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ABSTRACT

A high precision temperature compensated CMOS bandgap reference is presented. The proposed circuit
employs current-mode architecture that improves the temperature stability of the output reference voltage
as well as the power supply rejection when compared to the conventional voltage-mode bandgap referenc.
Using only first order compensation the new architecture can generate an output reference voltage of
550mV with a peak-to-peak variation of 400uV over a wide temperature range from -25°C to +100°C
which corresponds to a temperature coefficient of 5.8ppm/oC. The output reference voltage exhibits a
variation of 2.4mV for supply voltage ranging from 1.6V to 2.0V at typical process corner. A differential
cascaded three-stage operational amplifier is included in the bandgap circuit to improve the power supply
rejection of the BGR. Simulation result shows that the power supply rejection ratio of the proposed circuit
is 79dB from DC up to 1kHz of frequency. The proposed bandgap reference is implemented using UMC
0.18um CMOS process and it occupies an active layout area of 0.14mm?’.
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1. INTRODUCTION

Bandgap reference (BGR) is an important building block which is required in many analog and
mixed-signal systems such as communication systems and data acquisition systems, as well as
some digital systems such as dynamic random access memories (DRAMs). A voltage reference
circuit must be, inherently, well-defined and insensitive to temperature, power supply and load
variations. The accuracy of high performance analog circuits such as A/D and D/A converters,
filters etc. are often limited by the precision of their reference voltage over the circuit’s operating
temperature range. Therefore, a good bandgap reference circuit is required to have a high power
supply rejection ratio (PSRR) and a very low temperature coefficient (TC) over a large
temperature range. Recently, different techniques have been proposed to design precise voltage
references at low supply voltages which is in great demand in low-voltage battery-operated
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portable devices and systems. In order to reduce the temperature coefficient, several
compensation schemes i.e. quadratic temperature compensation [1], exponential temperature
compensation [2] and piece-wise linear temperature compensation [3] have been reported. Other
than this, PSRR improvement is another challenge for a BGR [4].

In this paper, a bandgap reference with very high temperature-stabilty and high PSRR
performance is proposed. Conventional BGR architecture [5] employs voltage-mode to produce

a stable voltage reference. The proposed architecture incorporates current-mode operation, where
two currents having complementary type TC are added to generate a temperature independent
current and thereby, producing a temperature independent voltage reference. Compared to the
traditional BGR circuit , the proposed circuit can produce reference voltages less than 1.2V to
meet the requirements of designs under low supply voltages. With the help of resistors and
bipolar transistors, the proposed circuit can produce a very low TC of Vrs with only first-order
temperature compensation. As there are no high-order curvature compensations employed, the
structure of proposed circuit greatly reduces the circuit complexity. Compared to the traditional
BGR circuit that uses a two-stage operational amplifier, the proposed circuit employs a
differential cascaded three-stage operational amplifier [6] to get higher gain to improve PSRR of
the BGR. At the same time, the Miller compensation technique is incorporated in the opamp
circuit to improve the stability of the circuit.

2. CONVENTIONAL BGR PRINCIPLE
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Figure 1. Conventional BGR architecture

Figure 1 shows a conventional voltage-mode BGR architecture [5]. The basic idea of BGR in
CMOS technology is to add a proportional to absolute temperature (PTAT) voltage to the base-
emitter voltage (Ves) of a bipolar transistor, so that the first-order temperature dependency in Ves
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is compensated by the PTAT voltage, resulting in a nearly temperature-independent output
voltage. Typical output voltage of BGR is about 1.2 V at room temperature, which is close to the
bandgap voltage of silicon. The difference between the base-emitter voltages (AVes) of two
bipolar transistors has a positive temperature coefficient (positive TC) and, therefore, can be
treated as a PTAT voltage. On the other hand, the base-emitter voltage of a single bipolar
transistor (Ves) can act as a negative TC voltage.

For a bipolar device the collector current is given by,

T = 1s|e "EB'TT
I
I (1
Where, V;=Thermal voltage=kT/q, and
-E

-
I =The saturation current=bT*™e *T (b is a proportionality factor and m is a material (Si)

constant related to electron mobility in 1t).

Therefore, the negative TC can be given as,

Vg _ Vig —(@+m)V; —E_Iq

(2)

ol T
(Assuming Ic to be consrant)
Ve Ve — (3+mV; —E_/q 3)

oI T
(Assuming Ic to be a function of temperature)

While, the postive TC can be found as,

AVieg =Vig = Vs, = Vrln(n)

JﬂVfﬁ |
—===—"\n(n) (4)
a7 T (
Now, the BGR reference voltage is described as,
_ R,
Vig =Vis + R AV (5)

3

Here, the first term i.e. Ves has a negative temperature coefficient of —2 mV/°C, whereas the
second term AVes has a positive temperature coefficient of +0.086 mV/°C. So, proper choice of
the resistor ratio (R2/R3) gives a reference voltage which has theoretically a zero TC value.
Combining eqn (3)-(5), the final temperature coefficient of the reference voltage can be
formulated as,
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oV
After imposing the constraint of zero TC 1e. —;f= 0, the reference voltage of the BGR
Q

becomes,

v

E
mf=—g+(3+m)Vr (7
a
Here, Eq=bandgap energy of Si=1.12eV, V1=25mV at room temperature and m = —3/2 for Si.
Putting this values we get Vier=1.25V. Thus, the reference voltage of a conventional BGR that
exhibits a nominally-zero TC is controlled to be about 1.25V. This limits the range of reference
voltage as well as the operational voltage Vs which can not be lowered than 1.25V. Obviously,
these limitations are not welcomed in the low-voltage CMOS design.rV

3. PROPOSED BGR PRINCIPLE

The drawbacks of the conventional BGR are overcome in the new architecture. The current-mode
operation of the proposed BGR produces a temperature independent current which when passes
through a resistor gives a temperature independent voltage. Since, the controlled quantity for the
circuit is current, any reference voltage less than 1.2V can easily be generated. Moreover, the
supply voltage limitation faced in the conventional voltage-mode circuit is removed in the new
current-mode architecture. The details of the architecture are discussed here.
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Figure 2: The proposed current-mode BGR architecture
3.1. Core BGR Circuit
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Figure 2 shows the core of the proposed bandgap reference circuit. In the circuit, two currents
which are proportional to Ves and AVEes are generated. The size of the transistors M1-M3 are
identical. The gates of the transistors are connected to a common node to provide the current-
mirror connection. Therefore, the current through them are same, i.e.

Irand I2 are further divided into two branches containing resistors and bipolar transistors, as
shown in Figure 2. The currents are divided in such a way that,

I, =1y I, =1 (8)

Now, to make the voltages at node A and node B equal, the resistors through which /7 and /2 are
flowing are made to be equal.

R, =R, (9)
= I\R; =1, R,
=V, =V,

The opamp in the circuit is so controlled that the voltages at its two inputs are equalized. From
the Figure 2, Va=VEsi. Therefore,

IR, =V =V, =Vey (10)
= I,, = &
o R:
And,
IR, =Vy — Vg, (11)
V_f - VEBE

=Vip —Vigy = AV

AV,

= I, = —__EB
1

So, the output reference voltage of the proposed BGR can be obtained as,
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V,,=RJ, =R, (12)

= R4k121 +1,)

As already known from the conventional BGR operation, Ves: has a negative TC, while AVEes has
a positive TC. So, Vs becomes almost independent of temperature. But, unlike the conventional
BGR, where the temperature-independent voltage is given by the bandgap voltage and some other
constant factors, the proposed BGR can produce a range of voltages which are independent of
temperature by simply varying the values of resistor R4. Moreover, Vris little influenced by the
absolute value of the resistors Ri, R2 or R4 since it is the resistor ratio that controls Vrer(see (12)).
It should be noted that the pMOS transistors (M1-M3) are required to operate in the saturation
region for proper operation of the circuit. The transistors M4-M6 are added in the circuit as
cacode connection to improve the PSRR of the BGR.

3.2. Start-up and Power down circuit

The PWRDWN signal is an active high signal that can switch ON or OFF the whole circuit
whenever necessary. When PWRDWN=1, M6 and M7 are ON. Due to M6, the gate of M16 goes
LOW and M16 becomes OFF. Since M16 is OFF and M7 is ON, the gates of M1-M2 go HIGH
and, thereby, ceases the operation of the core circuit.

The start-up circuit of BGR is composed of M9 - M16. PWRDWN is made low for the circuit to
operate properly. When the power is just turned on, no current flows through M1, M2 or M9. So,
the drain of the pMOS transistor M9 is initially at LOW voltage which after passing through the
transistor network M10-M15 reaches the gate of M16 as a HIGH signal. Thus, M16 becomes ON,
which, in turn, switches ON transistors M1-M2. Current starts to flow through M1-M2 and the
operation of BGR gets started. Now, this start-up circuit must be switched OFF automatically
once the transients of the BGR reference generation are settled. When current starts to flow
through M1-M2, M9 also starts to carry the initial current which rises the drain voltage of M9
when it flows through the resistor Rs. When the drain voltage becomes sufficiently HIGH, it
switches OFF the nMOS (M16) and thereby, ceases the further operation of the start-up circuit
without affecting the core circuit.

3.3. Operational Amplifier

The opamp circuit [6] used in the proposed bandgap reference is a three-staged CMOS amplifier
with high gain and CMRR. Sufficient high gain of the opamp improves the PSRR of the BGR.
Figure 3 shows the simplified schematic of the amplifier. The first stage (formed by transistors
MI1-M5) and second stage (formed by transistors M6-M10) are standard differential amplifier
stages while the third stage (formed by transistors M11-M12) is a class-A output stage. The
Nested-Miller compensation technique is employed for frequency compensation. The
compensation resistor Rciis added to improve the stability performance.
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Figure 3: Schmetic of the opamp used in the proposed BGR

4. SIMULATION RESULTS

Simulations have been carried out using a 0.18 pm CMOS technology under the operating
voltage of 1.8V and simulation results are obtained by spectre. The operational amplifier used in
the proposed BGR circuit gives a gain of 62dB and a phase margin of 80 degree which are

enough for this application (see Figure 4).
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Figure 4: Gain and phase plot of the opamp
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Figure 5 shows the simulated output reference voltage (550mV) of the proposed bandgap
reference as a function of temperature over the range -25,C to 100°C. The variation of the Vrrfor
different process corners (i.e. typ, fast, slow) are shown in the same figure over the aforesaid
temperature range. The curves exhibit a variation of 400 uV, 470 uV and 260 pV for typ, fast and
slow corners respectively. The corresponding temperature coefficients are 5.81ppm/°C,
6.84ppm/°C and 3.78ppm/°C respectively.
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Figure 5: Variation of Vrwrover different process corners

Time required for the BGR to produce a stable output is ~900ns (typ, 27°C,1.8V). It is found from
the transient simulation of the BGR output voltage when the supply voltage V,,is given as a ramp
signal. This simulation of the proposed BGR has been carried out for ramp inputs that goes from
0V to V4, within 10nS, 100nS and 500nS and the corresponding output voltage waveforms are
shown in Figure 6.
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Figure 6: Start-up behaviour of the BGR output voltage with a Vad ramp
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Figure 7 shows the output variation with the supply voltage over a range of 1.6V-2.0V. The
simulations are performed over all the process corners at 27°C and at 80°C . As seen from the
plot, the variation of Vyeris within 2.4mV at typical corner at both the temperature point.
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Figure 7: Variation of Vrswith power supply (Vda) at 27,C and at 80.C
The PSRR Vs. frequency plot is shown in Figure 8, from which it can be found that PSRR of the
proposed BGR is 79dB at typical process corner at 27°C at low frequency and is stable up to
1kHz. The values of PSRR over different process corners at 27°C and 80°C are given in Table 1.

Table 1. PSRR over process corners

Process corner At 27,C At 80.C
ff 82.02 dB 87.17 dB
typ 79.10 dB 81.60 dB
ss 76.41 dB 77.46 dB

PSRR (4T)

PSRR (4B)

Figure 8: PSRR of the proposed BGR at 27,C and at 80.C
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The performance metrics of different state-of-the-art bandgap circuits along with the proposed
one are shown in Table 2. From the table, it can be seen that the proposed BGR has got a very
low temperature coefficient and a high PSRR compared to other architectures. Figure 9 shows the
layout of the proposed bandgap reference which occupies an area of ~0.14mm”.

Table 2. Performance comparison of Bandgap reference circuits

‘ _ Proposed
Parameters [7] [4] [8] [°] [10] [11] design
35 . :
08 ym | 0.8 ym | 0.6 um 0 0.18 0.18 018 p
Technology | _ . . Hm Hm Hm m

BICMOS | BICMOS 1 €MOS 1 vjos | emos | evos | eMos

Vi v - 2V 3.3V 1.8V 1.8V 1.8V
Ve 536mV 1.207V | 1.142V | 1.183V | 615.1mV | 500mV | 550mV
‘.V"“’f 3004V | 28mV | 2.85mV | 1mV L4mV [ 900 'V | 400 4V
variation
Temp. 0°C/ -40°C/ 0°C/ 10°C/ 0°C/ -40°C/ -25°C/
Range +80°C +125°C | +100°C | +90°C +70°C +125°C | +100°C
TC 7.5 14 53 10.5 32.5 9 5.8
ppm/°C | pp/°C | ppm/°C | ppm/°C | ppm/°C | ppm/°C | ppm/°C
PSRR - 110dB 47dB - 35dB 108dB 79dB

318 pm

436 pm g

Figure 9: Layout of the proposed bandgap reference
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4. CONCLUSION

A CMOS current-mode bandgap reference with high PSRR and low temperature coefficient is
presented and verified. Using a 1.8V supply, a reference voltage of 550mV has been generated,
which shows a TC of 5.8ppm/°C over a wide temperature range from -25°C to 100°C. The
proposed circuit registers a PSRR of more than 79dB at low frequency at typical process corner.
So, it can fairly be concluded that this BGR circuit is well suited for the CMOS system-on-chip
(SoC) applications for its power supply flexibility, temperature-stability of the reference voltage
and high power supply rejection ratio.

ACKNOWLEDGEMENTS

The authors are thankful to Advanced VLSI Design Laboratory, II'T Kharagpur for its resources
and facilities.

REFERENCES

s

[1] Bang-Sup Song, and Gray, P. “A precision curvature compensated CMOS bandgap reference,” in
Solid- State Circuits Conference, Digest of Technical Papers, IEEE International Journal, 1983, vol.
XXVI, pp. 240 - 241.

[2] I Lee, G. Kim, and W. Kim. “Exponential curvature compensated BiICMOS bandgap references,”
IEEE J. Solid-State Circuits, 1994, vol. 29, pp. 1396 — 1403.

[3]1 G. A. Rincon-Mora, and P. E. Allen. “A 1.1-V current mode and piecewise linear curvature corrected
bandgap reference.,” IEEE J. Solid-State Circuits, 1998, vol. 33, pp. 1551 — 1554.

[4] Siew Kuok Hoon; Jun Chen; Maloberti, F. “An improved bandgap reference with high power supply
rejection,” Circuits and Systems, IEEE International Symposium (ISCAS), 2002, vol. 5, pp. 833 —
836.

[5] Behzad Razavi. “Design of Analog CMOS Integrated Circuits,” Tata McGraw-Hill Edition, 2002, ch.
11, pp. 384 — 386.

[6] X.L. Zhang and P.K. Chan. “An untrimmed CMOS amplifier with high CMRR and low offset for
sensor applications,” IEEE Asia Pacific Conference on Circuits and Systems,Macao, 2008, pp. 802 —
805.

[71 Piero Malcovati, Franco Maloberti, Carlo Fiocchi, and Marcello Pruzzi. “Curvature- Compensated
BiCMOS Bandgap with 1-V Supply Voltage,” IEEE Journal of Solid-State Circuits, 2001, vol. 36,
No. 7, pp. 1076 — 1081.

[8] Leung, K. N., Mok, P. K. T., Leung, C. Y.. “A 2-V 23-pA 5.3-ppm/oC curvature-Compensated
CMOS bandgap reference,” IEEE Journal of Solid-State Circuits, 2003, vol. 38, pp. 561 — 564.

[9] Mitrea, O., Popa, C., Manolescu, A. M., and Glesner, M.: A curvature-corrected CMOS bandgap
reference, Adv. Radio Sci., 1, 181-184, doi:10.5194/ars-1-181-2003, 2003.

[10] Ro-Min Weng, et al. “A 1.8-V High-Precision Compensated CMOS Bandgap Reference,” IEEE
Conference on Electron Devices and Solid-State Circuits, 2005, pp. 271 — 273.

149



International Journal of VLSI design & Communication Systems (VLSICS) Vol.2, No.3, September 2011

[11] Jun Hu, Yongsheng Yin, Honghui Deng. “Design of a high-performance brokaw band-gap reference,”
Anti-Counterfeiting Security and Identification in Communication (ASID), 2010 International

Conference on, 2010, pp. 126 — 129.

AUTHORS

Abhisek Dey is currently pursuing MS in the department of Electronics and
Electrical Communication Engineering, Indian Institute of Technology
Kharagpur, India. He received his Bachelor of Engineering (BE) degree in
Electronics and Telecommunication Engineering from Jadavpur University,
Kolkata, India in 2008. His main research interests are in analog and mixed-
signal circuit design, data converter systems, MEMS interfacing circuits and
circuits for biomedical applications.

Dr. T. K. Bhattacharyya received his B.Sc (Hons) in physics and B.Tech in
radio-physics and electronics in 1984 and1987 respectively, from University of
Calcutta. He received M.E and PhD degrees in electronics and
telecommunication engineering from Jadavpur University, Kolkata in 1991 and
1996 respectively. He has served as a scientist in areas of thinfilm technology
and micro-electronics in reputed laboratories like Indian Association for
Cultivation of Science, Central Glass and Ceramic research Institute, Kolkata and
University of Kaiserslautern, Germany. He has been a visiting faculty in
University of Washington and University of Michigan. Currently, he is an
Associate Professor in Electronics and Electrical Communication Engineering
department, Indian Institute of Technology. His current research interests include
low power VLSI, RF IC design, MEMS and nanoelectronics.

150



