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ABSTRACT 

Precision bandgap voltage reference (BGR) circuits have board applications in analog 

and mixed signal electronic devices such as analogue-to-digital converters (ADCs), 

linear regulators, phase-locked loops and operational amplifiers. For example, the 

widely used high precision ADCs for measurement and instrumentation scenarios 

require a high precision reference voltage in order to achieve high resolution. 

 

In this work, BGR will be further studied in-depth for three stages. The first stage is 

about the principle of the BGR with serval case studies of some popular designs. Second 

stage is about the implementation and simulation of one of the conventional BGR 

designs. Third stage is a novel design with implementation and simulation based on a 

conventional design. Finally, comparison of different BGRs is also investigated. 

 

 

 



 

 
- 5 - 

 

TABLE OF CONTENTS 

DECLARATION ..................................................................................................... 1 

APPROVAL FOR SUBMISSION ........................................................................... 2 

ACKNOWLEDGEMENTS .................................................................................... 3 

ABSTRACT ............................................................................................................. 4 

LIST OF FIGURES ................................................................................................. 8 

LIST OF TABLES ................................................................................................. 10 

CHAPTER 1: INTRODUCTION .......................................................................... 11 

1.1 GENERAL BACKGROUND ................................................................... 11 

1.2   BGR PRINCIPLE…………………………………………………………11 

1.3   BGR CASES STUDIES…………………………………………………...16 

1.3.1 CASE STUDY 1: PIECEWISE-LINEAR CURVATURE 

COMPENSATION: A 1.2-V PIECEWISE CURVATURE-CORRECTED 

BANDGAP REFERENCE IN 0.5 um CMOS PROCESS [11]……………… 

Error! Bookmark not defined.6 

1.3.2 CASE STUDY 2: ATC COMPENSATION: A SUB-1 PPM/°C 

PRECISION BANDGAP REFERENCE WITH ADJUSTED-

TEMPERATURE-CURVATURE COMPENSATION [9]…………………..18                     

1.3.3 CASE STUDY 3: A NOVEL 1.2–V 4.5-PPM/°C CURVATURE-

COMPENSATED CMOS BANDGAP REFERENCE [19]………………… 

Error! Bookmark not defined.0                      

1.4 DESIGN CONSIDERATION ..................... Error! Bookmark not defined.2 

1.4.1 MINIMUN SUPPLY VOLTAGE…………………………………….22 



 

 
- 6 - 

 

1.4.2   OPERATIONAL AMPLIFIER 

OFFSET…………………………...2Error! Bookmark not defined. 

1.4.3 CURRENT MIRROR MISMATCH………………………………...23 

1.4.4 TRANSISTORS MISMATCH…………………………...…………23 

1.4.5 SUPPLY-INDEPENDENT BIASING………………........................23 

1.4.6 SUMAARY………………………………………………………….. 

Error! Bookmark not defined.24 

 

CHAPTER 2: IMPLEMENTATION OF A CONVENTIONAL BANDGAP 

VOLTAGE REFERENCE ........................................ Error! Bookmark not defined.5 

2.1 DESIGN OBJECTIVES AND REQUIREMENTS……………………. 25  

2.1.1 TECHNOLOGY AND PROCESS…………………………………..25 

2.1.2   SUPPLY VOLTAGE………………………………………………….25 

2.1.3 POWER DISSIPATION…………………………………………….. 25 

2.1.4 TEMPERATURE RANGE…………………………………………..26 

2.1.5 TEMPERATURE COEFFCIENT…………………………………..26 

2.2 IMPLEMENTATION AND SIMULATION OF A COVENTIONAL 

BGR……………………………………………………………………………….27 

2.3

 SUMMARY………………………………………………………………..Er

ror! Bookmark not defined.9 

 

CHAPTER 3: PROPOSED -40°C TO 180°C, 1.58 PPM/°C, 1.3 µW BANDGAP 

VOLTAGE REFERENCE WITH SEGMENTED CURVATURE 



 

 
- 7 - 

 

COMPENSATION .................................................... Error! Bookmark not defined.1 

3.1 PRINCIPLES OF THE PROPOSED  BGR……………………………31 

3.2 DESIGN AND 

IMPLEMENTATION……………………………………Error! Bookmark not 

defined.4 

  3.3 SIMULATION RESULT…………………………………………………39 

3.4 SUMMARY ................................................. Error! Bookmark not defined.4 

 

CHAPTER 4: CONCLUSION AND FUTURE WORKSError! Bookmark not 

defined.5 

REFERENCE ............................................................ Error! Bookmark not defined.6 

APPENDIX:PUBLICATION .................................... Error! Bookmark not defined.9 

 

 

  
  



 

 
- 8 - 

 

LIST OF FIGURES  

CHAPTER 1 

Figure 1.1 A simple demo of BGR                                     

Figure 1.2 Collector’s current of Q1 and Q2 in low V1 Voltage 

Figure 1.3 Collector’s current of Q1 and Q2 in high V1 Voltage 

Figure 1.4 Brokaw Bandgap Reference 

Figure 1.5 The principle of pricewise-linear method 

Figure 1.6 The schematic of pricewise-linear circuit 

Figure 1.7 The principle of bandgap voltage reference with ATC circuit 

Figure 1.8 The schematic of bandgap voltage reference with ATC circuit 

Figure 1.9    The BGR with high order compensation 

Figure 1.10   The schematic of BGR with high order compensation 

 

CHAPTER 2 

Figure 2.1 The schematic of conventional BGR 

Figure 2.2 Positive TC current IPT and negative current INT. 

Figure 2.3 First order compensated voltage reference 

 

CHAPTER 3 

Figure 3.1 The principle of the proposed segmented curvature compensation. 

Figure 3.2 The ideal result of VREF1. 

Figure 3.3 Proposed BGR with segmented curvature compensation. 

Figure 3.4 VAj versus VREF2. 

Figure 3.5 Simulated compensation currents IKi and first-order compensated      

voltage reference VREF1. 



 

 
- 9 - 

 

Figure 3.6 Simulated first-order compensated voltage reference VREF2 with the 

proposed segmented curvature compensation. 

Figure 3.7 Power consumption of the proposed BGR circuit versus temperature. 

Figure 3.8    Line regulation of the proposed BGR. 

Figure 3.9 TC of the proposed BGR under different corners. 

Figure 3.10 Monte-Carlo simulation results of VREF2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
- 10 - 

 

LIST OF TABLES 

CHAPTER 2 

Table 2.1  Altera temperature range for their products. 

 

CHAPTER 3 

Table 3.1  Designed temperature regions and TC of VREF1 

Table 3.2  Logic gates’ truth table 

Table 3.3  Performance and Comparison 

 



 

 
11 

 

CHAPTER 1: INTRODUCTION 

1.1 GENERAL BACKGROUND 

 

For most of today’s electronics devices, a reference voltage with constant and stable 

voltage over different temperature and input voltage fluctuation is required. Meanwhile 

voltage reference should be designed on chip to assist others electronic components 

such as analogue-to-digital converters (ADCs), linear regulators, phase-locked loops 

and operational amplifiers. Thus, bandgap voltage reference (BGR) are introduced with 

the ability to generate a reference voltage which against temperature, fabrication 

process and power supply variations. 

1.2 PRINCIPLE OF BGR 

One of the most common method to generate a voltage reference is combing a positive 

temperature coefficient (TC)) voltage and a negative TC voltage together with a 

particular proportion to generate a nearly zero TC voltage. In most BGR topologies [7], 

[9], [11], bipolar junction transistors (BJT) are the main components and widely used 

due to their highly predictable temperature characteristics. The emitter–base voltage 

VEB is generated from a BJT with a negative TC, which is also known as the 

complementary-to-absolute-temperature (CTAT) voltage. For a PNP BJT, the base–

emitter voltage VEB can be expressed as: 

     =  ln = ln                           (1.1) 

where = /  is the thermal voltage,  is Boltzmann’s constant,  is the charge 

of an electron,  is the absolute temperature in Kelvin (K), and  is the collector 
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current. The junction saturation current  is proportional to , where   

represents the mobility of minority carriers with ∝  and ≈ − 3 2⁄ , and  

is the intrinsic minority carrier concentration of silicon with ∝  /  with 

≈ 1.12 eV representing the bandgap energy of silicon.  

 

On the other hand, a proportional-to-absolute-temperature (PTAT) voltage can be 

generated by the difference between the emitter–base voltages of two BJTs, which can 

be written as ∆ =  ln  , assuming the BJTs are biased at the same current level 

but with a sizing ratio of 1: . The temperature characteristics of  and ∆  are 

represented as:  

= − (4 + ) −                      

          =
− (4 + ) −

                             (1.2) 

∆
=

( ln − ln )
=

( ln )
                

             =
ln

 

       = ln                        (1.3) 

With the positive and negative TC voltage provided by the BJT, in what means can we 

add them to get together with a proper ratio to generate a voltage reference? In the next 

step, a testing circuit is used to illustrate the principle, as shown in Fig. 1.1, in which 

two BJT with emitter area ratio of 8:1 are connected together by the base of the two 

BJT with the larger emitter one connected to a resistor. Also, a variable voltage V1 is 

utilized to determine the voltage of the BJT base area.  
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Fig. 1.1 A simple demo of BGR. 

 

In this case, V1 is constantly increasing. When the V1 is relatively small, the current of 

the both brunches are small too. Thus, the voltage across R1 will be small and will 

hardly interfere with VBE of Q1, so according to formula (1.4) the collector currents 

will stay very nearly in the ratio 8:1, as illustrated in Fig. 1.2. However, as the V1 

increases further, the collector’s current will be larger. And as a result, the VEB of Q1 

will be smaller, then the current of the Q1 will be increased slower and slower and 

finally the collector’s current of Q1 will smaller than the one of Q2, as shown in Fig. 

1.3.  

=                        (1.4)  
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Fig. 1.2 Collector’s current of Q1 and Q2 in low V1 Voltage. 

 

Fig. 1.3 Collector’s current of Q1 and Q2 in high V1 voltage. 

 

Most importantly, an intersection point of two collectors’ current can be witnessed in 

720 mV, where two collectors’ current are identical. With the identical current, the VEB 

of BJT are actually determined by the emitter area. To ensure the base of the BJT located 

at 720 m V, an amplifier should be utilized to provide a negative and positive feedback 

loop to force the BJT base voltage to that point, as shown in Fig. 1.4, the Brokaw BGR. 

In this circuit, there is a negative feedback path including Q2, node 2, and the op-amp, 
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as well as a positive feedback path including Q1 with R1, node 1, and the op-amp. R1 

reduces the effective Gm in the positive feedback loop which reduces the gain of that 

path below that of the negative feedback path. So, when the two currents match and 

nodes 1 and 2 are equal in voltage, the negative feedback dominates and VEB2 is 

maintained at the voltage which keeps the collector currents balanced. As we have seen, 

the PTAT voltage across R1 can be scaled to be larger as it is by R3 (40K) and R4 (40K). 

So, we can generate a PTAT voltage scaled as we wish to add to the VBE of Q2. Then 

we could get the result of the voltage reference: 

= + 2 ∙ ∙  

                     = + 2 ∙ ln ∙                  (1.5)     

 

Fig. 1.4 Brokaw Bandgap Reference.  

 

Generally, BGR are used in system designs where a minimum accuracy of 10 bits is 

required. They typically have an initial error of 0.5-1.0% and a TC of 25-30 ppm/°C. 

The output voltage noise is typically 15-30 µVp-p (0.1-10 Hz) with a long-term stability 

of 20-30 ppm/1000 hours. 
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1.3 BGR Case Studies  

Many conventional BGRs [1]-[8] utilize bipolar junction transistors (BJT) or CMOS 

transistors as the basis of reference voltage generation. However, due to their nonlinear 

characteristic over temperature, both temperature coefficient (TC) and temperature 

range of the first-order compensated voltage references are always constrained. Various 

curvature-compensation techniques have been developed to improve the BGR precision 

[9]-[20]. The popular piecewise-linear curvature compensation technique [9]-[13], 

which adjusts the biasing current at different temperature regions, can improve the TC 

of BGR over a wide temperature range. In [9], the proposed adjusted temperature 

curvature (ATC) compensation technique can reduce the TC at both the low and high 

temperature through employing the addition and subtraction circuits at the current 

summing nodes. For the high-order curvature-compensation technique [17]-[19], by the 

summation of different curvatures, TC can be improved. So, in this stage, different kind 

of BGR will be investigate individually.  

 

1.3.1 Case Study 1: Piecewise-linear curvature compensation: A 1.2-V Piecewise 

Curvature-Corrected Bandgap Reference in 0.5 µm CMOS Process [11] 

 

Piecewise-linear method was implemented in this case. First of all, a PTAT and CTAT 

voltage would be generated first similar to the conventional one. Then a special 

compensating voltage would be injected to the circuit when the temperature reaches a 

certain degree T1, as illustrated in the figure Fig. 1.5 below.  
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Fig. 1.5 The principle of pricewise-linear method. 

 

The schematic of circuit is shown in Fig. 1.6, where clearly shows that it also contains 

two BJTs, used to generate a PTAT and a CTAT current which will be mirrored to the 

output resistor in order to generate an output voltage reference. With the voltage 

reference, a piecewise corrected current could generate and feedback to the output 

resistor when the current reach a certain level. Thus, compensate the non-linearity 

induced by the BJT characteristic.   

 

 

Fig. 1.6 The schematic of pricewise-linear circuit. 
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The piecewise corrected current generator plays an important role in this design. It 

contains a current mirror to mirror the IPTAT to the R5 brunch. When the temperature is 

higher, the IPTAT will be higher. Thus, the voltage across R5 would be larger in higher 

temperature. Then the M12 which plays as a switch would be activated. The INL would 

be activated to the output resistance for compensation as shown in Fig. 1.5.    

 

A piecewise nonlinear curvature-corrected CMOS BGR has been proposed in this case. 

The proposed BGR achieves TC of 8.9 ppm/C, PSR of 58 dB and line regulation of 2.4 

mV/V at 1.2-V supply. The maximum power consumption  

 

1.3.2 Case Study 2: ATC compensation: A Sub-1 ppm/°C Precision Bandgap 

Reference with Adjusted-Temperature-Curvature Compensation [9] 

 

Similar to pricewise-linear scheme. In the ATC compensation case, a voltage reference 

also should be generated first by combining the BJT generated CTAT and the PTAT 

current together to the output resistance. After that, this circuit would also generate two 

compensating currents IPT and INT which located at the high temperature and high 

temperature respectively for the output resistance to achieve compensation in the high 

and low temperature region. By using this method, the TC of the output voltage will be 

further improved. The principle was well illustrated in Fig. 1.7. 
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Fig. 1.7 The principle of bandgap voltage reference with ATC circuit. 

 

In this case, two circumstance is illustrated. The first one is Convex waveform voltage 

reference while the second one is Concave waveform. For the Convex case, the 

compensation currents IPT and INT will flow across the output resistor RC to compensate 

the effect in high and low temperature. For the Concave case, the compensation currents 

IPT and INT will leakage form the output resistor RC to compensate the effect in high and 

low temperature. 

 

The schematic of this circuit for Concave case is shown in Fig. 1.8, similar to the 

conventional method, the PTAT and CTAT current are generated by two BJTs and 

resistors. By using the current mirror, the IPT with INT are mirrored to the output 

resistance to generate the voltage reference. Also, the ATC compensation circuit are 
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designed by few current mirrors for comparation and determine the threshold 

temperature TL1 and TL2.  

 

 

Fig. 1.8 The schematic of bandgap voltage reference with ATC circuit. 

 

This work presents a precision bandgap reference fabricated with a standard CMOS 

0.18 μm process. The best TC of the proposed bandgap reference is 1.67 ppm/°C at a 

temperature range of −40 °C to 140 °C with a 1.8 V supply voltage. The measured 

output voltage is 547 mV from a 1.3–1.8 V supply voltage at 27 °C. The proposed 

circuit generates 547 mV at a minimum power supply voltage of 1.3 V; therefore, it 

achieves effective line regulation. The maximum power consumption is 28 μA with a 

1.8 V supply voltage 

 

1.3.3 Case Study 3: A Novel 1.2–V 4.5-ppm/°C Curvature-Compensated CMOS 

Bandgap Reference [19] 

 

For the high order compensation, different voltage reference with different curvatures 

are combined together to generate a curvature correct BGR as shown in Fig. 1.9, where 
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a MOS BGR are combined together with a BJT BGR. 

 

Fig. 1.9 The BGR with high order compensation. 

 

The schematic of this circuit is shown in Fig. 1.10, a tradition BJT are used to generate 

a reference current which are mirrored to the output side. Meanwhile, a MOS 

compensation circuit is used to generate another reference current.  

 

 

Fig. 1.10 The schematic of BGR with high order compensation. 

 

The corresponding BGR circuit has been proposed and implemented in standard CMOS 
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0.18 µm technology. It achieves 4.5 ppm/°C in the range of -40°C to 120°C at 1.2 V 

power supply and consumes only 36 µA current at room temperature.  

1.4 Design Consideration   

In order to design a well considerate BGR, few points should be focused on.  

 

1.4.1 Minimum Supply Voltage 

 

The core circuit of most of the conventional bandgap voltage references uses bipolar 

junction transistors to generate both voltages with positive and negative temperature 

coefficient as discussed in the previous section. This structure [22] limits the minimum 

supply voltage of conventional bandgap references to be higher than 1.25V. Depending 

on the structure of the bandgap reference, the minimum supply voltage of most of the 

conventional bandgap references can be expressed with the following equation (8). 

 

 = | | + | | + | | (8) 

 

1.4.2 Operational Amplifier offset 

 

The use of operational amplifiers in bandgap voltage reference circuits is very common. 

This is because these topologies are simple and can be easily modified to achieve high 

accuracy. However, operation amplifiers are usually could cause a lot of errors in 

bandgap voltage references. Op-amps are composed of several MOSFET transistors. 

The mismatches in threshold voltages, W/L ratios, electron and hole mobility of these 

transistors due to process variation could produce offsets in op-amps. In addition to the 

difference of the base-emitter voltage, the op-amp offset is also amplified by the 
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multiplier K. Therefore, operational amplifier is required to be designed carefully 

according to the specifications to minimize undesired errors in the reference voltage of 

bandgaps, in order to grantee the operation of generating the voltage reference.  

 

1.4.3 Current Mirror Mismatch 

 

Current mirror circuits are also very common not only in bandgap references circuits 

but also in operational amplifiers and start-up circuits. Mismatches in the current mirror 

are due to the effects of mismatches in the W/L ratio, threshold voltage mismatch, and 

channel length modulation effects of MOSFET transistors. Additionally, for submicron 

technologies the short channel effects, the drain induced barrier lowering effects, and 

some additional stress such as the length of oxide definition effect on matched devices 

may result in more mismatches.  

However, these problems cannot be completely solved by the modern technology.  

Luckily, these problems can be reduced by implementing layout techniques such as the 

common centroid and compact layout. This issue is mainly focused during the 

simulation. 

 

1.4.4 Transistor Mismatch 

 

Conventional bandgap references generate both the positive and negative temperature 

coefficient voltages from the base-emitter voltage of BJT transistors. Any spread in VBE 

may affect significantly the precision of the reference voltage. In addition, any 

deviations in the area of the BJT transistors may also cause additional mismatch.  

 

1.4.5 Supply-independent Biasing 
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Nearly all bandgap circuits are consisting with CMOS or BJT transistors. These 

electronic components require a steady DC current or voltage to operate. For example, 

some Op-Amp requires a constant current to operate. So, a current mirror can be used 

to mirror a static current outside of the chip to supply the Op-Amp.  

 

1.4.6 Summary 

 

The source of error of the conventional bandgap voltage reference was introduced in 

this part. The important issues to consider before the design and implementation of 

bandgap references were discussed. Since bandgap references are intended to provide 

a reference voltage independent of supply voltage, process variations, and temperature 

changes, special attention should be paid to issues such as the supply-independent 

biasing, minimum supply voltage, op-amp offsets, current mirror and transistor 

mismatches to minimize undesired errors in the reference voltage. 
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CHAPTER 2: IMPLEMENTATION OF A CONVENTIONAL 

BGR 

2.1 Design Objectives and Requirements 

 

Before the design of a bandgap voltage reference, it is necessary to set some 

specifications according to the applications of our bandgap reference. Some common 

specifications should be well declared. 

 

2.1.1 Technology and Process 

 

The technology and process used to fabricate a bandgap reference need to be considered 

before the design because different technologies may produce different results. For 

example, a NMOS transistor in CMOS 0.18μm and CMOS 65nm technology may have 

different threshold voltages. This may cause some variations that may affect the final 

results. In this project, TSMC CMOS 65nm technology will be used for all simulations.  

 

2.1.2 Supply Voltage 

       

As discussed previously, the supply voltage may limit the output voltage of the bandgap 

reference. For conventional bandgap references it is usually higher than 1.25V. In this 

case, we choose 1.3V as our voltage supply, as nch_25 are used in the design of our 

project, this MOSFET requires a larger input voltage to ensure it work. So, out input 

voltage is larger than the theory case.  

 

2.1.3 Power Dissipation 
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Power dissipation is also an important specification to consider. It is usually kept as low 

as possible according to the application of the bandgap reference. The power 

consumption can be calculated by the input voltage multiply the total current. In this 

design, we would like to ensure the total power consumption is below 1 uW. 

   

2.1.4 Temperature Range 

    

The operating temperature of electronic devices varies with their application. For 

example, Altera use five temperature grades for their products shows in Table 2.1. 

 

Table. 2.1 Altera temperature range for their products. 

Temperature Grade Temperature Range 

Commercial 0°C to 85°C 

Industrial -40°C to 100°C 

Extended -40°C to 125°C 

Military -55°C to 125°C 

Automotive -40°C to 125°C 

 

For this project, as we would like to perform an ultra-wide temperature range from -40 

to 180 degree. And we would like to improve the TC base on his range. Therefore, we 

design to define -40 to 180 degree is our temperature range.  

 

2.1.5 Temperature Coefficient 
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The temperature coefficient is used to qualify the precision of a bandgap voltage 

reference. It represents the change of the reference voltage over temperature within a 

certain temperature range. It is usually expressed in parts per million (ppm) and is 

calculated with the following equation (2.1). 

 

 
/° =

−   
( − )

 (2.1) 

 

 

2.2 Implementation and Simulation of A Conventional BGR 

In this part, a conventional first order BGR will be implemented and simulation will be 

done according. In the design of the first order compensated voltage reference circuit 

[22], the schematic of which is shown in Fig. 2.1. Two BJTs Q1 and Q2 with emitter 

area difference N are used to generate  and  respectively, Thus A 

complementary to absolute temperature (CTAT) voltage could be generated by Q1, and 

a proportional-to-absolute-temperature (PTAT) voltage also can be generated by 

difference between the emitter–base voltages of the two BJTs with different size which 

can be written as =  ln . Two operational amplifiers OP1 and OP2 are utilized 

to form a positive TC current  and a negative TC current , the principle of 

which are illustrated as shown in formula (2.2) and (2.3). Obtained from simulation 

result, the magnitude of the IPT and INT over temperature is shown in Fig. 2.2. The 

temperature slope of IPT is 0.341 nA/°C and the temperature slope of INT is -0.32 

nA/°C. 

 

=                                        (2.2) 
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=
∆

=
ln

                                (2.3) 
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Fig. 2.1 The schematic of conventional BGR. 
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Fig. 2.2 Positive TC current IPT and negative current INT. 

 

Current mirrors M1-M5 are used to mirror and sum IPT and INT together with a particular 

proportion to the output brunch, thus forming a temperature independent current IREF, 
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which is used to drive the output resistor R3, and as a result, first order compensated 

voltage reference VREF is generated, as described in formula (2.4) and (2.5), where E, F 

are proportional constants. Through simulation, the first order compensated voltage 

reference is shown in Fig. 2.3 with TC equal to 11.57 ppm/°C over -40 °C to 180 °C.  

 

= ∙ + ∙ = ∙
ln

+ ∙              (2.4) 

=  ∙  = ∙
ln

+ ∙ ∙        (2.5) 
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Fig. 2.3 First order compensated voltage reference. 

 

In this case, all components are non-ideal components, the transistors are using pch_25 

in order to provide a resistance to current leakage. As for the resistors, hybrid resistors 

are introduced combing with (Rnpolywo) and a negative TC P+ unsilicided poly 

resistor (Rppolywo). This resistor has nearly zero TC long the temperature range. Two 

PNP BJT are used in this case with different sizes. 

 

2.3 Summary 
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In this Chapter, a conventional BGR is implemented with a TC of 11.57 ppm/°C over -

40 °C to 180 °C. Based on that, a novel idea is introduced to further improve the 

performance of this conventional BGR in the next Chapter.  
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CHAPTER 3: PROPOSED -40°C TO 180°C, 1.58 PPM/°C, 1.3 µW 

BANDGAP VOLTAGE REFERENCE WITH SEGMENTED 

CURVATURE COMPENSATION 

 

3.1 Principles of the Proposed BGR 

 

According to the pervious simulation results of the conventional BGR in Chapter 2, we 

can witness. The temperature drift of the voltage reference in both high temperature and 

low temperature regions remain significant after the first-order compensation due to the 

intrinsic nonlinear temperature dependency of VEB, as discussed in [7] and [20]. To 

further reduce the TC, second-order compensation methods such as piecewise-linear 

curvature compensation [9]-[13] and high order compensation technique [17]-[19] can 

be adopted, but with the penalty of high-power consumption due to the extra 

compensation circuits required. 

 

Thus, a novel scheme is introduced to achieve good TC without consuming more power. 

Fig. 3.1 shows the basic concept of this work to further improve the first-order 

compensated voltage reference (VREF1). In this work, the first-order compensated VREF1 

is divided into 11 segments with 11 temperature regions, with identical voltage 

deviation in each region. The compensation currents IKi (i from 1 to 10), generated 

according to the corresponding temperature region (except for the region TM), flow 

through the resistor RC for generating compensation voltages VKi, which are further 

added to VREF1 to generate the voltage reference with segmented curvature 

compensation VREF2.  
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Fig. 3.1 The principle of the proposed segmented curvature compensation. 

 

For determining the number of segments, we should consider: 1) the voltage deviation 

VD in all segments should be identical; 2) the number of segments should be odd, 

assuming a symmetrical reference voltage across temperature; and 3) the temperature 

range of each segment should be wide enough to prevent system instability due to 

temporal temperature fluctuations. In this work, 11 segments are designed based on the 

guidelines described above, with 5 segments respectively lie in regions TL1 to TL5 (in 

the low temperature side), and another 5 segments respectively lie in regions TH1 to TH5 

(in the high temperature side), and 1 segment in the middle region TM. As shown in Fig. 

3.2, the voltage deviation VD for each segment is designed to be identical. With VDT 

denoting the total voltage deviation of the first-order compensated VREF1, we can define, 

 

= 6⁄                         (3.1) 
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T

VREF1

VDT

VD

TL5 TH1TM TH2 TH3TH4TH5TL4TL3TL2TL1

 

Fig. 3.2 The ideal result of VREF1. 

 

As VD is identical for all segments, the reference voltage should be shifted up by 

multiples of VD depending on the relative location with reference to region TM. The 

compensation voltages VK1 to VK5 are targeted for the segments located in temperature 

regions TL1 to TL5, while VK6 to VK10 are for TH1 to TH5, expressed as, 

 

 =
∙ (6 −  ), 1 ≤ ≤ 5      (T  to T )
∙ ( − 5), 6 ≤ ≤ 10   (T  to T )

    (3.2) 

 

In this work, the compensation currents IKi (i from 1 to 10) is applied to RC for creating 

the corresponding compensation voltages VKi. As TL1 to TL5 exhibits a positive TC, the 

corresponding compensation currents IK1 to IK5 are generated from the multiples of INT. 

Similarly, the positive TC compensation currents IK6 to IK10 are generated using the 

multiples of IPT for temperature compensation for TH1 to TH5. The influence of the 

compensation currents’ TC will be further discussed in Section III. With the 

compensation voltages, the voltage reference with segmented curvature compensation 

VREF2 is described as, 
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= ( ∙ + ∙ ) ∙ +  

                    = ∙
ln

+ ∙ ∙ + ∙    (3.3) 

 

3.2 Design and Implementation 

 

The segmented curvature compensation is proposed based on the first-order 

compensated BGR as shown in Fig. 2.1. Fig. 3.3 shows the proposed BGR circuit, in 

which ROUT in (10) can be substituted as ROUT=R3+RC, and the original R1 in Fig. 2.1 

is divided into 10 sections R1.j (j from 1 to 10), and the corresponding voltage of the 

upper node of each resistor reference to ground is presented as VAj. The output of the 

10 comparators CMPj after comparing VAj with VREF1 are processed using logic gates 

to activate the different compensation currents IKi (i from 1 to 10) for each temperature 

region to flow through resistor RC at the output side. Then the corresponding 

compensation voltage VKi is generated to compensate for the reference voltage in each 

temperature region.    
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Fig. 3.3 Proposed BGR with segmented curvature compensation. 



 

 
35 

 

Following the three rules as described in Chapter 2, and as the output voltage reference 

of the first-order BGR is a convex curve according to the result in Chapter 2, the voltage 

drift of the voltage reference would be more significant as the temperature is more away 

from the temperature of the convex peak. Thus, the segments located at the highest and 

lowest temperature would have the smallest temperature range for both high and low 

temperature sides when the voltage deviation for each segment are identical. In this 

design, it requires the temperature range of each segment to be at least 5 °C to prevent 

temperature regions from frequently changing due to temperature variation, resulting 

in a total of 11 regions. However, comparing to the ideal case as shown in Fig. 3.1, the 

simulated first-order voltage reference is in fact asymmetric as shown in Fig. 2.3. The 

corresponding voltage drift is 930.0 µV from the peak voltage to the voltage of the 

lowest temperature (-40 °C) and 998.025 µV from the peak voltage to the voltage of 

the highest temperature (180°C). Therefore, the voltage deviation VD would be treated 

separately for the low and high temperature parts. The high temperature part (128.2 °C 

to 180 °C) is divided into 5 regions TH1 to TH5, sharing the same voltage deviation of 

166 mV; the low temperature part (-40 °C to 38.9 °C) is divided into another 5 regions 

TL1 to TL5, sharing the same voltage deviation of 155 mV; the temperature region TM is 

located from 38.9 °C to 128.2 °C, with the voltage variation of 166 mV. Table I presents 

the designed range of all the temperature regions and the corresponding temperature 

coefficients of the simulated VREF1. To push the segment in each region to the identical 

voltage deviation level as the region TM, the expected compensation voltages VKi (in 

mV) can be designed as:  

 

                 =
 155 ∙ (6 − ),   1 ≤ ≤ 5
165 ∙ ( − 5),   6 ≤ ≤ 10

          (3.4) 
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To realize the proposed scheme, a resistor ladder is required to divide the emitter–base 

voltage VEB of a BJT into different voltage levels as shown in Fig. 3.2. To achieve 11 

regions, the original resistor R1 in Fig. 2.1 should be divided into 10 sections. The 

resistor in each section can be described as R1.j (j from 1 to 10) as in Fig. 3.3. 

Consequently, 10 CTAT voltages VAj (j from 1 to 10) derived from the emitter–base 

voltage VEB can be generated by the voltage divider. Fig. 3.4 shows the VAj and the 

simulated VREF2, in which VA1 to VA10 crosscut the voltage reference with 10 

intersection points from -40 °C to 180 °C. As the range between two adjacent 

intersection points determine the location of the 11 segments or temperature regions, 

either adjusting the resistance of R1.j or R3 can change the voltage level of VAj or VREF2 

accordingly to adjust the location of the segments.    
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Fig. 3.4 VAj versus VREF2. 

 

The hysteretic comparators (CMP1 – CMP10) determine whether VAj is larger than the 

first-order compensated voltage reference VREF2, then the comparators’ outputs Cj are 

further processed by logic gates to activate different compensation currents from -40 

°C to 180 °C. When VAj is larger than VREF2, the output of the corresponding comparator 
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is ‘1’; whereas if VAj is smaller than VREF2, the output of the corresponding comparator 

is ‘0’. However, the comparators’ offset will be significant especially at high 

temperature which could affect the outputs of comparators at the high temperature 

regions. To relax this effect, adjustable resistor R1.j should be implemented to adjust 

VAj correspondingly 

 

As the outputs of all comparators are unique for each temperature region, there exist 

some logical relationships among the comparators’ outputs in each region, which could 

be further utilized by logic gates to control different compensation currents. For one 

temperature at any of the region from TL2 to TL5 and TH1 to TH4 as designed in Table 3.1 

and Fig. 3.3, there is only one pair of Cj and Cj+1 equals ‘1’ and ‘0’, respectively, while 

the others pairs equal ‘1’ and ‘1’ or ‘0’ and ‘0’. With this characteristic, XNOR gates 

could be utilized to activate a unique compensation current for each region, with the 

truth table as shown in Table 3.2. Thus, two adjacent Cj (from C1 to C10) are connected 

to the corresponding 8 two port XNOR gates as shown in Fig. 3.3. For the region TL1 

and TH5 as designed in Table 3.1, the comparators’ output of them will be equaled to ‘1’ 

and ‘0’, respectively when the temperature is located at their temperature region. To 

utilize this characteristic, OR gate and NOR gate are introduced with the truth table as 

shown in Table 3.2. As shown in Fig. 3.3, C1 and GND are connected to a two port OR 

gate, C10 and GND are connected to a two port NOR gate. In this design, each 

temperature region has a corresponding logic gate which is outputting ‘0’, while others 

are outputting ‘1’, except for the region of TM (39.2 °C ~ 122.8 °C). As the switches for 

controlling the compensation currents are implemented by PMOS (M6-M15), they can 

be activated only when the output of the corresponding logic gate outputs ‘0’. As there 

is only one logic gate output ‘0’ among all the temperature regions, thus, only one 

PMOS switch is turned on for activating the corresponding compensation current at that 
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region.  

 

Table 3.1 Designed temperature regions and TC Of VREF1 

Regions Temperature (°C) TC (ppm/°C) 

TL1 -40.0 ~ -27.3 62.58 

TL2 -27.3 ~ -13.6 53.93 

TL3   -13.6 ~ 1.3 45.85 

TL4  1.3 ~ 18.1 36.05 

TL5 

TM 

TH1 

TH2 

TH3 

TH4 

TH5 

18.1 ~ 38.9 

  38.9 ~ 128.2 

128.2 ~ 144.4 

144.4 ~ 156.1 

156.1 ~ 165.5 

165.5 ~ 173.2 

173.2 ~ 180.0 

26.11 

4.41 

19.01 

23.54 

28.97 

30.47 

32.03 

 

Table 3.2 Logic gates’ truth table 

OR NOR XNOR 

A  B  O A  B  O A  B  O 

0 0 0 0 0 1 0 0 1 

0 1 1 0 1 0 0 1 0 

1 0 1 1 0 0 1 0 0 

1 1 1 1 1 0 1 1 1 

 

The compensation currents IK1 to IK10 are mirrored and multiplied by M16-M25 to 

resistor RC to generate the compensation voltage VKi. As mentioned in Formula (3.4), 

the VKi are designed with multiples relationship. Thus, the compensation currents IKi 

should be proportional to each other similar to VKi, and the corresponding ratio is IK1: 

IK2: IK3: IK4: IK5= IK10: IK9: IK8: IK7: IK6= 5: 4: 3: 2: 1. Based on their ratios, the multipliers 

of current mirrors M16-M25 (with identical width and length) can be designed 

accordingly. 
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As discussed before, the TC in TL1 to TL5 are positive while the TC in TH1 to TH5 are 

negative. To better compensate for the temperature drift in each region, the 

compensation currents IK1 to IK5 for regions TL1 to TL5 are mirrored from VN with 

negative TC characteristic, while IK6 to IK10 for regions TH1 to TH5 are mirrored from VP 

with positive TC characteristic. As the resistance of RC is much smaller than the total 

resistance at the output side, the TC of VKi brought by IKi would slightly reduce the 

overall TC of the voltage reference in each region (except for the region TM). 

Meanwhile, As the leakage currents could affect the accuracy of IKi in each region, to 

relax this problem, high threshold voltage transistors (Pch_25) together with longer 

channel length were adopted in the design of M16-M25 to reduce leakage currents to 

pA level throughout the entire temperature range.  

 

For resistor R1.j, linear and non-linear TC brought by resistors could influence the slope, 

curvature, and position of VAj, then affecting the location of temperature regions. For 

the resistors R3 and RC, in which the reference current IREF and the compensation 

currents IKi flow through them to generate the voltage reference, thus their TC surely 

affect the TC of voltage reference VREF2. Thus, temperature independent resistor is 

proposed to solve these problems in this paper. The temperature independent resistor 

consists of a series connection of positive TC N+ unsilicided poly resistor (Rnpolywo) 

and a negative TC P+ unsilicided poly resistor (Rppolywo), with a designed ratio to 

compensate the TC effect.  

 

3.3 Simulation Results 

 

The simulation result of the compensation currents IK1 to IK10 and the first-order 
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compensated voltage reference without the segmented curvature compensation is 

shown in Fig. 3.5, with a TC of 11.57 ppm/°C over the temperature range -40 °C to 180 

°C. As mentioned previously, negative TC currents IK1 to IK5 are activated accordingly 

for region TL1 to TL5, while positive TC currents IK6 to IK10 are activated accordingly 

for region TH1 to TH5, and there is no compensation current for region TM. 

Compensation currents IKi flow through RC to generate a compensation voltage in each 

respective temperature regions for the voltage reference. As a result, the voltage 

reference TC improves significantly with the help of segmented curvature 

compensation, as shown in Fig. 3.6, where the TC of the compensated voltage reference 

VREF2 achieves 1.58 ppm/°C over the temperature range -40 °C to 180 °C with a 1.3 V 

voltage supply in the TT corner.  
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Fig. 3.5 Simulated compensation currents IKi and first-order compensated voltage 

reference VREF1. 
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Fig. 3.6 Simulated first-order compensated voltage reference VREF2 with the proposed 

segmented curvature compensation. 

 

The power consumption should be another important consideration of BGR circuit. For 

the BGR design with resistor, the power consumption is inversely proportional to the 

resistor value. However, as indicated in [21], a larger resistor may take up most of the 

silicon area. Therefore, a balance should be enforced between power consumption and 

silicon area. In this design, the approximate silicon area is 0.032 mm2 with total 

resistance usage of 7.80 MΩ. As a low power current controlling circuit combined with 

comparators and logic gates is introduced for the proposed BGR, only one 

compensation current is activated for segmented curvature compensation, which 

optimizes the overall power consumption. The power consumption for all the 

comparators is equal to 96.5 nA at 27 °C, and the logic gate remains at the pA level. 

The total current consumption for the proposed BGR at 27 °C is 0.99 µA at 1.3 V. Fig. 

3.7 shows the power consumption over the entire temperature range. Notice that due to 

the segmented curvature compensation, compensation currents with different 

magnitude will be activated according to the corresponding temperature regions. 
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Fig. 3.7 Power consumption of the proposed BGR circuit versus temperature. 

 

Fig. 3.8 shows the simulation result for the line regulation of the proposed BGR at 27 

°C, which shows that the line regulation of the proposed BGR is 0.259 %/V with VDD 

from 1.3 to 1.8 V. 
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Fig. 3.8 Line regulation of the proposed BGR. 

 

Fig. 3.9 shows the TC of the proposed BGR from -40 to 180 °C under different corners. 

The best TC is achieved in the TT corner at 1.58 ppm/°C, followed by the SS corner at 

6.83 ppm/°C and the FF corner at 7.97 ppm/°C. The total variation of the voltage 

reference among these 3 corners is 1.8 mV. Furthermore, the Monte Carlo simulation 

result of 500 runs against process variation and mismatch is shown in Fig. 3.10. An 
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average voltage of 394.32 mV of VREF2 with a standard deviation σ of 5.02165 mV is 

observed.  
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Fig. 3.9 TC of the proposed BGR under different corners. 
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Fig. 3.10 Monte-Carlo simulation results of VREF2. 

 

Table 3.3 compare the performance of the proposed BGR compared with the other BGR 

works, including ATC compensation [9], piecewise-linear curvature-corrected bandgap 

reference [11], and high order curvature-corrected compensation [17], [18], [19]. 

Comparing to the other BGR works with similar supply voltage and TC, this work 
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extends the temperature range, and the current consumption is also decreased 

dramatically due to the proposed highly efficient segmented curvature compensation 

technique. 

 

Table 3.3. Performance and Comparison 

 

 

3.4 Summary 

 

With the help of the proposed segmented curvature compensation, the corresponding 

compensation voltage can be generated to each temperature region, therefore the output 

reference voltage can be systematically aligned to an identical voltage level, effectively 

achieving a small TC over a wide temperature range. A low power current controlling 

circuit is proposed to achieve this compensation scheme, which also optimizes and 

reduces the overall BGR power consumption. As a result, the temperature range could 

be extended to -40°C to 180°C with a TC of 1.58 ppm/ °C under a 1.3 V supply, while 

consuming a power of just 1.3 µW. 

 

 

 

 

 

Parameter *2017 [9] 
IEEE CASI 

*2012 [11] 
IEEE JSSC 

*2017 [17] 
IEEE CASII 

*2015 [18] 
IEEE CASI 

*2014 [19] 
IEEE CASI 

2020 
This work 

Minimum Supply Voltage (V) 1.3 2.5 0.4 1.2 1.2 1.3 

Current Consumption (µA) 28 38 0.192 120 36 0.99 

Reference Voltage (mV) 547 617.7 212.4 735 767 394.0 

TC (ppm/°C) 1.67 13.7 84.5 1.0 3.4 1.58 

Temperature Range (°C) -40 to 140 -50 to 150 -40 to 130 -40 to 120 -40 to 120 -40 to 180 

Line Regulation (%/V) 0.08 0.039 N/A N/A 0.054 0.259 

Chip Area (mm2) 0.0094 0.1019 0.09 0.063 0.036 0.032 

CMOS Process 0.18 µm 0.35 µm 0.18 µm 0.13 µm 0.18 µm 65 nm 

*Measured results 
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CHAPTER 4: CONCLUSION AND FUTURE WORKS 

This paper presents the basic principle of bandgap voltage reference, implementation 

and simulation of the conventional BGR and finally the proposed BGR. The 

understanding of the basic principle of BGR help us understand the IC design 

knowledge more in-depth, from the basic formula to the schematic of the circuit which 

help us a lot before the simulation stage. The implementation and simulation of the 

circuit provides us a more realistic case when we are going to design a circuit. The 

current leakage, offset, etc. can significantly influence the result during the design stage. 

This part helps us learn more about the IC design in the components stage. As for the 

last part, the novel BGR, which is a part to innovate and improve the previous design. 

Without huge power consumption, the novel BGR can generate a relatively good TC 

with wide temperate range. 

 

Based on the works presented in this thesis, the following points are proposed for the 

future works. 

1) Trimming circuit will be designed and implemented according to the original 

schematic, to minimize the influence of process variation during the tape out 

process. 

2) In this design, two first-stage operational amplifiers are adopted. However, this 

first-stage Op-amp limited the performance of line regulation. Thus, we may replace 

them by two-stage Op-amp in the future. 

3) Layout of this circuit is relatively complicated, as different sizes of resistors are 

utilized in this schematic. Thus, we will keep working on the layout in the future. 
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