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1.1 HISTORICAL BACKGROUND:

This dissertation presents design and analysis of Band Gap Reference circuits.
Before the details of the work presented in this dissertation, some historical

background is given in the below section.

The concept of Band gap voltage reference was first published by David Hilbiber in
1964. During his brief tenure at Fairchild semiconductors he found that the potential
difference between two diodes can provide a proportional dependence on temperature
provided a fairly constant amount of current is passed through them [1].

Later Robert Wildar Paul Brokaw and others refined the concept given by Hilbiber and
implemented commercially successful versions of Band gap Reference (BGR) circuit

using bipolar devices [2][3].

The Band gap reference circuit proposed by Robert Wildar became popular as a
replacement of Zener diodes to be utilised in data acquisition systems and digital ICs
where Zener diodes were not much suitable, since the breakdown voltage of a typical

Zener diode is higher than the potential at which the modern circuits operate [4].

With the advent of rise in CMOS technology in late 1970s, several attempts were made
to replicate Wildar’'s design by solely using CMOS devices but due to high mismatch
in the threshold voltage of NMOS and PMOS devices it was observed that the designs
which were based solely on CMOS devices has significant error as compared to those

utilising bipolar devices along with the CMOS devices [5].

1.2 INTRODUCTION TO BAND GAP CIRCUITS:

The functionality of Band gap reference circuit is to provide a constant reference
voltage independent of supply, temperature and circuit loading Band gap reference or
voltage reference circuits are one of the major building blocks of any modern analog

IC so much so that in almost any analog IC one can find at least one BGR [6].

The supply voltage independence of a circuit could be achieved by utilising the
threshold voltage Vr of MOS device as a bandgap reference voltage but due to

dependence of the threshold voltage on temperature it is largely avoided.
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Since most of the process parameters are dependent on temperature which in turn
are the dependence of the basic electrical quantities such as voltage and current, we

do not have any circuit which is in itself independent of the temperature.

Thus, in order to achieve the temperature independence of a circuit we cancel the
negative dependence of the voltage measured across a p-n junction with a circuit

depicting positive temperature dependence.

Voltage

Yout

Band Gap Reference WYout

circuit

supply, Temperature , Loading

Figure 1.1 Ideal expected behaviour of Band gap reference voltage circuit

Temperature independence can prove very critical for a circuit since most of
the process parameters are inter-dependent on the temperature, so if we can
somehow make a circuit temperature independent then the variations in the process

parameters are largely supressed.

If we analyse the voltage or current dependence of variations of the various
circuits on the basis of temperature then we can group those circuits into two

categories [9].

1. CTAT (Complementary to absolute temperature)

2. PTAT (Proportional to absolute temperature)
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Woltage Voltage
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Figure 1.2 (a) CTAT Behaviour (b) PTAT Behaviour

i.e. CTAT having negative temperature coefficient and PTAT having positive

temperature coefficient.

In order to achieve zero temperature coefficient (ZC) two circuits each
exhibiting PTAT and CTAT behaviour are added.

0 VCTAT + 0 VPTAT —

aT 3T 0 (1.1
Therefore,
Veer = a1Verar + @2Vprar (1.2)
PTAT al
+
_<: Vref
CTAT a2

Figure 1.3 Block diagram representing the generation of constant reference voltage
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1.3 CONCLUSIONS

In chapter 2, CTAT (Complementary to absolute temperature) circuit design is

discussed and simulation of those circuits are given.

In chapter 3, PTAT (Proportional to absolute temperature) circuit design is discussed

and simulation of those circuits are given.

In chapter 4, how we can go about adding CTAT and PTAT circuits discussed in the
above chapters to achieve constant reference voltage independent of temperature and

supply voltage is discussed and simulation of those circuits are given.

In chapter 5, Design of band gap reference circuits with cascode current mirrors to

achieve better supply rejection is discussed and simulation of those circuits are given.

In chapter 6, the importance of design of start-up circuits in a self-bias circuit such as
band gap reference circuits are discussed and simulation of band gap reference

circuits are given.

In chapter 7, the future scope of work is discussed.
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CHAPTER -2

CTAT DESIGN
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2.1 INTRODUCTION:

If we provide a constant current through a diode as shown in the figure 2.1 below then
it is observed that the voltage across the diode is CTAT in nature [6].

%0

Figure 2.1 Simple circuit to generate a CTAT voltage (Vo) across diode D1
We know that the standard equation for the current through the diode is [7].
I, = I, eVp/Vr (2.1)
Where, V1= Thermal Voltage (approximately equal to 26 mV at 300 K)
Vb = Voltage across the diode D1
lo = Forward diode current
Is = Reverse saturation current

Therefore,
IO
Vo= Vrin( Z) (2.2)

The dependence of the voltage Vb with respect to temperature is CTAT in
nature, while the slope of aVD/aVT is known to be approx. -1.6 mV /K at 300K provided

a constant current is passed through the diode [8].
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Also,
Vp= — (2.3)

Where,
k = Boltzmann’s constant, 1.38 x 10723 joules
q = electric charge, 1.6 x 10~ *coulomb
T = temperature

From the above equation we can note that,

VeaT (2.4)

Thus, V1 is PTAT in nature.
aVr k 9
oT ¢ (2:5)

We are providing constant current across the diode, therefore

9 _ (2.6)
aT
I, = wkT n? (2.7)
w=p,I™ (2.8)
n? a T3 exp (;{—;‘q) (2.9)
where,
M = mobility
ni = intrinsic carrier concentration
m = constant (generally taken as -1.5)
€g = Energy Band gap for the semiconductor
From equations 2.7, 2.8, 2.9 we get,
I, & u, T™ KT.T3 exp (;—?) (2.10)
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Resolving all the temperature independent quantities as a constant (b) we get,

—&
— (4+m) 9
Iy = b T+ exp ( KT) (2.11)
al —& € 4+m
i (4+m) g g
=7 = b T exp (KT) o ] (2.12)
s 4+m &g
=1, (—T + W) (2.13)
and,
av, av. I Vrol
9 _ 9T, <_°) _ros (2.14)
oT oT I I, dT
Resolving the above equation with 2.5 and 2.13 we get,
oVp  Vp—(4+m)— ¢g/q
3T = T (2.15)
Putting values in above equation as
Vp=0.7V
m=-15
V1=26 mV
€gg=12V
T=300K
We get,
av,
BT = —1.833 mV/K (2.16)

From the above equation 2.16, we can conclude that the voltage across a diode is

CTAT in nature, provided a constant current is passed through it.
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2.2 SIMULATION RESULTS:

__d.d. vdd
i
| [
4
ide=50y
V. ST
T vde=3. 1
@ N -pn-p - .vout
I ' Hp'ﬂpri [
el
~area:368m
[
cobond oo
gnd !
v ghd .

Vo

Figure 2.2 Circuit diagram as drawn in Cadence

The reason the voltage across a diode is CTAT in nature because increasing the
temperature results in higher probabilities of collisions between electrons and holes

which leads to a significant increase in heat loses [6].

10
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Figure 2.3 Result of DC sweep of Vout w.r.t T from -40 to 125 °C
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Figure 2.4 Plot showing the variation of Z—Z w.r.t. to temperature

From the fig 2.4 we can see that the nature of the aaL?? is complementary to absolute

temperature i.e. the voltage across the diode is CTAT in nature.

11
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2.3 CONCLUSIONS:

In this chapter we discussed the design and analysis of PTAT (Proportional to
absolute temperature). We came to conclude that the voltage across a diode provided
a constant current is passed through it acts as a PTAT. Later we also simulated in

cadence to prove the above observation true.

12
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CHAPTER -3

PTAT DESIGN
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3.1 INTRODUCTION:

When we designed CTAT, we found that Vthas proportional dependence on
the temperature (eq. 2.4). Also, we noticed that the Vp is CTAT because of the

dominating nature of the logarithmic term (eq. 2.2).

Therefore, in order to get a proportional dependence of voltage on the temperature we

need to cancel the logarithmic term [9].

This we can do by subtracting the potential across two diodes.

I, I,
V,— Vy = Voln (E> —V,In (n—ls) (3.1)

Vd - le - VT ln(n) (32)

Where n is number of diodes in second branch.

W

oo al

Figure 3.1 Simple circuit to get a PTAT voltage (V2 — V1)

14
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3.2 SIMULATION RESULTS:

wid, T
veld
. . .
ydd. .
(1
' ide=5u
B i
- vde=3.3
? =33 '
e i -
. Va1 pnp N1 T onp”
n ml o SLONE
gnd areq:360m areq:260m

gnd, .

Figure 3.2 Circuit simulated in Cadence to check the nature of (Va — Va1)
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Figure 3.4 Figure showing the nature of Va — Va1
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We can also replace ideal constant dc current source with current mirror in

order to obtain the PTAT nature.

curnth

L

Wi W2

Rl

41

HR IR I

[

Figure 3.5 Figure showing the replacement of the ideal current dc source with current mirror

In order to have the same current in both the branches (fig 3.2), and to get the

PTAT voltage across the output voltage fig 3.2 is modified as shown in fig 3.5.

17
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FRIG S FRIG S
Mz ‘ ‘ M+
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: 0o

]

Figure 3.6 Addition of a current Mirror in the figure 3.2

I
N

For simulation purpose we are connecting two diodes in parallel i.e taking n

18
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Figure 3.7 PTAT circuit with Simple current mirror drawn in cadence

In the circuit shown in Figure 3.7 the current through Mz and Mas are equal due

to the presence of the current mirror across the two branches, this causes the node

voltages at Va4 and V2to be equal.

19
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Vy=V, (3.3)
Therefore,

Vo= I,R+ Vg (3.4)

LR=V,— Vg (3.5)
From eq 3.2 and eq 3.5 we get,

I,bR = V;In(n) (3.6)

Thus eq. 3.6 shows that the voltage across the diode is a PTAT which can be verified

from the figure 3.8 and figure 3.9 shown below.

750.0 4
7000 4

£50.0
' vd e
600.0

Y (mv)

550.0 4
500.0 4

450.0 4

400.0 -

-—_——-_ ¥V
50.0 25.0 0.0 75.0 50.0 75.0 1000 135.0
temp (C)

Figure 3.8 Figure showing the individual nature of the voltage across the diodes in figure 3.7

Notice the closeness of the node potentials Vg and V2 as compared to the one
plotted in figure 3.3. Thus the PTAT voltage obtained in the figure 3.6 can be controlled

to a higher dergree of extend as compared to one obtained in figure 3.2.

20
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Figure 3.9 Plot showing the variation of current through Mz and Ms w.r.t. temperature
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Figure 3.10 Plot showing the variation of PTAT voltage obtained in figure 3.7
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3.3 FURTHER IMPROVEMENTS:

The disadvantage with the circuit shown in figure 3.7 is that we are obtaining
the PTAT voltage across the resistor R, which is present between the diode and
MOSFET. The PTAT voltage present across the resistor R can be extracted into a
different branch by connecting one more gate connected MOSFET Ms, since it mirrors

the current lo which is flowing through M2 and Mz [9].

FRIGZ PR S FRIG S
Mz ‘ ‘ K+ ‘ (L

- Wout

1A Ll

8}

W1

oo oo

Figure 3.11 Addition of MOSFET Ms in figure 3.5
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The value of resistors R1 and R2 to be used for simulation purposes could be
determined form equation 3.6 by putting lo = 54, Vr = 26mV, n = 2 which on solving

S m =m - =m o=

we get R1 = R2 = 3.6KQ.

e
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nd |
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Figure 3.12 Improved PTAT circuit drawn in Cadence for analysis
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1. |M1 W=20u;L=5p
2. | M2 W=20u;L=5p
3. | M3 W=20;L=5n
4. | M4 W=20u;L=5p
5. | M5 W=20u;L=5p
6. | Vdc 3.3V
7. |Ra 3.6KQ
8. |R2 3.6KQ

Table 3.1 Design Parameters used in simulation of circuit in Figure 3.12

From eq. 3.6 we get,

VrIn(n)
] = — = Vi
Also,
Vout = IbR; (3-8)
Therefore,
R,
Vout = ?ln(n) Vr (3.9)
1

From the eq. 3.9 we can conclude that since the term %ln(n) is a constant the voltage
1

across the resistor R2 is PTAT in nature.

R
a, = ?len(n) |/ (3.10)

We require to scale PTAT voltage by a factor of a; since in BGR design we need to

cancel our PTAT nature present in the circuit with the CTAT nature. We can control
the value of ax by manipulating the values of Rz and Ri and thus can alter the slope of
the PTAT voltage.

Also,

oV k 1.38x107%3

24



Design and Analysis of Band Gap reference circuit

YV imvy)

27.5

17.5

0.0

275

260

a0.0

17.5

15.0

] Voltage across resistor B2
J exhibiting PTAT nature
- I T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
-50.0 -25.0 0.0 25.0 50,0 75.0 100.0 135.0
temp (O]
Figure 3.13 Plot showing the vaiations of the Vout w.r.t to temperature for Figure 3.12
i Camparison of Voltage across ' _~
T bath the resistar P
] e
i ~
i -
§ acrossR2 /,/
] e
] ~
] g across Rl
i L
1 P
j P
: /”
B - T I T T 7 T I T T T T 1 T T 7 T T 1
50.0 -25.0 0.0 25.0 50,0 75,0 100.0 1250
temp (G}

Figure 3.14 Plot showing the comparison of the voltage across R1 and Rz for Figure 3.12
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The PTAT design discussed in this chapter can also be achieved by using an op-amp
in place of a current mirror which is discussed in the final chapter Future Scope and
Work.

Comparing the voltage across the resistors R1 and R2 we can notice that they are
almost equal, although there is some difference observed due to the divergence of

current mirror from its ideal behaviour.

In order to reduce the voltage difference between two resistors observed in Figure
3.14 we can replace the simple current mirror present in Figure 3.12 with a cascode

current mirror or any of the other advanced current mirror.

3.4 CONCLUSIONS:

In this chapter we discussed the design and analysis of PTAT (Proportional to
absolute temperature) circuits. We conclude in this chapter that the voltage across two
diodes is PTAT in nature. We later discussed the improvement in the circuit by adding

gate connected PMOS.

26
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CHAPTER -4

ADDING CTAT and PTAT
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4.1 INTRODUCTION:

In chapter 2 and chapter 3, we independently designed the CTAT and PTAT
voltage, now we must combine them in order to generate a Bandgap reference

voltage, such that the reference voltage is independent of the temperature.

L
2.1 K1 I
| .’. [ |
| I | ¢ 1 | B |
| L3 1

' ] ;
1 ' !
' N I I I ;
: )
| ' = :
' | ([ i
:
Ty
1 1
: -
.
'
: ' 2
1 ! '
J
— 8
'
. 1 s 4
| i
i i g
|
' “

Figure 4.1 Combined simulation of CTAT and PTAT circuit (figure 2.2 and figure 3.7)
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The combined simulation of both the CTAT and PTAT circuit above is done to find the

dominating nature among both of them [6].
800.0 7

700.0 T

] ——__ CTAT + FTAT
6000 CTAT —

500.0 —

400.0

V (m¥)

300.0
2000

100.0 +

FTAT

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
50.0 -25.0 0.0 5.0 50.0 75.0 100.0 125.0
temp (C)

Figure 4.2 Result of the simulation of the circuit shown in figure 4.1

From the figure 4.1, we can observe that the slope of the PTAT curve i.e. avg—;” is

oVerar

insignificant as compared to the slope of the CTAT curve , thus the overall

nature of the CTAT and PTAT curve is also CTAT.
Therefore, we need to calibrate the values of a1 and a2 which are the coefficients of

the slope of the CTAT and PTAT curve such that after combining both the circuits we

get a reference voltage independent of the temperature.

In earlier chapters while designing the circuits we took the assumption that I, current
is constant in nature when it flows through CTAT circuit. But when we add the CTAT
and PTAT circuits as shown in figure 2.3, and by eq. 3.7 we can conclude that I, is

not constant in nature.
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Vref

) v
) v

Figure 4.3 Figure showing V1 as PTAT and V2 as CTAT connected in series

Therefore, taking the partial derivative w.r.t Temperature T from eq. 2.2 we get

Wo _ [ | 4.1

I T“ 1)
aVT[] I, —InL] +V 19l 10k 4.2
gr LMo TS TV |G T aT (4:2)

oly I,

9 _h 4.

ar T (4:3)

Substituting values from eq. 2.2, eq. 2.5 and eq. 4.5, we get

aVp Vp—(@B+m)— ¢g/q

T = 7 (4.4)
Substituting standard values in eq. 4.4, we get
Vo _ _179mv/K 4.5
aT - . m / ( . )

By comparing the result obtained in eq. 4.5 and eq. 2.16 we can conclude that the

dependence of I, on temperature is not significant and we can continue to ignore the
effects on temperature on [ , since it is miniscule for all practical purposes.
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4.2 DESIGN OF a4 AND a,:
Taking the derivative of eq. 1.2 we get,

aVRef = a aVCTAT_{_ a aVPTAT —
oT Loooar 29T

Putting in values from eq. 4.5 and 3.11 in eq. 4.6

a,{86.25 W/K} + a,{—1.79mV/K} =0

(4.6)

4.7

To decrease the CTAT voltage we need to connect a large number of diodes in parallel

which is not a practical solution. Therefore, we keep a,= 1 and adjust the value of a;

Therefore,
a, = 20.75
Calculating the value of VRef from eq. 1.2 we get,
Vies = 1.2V
From eq. 3.7 we can find the value of R1 to be equal to
R, = 3.6KQ
From eq. 3.10 we can find the value of Rz to be equal to

R, = 1015 KQ

31
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4.3 SIMULATION RESULTS:
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Figure 4.4 Figure showing simulation of BGR circuit with parameters calculated in table 4.1

32



Design and Analysis of Band Gap reference circuit

KA

1.3

L2

11

L0

1. |Ra 101.5 K}

2. | Rz 3.6 K()

3. | Vdc 3.3V

4. | a, 20.75

5 |a, 1

6. | M1 W=20u;L=5p
7. | M2 W=20u;L=5n
8. | Ms W=20u;L=5n
9. |Ma W=20u;L=5p
10. | Ms W=20u;L=5n

Table 4.1 Design Parameters used in simulation of circuit in Figure 4.4

CTAT

Reference Voltage

Figure 4.5 Figure showing variation in output voltage (Vref) w.r.t temperature (T)

termp (C)
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From figure 4.5 we can notice that the Vrer voltage shows an approximated straight-
line w.r.t to temperature T which is basically a combined result of CTAT and PTAT

nature of voltages obtained in figure 4.4.

1.199 7
119875
11985

1.19825

21198 -
= 1

119775

11975~

119725

1197 -

50.0 5.0 0.0 25.0 50,0 75.0 100.0 125.0
temp (C]

Figure 4.6 Figure showing that the Vrer is actually a bell-shaped curve as opposed to straight line

We are getting the bell-shaped curve because the CTAT and PTAT curves were not
exactly a straight line. However, we did the mathematical analysis assuming that they
are straight lines [12].
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v V)
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Figure 4.7 Figure showing variations in reference voltage (Vref) w.r.t supply voltage (Vdad) 0 -5V
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Vref
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25 .75 20 3.25 3.5
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Figure 4.8 Figure showing variations in reference voltage (Vref) w.r.t supply voltage (Vad) 2.5 -3.5V
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Figure 4.7 shows the variation in Vet voltage for circuit simulated in figure 4.4 w.r.t to

supply voltage (Vdd) over the range of 0 — 5 V.

In practical circuits we do not expect such large variations in supply voltage, typically
a 10% variation in supply voltage is expected in practical situations. Hence the

variation of 2.5 — 3.5 V is simulated in Figure 4.8.

4.4 CONCLUSIONS:

In this chapter we combined the circuits designed in chapter 2 (CTAT) with the
one designed in chapter 3 (PTAT). Later we calculated the scaling factors in order to
combine two circuits in a way such that the output voltage (Vref) is constant w.r.t

temperature (-40 to 125 degrees Celsius).
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CHAPTER -5

Analysing BGR with Cascode

Current Mirror
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5.1 INTRODUCTION:

As discussed in earlier chapters we know that the current mirror is responsible
for the supply rejection in the band gap reference circuit so far discussed. So, if we

want better supply rejection we have to improve our current mirror.

We can replace the simple current mirror present in BGR circuit with a cascode current

mirror to improve supply rejection [11].

Typically, a variation in supply from 0 — 5 V will never occur in the circuit. Therefore, if
our supply voltage is of 3.3 V we can expect a variation of 3 — 3.6 V.

Also, the supply voltage requirement in cascode structure is higher than the simple

current mirror because of the Vas drop across four MOSFETS.

The main advantages of a cascode current mirror as compared to a simple current

mirror are:

e It supresses the effect of channel length modulation.

e |tincreases the output impedance of current source/sink.

1. |R: 117 KQ

2. | Rz 3.6 KQ

3. | Vi 3.3V

4, M1 W=20;L=5u
5. M2 W=20;L=5u
6. M3 W=20;L=5u
7. My W=20;L=5u
8. Ms W=20;L=5n
9. NMo W=20;L=5n
10. | NMy W=20;L=5n
11. | PMo W=20pu;L=5p
12. | PM; W=20pu;L=5p
13. | PM; W=20;L=5n

Table 5.1 Design Parameters used in simulation of circuit in Figure 5.1
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5.2 SIMULATION RESULTS:
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Figure 5.1 Figure showing band gap reference with cascode current mirror for better supply rejection
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Figure 5.2 Figure showing variations in reference voltage (Vref ) w.r.t Temperature for figure 5.1
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Figure 5.3 Figure showing variations in reference voltage (Vrer ) w.r.t supply voltage (Vad ) 2.5-3.5V
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Figure 5.5 Figure showing variations in reference voltage(Vref ) w.r.t supply voltage( Vad ) 2.5-3.5V
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5.3 CONCLUSIONS:

In this chapter we simulated the band gap reference circuit by replacing the
current mirror component with the cascode current mirror. We conclude in this chapter
that addition of cascode current mirror provides better supply rejection as compared
to a simple current mirror. In the end we also simulated the dc analysis of a band gap

reference circuit with a cascode current mirror.
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CHAPTER -6

Start-up Circuits
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6.1 INTRODUCTION:

Band gap reference is a self-bias circuit and any self-bias circuit requires a start-

up circuit. The band gap reference circuit has two stable regions of operation.

¢ Normal operating region

e Zero current region

Once the circuit enters the zero current region it will remain in that region forever since

it is a stable region and we will not get Vret at the output.

The functionality of start-up circuit is to disturb the band gap reference circuit from the

zero current region so that it can enter Normal operating region.

While doing dc analysis we will not face this issue, but while doing the transient
analysis we can come across this issue of band gap reference circuit getting into its
zero-current region, hence we must design a start-up circuit for our band gap reference

circuit before performing its transient analysis.

It is hard to detect the necessity of a start-up circuits in the simulation because most
simulators like cadence will avoid the zero current state and when we do the analysis

everything seems to be fine. But it doesn’t guarantee that the circuit will work.

Therefore, even though we cannot see the necessity of start-up circuit in the simulation
we should design the start-up circuit for every self-biased circuit such as band gap

reference circuit.

To analyse the necessity of start-up circuits we must perform the transient analysis

since dc analysis doesn’t prove to be of much help in such case scenarios.

If V1 (node between Ms and Mas) equals to 0 and V2 (node between M1 and M2) equals
to Vad then there is no current flow through band gap reference circuit, therefore the
functionality of start-up circuit in our case is that it decreases the V2 and increases V1
forcefully [5][6].

An NMOS is connected to node V1 to bring down the voltage of Node Vi when the
BGR is in Zero current state, we want to turn on the NMOS Nz in order to forcefully
pull down the node voltage V1 this will bring the BGR circuit in Normal region. Once
the circuit is in normal operating region we would want to turn-off the NMOS N1
otherwise the circuit functionality will be disturbed and we will not get good stable state.
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1. |Ra 101.5 K}

2. | Rz 3.6 K()

3. | Ro 10 KQ

4. | Vdc 3.3V

5. [ M1 W=20u;L=5n
6. [ M2 W=20u;L=5n
7. | Ms W=20u;L=5p
8. | M4 W=20u;L=5p
9. [ Ms W=20u;L=5n
10. | NMo W=2u,L=500n
11. | NMs1 W =10y; L=500n

Table 6.1 Design Parameters used in simulation of circuit in Figure 6.1

1. | Vpuse 0-33V
2. | period 1ls

3. | Delay Time 100 ps
4. | Rise Time 100 us
5. | Pulse width 05s

Table 6.2 Parameters for transient analysis used in simulation of circuit in Figure 6.1
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6.2 SIMULTAION RESULTS:
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Figure 6.1 Figure showing a simulation of band gap reference circuit with start-up circuit
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Figure 6.2 Figure showing the transient response of output voltage (Vrer)
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Figure 6.3 Figure showing the transient response of gate voltage of M1, M2, Mz, M4
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Figure 6.5 Figure shows the effect of start-up circuit on output voltage (Vref)
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Figure 6.6 Figure shows the variation of current through NMo (start-up) in comparison to Vud

6.3 CONCLUSIONS:

In this chapter we discussed the importance of start-up circuits in a typical self-
bias circuit such as band gap reference circuit. We later discussed why the dc analysis
alone is not a good test for the functionality of an analog IC and why it is important to
perform transient analysis for such circuits. In the end transient analysis for the band

gap reference circuit with a start-up circuit is presented.
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CHAPTER -7

Conclusion and Future Scope
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7.1 SUMMARY:

In this dissertation report we started with our discussion of CTAT, PTAT
design. We later combined both of these circuits in order to achieve a stable band gap
reference voltage of 1.2 V. Further in our dissertation we discussed various ways of
improving the earlier designs. We also simulated those designs to actually observe

that whether or not those design goals have been met or not.

In the end of our dissertation report we discussed the necessity of start-up circuits and
critically analysed the transient response of band gap circuits with the inclusion of

start-up circuits.

7.2 FUTURE SCOPE:

In earlier chapters in design of band gap reference circuit we took the help
of current mirror to replicate the current through different branches in order to make
the node potential equal across different MOSFETs. We can also use op-amp in
negative feedback in place of current mirror to achieve the same result [4][10].

If we replace the current mirror in Figure 3.5 with the op-amp we will get,

| | 1]

Figure 7.1 Figure shows the modified PTAT with op-amp
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While designing the op-amp to be replaced in place of current mirror we should
take following points in consideration.

e The current is not directed by the supply voltage in but rather through op-amp
therefore op-amp that we are using should be able to supply high current at the

output

e The op-amp will be driving resistive load therefore its output impedance should
be very low. Therefore, the op-amp required should have low output impedance

driving stage in it.

The performance of band gap reference can be further improved by utilising both op-
amp and current mirror and in practical cases it is preferred over the one having only

current mirror or op-amp.
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