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ABSTRACT

An important part in the design of analog integrated circuits is

to create reference voltages and currents with well defined values. To

accomplish this on-chip, so called bandgap reference circuits are com-

monly used. A typical application for reference voltages is in analog-

to-digital conversion, where the input voltage is compared to several

reference levels in order to determine the corresponding digital value.

The emphasis in this thesis work lies on theoretical understanding of

the performance limitations as well as the design of a bandgap refer-

ence circuit, BGR.

In this project, a comprehensive study of bandgap circuits is

done in the first stage. Then investigations on parameter variations

like Vdd, number of bipolars, W/L of PMOS, DC gain of Opamp, RL

and CL are done for a PTAT current generator circuit. This PTAT cur-

rent generator circuit is a part of the implemented BGR circuit based

on [10], which is capable of producing an output reference voltage of

0.75 V when the supply voltage is 1 V. All of these circuits are imple-

mented in a  CMOS technology.0.35µM
i





                    ABBREVIATIONS

BGR       bandgap reference circuit

CMOS       complementary metal oxide semi conductor

CTAT             complementary to absolute temperature voltage

MOSFET         metal oxide semiconductor field effect transistor

NMOSFET       negative channel MOSFET

PMOS            positive channel metal oxide semi conductor

PPM            parts per million

PTAT             proportional to absolute temperature voltage

SOI            silicon on insulator

TC            temperature coefficient
iii
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1.  INTRODUCTION

An important part in the design of analog integrated circuits is

to create reference voltages and currents with well defined values. To

accomplish this on-chip, so called bandgap reference circuits are com-

monly used. These circuits allow the design of temperature indepen-

dent reference voltages. A typical application for this reference

voltage is in analog to digital conversion, where the input voltage is

compared to several reference levels in order to determine the corre-

sponding digital value.

The objective of this thesis lies on theoretical understanding of

performance limitations and to design a BGR circuit. In this report,

study of BGR principles is done in chapter 2. A comprehensive study

of bandgap circuits is done in chapter 3. Then, investigations on

parameter variations like Vdd, number of bipolars, W/L of PMOS

transistor, DC gain of Opamp, RL and CL are done for a PTAT current

generator circuit in chapter 4. Finally, a BGR circuit is implemented

based on [10] in chapter 5. All of these are implemented in a

CMOS technology.

Here, we study the three approaches that are stated in detail. A

number of approaches to realize voltage references in integrated cir-

cuits has been reported. These can be categorized in the following

three approaches.

a) Making the use of a zener diode that breaks down at a known volt-

age when reverse biased.

b) Making use of the difference in the threshold voltage between an

enhancement transistor and a depletion transistor.

c) Cancelling the negative temperature dependence of a pn junction

with a positive temperature dependence from a PTAT (proportional-

to-absolute temperature) circuit.

1.1 Zener diode references

Approach (a) uses the principle of zener breakdown when

reverse biased. In this section two zener diode approaches are dis-

0.35µM
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cussed, namely buried zener diode and buried transistor base emitter

method. The operation is shown in fig .1. This zener breakdown effect

occurs at the die surface, so it is subject to contamination and oxide-

charge problems. Surface zener diodes have several problems for on-

chip implementations: they require breakdown voltages greater than

5V, they are noisy, and they have poor short and long term voltage

drift.

Later a solution using a buried transistor base-emitter junction

was introduced. The buried junction zener diode has stable subsur-

face breakdown mechanism that yields good noise performance. Also,

surface contamination and oxide effects do not affect the buried junc-

tion. Hence, this zener diode makes an outstanding voltage reference.

Zener diodes still have several problems, such as line regula-

tion, load regulations, and a fixed voltage output. The output voltage

variation arising from a specific change in input voltage is defined as

Line regulation. Load regulation is the change in output voltage for

specific changes in load-current. These problems are solved by using

an opamp and a current source as shown in the fig .1. A current source

biases the zener diode, which keeps the zener current constant in spite

FIGURE. 1  Buried Zener diode reference
2



of line voltage fluctuations. The opamp buffers the zener diode, thus

minimizing the effect of load current fluctuations. Inspite of all these

solutions, the breakdown voltage of the zener diode is still larger than

the power supplies used in most of the modern circuits. So, this

approach is not popular now a days.

1.2 Enhancement and depletion reference

Just using the threshold voltage of an NMOSFET, they are not

suitable to be used as a reference over a wide temperature range.

Instead, the difference between two threshold voltages can be used to

decrease the temperature sensitive factors. This can be obtained by

using the difference of the threshold voltage of a depletion mode

MOSFET (VT < 0) from that of an enhancement MOSFET (VT > 0). The

magnitude of the reference voltage is determined by the sum of the

absolute values of the threshold voltage of the enhancement mode

and the depletion mode MOSFET. As reference voltage results in high

temperature sensitivity, for most reference circuits that are based on

the absolute value of a reference voltage cannot be controlled accu-

rately. However the absolute value is of little importance as it can be

adjusted by laser trimming or compensated by system design.

In a real circuit, the threshold voltage difference between the

enhancement and the depletion mode MOSFET appears through the

gate-to-source voltage difference. If both the enhancement and deple-

tion mode NMOSFET operates in saturation with equal drain current.

The reference voltage can be expressed as

= (1)

Where KE and KD are the trans conductance parameters of the

enhancement and the depletion mode NMOSFET respectively. The

channel-length modulation is neglected.

In Eq. 1, the magnitude of the reference voltage is determined

mainly by the first and third terms, while the second and fourth terms

are almost equal and tend to cancel each other. But, even a small con-

Vref VGSE VGSD–= VTE
ID

KE
------- VTD– ID

KD
-------–+
3



tribution to the magnitude of the reference voltage can cause a large

variation of the reference voltage with temperature. We know

ID = f(T), (2)

So, the expression for the temperature coefficient is given by

(3)

= (4)

Where and are the mobilities of the enhancement and

depletion NMOSFET, respectively.

Eq. 4, states that the variation of the reference voltage with

respect to the temperature arises from the temperature dependence of

1) the threshold voltage difference, 2) the drain bias current and 3) the

mobility.

One approach to implement this type of reference is to use SOI

transistors. The cross sectional views of fully depleted enhancement

and depletion SOI NMOSFET’s are shown in fig .2. The enhancement

KE µECox
W
L
----- µE T( )Cox

W
L
-----= =

dVref
dT

---------------
d

dT
------- VGSE VGSD–( )=

d
dT
------- VTE VTD–( ) 1

2 Id
------------- 1

KE
----------- 1

KD
------------– 

  dID
dT
--------- ID

2
---------- 1

KD
------------ 1

µD
------

dµD

dT
---------- 1

KE
----------- 1

µE
------

dµE

dT
----------– 

 + +

µE µD
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SOI NMOSFET has a p-type Si film, while the depletion SOI NMOS-

FET has a n-type Si film.

FIGURE. 2 Cross sectional view of depleted SOI NMOSFET
(a)enhancement (b) depletion
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A simple voltage reference circuit using the enhancement and

depletion mode transistors is shown in fig .3. Here, load regulation

and line regulation are not taken into consideration. In the fig .3, M1,

M5, M8 are enhancement NMOSFETs, where as M2, M3, M4, M6, M7

are depletion NMOSFETS. All enhancement and depletion SOI

NMOSFETs operate in the saturation region. M1-M4 form the voltage

reference part and M5-M8 form an output buffer. The reference volt-

age is generated by the threshold voltage difference between M1 and

M2. M3 and M4 draw the equal drain bias current. The current

through M6 is twice that of M7. The graph in fig .4. shows the mea-

sured variation of the reference voltage with temperature [6].

FIGURE. 3 Simple voltage reference circuit
6



1.3 Bandgap reference approach

A conventional bandgap reference is a circuit that subtracts the

voltage of a forward-biased diode having a negative temperature

coefficient from a voltage proportional to absolute temperature

(PTAT). Hence a controlled temperature dependence of the circuit can

be obtained. As a consequence, a temperature compensated voltage

close to the material bandgap of silicon (~1.22 V) results. Voltage refer-

ences based on this approach are called bandgap reference circuits.

The principle of a bandgap voltage reference system is shown in fig .5.

FIGURE. 4 Variation of reference voltage with temperature
7



Forward-biased base-emitter junction of a bipolar transistor has

an I-V relationship given by

Ic = Is eqVBE / kT (5)

Where Is is the transistor scale current and has a strong temper-

ature dependence. The base-emitter voltage as a function of collector

current and temperature can be written as

VBE(T)= VG0 (1 - T/T0)+VBE0 T/T0 + mkT/q ln(T0/T) +

 kT/q ln (Jc/Jc0) (6)

Here, VG0 is the bandgap voltage of silicon extrapolated to 00 K,

k is Boltzmann’s constant, q is the charge of electron and m is a tem-

perature constant approximately equal to 2.3. Also, Jc is the collector

current density, while the subscript 0 designates an appropriate quan-

tity at a reference temperature, T0, (whereas Jc is the collector current

density at the operation ambient temperature T). Also, VBE0 is the

FIGURE. 5 A simplified circuit of a bandgap voltage reference
8



junction voltage at the reference temperature, T0. Note that the junc-

tion current is related to the junction current density according to the

relationship

Ic = AeJc (7)

where Ae is the effective area of the base-emitter junction.

From Eq. 6, it is seen that if there are two base-emitter junctions

biased at current densities J2 and J1, then the difference in their junc-

tion voltages is given by

VBE = V2 -V1 = kT/q ln(J2/J1) (8)

This equation shows that the difference in the junction voltages

is proportional to absolute temperature. This proportionality is accu-

rate and holds even when the collector currents are temperature

dependent, as long as their ratio remains fixed. Although the output

voltage is temperature independent, the junction currents are propor-

tional to absolute temperature assuming the resistors used are tem-

perature independent. So, to make the derivations for the reference

voltage simpler, we will first assume the junction currents are propor-

tional to absolute temperature. So, we can write as

(9)

where Ji is the current density of the collector current of the i th

transistor, whereas Ji0 is the same current density at the reference tem-

perature.

Using the Eq. 8 and Eq. 9 along with Eq. 6, we have

(10)

= (11)

This is the fundamental equation giving the relationship

between the output voltage of a bandgap voltage reference and tem-

perature. To make the temperature dependence to be zero at a particu-

∆

Ji

Ji0
------ T

T0
-------=

Vref Vbe2 K∆Vbe+=

VG0
T

T0
------- VBE0 2– VG0–( ) m 1–( )kT

q
------ T0

T
------- 

  K
kT
q

------ J2
J1
------ 

 ln+ln+ +
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lar temperature, we will differentiate this with respect to temperature

and set the derivative to zero at the desired reference temperature. So,

we can get

(12)

Setting Eq. 12 to zero at T=T0, we can get

(13)

The left side of the Eq. 13 is the output voltage VREF at T= T0

from Eq. 11. So, for a zero temperature dependence at T=T0, we need

(14)

At T0=300 K. and m=2.3, Eq. 14 implies that Vref = 1.24 V for

zero temperature dependence, which is equal to the bandgap voltage

of silicon. This is the reason why the voltage references based on this

approach are called bandgap voltage references. This value is inde-

pendent of the current densities chosen. Thus, if a larger current den-

sity is chosen, then K must be taken appropriately smaller to obtain

the correct reference output voltage. From Eq. 13 the required value

for K is

(15)

at 300 K. Specifically, for zero temperature dependence, the out-

put of a bandgap voltage reference is given by the bandgap voltage

plus a small correction term to account for second order effects.

The output voltage of the bandgap reference for temperatures

other than T0 is obtained after back substituting Eq. 13 and Eq. 14 into

Eq. 11. Finally, we get the result as

∂Vref
∂T

---------------
1

T0
------- VBE0 2– VG0–( ) K

k
q
--- J2

J1
------ 

  m 1–( )k
q
--- T0

T
------- 

  1–ln
 
 
 

+ln+=

VBE0 2– K
kT0

q
---------- J2

J1
------ 

 ln+ VG0 m 1–( )kT0
q

----------+=

Vref VG0 m 1–( )kT0
q

----------+=

K
VG0 m 1–( )kT0

q
---------- VBE0.2–+

kT0
q

---------- J2
J1
------ 

 ln

---------------------------------------------------------------------- 1.24 VBE0.2–

0.0258
J2
J1
------ 

 ln

----------------------------------= =
10



(16)

So, (17)

From the Eq. 15 and Eq. 16, temperature dependence at temper-

atures different from the reference temperature can be estimated.

1.4 Comparison of the three reference approaches

The approach in (a) is not popular, because the breakdown volt-

age of a zener diode is typically larger than the power supplies used

in modern circuits. Approach in (b) cannot either be used in most

CMOS circuits because depletion transistors are not typically avail-

able. Though this approach can be used to make stable references with

respect to temperature, the actual reference voltage/current is difficult

to determine accurately. This is due to the process sensitivity of the

difference between the threshold voltage of an enhancement device

and a depletion device. For these reasons, the approaches in (a) and

(b) are not popular. Instead the approach(c) is mostly used in both

bipolar and CMOS technologies. Voltage references based on the last

approach are commonly called ‘bandgap’ voltage references.

Vref VG0 m 1–( )kT
q

------ 1
T0

T
------ 

 ln++=

∂Vref
∂T

--------------- m 1–( )k
q
---

T0

T
------ 

 ln=
11



12



2.  STUDY OF BGR PRINCIPLES

In this section, the different operation principles of BGR circuits

are discussed. The operation principle of BGR circuits is to sum a volt-

age with negative temperature coefficient with another one exhibiting

the opposite temperature dependence. We study two alternative

topologies in this section. The first operates by summing two currents

with opposite temperature dependence fed through the resistor. Thus,

a temperature stable voltage is generated with a value controlled by

the resistor. The second technique uses voltage summing.

2.1 Current summing approach

A circuit using the ‘sum of currents’ configuration is shown in

fig .6 [7]. In this case, the circuit is split into three sub circuits operat-

ing in parallel: The first generates a current proportional to absolute

temperature. This current is mirrored into the second sub circuit

which is employed to generate the other component. The third sub

circuit is just a resistor in which the sum of the two currents flows, and

which converts them into a voltage of suitable value.

FIGURE. 6 Schematic of ‘Sum of currents’ configuration
13



2.2 Voltage summing approach

A circuit using the ‘sum of voltages‘ configuration is shown in

the fig .7. In this case, the circuit is again divided into three subcir-

cuits. The only difference between the current summing BGR and the

voltage summing BGR is the third sub circuit. The third section is

composed of a differential amplifier in a non inverting feedback loop.

The offset voltage generates the PTAT component. The applied diode

voltage is not the full base-emitter voltage, as in a standard BGR, but a

fraction. The minimum supply voltage of one of the path is VT plus a

VCEsat, plus the source to drain voltage of the current source. The sec-

ond path’s minimum supply voltage is a Vbe plus the minimum volt-

age of the current source plus the output voltage of the VBE generator.

This value is equal to 1V with the technology that was used in this

study.

Results of this study are presented in Table.1 and variations in

reference voltage with power supply voltage and temperature is plot-

ted in fig .8. The output voltage was found to vary by less than 0.5%

FIGURE. 7 Schematic of ‘Sum of voltages’ configuration from [7]
14



over the 0.9V to 2.5V range. In the same range the temperature depen-

dence varied by 2%.

TABLE.1  Voltage summing approach

Tech-
nology

Supply Voltage Ref. Voltage Tem-
pera-
ture
Coeffi-
cient

Flash
Mem-
ory

           1V        800mV

      (variable)

8ppm

FIGURE. 8 Output Voltage Vs Supply voltage (Top), Temperature dependence
of the ’Sum of currents’ BGR output (bottom)
15
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3.  STUDY OF BGR CIRCUITS

In this section BGR circuits suitable for implementing in both

bipolar and CMOS processes are discussed.

3.1 A Simple Three-Terminal IC Bandgap Reference

This section deals with implementation using bipolar devices.

The conventional bandgap circuit is shown in fig .9.

Here, transistors Q1 and Q2 are operated at different current

densities to produce voltages proportional to temperature across the

resistors R3 and R2. The transistor Q3 is used to sense the output volt-

age at R2. So, Q3 drives the output to a voltage which is the sum of its

VBE and the temperature dependent voltage across R2. When the out-

put voltage is set to approximately the bandgap voltage of silicon, the

voltage across R2 will compensate the temperature coefficient of VBE,

and the output voltage will have a low TC. To minimize the output

FIGURE. 9 Conventional bandgap circuit
17



voltage temperature coefficient, the collector current of Q3 is made

proportional to temperature, as are the currents in Q1 and Q2. Intro-

ducing this temperature dependent currents make it inconvenient to

produce an output voltage greater than the bandgap voltage.

The idealized circuit shown in fig .10 reduces the difficulties in

increasing the output voltage above the bandgap voltage and also

reduces the problem of hfe variability. hfe is the term used to describe

the current gain parameter of a bipolar transistor. It gives the ratio of

the collector current to the base current. The circuit can be imple-

mented with thin-film resistors on the monolithic chip, if it is supplied

by the vendor, to virtually eliminate the nonlinear temperature coeffi-

cients of the resistors as an error factor. Here, this idealized circuit

uses two transistors and collector current sensing to produce the

bandgap voltage. Since, the output voltage is fed to the base of the

transistor, it becomes easy to obtain output voltages above the band-

gap voltage.

FIGURE. 10 Idealized circuit illustrating two-transistor bandgap cell
18



In the circuit in fig .10 [1], the emitter area of Q2 is made larger

than that of Q1 by a ratio of 8-to-1. When the voltage at their common

base is small, so that the voltage across R2 is small. The larger area of

Q2 causes it to conduct a larger part of the total current through R1.

This results in a difference of collectors voltages, which inturn drives

the opamp to increase the base voltage. Hence, a negative feedback

loop is used. The difference in current density to increase the differ-

ence in VBE, between Q1 and Q2, which will appear across R2. This

difference is given by the equation

Since, in the DC operation point, the current in Q1 is equal to

current in Q2, the current in R1 is twice that the current in R2. So, the

voltage across R1 is given by the equation

∆VBE
kT
q

------
J1

J2
-----ln=

V1

2R1

R2
---------kT

q
------

J1

J2
-----ln=
19



The voltage at the base of Q1 is the sum of VBE of Q1 and the

temperature dependent voltage across R1. So, the output voltage can

be set by the adjustment of R1/R2.

Even high output voltage level can be increased in the following

way. Suppose, that the amplifier in fig .10 has sufficient low frequency

gain. So it will balance the collector currents of Q1 and Q2 despite an

additional voltage drop added between its output and the common-

base connection. This additional drop will not affect the base voltage

which results in collector current balance. If the voltage is introduced

by means of a resistive voltage divider, the opamp output voltage will

be proportional to the common-base voltage. The circuit of fig .11 uses

an active load to sense the collector currents of Q1 and Q2. The func-

tion of the opamp is replaced by Q10, Q11 and Q7. The pnp transistors

form a simple current mirror, where the difference of the collector cur-

rents of Q1 and Q2 is fed to Q7. Then Q7 supplies the circuit output

voltage. This voltage is divided between R4 and R5 and applied to the

base of Q1. Since the output voltage depends on resistors R4 and R5, it

can be set to any convenient value and need not be an integral multi-

ple of the bandgap voltage.

In the circuit of fig .11 the base current of Q1 and Q2 must flow

through R4. This current will require an increase in the output voltage

above the nominal to bring the base of Q1 to the proper level. This

FIGURE. 11 Circuit for developing higher output voltages
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increase will depend on hFE which varies with temperature and pro-

cess parameters. This effect can be minimized by using relatively low

values for R4 and R5, or R3 can be added to compensate the effect.

The proper value of R3 is given by the following analysis.

To make the analysis simpler, neglect the effects of finite hFE and

output conductance of Q10, Q11, Q7 in fig 13. to idealize the perfor-

mance of the amplifier function. If V is taken to be the circuit output

voltage in the absence of base current for Q1 and Q2, then V’ resulting

from considering R3 and the two base currents is given by

(18)

This relation contains a term due to the base currents through

R4 and an offsetting term due to reduction of by base current

through R3. If V‘is set equal to V, the above equation can be reduced to

a constraint on R3 as given by

(19)

where P1= ib1/ib2. In the case shown in fig .11 the collector currents

and hence the base currents are assumed to be matched, making P1

equal to unity, giving the reduced expression as

(20)

The general form of the expression is useful in circuits where the cur-

rent density ratio is controlled by forcing unequal collector currents,

rather than by emitter area ratios.

Limitations of this circuit

Although, the circuit of fig .11 can be used in some simple appli-

cations, there are some limitations in its applicability like,

1.Base width modulation of Q1 and Q2

V' V R4 ib1 ib2+( ) ib2R3
2R1
R2

---------- 
  1 R4

R5
-------+ 

 –+=

∆Vbe

R3 P1 1+( ) R2R4R5
2R1 R4 R5+( )
------------------------------------=

R3
R2
R1
------- R4R5

R4 R5+
--------------------=
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2.Finite output impedance of Q11

3. Finite hFE of Q7, Q10 and Q11.

All these factors combine to raise the circuit’s dynamic impedance

and to degrade its input-voltage rejection.

Remedy

The circuit shown in fig .12 [1] reduces the above given prob-

lems. Hence, the current mirror transistor Q10 and Q11 are boot-

strapped to the output voltage to improve the power supply voltage

FIGURE. 12 Monolithic three-terminal reference chip
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rejection of the circuit. Degeneration resistors R7 and R8 have been

added to raise the output impedance of Q11 and improve the emitter

current match of the pair. To minimize the effect of pnp hFE Q8 drives

the common bases of Q10 and Q11 like a darlington stage. The output

control voltage is extracted at the collector of Q11 by Q9. A level trans-

lator consisting of Q12, R6, and Q3 then applies the output signal to

the base of Q4. This transistor forms a Darlington connection with Q7,

the output transistor, and provides the current-mirror bootstrap volt-

age as well.

The circuit shown in fig .12 has a stable OFF or no-current state.

An epitaxial layer FET, Q15, is incorporated into the circuit as a start-

up circuit. This FET ensures that a minimum current flows into the

current mirror Q13 and Q14, even when the base voltage of Q1 and

Q2 is zero. This current is reflected by Q13 and Q14 to drive Q4 and

turn on the circuit. Once the circuit is on, the collector current of Q14

becomes nearly equal to the currents in Q10 and Q11. As a result, the

VBE of Q3 is equal to that of Q4 which has twice the emitter area and

supplies roughly twice the current. Moreover, the voltage drop across

R6 is made equal to the voltage drops across R7 and R8. The emitter of

Q12 is the same size as the emitters of Q10 and Q11, so that they all

operate at the same current density and provide nearly equal emitter

voltages for Q8 and Q9. The collector of Q12 is split to provide equal

emitter currents for Q8 and Q9.

The operating bias level for Q14 is controlled by Q5. This tran-

sistor is matched to Q1 and has its emitter current forced by R10 and

R11. These resistors are in inverse ratio to R4 and R5 so that their open

circuit equivalent voltage with respect to output is the same as the

voltage across the base emitter of Q1 in series with R1. Their parallel

resistance is twice the resistance of R1 so that the current in Q5 is

matched to the current in Q1. The fraction of the current bypassed by

Q15 has a negligibly small effect on the VBE of Q5 and hence on the

total current forced by R10 and R11. The total current through Q5 and

Q15 drives Q13. The resistors R12 and R13 raise the output impedance

and improve the current matching of the simple current mirror Q13

and Q14. Output current limiting is provided by R9 and Q6.
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3.2 A CMOS Bandgap Reference Circuit

A conventional bandgap reference circuit is shown in fig .13.

This conventional bandgap reference circuit consists of an Opamp,

two bipolar transistors and resistors. The bipolar transistor can often

be implemented in CMOS technology as shown in fig .14. The bipolar

transistors are connected as diodes. The principle of operation is that

the Opamp ensures equal voltage in nodes X and Y.

FIGURE. 13 Conventional bandgap reference circuit
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The relation of the current versus voltage in a general diode is

expressed as

I = Is. (e
qVBE/kT - 1)

when VBE>>kT/q, then

I = Is . e
qVBE/kT

VBE = VT . ln (I/Is) where VT = kT/q, k is Boltzmann’s constant and q

is the electron charge. In the conventional bandgap circuit, the inputs

of the opamp, Vx and Vy are maintained at the same voltage. So, the

voltage across resistor R3 is given as

(21)

                                             = VT . ln(nR2/R1)

The emitter area of Q2 is n times of that of Q1. So the output

voltage Vref, of this bandgap reference becomes

FIGURE. 14 Realization of a pnp bipolar in CMOS technology

∆Vbe Vbe1 Vbe2–=

Vref VBE1
R2
R3
-------∆VBE+=
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= VBE1 + R2/R3 ln(n. R2/R1) . VT (22)

where VBE1 is the built-in voltage of the bipolar Q1. By choosing

the appropriate resistance ratio of R1, R2 and R3, temperature depen-

dence of Vref will become negligibly small.

Two major drawbacks of this circuit are

1. The input offset voltage of Opamp will introduce error in the

output bandgap voltage.

2. The output of the Opamp has a resistive impedance.

3.3 Bandgap References for near 1-V operation in standard CMOS
technology

In this section, we will study two types of current mode band-

gap references that are operated near 1-V in a conventional M

CMOS technology [3]. These references provide an output voltage of

about 500mV. In [4], a low-voltage BGR based on the current-mode

principles and providing an output voltage of about 0.52 V was pro-

posed. The implementation of this idea suffers from drawbacks such

as the use of non-standard devices, the need for an external start-up

signal and a minimum power supply voltage of about 2 V. The two

implementations explained in this section overcome the above men-

tioned limitations. The former is designed for low voltage operation

while in the later a correct start-up is achieved without an external

signal.

In the voltage-mode configuration derived from the bipolar

designs, the output voltage is obtained as the sum of a PTAT term and

a forward diode voltage (Vf). The lowest sensitivity to the tempera-

ture is invariably obtained by setting Vref~1.25 V, i.e., the silicon band-

gap voltage. For low voltage applications, the reduction of the

reference voltage without affecting the original temperature depen-

dence is of concern. One of the solution to this problem is the current-

mode BGR that is shown in fig .15.

0.35µ
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Here, two currents proportional to Vf and VT = kT/q respec-

tively are generated by a single feedback loop. If the aspect ratio is

equal for M1, M2 and M3 and R1 = R2, currents I1, I2 and I3 will have

the same value, I1b = I2b and therefore I1a = I2a, as long as the opamp

is able to keep its input voltages equal. The value of I2b is obtained

from the circuit as

                                           I2b = Vf1 / R2

while, I2a can be expressed as a function of Vt

where is the difference between the forward voltage of

diodes, i.e., base-to-emitter junctions, D1 and D2. N is the area ratio

between the two diodes.

From the above derivations, I3 can be expressed as the sum of a

term linearly dependent on a diode voltage and a PTAT contribution

FIGURE. 15 The current-mode bandgap reference [3]

I 2a
∆Vf
R3

---------- Vt
N( )ln

R3
--------------= =

∆Vf
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(23)

So, by choosing a convenient value for resistor R4, a voltage ref-

erence with the same properties in terms of temperature sensitivity of

the conventional BGR but with an arbitrary low value can be obtained

in principle. However, this implementation requires an external start-

up signal which raise problems at system level if a Power-on-Reset

signal is not available.

Implementing an Opamp with 1V power supply is challenging.

In [3] the Opamp is implemented as shown in fig .16. The input stage

makes use of depletion mode PMOS transistors, in order to cope with

the power supply voltage reduction. So, this solution makes the cir-

cuit not useful for standard, low-cost CMOS technologies, where such

special devices are rarely available or precisely modeled.

The differential amplifier used in the BGR in fig .15 makes use of

a MOS depletion differential pair to accommodate a common mode

Vref R4 Vf 1
R2
--------- ∆Vf

R3
----------+ 

 =

FIGURE. 16 The depletion mode opamp
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voltage as low as Vf. However, the use of special devices is not conve-

nient due to the higher costs related to the further process steps and to

device characterization and modeling. A general purpose architecture

should make use of devices available in conventional CMOS technolo-

gies. Keeping these things in mind, two other implementations of the

opamp were developed.

1. PMOS input stage working in weak inversion.

2. NMOS input stage with level shifter.

The implementation based on a PMOS differential pair in weak

inversion is shown in fig .17. The second gain stage (M5, M6) is loaded

by a diode connected PMOS transistor M6. Therefore, the biasing of

the opamp is derived from the output voltage V0 leading to a high

power supply rejection (PSRR) at the cost of a lower voltage gain. The

devices in the input stage, M1-4, operate in strong inversion when the

power supply voltage is decreased from 3.6V, down to about 1.4V.

Below, this value the input devices enter in a weak inversion region

reaching a bias current of few nA at Vdd=1 V.

FIGURE. 17 Weak inversion PMOS opamp for the current mode
BGR(BGR1)
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Simulation results in fig .18 show that with a power supply volt-

age lower than 0.9V there is not enough loop gain to keep the BGR at

the correct bias point.

The second proposed opamp uses an input level shifter, made

by a couple of PMOS source followers, providing a correct common-

mode voltage at the input of the NMOS differential stage as shown in

fig .19.

FIGURE. 18 Simulated output voltage at different supply voltages [3]

FIGURE. 19 The proposed NMOS Opamp for current mode BGR (BGR2)
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Further, the Vgs voltage introduced in the signal path limits the

minimum supply voltage to about 1.4 V, as confirmed in the simula-

tion results in fig .18. Below this voltage, the input transistors in the

differential pair, i.e., M1 and M2 enter the triode region causing a sig-

nificant reduction of the voltage gain. The disadvantages of this archi-

tecture are high power consumption and a higher input offset voltage

for the opamp compared with the other implementation. This non-

ideality of the opamp causes the reference voltage Vref to spread

around typical value. Also, the advantage of using this model is that,

there is no need of a start-up circuit for the BGR.

Startup circuit

The proposed startup circuit is shown in fig .20 with the opamp

shown in fig .15. The BGR may settle at the power-on in stable opera-

tion point where the positive and negative input of the operational

amplifier are at the ground potential, i.e., where the bias current of the

BGR is negligible. This unwanted condition is avoided by the startup

circuit shown in fig .20.

FIGURE. 20 The proposed startup circuit with different injected currents
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In this circuit, two currents Is1 and Is2, with different values (Is1

= 4.Is2) are injected in the BGR core. This brings the common mode

voltage of the opamp into a sufficiently high level and forces a differ-

ential input voltage at the same time. By properly setting the sign of

the differential input voltage of the opamp at the start-up, the output

of the opamp stays low at the power-on, thus ensuring a non-zero bias

current for the BGR. To avoid the currents Is1 and Is2 to effect the BGR

output when the correct bias point is established, the current genera-

tor IST should be designed as a pulse current generator, driven by a

power on reset signal.

The two BGRs using the weak-inversion( BGR1 ) and the NMOS

opamp ( BGR2 ) respectively were implemented in a M CMOS

technology.

Figure.21 shows the measured reference voltage over the

extended temperature range at 1.2V and 1.8V supply for BGR1 and

BGR2 respectively. Figure.22 shows the measured dependence of the

reference voltage on the supply voltage, at three different tempera-

tures.

These measurements highlight a minimum power supply volt-

age of about 0.9V for the BGR1 reference using the weak-inversion

opamp and 1.4V for the BGR2 reference which does not require an

external power-on signal.

0.35µ
32



FIGURE. 21 Vref at different temperatures for BGR2 at 1.8V and  BGR1 at
1.2V supply

FIGURE. 22 Vref for BGR2 and BGR1 Vs. power supply voltage at different
temperatures
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When the circuit in fig .20 had been fabricated in a conventional

0.4u flash memory process, the measured Vref is 518 for 23

samples on the same wafer at 27-125 C. The simulated results are

shown in fig .23.

3.4 BGR using Trans impedance amplifier

In [5] further modifications of the circuit in [4] are presented.

Here, resistors are used in place of the input differential stage of the

operational amplifier. This circuit is shown in fig .24.

The basic principle here is to remove the input differential stage

of the opamp and replace it using resistors, which are used to sense

15mV±

FIGURE. 23 Vref characteristics of the proposed BGR

FIGURE. 24 BGR using Trans impedance amplifier
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the voltage difference and obtain a PTAT current. This current is then

added with a current proportional to VEB to generate the final refer-

ence voltage. This is achieved with the help of a trans impedance

amplifier. Vref of this circuit is given by

(24)

Similar to [4] the value of Vref can be changed by choosing dif-

ferent values of R1, R2, and R3. Experimental results for a Vref of 1V

were shown to be accurate within % over 0 to 100 C, with R1

untrimmed and % after lager trimmed. Summary of the design is

given in Table. 2.

TABLE.2  BGR using Trans impedance amplifier

Technol-
ogy

Supply Voltage Ref. Voltage tempera-
ture Coef-
ficient

1.2um

BiCMOS

1.4 V 1.2 V 7 ppm

Vref R3
1

R1
-------kT

q
------ A1

A2
------- 

  VEB2
R2

------------- Vb
R2
-------–+ln=

1±
0.3±
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4.  INVESTIGATIONS OF PROCESS PARAMETERS

In this section, variations of the Vdd, temperature, number of

bipolars, W/L of PMOS, DC gain, RL, CL are investigated for the prac-

tical generation of PTAT current generator circuit. Also, we will study

the process variations and non-idealities of the opamp like input off-

set voltage, bandwidth, etc. The PTAT current generation circuit is

shown in fig .25.

FIGURE. 25 Practical generation of PTAT current
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Operation of the Circuit

The Opamp used in this circuit is a differential amplifier. This is

designed using AHDL. In this opamp, input offset voltage and DC

gain can be varied by changing the values of the parameters in the

design. The function of the Opamp is only to set the same voltage at

the gates of the two PMOS devices connected to the bipolar devices.

The two PMOS devices connected to the bipolars operate in principle

as a current mirror to the output node of the PTAT circuit. So, the

value that appears at the PMOS devices is reflected at the output

node. The emitter area ratio of the bipolar devices is kept as 1:5.

4.1 Vdd variations

As Vdd is increased, the output current also is increased. From

the results, we can observe that there is an increment of nearly 40uA

of output current when Vdd is varied from 2.0 V to 5.0 V. With

FIGURE. 26 Variations of output current with Vdd
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increase in power supply voltage, the current consumed by transistors

also increases. So, the output current also is increased. This is shown

in fig .26. The temperature dependence of PTAT current is shown in

fig .27. Hence, the figure shows that the temperature dependence of

the PTAT current does not depend on the power supply voltage.

4.2 Number of Bipolars

With the increase in the number of bipolars, output current is

increased. As we can see from the simulation results that, as the num-

ber of bipolars is increased from one to five, the increase in current is

very high. After that, though the number of bipolars are increased,

there is not considerable change in the current. Here, the current is

limited by the PMOS devices. This is the reason why there is no con-

siderable rise in output current, though the number of bipolars are

increased further. So, it is wise to opt for an optimized number of

FIGURE. 27 PTAT current Vs. temperature at different power supply
voltages
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bipolars. The simulation results are shown in fig .28. From the figure it

can be observed that with increase in the number of bipolars, the

slope of the PTAT current line also is increasing.

FIGURE. 28 Variations of output current with number of bipolars
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4.3 Variations in W/L ratio of the PMOS devices

As W/L is increased, the output current is increased. But the

rise in the output current is not much as shown in fig .29. This is due

to the fact that the PMOS devices in saturation has low dependence of

the drain-source voltage. Further, the PMOS devices operate as cur-

rent mirrors, and keeping equal device sizes for the PMOS devices

will only change the current marginally.

As the W/L of PMOS is increased, the current consumed by the

PMOS also increases, which inturn will increase the output current.

The temperature dependence is as shown in fig .30.

FIGURE. 29 Variations of output current with W/L ratio of PMOS
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4.4 Variations in DC gain of the opamp

The function of the opamp is only to set the same voltage at the

gates of PMOS devices. Hence, increasing the DC gain will only result

in that, these voltages will be even close to each other, but the func-

tionality of the circuit will still be about the same. There is no consid-

erable change in the output current, though the DC gain is varied

exponentially. Typically, the DC gain of a CMOS amplifier is more

FIGURE. 30 PTAT current Vs. temperature at different W/L of PMOS devices
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than 100 times. So, the DC gain of the opamp is not a prime concern as

shown in fig .31.The temperature dependence is shown in fig .32.

FIGURE. 31 Variations of output current with DC gain of opamp
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FIGURE. 32 PTAT current Vs. temperature at different values of DC gain
of Opamp
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4.5 Variations in load resistance

As the load resistance is increased, the output current decreased

linearly. As voltage is given as a product of current multiplied by a

resistance R, the output current is decreased as the resistance value

increases. This is shown in fig .33. The temperature dependence is

FIGURE. 33 Variations of output current with load resistance
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shown in fig .34. Temperature dependence of the resistor will change

the output current’s temperature dependence.

FIGURE. 34 PTAT current Vs. temperature at different load resistances
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4.6 Variations in load Capacitance

There is no change in the output current with variations in the

load capacitance. The capacitor will reduce the noise components and

improve the settling time of output current. So, there will not be any

impact on the magnitude of output current as shown in fig .35.

4.7 Opamp input offset voltage Vs. output current

Increasing the input offset voltage of the Opamp, the output

current is decreased. Increasing the offset voltage will result in lower

FIGURE. 35 Variations of output current with load capacitance
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voltage at one of the nodes, which also decreases the current through

the device. So, the current that is mirrored to the output node is also

decreased.This is shown in fig .36. From the simulation results shown

in fig .37, it can be observed that there exists a linear relation between

temperature and the output current at different input offset voltages.

FIGURE. 36 Input offset voltage Vs. output current
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The PTAT current increases with increase in temperature as shown in

fig .37.

FIGURE. 37 PTAT current Vs. temperature at different input offset voltages
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4.8 Process and Mismatch Variations

The variations of output current with temperature and power

supply voltage, when process variations are taken into consideration

are shown in fig .38 and fig .39 respectively.

FIGURE. 38 Output current Vs. temperature with process variations
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When mismatch variations are taken into consideration, the out-

put current variations with temperature and power supply voltage

are as shown in fig .40 and fig .41 respectively. From these simulation

results, it is clear that mismatch among the devices cause more varia-

tions than process variations.

FIGURE. 39 Output current Vs. supply voltage with process variations
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FIGURE. 40 Output current Vs. temperature with mismatch variations

FIGURE. 41 Output current Vs. supply volatge with mismatch variations
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5.  IMPLEMENTED BGR

In this section, the implemented bandgap reference circuit [10]

is explained. The circuit diagram of the BGR circuit is shown in fig .42

Low voltage operation and low power consumption are impor-

tant design factors for portable electronic devices. Process technolo-

gies are developing and the line widths are reducing, also the

maximum allowable power supply voltage will scale down. Hence, a

BGR suitable for low voltage and power is analyzed and imple-

mented.

FIGURE 42.   Implemented Bandgap reference circuit
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5.1 THE BGR CIRCUIT

The operation of the circuit is similar to a conventional CMOS

topology except that there is an additional resistor R3 at the output of

the BGR in parallel with components R2 and B3. The voltage differ-

ence between the emitter-base junctions of B1 and B2 is obtained

using an emitter area ratio of 8 and setting the currents through both

components equal.

(25)

where k is Boltzmann’s constant, q is the electron charge, T is the abso-

lute temperature and J1 and J2 are the current densities.

The opamp (consisting of transistors M7-M11) keeps the emitter

currents of B1 and B2 equal. So, the voltage across R1 becomes .

Therefore, the current flowing through R1 and M2 is proportional to

absolute temperature (PTAT). This causes the currents through M1

and M3 to also be PTAT. The output voltage of the BGR circuit VREF is

given by the opamp, which adds VEB3, which has a negative tempera-

ture coefficient, to K , which has a positive temperature coeffi-

cient. This results in a temperature independent output voltage VREF

at a reference temperature.

where K is given as

(26)

Here, VG0 is the bandgap voltage of silicon extrapolated to , m is

a temperature constant approximately 2.3, = 2.2 , a correction term

due to temperature dependency of n-well resistors used, T0 is the ref-

∆VBE

∆VEB VEB1 VEB2–
kT
q

------ J1
J2
------ 

 ln= =

∆VBE

∆VBE

VREF VEB3 K∆VEB+=

K
VG0 m η 1–+( )kT0

q
---------- VEB0 1––+

kT0
q

---------- J1
J2
------ 

 ln

---------------------------------------------------------------------------------=

0°K

η
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erence temperature and is the junction voltage of B1 at refer-

ence temperature.

If a resistor R3 is added to the output of the BGR, the output of the

BGR can be written as

(27)

From this equation, we can choose reference voltage to the required

level for a low voltage operation.

5.2 DESIGN CHOICES

Table.1 shows the chosen values of the components in this BGR

circuit. Large channel lengths are used to decrease the sensitivity to

process variations and lithogrophy errors.

Large W/L value for the devices ensures better matching of the

devices [16].

TABLE.3  Component values of implemented BGR

Component Values(in um)

M1, M2 250/7.5

M3 500/7.5

M4, M5 2/10

M6 2/5

M7, M8 25/7.5

M9, M10 25/4

M11,M13 20/4

M12 50/7.5

B1,B2,B3 multiples of 10*10 um
units

C1 20 pF (poly-poly capacitor)

R1 89 k

R2 512 k

R3 928 k

VEB0 1–

VREF
R3

R2 R3+
-------------------- VEB3 IM3R2+( )=
55



This design is implemented in a technology. In order

to obtain low voltage and low power operation, all MOS transistors

are designed to operate in weak/moderate inversion. Threshold volt-

ages of the PMOS and NMOS transistors in the process used are -0.65

V and 0.5 V respectively. B1 and B2 are diode connected vertical PNP

transistors. Resistors R1-R3 are implemented using n-well resistors as

there are no high-ohmic poly resistors available in this process.

The opamp is a single stage amplifier consisting of a differential

pair with a current mirror load. The input stage is realized with

NMOS transistors since the input voltage is closer to VDD than

ground. The output of the opamp drives the gates of M1 - M3 and and

the drain of M5.

5.3 STARTUP CIRCUIT

A startup circuit has been added to the circuit to ensure correct

operation. The startup circuit consists of transistors M5 -M7, which

have been designed weak in order to minimize their effect on the ref-

erence voltage when the circuit has settled. Capacitor C1 in the bias

line is required to stabilize the circuit.

5.4 RESULTS

The reference voltage of the BGR circuit as a function of temper-

ature is shown in fig .43 and fig .44. The temperature variation is mea-

sured with a power supply voltage of 1-V. The output voltage for all

sample circuits is shown in fig .43. From this figure, we can observe

that the sample-to-sample variation is larger than the temperature

variation, which implies that the temperature is not the dominating

factor determining the absolute accuracy of the BGR, but the mis-

match between the circuits. Figure.44 shows typical form of a first-

order compensated BGR voltage. Figure.45 shows the variations of

0.35µCMOS
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the output voltage with temperature when process and mismatch

variations are taken into consideration.

FIGURE 43.   Temperature variation of  output voltage of  the BGR
for 10 samples

FIGURE 44.   Temperature variation of output voltage of BGR for a
typical circuit
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Figure. 46 shows the power supply voltage variation of the ref-

erence voltage in temperature of . This figure shows results for all

samples. Figure. 47 shows the supply voltage variation of the refer-

ence voltage for a typical circuit. here, we can observe that the power

supply voltage variation is smaller than the effect of mismatch

between samples. Figure. 48 shows the variations in reference voltage

with respect to power supply, when process and mismatch variations

are taken into consideration.

The variations of the reference voltage from sample to sample is

because of the mismatches. The major sources of mismatches are;

FIGURE 45.   Output voltage Vs. temperature  of the BGR for process
and mismatch variations

20°C
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input offset voltage of an opamp, mismatches in the current mirrors,

resistors and forward biased diodes.

FIGURE 46.   The output voltage of BGR as a function of power supply
voltage
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FIGURE 47. The output voltage of BGR for a typical circuit as a function of
supply voltage
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FIGURE 48.   Output voltage Vs. Supply voltage of BGR for process and
mismatch variations
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6.  SUMMARY

In this thesis work, comparision of the three reference

approaches viz. zener diode reference, enhancement and depletion

reference, and bandgap reference approaches are done. Later, study of

bandgap principles are done. Then, various topologies of the existing

bandgap reference circuits are studied in detail. Later, various param-

eter variations of the PTAT current generator circuit are investigated,

like Vdd, number of bipolars, W/L of PMOS transistor, DC gain of

opamp, load resistance, load capacitance, input offset voltage. Process

and mismatch variations are also studied. Finally a bandgap reference

circuit is implemented based on [10]. This is implemented in a

CMOS technology. The design parameters and simulations are shown

in the results section, and it works as a suitable BGR circuit.

0.35µM
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	An important part in the design of analog integrated circuits is to create reference voltages and...
	In this project, a comprehensive study of bandgap circuits is done in the first stage. Then inves...
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	NMOSFETnegative channel MOSFET
	PMOS positive channel metal oxide semi conductor
	PPM parts per million
	PTAT proportional to absolute temperature voltage
	SOI silicon on insulator
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	1. INTRODUCTION
	An important part in the design of analog integrated circuits is to create reference voltages and...
	The objective of this thesis lies on theoretical understanding of performance limitations and to ...
	Here, we study the three approaches that are stated in detail. A number of approaches to realize ...
	a) Making the use of a zener diode that breaks down at a known voltage when reverse biased.
	b) Making use of the difference in the threshold voltage between an enhancement transistor and a ...
	c) Cancelling the negative temperature dependence of a pn junction with a positive temperature de...
	1.1 Zener diode references
	Approach (a) uses the principle of zener breakdown when reverse biased. In this section two zener...
	Later a solution using a buried transistor base-emitter junction was introduced. The buried junct...
	FIGURE. 1 Buried Zener diode reference

	Zener diodes still have several problems, such as line regulation, load regulations, and a fixed ...

	1.2 Enhancement and depletion reference
	Just using the threshold voltage of an NMOSFET, they are not suitable to be used as a reference o...
	In a real circuit, the threshold voltage difference between the enhancement and the depletion mod...
	= (1)
	Where Ke and Kd are the trans conductance parameters of the enhancement and the depletion mode NM...
	In Eq.�1, the magnitude of the reference voltage is determined mainly by the first and third term...

	Id = f(T), (2)
	So, the expression for the temperature coefficient is given by

	(3)
	= (4)
	Where and are the mobilities of the enhancement and depletion NMOSFET, respectively.
	Eq.�4, states that the variation of the reference voltage with respect to the temperature arises ...
	One approach to implement this type of reference is to use SOI transistors. The cross sectional v...
	FIGURE. 2 Cross sectional view of depleted SOI NMOSFET (a)enhancement (b) depletion

	A simple voltage reference circuit using the enhancement and depletion mode transistors is shown ...
	FIGURE. 3 Simple voltage reference circuit
	FIGURE. 4 Variation of reference voltage with temperature



	1.3 Bandgap reference approach
	A conventional bandgap reference is a circuit that subtracts the voltage of a forward-biased diod...
	FIGURE. 5 A simplified circuit of a bandgap voltage reference

	Forward-biased base-emitter junction of a bipolar transistor has an I-V relationship given by
	Ic = Is eqVbe / kT (5)
	Where Is is the transistor scale current and has a strong temperature dependence. The base-emitte...
	Vbe(T)= Vg0 (1 - T/T0)+Vbe0 T/T0 + mkT/q ln(T0/T) +

	kT/q ln (Jc/Jc0) (6)
	Here, Vg0 is the bandgap voltage of silicon extrapolated to 00 K, k is Boltzmann’s constant, q is...

	Ic = AeJc (7)
	where Ae is the effective area of the base-emitter junction.
	From Eq.�6, it is seen that if there are two base-emitter junctions biased at current densities J...

	Vbe = V2 -V1 = kT/q ln(J2/J1) (8)
	This equation shows that the difference in the junction voltages is proportional to absolute temp...

	(9)
	where Ji is the current density of the collector current of the i th transistor, whereas Ji0 is t...
	Using the Eq. 8 and Eq. 9 along with Eq.�6, we have

	(10)
	= (11)
	This is the fundamental equation giving the relationship between the output voltage of a bandgap ...

	(12)
	Setting Eq.�12 to zero at T=T0, we can get

	(13)
	The left side of the Eq.�13 is the output voltage Vref at T= T0 from Eq.�11. So, for a zero tempe...

	(14)
	At T0=300 K. and m=2.3, Eq.�14 implies that Vref = 1.24 V for zero temperature dependence, which ...

	(15)
	at 300 K. Specifically, for zero temperature dependence, the output of a bandgap voltage referenc...
	The output voltage of the bandgap reference for temperatures other than T0 is obtained after back...

	(16)
	So, (17)
	From the Eq.�15 and Eq.�16, temperature dependence at temperatures different from the reference t...


	1.4 Comparison of the three reference approaches
	The approach in (a) is not popular, because the breakdown voltage of a zener diode is typically l...


	2. STUDY OF BGR PRINCIPLES
	In this section, the different operation principles of BGR circuits are discussed. The operation ...
	2.1 Current summing approach
	FIGURE. 6 Schematic of ‘Sum of currents’ configuration
	A circuit using the ‘sum of currents’ configuration is shown in fig .6 [7]. In this case, the cir...
	FIGURE. 7 Schematic of ‘Sum of voltages’ configuration from [7]


	2.2 Voltage summing approach
	A circuit using the ‘sum of voltages‘ configuration is shown in the fig .7. In this case, the cir...
	Results of this study are presented in Table.1 and variations in reference voltage with power sup...
	TABLE.1 Voltage summing approach
	FIGURE. 8 Output Voltage Vs Supply voltage (Top), Temperature dependence of the ’Sum of currents’...




	3. STUDY OF BGR CIRCUITS
	In this section BGR circuits suitable for implementing in both bipolar and CMOS processes are dis...
	3.1 A Simple Three-Terminal IC Bandgap Reference
	This section deals with implementation using bipolar devices. The conventional bandgap circuit is...
	FIGURE. 9 Conventional bandgap circuit

	Here, transistors Q1 and Q2 are operated at different current densities to produce voltages propo...
	The idealized circuit shown in fig .10 reduces the difficulties in increasing the output voltage ...
	FIGURE. 10 Idealized circuit illustrating two-transistor bandgap cell
	In the circuit in fig .10 [1], the emitter area of Q2 is made larger than that of Q1 by a ratio o...
	Since, in the DC operation point, the current in Q1 is equal to current in Q2, the current in R1 ...
	The voltage at the base of Q1 is the sum of Vbe of Q1 and the temperature dependent voltage acros...
	FIGURE. 11 Circuit for developing higher output voltages

	Even high output voltage level can be increased in the following way. Suppose, that the amplifier...
	In the circuit of fig .11 the base current of Q1 and Q2 must flow through R4. This current will r...
	To make the analysis simpler, neglect the effects of finite hfe and output conductance of Q10, Q1...

	(18)
	This relation contains a term due to the base currents through R4 and an offsetting term due to r...

	(19)
	where P1= ib1/ib2. In the case shown in fig .11 the collector currents and hence the base current...

	(20)
	The general form of the expression is useful in circuits where the current density ratio is contr...
	Limitations of this circuit
	Although, the circuit of fig .11 can be used in some simple applications, there are some limitati...
	1.Base width modulation of Q1 and Q2
	2.Finite output impedance of Q11
	3. Finite hfe of Q7, Q10 and Q11.

	All these factors combine to raise the circuit’s dynamic impedance and to degrade its input-volta...
	Remedy
	FIGURE. 12 Monolithic three-terminal reference chip
	The circuit shown in fig .12 [1] reduces the above given problems. Hence, the current mirror tran...
	The circuit shown in fig .12 has a stable OFF or no-current state. An epitaxial layer FET, Q15, i...
	The operating bias level for Q14 is controlled by Q5. This transistor is matched to Q1 and has it...



	3.2 A CMOS Bandgap Reference Circuit
	A conventional bandgap reference circuit is shown in fig .13. This conventional bandgap reference...
	FIGURE. 13 Conventional bandgap reference circuit
	FIGURE. 14 Realization of a pnp bipolar in CMOS technology

	The relation of the current versus voltage in a general diode is expressed as
	I = Is. (e qVbe/kT - 1)
	when Vbe>>kT/q, then
	I = Is . e qVbe/kT

	Vbe = VT . ln (I/Is) where VT = kT/q, k is Boltzmann’s constant and q is the electron charge. In ...
	(21)
	= VT . ln(nR2/R1)
	The emitter area of Q2 is n times of that of Q1. So the output voltage Vref, of this bandgap refe...

	= Vbe1 + R2/R3 ln(n. R2/R1) . VT (22)
	where Vbe1 is the built-in voltage of the bipolar Q1. By choosing the appropriate resistance rati...
	Two major drawbacks of this circuit are
	1. The input offset voltage of Opamp will introduce error in the output bandgap voltage.
	2. The output of the Opamp has a resistive impedance.


	3.3 Bandgap References for near 1-V operation in standard CMOS technology
	In this section, we will study two types of current mode bandgap references that are operated nea...
	In the voltage-mode configuration derived from the bipolar designs, the output voltage is obtaine...
	FIGURE. 15 The current-mode bandgap reference [3]

	Here, two currents proportional to Vf and Vt = kT/q respectively are generated by a single feedba...
	I2b = Vf1 / R2
	while, I2a can be expressed as a function of Vt
	where is the difference between the forward voltage of diodes, i.e., base-to-emitter junctions, D...
	From the above derivations, I3 can be expressed as the sum of a term linearly dependent on a diod...
	(23)
	So, by choosing a convenient value for resistor R4, a voltage reference with the same properties ...
	Implementing an Opamp with 1V power supply is challenging. In [3] the Opamp is implemented as sho...
	FIGURE. 16 The depletion mode opamp

	The differential amplifier used in the BGR in fig .15 makes use of a MOS depletion differential p...
	1. PMOS input stage working in weak inversion.
	2. NMOS input stage with level shifter.
	The implementation based on a PMOS differential pair in weak inversion is shown in fig .17. The s...
	FIGURE. 17 Weak inversion PMOS opamp for the current mode BGR(BGR1)

	Simulation results in fig .18 show that with a power supply voltage lower than 0.9V there is not ...
	FIGURE. 18 Simulated output voltage at different supply voltages [3]

	The second proposed opamp uses an input level shifter, made by a couple of PMOS source followers,...
	FIGURE. 19 The proposed NMOS Opamp for current mode BGR (BGR2)

	Further, the Vgs voltage introduced in the signal path limits the minimum supply voltage to about...
	Startup circuit
	The proposed startup circuit is shown in fig .20 with the opamp shown in fig .15. The BGR may set...
	FIGURE. 20 The proposed startup circuit with different injected currents

	In this circuit, two currents Is1 and Is2, with different values (Is1 = 4.Is2) are injected in th...
	The two BGRs using the weak-inversion( BGR1 ) and the NMOS opamp ( BGR2 ) respectively were imple...
	Figure.21 shows the measured reference voltage over the extended temperature range at 1.2V and 1....
	These measurements highlight a minimum power supply voltage of about 0.9V for the BGR1 reference ...
	FIGURE. 21 Vref at different temperatures for BGR2 at 1.8V and BGR1 at 1.2V supply
	FIGURE. 22 Vref for BGR2 and BGR1 Vs. power supply voltage at different temperatures

	When the circuit in fig .20 had been fabricated in a conventional 0.4u flash memory process, the ...
	FIGURE. 23 Vref characteristics of the proposed BGR



	3.4 BGR using Trans impedance amplifier
	In [5] further modifications of the circuit in [4] are presented. Here, resistors are used in pla...
	FIGURE. 24 BGR using Trans impedance amplifier

	The basic principle here is to remove the input differential stage of the opamp and replace it us...
	(24)
	Similar to [4] the value of Vref can be changed by choosing different values of R1, R2, and R3. E...
	TABLE.2 BGR using Trans impedance amplifier




	4. INVESTIGATIONS OF PROCESS PARAMETERS
	In this section, variations of the Vdd, temperature, number of bipolars, W/L of PMOS, DC gain, RL...
	FIGURE. 25 Practical generation of PTAT current

	Operation of the Circuit
	The Opamp used in this circuit is a differential amplifier. This is designed using AHDL. In this ...
	4.1 Vdd variations
	As Vdd is increased, the output current also is increased. From the results, we can observe that ...
	FIGURE. 26 Variations of output current with Vdd
	FIGURE. 27 PTAT current Vs. temperature at different power supply voltages


	4.2 Number of Bipolars
	With the increase in the number of bipolars, output current is increased. As we can see from the ...
	FIGURE. 28 Variations of output current with number of bipolars


	4.3 Variations in W/L ratio of the PMOS devices
	As W/L is increased, the output current is increased. But the rise in the output current is not m...
	FIGURE. 29 Variations of output current with W/L ratio of PMOS

	As the W/L of PMOS is increased, the current consumed by the PMOS also increases, which inturn wi...
	FIGURE. 30 PTAT current Vs. temperature at different W/L of PMOS devices


	4.4 Variations in DC gain of the opamp
	The function of the opamp is only to set the same voltage at the gates of PMOS devices. Hence, in...
	FIGURE. 31 Variations of output current with DC gain of opamp
	FIGURE. 32 PTAT current Vs. temperature at different values of DC gain of Opamp


	4.5 Variations in load resistance
	As the load resistance is increased, the output current decreased linearly. As voltage is given a...
	FIGURE. 33 Variations of output current with load resistance
	FIGURE. 34 PTAT current Vs. temperature at different load resistances


	4.6 Variations in load Capacitance
	There is no change in the output current with variations in the load capacitance. The capacitor w...
	FIGURE. 35 Variations of output current with load capacitance


	4.7 Opamp input offset voltage Vs. output current
	Increasing the input offset voltage of the Opamp, the output current is decreased. Increasing the...
	FIGURE. 36 Input offset voltage Vs. output current
	FIGURE. 37 PTAT current Vs. temperature at different input offset voltages


	4.8 Process and Mismatch Variations
	The variations of output current with temperature and power supply voltage, when process variatio...
	FIGURE. 38 Output current Vs. temperature with process variations
	FIGURE. 39 Output current Vs. supply voltage with process variations

	When mismatch variations are taken into consideration, the output current variations with tempera...
	FIGURE. 40 Output current Vs. temperature with mismatch variations
	FIGURE. 41 Output current Vs. supply volatge with mismatch variations



	5. IMPLEMENTED BGR
	In this section, the implemented bandgap reference circuit [10] is explained. The circuit diagram...
	FIGURE 42. Implemented Bandgap reference circuit

	Low voltage operation and low power consumption are important design factors for portable electro...
	5.1 THE BGR CIRCUIT
	The operation of the circuit is similar to a conventional CMOS topology except that there is an a...
	(25)
	where k is Boltzmann’s constant, q is the electron charge, T is the absolute temperature and J1 a...
	The opamp (consisting of transistors M7-M11) keeps the emitter currents of B1 and B2 equal. So, t...
	where K is given as

	(26)
	Here, Vg0 is the bandgap voltage of silicon extrapolated to , m is a temperature constant approxi...
	If a resistor R3 is added to the output of the BGR, the output of the BGR can be written as

	(27)
	From this equation, we can choose reference voltage to the required level for a low voltage opera...


	5.2 DESIGN CHOICES
	Table.1 shows the chosen values of the components in this BGR circuit. Large channel lengths are ...
	TABLE.3 Component values of implemented BGR

	Large W/L value for the devices ensures better matching of the devices [16].
	This design is implemented in a technology. In order to obtain low voltage and low power operatio...
	The opamp is a single stage amplifier consisting of a differential pair with a current mirror loa...

	5.3 STARTUP CIRCUIT
	A startup circuit has been added to the circuit to ensure correct operation. The startup circuit ...

	5.4 RESULTS
	The reference voltage of the BGR circuit as a function of temperature is shown in fig .43 and fig...
	FIGURE 43. Temperature variation of output voltage of the BGR for 10 samples
	FIGURE 44. Temperature variation of output voltage of BGR for a typical circuit
	FIGURE 45. Output voltage Vs. temperature of the BGR for process and mismatch variations

	Figure. 46 shows the power supply voltage variation of the reference voltage in temperature of . ...
	The variations of the reference voltage from sample to sample is because of the mismatches. The m...
	FIGURE 46. The output voltage of BGR as a function of power supply voltage
	FIGURE 47. The output voltage of BGR for a typical circuit as a function of supply voltage
	FIGURE 48. Output voltage Vs. Supply voltage of BGR for process and mismatch variations



	6. SUMMARY
	In this thesis work, comparision of the three reference approaches viz. zener diode reference, en...
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