The temperature sensor component is shown in fig 4.10. It consists of a ring oscillator and a pulse 

counter circuit. The oscillation period (1/f) of voltage controlled ring counter is converted to a 

number of oscillations by applying  enable signal of fixed pulse width, and the number of oscillations 

is stored in the counter to produce the digital output. Additional circuitry between the enable input 

and the ring oscillator is used to remove synchronization problem, and the sensor outputs are 



 
 
 

157 Rakesh Raushan, Gajendra Sujediya 
 

 

International Journal of Engineering Technology Science and Research 

IJETSR 

www.ijetsr.com 

ISSN 2394 – 3386 

Volume 2 Issue 2 

February 2015       

connected to transmission gates to avoid unnecessary toggling. The reason of synchronization 

problem is the oscillator frequency which is temperature-dependent.  

 
Fig 7: Temperature Sensor component 

Temperature Sensor 
The complete diagram of temperature sensor contains two temperature sensor component, level 

shifter, two buffers, two comparator circuit, three XOR gate and one AND gate. Temperature sensor 

component is used to take readings simultaneously at given temperature readings VKT and operating 

voltage (VOP) of system. These readings (TKT,t and VOP,t) is taken at time t. Low-voltage up level 

shifters convert the lower voltage, taken from output of temperature sensor component 1 to higher 

voltage. Comparator compares each temperature reading with previous temperature reading to 

produce output. Previous temperature readings are stored in buffer circuit. The two comparator 

outputs are then passed into an XOR gate circuit, which determines if the temperature(VKT) sense by 

temperature sensor component 1, depends at operating voltage VOP (same as VOP) of temperature 

sensor component 2 or not. If both VKT and VOP are same then XOR gate gives logic zero output and 

if different then gives logic ‘1’ output. Circuit diagram of temperature sensor is shown in fig 4.11. 

 
Fig 8: Temperature Sensor 
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RESULT AND ANALYSIS 

Simulation result and analysis of individual component used to design temperature sensor is 

discussed below. Temperature sensor is designed using 180nm TSMC technology 

Temperature Sensor Component 

Voltage controlled ring oscillator (VCRO) sense the temperature and give output, which is then 

passed to register. Reset signal is used to reset data of VCRO and register.  When clock signal (clk) 

input of register becomes logic ‘1’ then data stored in register passes to output through transmission 

gate. Here temperature sensor component contains 3- bit register. Simulated waveform of 

temperature sensor component is shown in fig 5.14.  

 
Fig 9 : Waveform of Temperature sensor component 

 

Delay and power dissipation of temperature sensor component is given in table 5.6. 

Table 2 : Delay & Power Dissipation at different VDD of Temperature  sensor Component 

 

 

 

 

 

 

 

 

 

At 1.8 V power supply delay and power dissipation of temperature sensor component is also 

calculated at different temperature and different threshold voltage VTH, given in table . 

Vdd(V) Delay (nS) Power Dissipation (mW) 

1.8 1.528 2.1465 

1.6 3.442 1.437 

1.4 5.379 0.810 

1.2 6.962 0.548 

1.0 8.047 0.263 
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Fig 10: Power Dissipation and Delay versus VDD 

 

Table 3: Delay & Power Dissipation of Temperature sensor Component at different Temperature 

Temperature (ºC) Delay (nS) Power Dissipation (mW) 

-27 0.0 2.560 

27 1.528 2.146 

37 0.953 2.036 

47 0.507 1.954 

57 0.118 1.697 

 

Table 4 : Delay & Power Dissipation of Temperature sensor Component at different VTH 

VTH(V) Delay (nS) Power Dissipation (mW) 

17 0.374 3.165 

27 1.528 2.525 

37 3.978 2.036 

47 5.072 1.681 

57 6.318 1.469 

 

Simulated waveform of temperature sensor component which is used for calculation of average 

power dissipation of circuit is shown in fig 5.16. Formula for average power dissipation is  

Average Power Dissipation =
2

minmax PP 
 

Temperature Sensor  
Simulated waveform of temperature sensor component is shown in fig 5.17. Here input VKT is the 

temperature reading of temperature sensor component 1, VOP is the operating voltage of temperature 

sensor component 2 and sens_out is the output of temperature sensor. When temperature reading VKT 

sense by temperature sensor component 1 is different with operating voltage (VOP) of temperature 

sensor component 2, then output is logic high otherwise logic low as shown in fig 5.17. Delay and 

power dissipation of temperature sensor component is calculated at by varying various parameters 

like power supply voltage temperature, threshold voltage and as shown in table 5.9, table 5.10 and 

table  respectively 
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Fig 11: Waveform of power dissipation of Temperature sensor component 

. 

 
Fig 12: Waveform of Temperature sensor 
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Table 5 : Delay and Power Dissipation of Temperature sensor at different VDD 

VDD(V) Delay (nS) Power Dissipation (mW) 

5 7.656 80.88 

4 8.454 45.1 

3 9.417 14.47 

2 11.967 0.78 

 

At constant 5V power supply voltage delay and power dissipation at different temperature and 

threshold voltage (VTH) is also calculated which is listed below in table a 

Table 6: Delay and Power Dissipation of Temperature sensor at different Temperature 

Temperature (ºC) Delay (nS) Power Dissipation (mW) 

27 7.656 80.88 

37 6.923 83.235 

47 5.357 89.56 

57 3.514 102.35 

 

Table 7: Delay and Power dissipation of Temperature sensor at different VTH 

VDD (V) Delay (nS) Power Dissipation (mW) 

0.37 7.656 80.88 

0.47 9.534 76.475 

0.57 10.916 65.32 

0.67 12.546 60.44 

CONCLUSION AND FUTURE SCOPE 

This chapter summarize the conclusion for the proposed design and also explained about future 

scope. 

Conclusion 

A voltage controlled ring oscillator-based CMOS temperature sensor has been designed at 180 nm 

CMOS TSMC technology in Tanner Tool 13.1. The proposed temperature sensor occupies smaller 

silicon area with higher resolution than the conventional temperature sensor based on band gap 

reference. The characteristic of VCRO is drawn between its control voltage and frequency. The 

frequency range of VCO is calculated as 185 MHz to 810 MHz by its characteristic, with free 

running frequency of 93 MHz. Power dissipation of Voltage controlled ring oscillator at 1.8V power 

supply is 438.91µW.  

Various parameters like delay and power dissipation of other circuits are also calculated with respect 

to different power supply & threshold voltages. Result shows that speed and power dissipation of 

circuit are directly proportional to power supply voltage. Power dissipation and delay of VCRO 

based temperature sensor at 5V power supply is 80.88mW and 7.656 nS respectively and 

temperature range is from -175 to +165. From results we see that by increasing temperature power 

dissipation of circuit increases while delay decreases. 

Future Scope 
Although some aspects of the goal have been achieved using this design, but still a better 

temperature sensor can be made by some improvement in the circuit design. The temperature sensor 

can be further extended and modified by the following points. 
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 High resolution of temperature sensing can be achieved by using improved current mirroring 

technique. 

 The power consumption, delay and area can be reduced further.  

 The layout can also be designed using L-Edit of tanner tool by which area can be calculated for 

chip fabrication.  

 Temperature range can be extended further by modifying circuit design. 

Higher order Delta Sigma Modulator topologies may be used further to increase the effective 

temperature resolution in applications requiring ultra-fine temperature resolution. 
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