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Abstract. A small size, sub 1V CMOS bandgap voltage reference with the temperature coefficient (TC) of 
12ppm/˚C from 0˚C to 100˚C is presented in this paper. The proposed circuit offers several performance advantages 
over previous bandgap voltage reference circuits. Compared to a conventional structure, it achieves a smaller area by 
using only two diodes. Also, it can fulfil sub 1V reference voltage by using temperature coefficient of threshold 
voltage to generate a current proportional to absolute temperature. This is because TC of this current on proposed 
circuit is bigger than that of conventional structure. Detailed analysis of the proposed bandgap reference is provided, 
which is simulated using 0.35μm CMOS process. The proposed bandgap reference occupies an active area of 
0.0067mm2. The simulation results are the voltage reference output voltage of 0.843V and an accuracy of ±0.08%.  

1 Introduction  
Voltage reference is at most essential part on mixed-
signal applications, such as analog-to-digital (AD) and 
digital-to-analog (D/A) converters, regulators.  Generally, 
precision of voltage reference over supply voltage and 
operating temperature is important factor, because it 
limits the resolution of these applications. So bandgap 
reference which makes voltage reference less sensitive to 
temperature is important. Recently, the demand for small 
size and low power is increasing. As a result, the demand 
for bandgap references which have small size and sub 1V 
voltage reference is also increasing. For size of bandgap 
reference, the number of diodes is the critical factor, 
because diodes are implemented by bipolar transistor 
transistors whose size is very huge. Thus, the number of 
diodes must be decreased to reduce active area. The 
conventional bandgap references generally use more than 
9 diodes, leading to large die area. And they have voltage 
reference range from 1.1V to 1.3V [1, 2]. This is because 
of low positive temperature coefficient of current. Sub 1-
V bandgap voltage references are described in [3-8]. 
However, since these bandgap references have complex 
structure or have high current, they occupy large area or 
consume high power.  

A sub-1V bandgap reference (BGR) with a small area 
is presented in this paper. The following chapters show 
conventional BGR structure and proposed BGR structure 
including mathematical analysis and the simulation 
results.  

2 Conventional bandgap reference  

Generally, BGR uses negative temperature coefficient 
(TC) and positive TC. These two TCs counterbalance 
each other. So, it can make voltage reference independent 
to temperature. Figure 1 shows the schematic of 
conventional BGR. It uses base-emitter voltage of bipolar 
transistors or, forward bias voltage of a diode to make a 
negative (TC). That negative TC value is approximatively 
1.5mV/ ˚C, is explained in [9, 10]. Conventional BGR 
also uses difference between forward voltages of diodes 
to make positive TC, when current flowing diodes is 
same. Because their difference is proportional to the 
absolute temperature (PTAT). Figure 2 shows concept of 
difference between forward voltages of diodes, and 
equation of PTAT voltage is given by (1). 
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VT is proportional to temperature, and is presented in (2). 
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    (  is quantity of electric charge)

T
V kT q

k

T

q

�

           (2) 

So, difference between forward voltages of diodes has 
positive TC. Conventional BGR uses both negative TC 
and positive TC to make voltage reference independent to 
temperature. Amplifier in Fig. 1 makes node voltage of A 
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equal to VD2. Also, amplifier makes current flowing D2 
equal to current flowing D1. This is because output of 
amplifier is input of p type mosfets, which have same 
width and length. As a result, voltage drop across R1 is 
difference between forward voltages of diodes and has 
positive TC. Current flowing R1 is given by

1 2 .
1

1  ( ln ln ).
1

   ln .
1

D D

T T

O O

T

V V
I

R

nI I
V V

R I I

V
n

R

�
�

� �

�

                    (3)

 

Figure 1. Schematic of the conventional bandgap reference. 

 

Figure 2. Conceptual schematic of PTAT voltage. 

Eq. (3) shows that the current flowing R1 (I) is growing 
up by increasing temperature, because difference between 
forward voltages of diodes is PTAT. P type mosfets copy 

the current flowing R2 from that of R1. So voltage drop 
across R2 is also PTAT. As a result, Vref is given by,
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VD3 is turn on voltage of D3, which has negative TC, 
while voltage drop across R2 is PTAT. So both negative 
TC and positive TC counterbalance each other. TC of Vref

is represent by
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Therefore, Vref can be independent on temperature. 

3 Proposed bandgap reference  
Figure 3 shows the schematic of proposed BGR. It only 
uses two diode (D1, D2). Proposed circuit uses forward 
bias diode, which has negative TC when the current 
flowing diode D1 is fixed. And, it also uses current 
flowing R1, which has positive TC. It is possible to
analyse positive TC of current flowing R1 by using 
property that currents flowing M1 and R1 in Fig. 3 are 
same, Since R1 and M1 are connected in series. The 
amount of current flowing them is same as  
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Figure 3. Schematic of the proposed bandgap reference. 

If the current flowing R1 in Fig. 3 is analysed about 
temperature, temperature variation of current on R1 is 
given by (7).
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Eq. (7) shows that the current flowing R1 (Ip) is growing 
up by increasing temperature, because VA and Vth have 
negative TC. As a result, IP is PTAT. P type mosfets copy 
the current flowing R2 from that of R1. Reference 
voltage Vref is represented by 

2 2 .
ref D P

V V R I� �                                      (8)

which VD2 is turn-on voltage of D2. When the 
temperature increases, VD2 decreases due to the negative 
TC of VD2, while the voltage drop across R2 increases 
due to the increase of IP. TC of Vref is given by 
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As the temperature goes up, increasing of voltage drop 
across R2 counterbalances decreasing at VD2. Therefore, 
Vref can be independent on temperature. 

The PTAT current TC of proposed BGR is bigger 
than that of conventional structure [1], when amount of 
PTAT currents is same. Thus, when PTAT current 
counterbalances negative TC of VD2, amount of PTAT 
current in proposed BGR is smaller than that of 
conventional structure. As a result, voltage drop across 
R2 is also smaller than that of conventional art, and Vref is 
low voltage, which is under the 1V.

4 Use BMR for current source  

A beta-multiplier reference (BMR) insensitive to supply 
voltage variation, is used as the current source in bandgap 

reference as shown in Figure 4. The BMR current is 
given by (10).  
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Figure 4. Proposed BGR with BMR. 

However The BMR current is affected according to 
temperature variation. Since this effect can vary TC of 
turn-on voltage of diode (VD) , TC of BMR current must 
be considered when TC of VD is analysed. TC of BMR 
current is given by 
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TC of VD considering TC of BMR current is given by
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saturation current of diode)

(12) 

Eq. (12) shows that temperature variation of BMR 
current has no impact on temperature coefficient of turn 
on voltage of diode at all. 

5 Simulation Results 
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The proposed BGR and conventional BGR are designed 
and simulated with 0.35μm CMOS process. Layout view 
of Conventional BGR is presented in Figure 5. It has 
large active area, which is 0.0132mm2. Figure 6 shows a 
layout view of the proposed BGR. It occupies an active 
area of 0.0067mm2, which is smaller than of [1], [2] and
[3]. Conventional BGR approximatively has twice area 
compared to area of proposed BGR.

Figure 5. Layout view of the conventional BGR.. 

Figure 6. Layout view of the proposed BGR. 

Figure 7. Simulation result of I

TC of PTAT current I in conventional bandgap at Fig 1 is 
0.7nA/˚C, which is described in Figure 7. It is measured 
when I at 0˚C is overall 12.4uA. Whereas, TC of PTAT 
current IPTAT in proposed BGR is 1.65nA/˚C, as shown in 
Figure 8. This TC value is also measured when IPTAT at
0˚C is overall 12.4uA. Proposed BGR has bigger TC 
value of PTAT current than that of conventional BGR. 
TC of PTAP current in proposed BGR is 2.35 times 
larger than that of conventional BGR, which is the same 

result expected in the previous chapter. A slope of IPTAT
can be changed by adjusting W/L ratio of M1 and M2. 
Conventional BGR output voltage of bandgap reference 
is represented in Figure 9. Output voltage VREF is 1.168V, 
which is larger than 1V. Peak to peak error for voltage is 
1.2mV, and TC is 12ppm/˚C in the temperature range 
from 0˚C to 100˚C. Figure 10 shows output voltage of 
proposed BGR. Output voltage of proposed BGR VREF is 
0.843V. The maximum voltage variation and the TC are 
1.2mV and 12ppm/˚C in the temperature range from 0˚C
to 100˚C, respectively. Proposed BGR has almost same 
precision for temperature variation compared to 
conventional BGR, but it has small reference voltage that 
is sub 1V

Figure 8. Simulation result of IPTAT. 

Figure 9. Simulation result of conventional BGR VREF. 

Figure 10. Simulation result of proposed BGR VREF . 

6 Conclusion 
This paper presents the CMOS bandgap reference with 
small size and sub 1-V operation by using only two diode 
and TC of Vth to make PTAT current, respectively. It
occupies an active area of 0.0067mm2. The simulation 
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results are the voltage reference output of 0.843V, the 
accuracy of ±0.08%, and TC of 12ppm/˚C from 0 ˚C to 
100˚C. 
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