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Abstract - An improved bandgap reference has been designed with reference voltage variations from -40 to 125°C. The 
voltage reference is operated at the supply voltage of 1.8V to give a reference voltage of 1.4V with 1% tolerance w.r.t 
temperature and supply voltage. The proposed circuit has a temperature coefficient of 0.64 ppm/°Celsius, PSRR -40dB at 
10GHz and line regulation of 0.21. The circuit is proposed to mainly consist of BG core circuit, current generator and start 
up circuit to improve the accuracy of voltage reference. The presented bandgap voltage reference is analyzed theoretically 
and is compared with different existing bandgap reference architectures know their key performance parameters identifying 
the improvements required in these types of circuitry. The proposed architecture which consists of both cascode current 
mirror and operational amplifier that makes the circuit more accurate and stable. The proposed circuit is designed in 10nm 
CMOS technology. 
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I. INTRODUCTION 
 
Bandgap reference is used to generate a non- varying 
dc voltage that is independent from variations in both 
supply voltage and temperature. In the decade from 
1960 to 1969, the idea of creating a voltage reference 
was explored by several scientists to obtain a stable 
output [1]. Different architectures were developed 
from time to time. In 1964, Hilbiber tried to develop a 
low temperature variations dependent circuit [4]. 
Initially, avalanche diode was used to generate the 
reference voltage [2]. In early 70s, Robert Wildlar 
was the first person to introduce the voltage reference 
circuit [3]. Reference voltage was generated around 
1.2V with 2% tolerance with a supply voltage of 
8V+-10%. 
In late 70s, new improved bandgap reference was 
invented and designed with better specifications to 
get desired output [5]. Reference voltage of 3V+-2% 
tolerance is generated with a supply voltage of 5V. 
Voltage reference circuit is mainly used for designing 
LDO, ADC and DAC. 
Here, an improved bandgap reference is designed 
with temperature varying from -40 to 125°C. It 
mainly consists of three blocks; Bandgap core, 
Current generator circuit and Start up circuit. 
Bandgap core is the main operating part of this circuit 
that generates the reference voltage. 
Current generator circuit is used to decrease the 
variation of reference voltage w.r.t temperature and 
Start up circuit is used to prevent the MOS working 
in zero current region and allows it to work in normal 
region. 
 
II. DESIGN OF VOLTAGE REFERENCE 
CIRCUIT 
 
Proposed bandgap reference has Bandgap reference 
core, Current generator and Start up circuit. The 

Bandgap reference core mainly consists of Cascode 
current mirror and Two stage operational amplifier. 
The Bandgap reference core is also called first order 
bandgap reference circuit. Designing of any system 
depends upon its performance measures. 
 
A. Performance Measures 
The characterization of a circuit is the most suitable 
and appropriate way to know its key performance 
parameters and identify its appropriate performance 
measures. Reliability and accuracy of voltage 
reference is checked using these measures. A highly 
accurate voltage reference helps in providing a good 
output which is independent upon external factors. 
The performance of the system is influenced by 
different factors as mentioned below: 
 Temperature Coefficient (TC). 
 Line Regulation. 
 Power Supply Rejection Ration (PSRR). 
 Output Noise. 
After designing the bandgap reference circuit, all the 
chosen performances measures are calculated. It was 
found that it has high power supply rejection ratio 
and least sensitive to external noise. A low 
temperature coefficient of 0.64 ppm/ °C and line 
regulation of 0.21 is found which is very good. 
Performance measures must meet all the 
specifications for achieving a stable and accurate 
output. These four performance measures are used to 
analyze and improve the stability of any system and 
its sub-system. 
 
B. Operating function 
The bandgap energy (𝐸𝐺) is the energy gap between 
conduction and valence band in semiconductors. For 
the case of Silicon, the bandgap energy is equal to 
1.12 electron volt (𝑒𝑉) at 300 K [7]. In the design of a 
bandgap reference circuit, slopes of PTAT and CTAT 
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voltages should be matched to get nearly zero slope 
reference voltage. 
This Bandgap Voltage reference circuit is based on 
adding the CTAT voltage having a negative 
temperature coefficient (𝑇𝐶) and a voltage 
proportional to absolute temperature (PTAT) having 
positive temperature coefficient. 

 
Fig 2.1 Reference Voltage generation [6] 

 
Fig. 2.1 illustrates the operating function of a 
bandgap reference circuit, where the PTAT voltage is 
equal to the difference in the base-emitter voltages of 
BJT. The PN junction generates a complementary to 
absolute temperature voltage (CTAT) also known as 
emitter-base voltage (𝑉𝐸𝐵) for the case of PNP 
transistors. This voltage also generates a thermal 
voltage (𝑉𝑇) which is a PTAT. 
𝑉𝑅𝐸𝐹=𝑉𝐸𝐵+𝐾∗𝑉𝑇……1 
Reference voltage is a combination of proportional to 
absolute and complementary to absolute temperature 
voltages. PTAT has a positive temperature coefficient 
while CTAT has negative temperature coefficient. 
These generates equal and opposite slope and are 
combined to generate the Zero to absolute 
temperature (ZTAT) voltage as shown in Fig. 2.2. 

 
Fig 2.2 Reference voltage w.r.t temperature 

 
C. Mathematical Equations 
Mathematical equations are crucial part for designing 
any system or a sub system. It helps to know the 
functionality range and specifications of that system. 
R1 and R2 resistances and the operating voltage of 
bandgap reference core circuit are calculated using 
these equations. 

 
Using the values of R1, R2 Reference voltage is 
found to be approximately 1.5 V. This result 
concludes that given voltage reference has an 
operating voltage of 1.8V. 
 
To nullify the nonlinearity of the first-order bandgap 
reference, two current generators circuits are included 
in the circuit. A startup circuit is also included in the 
design to prevent the transistor to move into zero 
current region. This circuitry helps the design to 
sustain in normal region. 
 
Inl1 and Inl2 currents are passed through resistor R3 
that generates the corrected voltages Vnl1 and Vnl2, 
respectively, which are PTAT in nature. Addition of 
these voltages into reference voltage will improve the 
variation of reference voltage. 
 
It can be illustrated as follows: 

 
The corrected reference voltage so obtained helps in 
designing a better and an improved bandgap 
reference circuitry. 
 
D. Proposed Design 
Bandgap reference is designed in Cadence Virtuoso 
tool to obtain all the results. 
To improve the accuracy and variation of reference 
voltage w.r.t temperature and supply voltage, two 
current generators circuit are added that generates the 
PTAT voltage at extreme temperatures -40 and 125 
degree Celsius and thus helps in decreasing the curve 
formed by bandgap core circuit [8]. The curve looks 
like this: 

 
Fig 2.3 An improved bandgap reference voltage curve 
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Fig 2.4 Schematic of proposed bandgap- based voltage 

reference circuit 
 

This is the proposed bandgap reference circuit that 
provides a reference voltage of 1.4V with 1% 
variation w.r.t both temperature and supply voltage. 
The circuit of two stage operational amplifier is 
shown in Fig. 2.5 
 

 
Fig 2.5 Two stage operational amplifier with NMOS input pair 

 
The two-stage operational amplifier is designed for 
1.8 V supply and simulated at 243 PVT corners with 
a minimum of 40dB gain and 77-degree phase 
margin. Here NMOS input pair operational amplifier 
is used to meet the requirements of desired bandgap 
reference circuit. These features of operational 
amplifier improve the working of bandgap core and 
subsequently increases the accuracy of voltage 
reference circuit. 

 
Fig 2.6 Current generator circuits 

 
PTAT voltage is generated by Mp6 transistor is used 
to correct the curve of reference voltage by adding 
the PTAT behavior in the circuitry. These makes the 
circuit stable at extreme temperatures. 
 

 
 
Mp4, Mp5 and Mn2 transistors are working in 
saturation region to act as current source device. The 
PTAT current so generated when passes through a 
resistors R4 and R5 generates PTAT voltage and this 
voltage added into first order bandgap reference to 
improve the variation of the reference voltage and 
makes it more accurate. 
Similarly, the voltage generated at the Mp9 transistor 
is given 
Vmp9 = VDD – R5*Iptat3…5 
Current Inl1 and Inl2 flows through the resistor R3 
which helps in correcting the reference voltage and 
decreases the variation of reference voltage w.r.t 
temperature and supply voltage. 
 
III. SIMULATION RESULTS 
 
The proposed BGR is carried out in 10nm CMOS 
technology. Simulation of voltage reference circuit is 
carried out at 108 PVT corners to know it’s working 
over a temperature range of -40°C to 125°C. The 
temperature coefficient achieved from the circuit is 
0.64 ppm/°C, line regulation of 0.21 and PSRR of -
40dB at 10GHz. 
 

 
Fig 3.1 Reference voltage w.r.t temperature at typical corner 
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To understand the variation of reference voltage w.r.t temperature and supply voltage, it is simulated at 108 
PVT corners. 

 

 
Fig 3.2 Reference voltage at all PVT corners 

 

 
Fig 3.3 Histogram plot of reference voltage 

 

 
Table 1 Performance Parameter of Proposed Bgr 
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IV. CONCLUSION 
 
The proposed bandgap reference circuit is designed in 
10nm CMOS technology to achieve a stable output 
reference voltage of 1.405V at 27°C ,with a supply 
voltage of 1.8 V .It is observed that a low temperature 
coefficient of 0.64 ppm/°C, PSRR -40dB at 10GHz 
and line regulation of 0.21 is found over a 
temperature range of -40°C to 125°C.It is simulated 
at maximum PVT corners to know its performance 
and behavior of the circuitry in every possible cases. 
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