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In analog and mixed-signal circuit applications, the bandgap reference 
(BGR) circuit generates a reliable output. However, process, voltage, and 
temperature fluctuations all have an impact on output performance. 
Capacitors, resistors, and amplifiers increase the size of power supplies. 
As a result, the trimmer circuit is recommended for the BGR circuit to 
reduce fluctuations and process extension. Temperature compensation 
provides better temperature coefficients by adjusting the transistor volt-
age aspect ratio. The final characteristic curves are corrected to avoid 
slope variations, and temperature adjustment is required to provide the 
reference current in the BGR circuit. Temperature coefficients (TC) are 
calculated using electron mobility, voltage drop across the transistor, and 
threshold voltage factors. The temperature-dependent threshold voltage 
generates a low dependency drain current. Temperature reparation is 
achieved through temperature coefficients, and gate-source voltage is 
generated in the BGR circuit. Monte Carlo simulation beats efficient 
methods for identifying process variations and mismatches. Designing 
cascade current mirrors in the BGR circuit reduces the channel length 
modulation impact while increasing the resistance value. The trimmer 
current reference circuit outperforms the efficient reference current  
21µA  at time of 110 to 150 µS .

Keywords:  Temperature coefficients, trimming circuit, bandgap reference circuit, 
transistors, and aspect ratio
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1  INTRODUCTION

In the current mode BGR, the Proportional to Absolute Temperature (PTAT) 
and Complementary to Absolute Temperature (CTAT) voltages are converted 
into temperature-independent current, which is then utilized to generate a band-
gap reference voltage. In the BGR circuit, 1.2V is considered the minimum 
supply voltage, and current mode BGRs are more adaptable. Temperature coef-
ficients for BGRs based on bipolar junction transistors (BJTs) range from 20 to 
100 ppm/C [1]. Temperature adjustment eliminates non-linear components, 
resulting in great accuracy and stability. To improve accuracy and stability, low-
voltage BGRs use several curvature correction algorithms [2].

CMOS process advancement reduces feature size and lowers operating 
voltage. Temperature-compensated approaches are required to provide more 
precise reference voltages in BGR circuits [11]. BGR circuits are utilized in 
a variety of applications [12], including converters, linear regulators [15], and 
memory circuits that produce stable outputs in analog circuits. Furthermore, 
digital and analog circuits are integrated into the State of Charge (SoCs), 
resulting in noise and interference with the power supply. To minimize noisy 
chip environments, BGR circuits’ primary side regulation (PSR) performance 
and precision must be improved [21]. Line sensitivity is diminished while the 
native oxide compensates for the voltage, which requires a higher supply 
voltage to operate.

In PTAT current generation, amplifiers are utilized to maintain system sta-
bility in bandgap voltage reference systems. The extra amplifiers increase the 
chip’s area usage, as does the offset voltage, and noise interference lowers 
voltage difference accuracy. In analog or mixed-signal circuits, the tempera-
ture-independent current reference determines the steady bias current. The 
temperature compensation process takes place in a small range to increase the 
temperature coefficients (TC). Low dropout regulators (LDOs) require a 
high-quality, low-noise reference voltage to function properly. Furthermore, 
the BGR current is supplied as the input to the LDO, which employs the 
potential divider to convert the voltage and increase the noise performance.

1.1  Trimmer circuit
To give an accurate current reference, the trimmer circuit compensates for 
process fluctuations and mismatches. Transistors are linked in parallel with 
the switches in the trimmer circuit. The transistor values are modified by 
adjusting the aspect ratio, which accounts for temperature differences. The 
trimmer circuit, which modifies the final characteristic curves to reduce fluc-
tuations and slop, improves the system’s stability and accuracy. The sensitiv-
ity of the supply voltage is lowered by accounting for the temperatures 
utilized to generate the reference current. The transistor magnitude is modi-
fied to regulate the TC, lowering process deviations.
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2  MOTIVATION

Branch currents are utilized to convey information in current mode circuits. 
However, the current mode circuit’s construction technique has an effect on 
output accuracy. Because of the chip creation process, each produced circuit 
has a unique current reference. In electronic applications, supply voltage can 
vary for a variety of reasons.

2.1  Literature review
Zhi-Zhi Chenet et al. [21] proposed a supply rejection BGR circuit with a 
start up boost self-regulated topology. The boost structure increased the 
power supply rejection ratio (PSRR) and precision of reference current mea-
surements. Monte Carlo simulations are used to obtain efficient findings that 
improve the performance of the BGR circuit. However, channel length should 
be optimized to reduce mismatches. Shichao Jia et.al [2] reported BGR with 
segmented temperature compensation, which created the compensation sig-
nal using the voltage differential between BJTs. In a wide temperature range, 
a low-temperature coefficient was attained, and simulations were offered to 
improve the performance. The approach provided improved stability and was 
mostly employed in low-voltage and power applications.

Furthermore, higher-order nonlinear currents were incorporated into the 
BGR circuits. Huanget al[6] demonstrated the gate leakage BGR circuit in 
biomedical applications. The reference voltage was generated using the 
PTAT and CTAT curves, which take use of the beta multiplier’s body bias 
effect. Resistors were replaced with gate leakage transistors to ensure low 
power and area. The prominent circuits prevented offset difficulties, and the 
negative temperature caused sub-threshold leakage, which constrained the 
design.

2.2  Challenges

	• Current mode. BGR has some limitations, including a lack of PTAT cur-
rent supply, a broad consumption region, a high TC, and multiple operat-
ing points. However, the combined CTAT and PTAT performance was 
poor due to the poor performance of TC [10].

	• The chopping procedure resulted in non-ideal input current and high-
frequency noise for the operational amplifier (op-amp). In CMOS design, 
MOSFETs have lower temperature sensitivity and require several trim-
ming points for accuracy.

	• Recent reference source designs only meet very low TCs due to limited 
temperature characteristics affecting current generation. Higher order 
temperature residue terms existed in non-linear compensation BJTs, 
necessitating a more thorough elimination or rejection process [11].
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3  PROPOSED BANDGAP REFERENCE CIRCUIT

To provide the reference current, the BGR circuit includes a starter circuit, a 
trimming circuit, n-Channel metal oxide semiconductor (NMOS), and PMOS 
transistors. Generation of IPTAT  and ICTAT  are added to generate the reference 
current. Then the trimming circuit is proposed across the reference current 
generation area, which is used to eliminate the process variations. The trim-
ming circuit reduces process errors while changing the size of resistance to 
regulate the voltage TC. Figure 1 shows the schematic diagram for the pro-
posed methodology. 

The startup circuit shown in figure 2 is utilized to maintain a stable condi-
tion and is located between the circuit’s input and output of the feedback 
path. When the output voltage drops below the threshold, the startup circuit 
applies voltage to the input. In this starter circuit, the bandgap reference is 
monitored using capacitive coupling. The beta multiplier circuits are then 
connected to the starter circuit, which provides the PTAT and CTAT currents. 
The CTAT’s nature is regulated by adjusting the aspect ratio, and the beta 
multiplier circuits are intended to compensate.

Low voltage. CR combines the PTAT and CTAT currents to provide the 
temperature-compensated reference current. The resistive design CR cre-
ates the additional voltage that powers the transistors and operates in the 
sub-threshold region. This design assures low power operation, and the 

FIGURE 1
Schematic of the proposed BGR circuit
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mathematical expression for the drain-source current and resistance is as 
follows:
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capacitance, thermal voltage is represented as a vt gate-source voltage is rep-

resented as vgs. ids is the drain-source current, rds is the drain-source resis-

tance, vds is the drain-source voltage and n is the slope of sub-threshold. Then 
the PTAT current is formed by connecting the resistance r4 between the 
source voltages, and the mathematical expression for the PTAT current is fol-
lowed as,
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FIGURE 2
Schematic diagram of the startup circuit
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Where IPTAT � � represents the PTAT current, φ is the body bias coefficient, ϕs is 
the surface potential. Line regulation effects are enhanced by lowering chan-
nel length modulation effects. The PTAT voltage is determined by means of 
the current, resistor, and gate-source voltages.
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And the temperature dependence PTAT current expression is as follows, 
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PTAT  is the temperature dependence of PTAT current and the tem-

perature is represented as t. CTAT behaviors are controlled by two MOS tran-
sistors with varying channel lengths and threshold voltages. In this design, 
the CTAT current is generated using the Gate source voltage. This circuit 
utilizes low occupied silicon area, and the mathematical expression for the 
current is as follows:
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CTAT current flows through the resistance and then the mathematical expres-
sion for the first-order TC is derived as follows, 
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The reference current is determined by the threshold slope, the poly resistors, 
and the threshold voltage. The shared resistive path can yield compensated 
voltage drops, and the mathematical model of the expression is derived.

	
V I I rsub PTAT CTAT� �� � 3 � (9)
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3.1  Current reference
The CR circuit offers precise current and is commonly found in analog and 
mixed-signal systems. The reliance of current mirror performance is mini-
mized by altering IC calibration, temperature, and supply voltage. The volt-
age reference circuit generates the reference voltage, and the resistor is 
integrated into the circuit. The current reference circuit removes temperature 
and supply changes, which are dependent on the voltage reference circuit.
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Where vdd  is supply voltage, vgs is gate-source voltage, r and is resistance.

3.2  Temperature dependence
Operating temperature is regarded as an essential component in the electrical 
characteristics of electronic circuits. Temperature and power supply varia-
tions affect the MOS transistors in the BGR circuit. The PTAT current 
increases linearly with temperature, whereas the CTAT current decreases lin-
early with temperature. There are mismatches and variances here, so tem-
perature correction is essential for the circuits to compensate for the 
temperature and generate the reference current.

3.3  Temperature compensated current reference
The voltage drop across the resistor determines the sum of two temperature 
coefficients that are opposing. The first TC is based on the transistor over-
drive voltage, which had a positive temperature due to electron mobility. The 
temperature dependence of threshold voltage is negative, and low tempera-
ture coefficients are calculated using the ratios. The opposite temperature 
coefficients are balanced, which is employed to operate the circuit reference. 
The transistors’ aspect ratio is utilized to correct for the PTAT and CTAT cur-
rents and generate the reference current.
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Where β β
1 2
and  are the temperature coefficients. Temperature coefficients 

should be compensated to generate the current reference in the circuit topology. 

4  RESULTS AND DISCUSSION

Process & Temperature Sims (post-pex)
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FIGURE 3
Stability Analysis (Gain and Phase margin) of BGR loop

FIGURE 4
Phase margin, phase margin frequency, gain margin and gain margin frequency across PVT at 
100fF load

FIGURE 5
Phase margin, phase margin frequency, gain margin and gain margin frequency across PVT at 
40pF load
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DC Simulation (post-pex)

FIGURE 6
BGR reference voltage and Temperature coefficient across PVT

FIGURE 7
Reference current across PVT

Transient Simulation (post-pex)

FIGURE 8
Sequencer and startup mechanism of BGR across PVT
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4.1  Monte Carlo simulation
A Monte Carlo simulation’s probabilistic model adds elements of uncertainty 
or randomness to aid in prediction. In this simulation, the probabilistic model 
produces distinct results. The mean is 1.14237, while the standard deviation 
is 24.6765. Figure 24 illustrates the Monte Carlo simulation. When adjusting 
the voltage reference, an offset value is utilized to determine precise detec-
tion, and the voltage range is extended from 0 to millivolts. According to the 
simulation results, the initial sample count yields 700mV. At a sample count 
of 100, the voltage range is 740mV to 760mV. The voltage range is then 
reduced within the sample count range as the temperature rises.

Monte Carlo Simulation (post-pex)

FIGURE 9
The layout of BGR with start-up circuit

FIGURE 10
Monte Carlo simulation of Reference Voltage
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DC Simulation (post-pex)

FIGURE 11
Monte Carlo simulation of Reference Current

FIGURE 12
Measured results of BGR

Measured data

5  CONCLUSION

Bandgap reference output fluctuates between chips due to process changes, 
and process parameters only control the bipolar bandgap reference principal 
effect by 15% or 40%. As a result, this problem emerges due to the use of 
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various types of semiconductor resistors. Due to process variances and mis-
matches, the circuit exhibits varying voltages and curvature. To prevent fluc-
tuations and process expansions, the BGR circuit includes a trimmer circuit. 
The aspect ratio of the transistor voltage is changed to offer compensatory 
temperatures. Slope fluctuations are removed by adjusting for temperature, 
and reference current is provided by using superior TCs in the circuit.
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