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Abstract

OP-Amplifier plays an important role in the bandgap circuits. According to
the theory, the OPA which use' nMOSas the input stage will get a better voltage
gain than that using pMOS as the input stage. Besides, for OPA using pMOS as
the input stage, the voltage offset on the input port will be multiplied by

&(1 + E#) . By contrast, for bandgap circuits that use nMOS as the OPA’s

R

1 Al

input stage, the voltage offset on the OPA’s input port will only be multiplied by

R3
(R—l)-

However, because of the limitation of conventional bandgap circuit for
providing the OPA’s input common mode voltage, most bandgap circuit was
designed by using pMOS as the input stage in the past.

So we modify the conventional bandgap core circuit topology to create new
type of bandgap circuit topologies. The new types of topologies can drive OPA

that use nMOS as the input stage.

In this thesis, four kinds of low voltage-operated bandgap reference (BGR)

il



circuits in CMOS technology, with high PSRR (power supply rejection ratio) are
presented. Two of those proposed circuits use the OP-Amplifier in which the
input stages are composed of pMOS. The others use nMOS as the input stage
of the OP-Amplifier.

In this study, TSMC 0.18um and 0.35um CMOS process were adopted for
circuit fabrication and verification. Type A and B were implemented by using
0.18um process in which pMOS differential pair were adopted for type A while
nMOS differential pair were employed for type B. Regarding type C and D which
were fabricated by 0.35um process, type C adopted pMOS differential pair while
type D employed nMQOS differential pair.

The experimental results show that it is possible to achieve 700mV
reference voltage with low power supply voltage at 1.1V and a well-controlled
temperature compensation performance.

For types A and B implemented by 0.18um technology, the output
reference voltages were achieved.at.772mV and 737mV corresponding to the
minimum supply voltage at 1.10V. 'PSRR under varying frequencies were
achieved at -56 / -51 dB, -29/ -33'dB and =15.2 / -26 dB corresponding to 1K,
10K, and 100KHz for ‘type ‘A’ Brrespectively. The effective temperature
coefficient (TCrer)) was as high as 140 ppm/'C due to deviation of resistance
ratio caused by the asymmetric’ process variation between diffusion resistors
and poly-Si resistors.

As for type C and D fabricated by 0.35um technology, the output reference
voltages were achieved at 766mV and 829mV corresponding to the minimum
supply voltage at 1.3 / 1.1V. PSRR under varying frequencies were achieved at
-18 / -25 dB, -2.7 / -10 dB and -0.1 / -0.42 dB corresponding to 1K, 10K, and
100KHz for type C / D respectively. The PSRR is not as good as that predicted
by simulation due to suspected parasitic resistance and capacitance effects.
TCrefy Were achieved as 90.2 / 34.1 ppm/C for type C / D at Vdd = 1.3V, which
shows significant improvement as compared with type A / B to adoption of
diffusion resistors over the whole circuit chip.

Based on the simulation and measurement results, we make the conclusion

that BGR circuits which use nMOS as the OP-Amplifier’s differential pair provide
better performance and enable lower cost due to reduced chip area.

iv
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Chapter 1 INTRODUCTION
1.1 Background

Bandgap voltage reference (BGR) circuit have been widely used in analog
mixed-mode circuits such as ADC > portable equipments and battery-powered
devices. In order to increase battery efficiency and extend battery life time, low
voltage BGR circuit is the trend in the near future.

Besides, PSRR is another important issue in BGR design , especially for
power management system. Because the power supply noise have a serious
impact on BGR circuits performance.

For low voltage requirement, many solutions have been proposed, for
example, using Bi-CMOS process [1], biasing the MOSFET in the sub- threshold
region [2], or forward biasing the source-bulk junctions of the MOSFET [3], etc.
Some of the solutions can betimplemented by using the CMOS process, but
some others cannot.

As for the high PSRR issue, some useful solutions have been proposed. For
example, we can increase the impedance to power supply noise by using
cascoded-MOS pair circuits [4]. However it is hard to satisfy the low voltage
requirement by using the cascoded-MQOS pair circuit topology.

In this thesis, we try to reach the high PSRR requirement based on the low
voltage circuit topology implemented by standard CMOS process.



1.2 Review on CMOS Bandgap Reference Circuits (1)
1.2.1 What is The “Bandgap”

The bandgap circuits operates based on the principle of compensating
the negative temperature coefficient of Vg (Base-to-Emitter junction voltage)
with the positive temperature coefficient of @1 (thermal voltage), where ®1 =
kT/q is proportional to the absolute temperature and is often referred it by
using the acronym PTAT.

We can create a full temperature compensation voltage at room
temperature by combining the terms of positive temperature coefficient with
another negative temperature coefficient by the formula given described
below :

Ve = Ve + MO1=Vge + M (kT / Q)

Since the temperature_ coefficient of Vg, at room temperature, is around
-2.2 mV/°C ; while the positive coefficient of the thermal voltage, ®+, is 0.086
mV/°C. The constant coefficient M must.be-around to 25.6 (=2.2/0.086) in order
to make the temperature coefficient of Vzs equal to zero at room temperature.

As we know that the'value of Vgg at'low currents is close to 0.60V, and @t
at room temperature is 25.8 mV, the voltage of Vg achieved by a bandgap
circuit is typically equal to 1.26 V.

Ve = Ve + MO 1 =0.60V +25.6 x 25.8mV =126V

Such a value is just slightly more than the silicon energy gap (expressed
in volts is 1.21 V). Therefore, we normally call this voltage as bandgap
reference voltage.



1.2.2 Conceptual Implementation
1.2.2.1 Conventional Bandgap Circuit

Fig.1-1 shows a conventional bandgap circuit. Two components build up the
bandgap reference voltage, Vrer. One is the voltage across a directly BJT-

connected diode (Vge), and the other is ®+, a term proportional to the absolute
temperature (PTAT).

Vrer
. 3 |

Case 1

= Fig. 1-1 Conventional bandgap circuit

Vrer = Vr2 + Vrx + ViE2
Vw2 / Vrx = R2 / Rx
VR2 = (Rz/Rx) X VRX

R
.. VRer = VRX( R—2+ 1) + Vgg2 (11)

X

Besides VRX = VBE1 — VBE2 =(DT lnli
R2

.. VrRer = MOt + Vgeo (1.2)

where, M:m%x (2—2 + 1) is a temperature-independent constant "~

X

Secondly, Known: Vger = MOt + Vge2

We hope the temperature coefficient of Vggr = 0

. 0 0 0
(i.e. a_TVREF = Mo ®rir, * o5 Veez 1, = 0)

So, we should adjust M, such that



0
M— &+ T, + — Vge2 T, =0 (13)

Step1 . "®r = KT
q
0 K KT 1 1
=0 = — = — x = = =0 1.4
oT 71 q T T (1.4)
Step 2 iv = i[c1> n(lra/1s)]
p oT BE2 oT T X rR2/ Is
— (L 0r) (ke /18 ) + Br 2 (Inlge—Inls )
- T T Nn\lr2 / Is T oT R2 s
—lcbl(l /ls) — @ i(1n|) (1.5)
- T T IN\IR2 S T 8T S .
3
Where Is — BA:T rexp (o ooy, NOTE 2 (1.6)
¢
E =
Voo = —5 (1.7)
q

B is a temperature-independent constant
Ae is the base-emitter junction area
Eqsi) is the band gap energy of Silicon

0 1 0 V
So, ——V = —Orln(lre /1s) — ®r—— (In(BAg) + 3 InT — &L
o o7 Vee2 T Tin(lr2 / Is) ToT (In(BAE) n : )

1 1 \/
= —Vge2z — @ 3I— — & 1.8
T Vee2 T X T = (1.8)



Step 3 Substituting (1.4) and (1.8) into (1.3) gives

0 0 0
—Vir = M—O + —V
oT REF oT T | T oT BE2 | T,
1 1 3 \Y,
- M—o + —V ) - — &0 =0 1.9
T T, T BE2 T X T T, (1.9)
We derive M®71 = 307 + Vgo — Vee2 (1.10)
So, M=3 + (Voo — Vee2 |71, ) /®r, (1.11)
Step 4 Substituting M into (1.2) gives
VrRer = MO, + Vge
= (B®1, + Voo — Vee2) + Vae2
= 3®@71, + Voo (1.12)
. i Eg(Si)
Finally, The bandgap voltage of silicon. Vgg= —— = 1.205V
q

So that, Vrer = 3 x (25.6 mVY+ '1.205V = 1.282V (1.13)



Note 1:

Weset M zln& X (& + 1) which is temperature — independent.

1 X
In fact, the individual resistances (R1, Rz, Rx) will vary its value with temperature.

But the ratio can keep nearly constant, that is,

R2+AR2 = R2 independent of temperature

R1+ AR1 R1
Proof :
AR2 = @AT and ARl = @AT (1.14)
oT oT
OoR2 1 OR2
R2+— AT R2(0+ ——x—— AT
R2+AR2 oT _ ( R2  OT ) (1.15)
RILARL  pyy Rlgg RI+ - x RLAT)
oT Rl oT
- L Ry LR g
R2 oT Rl= 0T
R2+AR2 | R2 (1.16)
RI+ARl ~ RI '
Similarly, M:& when temperature change (1.17)

Ry + ARy, Ry



Note 2:

q><AE><ni2><D_n

, =
lg = — B%xn  xD, (1.18)
Qe
Where N; : intrinsic minority — carrier concentration
Qs : the total base doping density per unit area
Ae : emitter — base junction area
B' : temperature — independent constant
By Einstein equation : 4, = Kq_T x Dn , Dn = o1 x U, (1.19)
'%N?> B'xﬁx n-xT x
lg = BN x(u,4y) = q i Hn (1.20)

Set Is = B"><ni2 xT x g5
Known 4, = CT " [Cis atempérature— independent constant

2
Ni - pr* exp (—\%) , D.is a temp. — independent constant

Finally, we assume n = 1 and get

s = B''x DT® exp(—\%) xTx CT™!

T

= BxAeg xT*x exp (—\;Tﬂ) (1.21)



1.2.2.2 Recently Proposed Bandgap Circuit

According to the previous analysis, If the power supply voltage is lower than
1.28V, the conventional bandgap reference circuit cannot be used.

In order to meet the demand that power supply voltage is lower than 1.3V,
one solution was proposed by using current-mode structures and low operating
voltage of OP-Amplifiers to achieve the low voltage (Vpp < 1.0V) bandgap
reference circuit as shown in Fig. 1-2 and described below [8].

VDD

L
v || -]

vd, + vd,

ng Iron R, llm R Irog
R

2A

ER AN

Fig. 1-2 Typical current-mode bandgap circuit

=1L =Ig,,+1; and R,, =R,
then, we can derive |;,, = lq,g

Ve = KR,
=(lron + ri)R;
=(lgoe + 1R,
_ (VEB2 4 VEBZ _VEBI )R3
Ry R,
=VE32&+&(IHS)¢T

2B 1




Fig. 1-2 shows a typical current-mode BGR circuit topology. First, we set
Vd1=Vd2 by utilizing the OPA negative feedback characteristic. Second,
according to the BJT device physics, the circuit will create two currents, which
are Ir1and Iroa. The current Irs will increase as the temperature increase, which
is called the positive temperature coefficient. And the current Iroa will decrease
as the temperature increase, which is called the negative temperature coefficient.
Theoretically, these two currents (Ir1 and Ir2a) Will compensate to each other. So
we can get a new stable current which is independent of temperature by adding
these two currents (Ir1 and Irza). Finally, making the new stable current (I3) pass
through a resistor can produce the so-called reference voltage.

According to the theory, it is possible to achieve 0.7V reference with 1.0V
power supply voltage and a well-controlled temperature behavior.

However, the OP-Amplifier is the most critical block. The supply voltage
used must ensure correct operation of the operational amplifier and, indeed, it is
the true limit of the circuit.

So, how to design a-good OP-Amplifier.is an important issue and the detail
will be presented in chapter 2 and chapter 4.



1.3 Review on CMOS Bandgap Reference Circuits (I1)

There are several kinds of bandgap reference circuits. In this section, we
will introduce and discuss the most representative circuits from the
conventional one to the recently proposed ones. We can roughly classify the
BGR circuits into two categories, the sum of voltage ( Class-A ) ; the sum of
currents ( Class-B ).

1.3.1 The Class-A of Bandgap Circuit (The Sum of Voltage)

Case1: [5]

Vrer
. 3 |

Case1

£

Fig. 1-3 The case1 bandgap circuit with Vpp > 1.0V and Vggr > 1.0V

VREF - IRlRl +VEBI
= IR2R2 +VEBI
Veu, =V
_ _VEBI EB2 |:\>2 +VEB1
Rx

R, R
=2 In(—2)g, +V
RX (R1 )¢T EB1
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Case2: [6] Veere = (g, + 15,)R, + Ve,

Vcc I
;I? - IRZ(&+1)R4 +VBE1
I,
R K V. V. R
e = (DR Ve
+ VREF R2 R R
— =(=Z=+1)—2In(-2)¢, +V
> Cr * DRI + Ve
Q ~ Q, ~
1A
R3
Case 2
R

Fig. 1-4 The case2 band-gap circuit with':VVpp > 1.0V and Vger > 1.0V

Cased: [7] Veer = 1roRy + Vg,

\ Vi, =V
DD _ VBE2 BE1
- Rz +VE82

1
| |
:II Il: VREF RZ l IR2
= n +V
/\ (0= Ve
N\ - ;

=2 (In8)¢@; +Veg,

e [ :

Fig. 1-5 The case3 Band-gap circuit with Vpp > 1.0V and Vggr > 1.0V
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1.3.2 The Class-B of Bandgap Circuit (The Sum of Current)

Cased : [8]

Ry g oA ngllm R lros
28

= Case 4

Fig. 1-6 The case4 bandgap circuit with Vpp < 1.0V and Vgrer < 1.0V

=1, =1,,+1; and R,, =R,;

Wederive |q,, =155

'.‘VREF = |3R3
= (IRZA + IRI)R3

= (lgae + 1r)R;
— (VEB2 + Vep, — Ve )R
3
Rug R,
:VE82§—3+&(IHS)¢T

2B 1
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Fig. 1-7 The case5 bandgap circuit with Vpp < 1.0V and Vgegr < 1.0V

o,

Wederive |, = kg

=1, =lgst1g and Rg=R; 2R, =Rg,

EB1 )R3

S VNVege = KRS
=(lga + 1R,
=(lgg + lr)R;
= Vig, + Vep, =V
Rg; + Rg,
R, R,
Ve g x -t (08

Table-1 Classification of bandgap reference circuits

(the sum of voltages)

Class A

Class B
(the sum of currents)

Vpp > 1.0V | case-1, case-2, Type C and Type D of this thesis
case-3 (by TSMC 0.35um)
Vpp < 1.0V case4, caseb, and Type A & Type B of

this thesis ( by TSMC 0.18um )
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1.4 Organization of This Thesis

This thesis is divided into six chapters. In Chapter 1, the background and
motivation are presented and the representative bandgap circuits are
classified and introduced. Furthermore, we construct a complete classification
as shown in Table-1.

In Chapter 2, Type A and Type B bandgap circuits based on the class B
topology implemented by TSMC 0.18um CMOS process was proposed. The
design consideration is discussed in section 2.1. Then the design concepts
including Vrer and PSRR are presented in sections 2.2 and 2.3. The circuit
realization is described in section 2.4.

In chapter 3, the circuits layout based on TSMC 0.18um CMOS process is
presented. The chip testing result and comparison with simulation are shown
in the following subsections.

In Chapter 4, we improve the.circuits topology proposed on chapter 2, to
create two new types-of bandgap circuits, which are named as Type C and
Type D. The new topology ensures that the circuits can meet all process
corners. The organization of chapter 4 is the same as chapter 2. The design
consideration is discussed in section 4.1. Then the design concept is
presented in section 4.2. The circuit realization is detailed in section 4.3.

In chapter 5, the circuits’ layout based on TSMC 0.35um CMOS process
is presented. The chip testing result and comparison with simulation are

shown in the following subsections.

In chap 6, conclusion and future work are given.

14



Chapter 2 DESIGN OF LOW VOLTAGE HIGH PSRR
BANDGAP REFERENCE CIRCUIT WITH
TSMC 0.18um CMOS PROCESS

2.1 Design Motivation

Until now, most OPAs in the bandgap circuits use pMOS as the differential
pair because the conventional bandgap circuit topology limit the common mode
voltage of OPA. For example, if we use nMOS as the OPA’s input stage then the
input common-mode voltage of the OP-Amplifier must meet the following
condition, as shown in Fig. 2-1 [3] :

Vecomm = Vthn + 2Vpg(saty < Vesion)y= 650mV

The above condition implies that Vthn < 550mV is required (assuming
Vbssat) = 50mV). This requirement can be satisfied in many technologies, but it is
only for TT (Typical — Typical)'process: However, considering the other process
corner (e.g. SS and SF), the above requirement cannot be easily satisfied. Take
TSMC 0.18um 1P6M CMOS technology as an example:

Vthn = 440mV at Typical'case, but Vthn = 540mV at slow corner (S).

Fig. 2-1 Bandgap circuit that uses nMOS as input stage

15



Because of the circuit structure limitation as mentioned above, most
bandgap circuits were implemented by using pMOS as the OPA's differential pair.
But there are two disadvantages when using pMOS as the differential pair. One
is the smaller voltage gain due to the smaller g, for pMOS.

The other disadvantage is that the OPA’s offset voltage will be multiplied by

&(1 + E#) when using pMOS as the differential pair. By contrast, the OPA’s

R

1 Al

offset voltage will only be multiplied by (&) if we use nMOS as the differential

R

1

pairs NOTE_3

NOTE_3

Discuss the impact of the OPA’s offset voltage on different bandgap circuit
topology where Fig. 2-2 showsithe: pMOS as the OPA’s input differential pair
while Fig. 2-3 shows the nMOS as the.OPA’s input differential pair.

(A) Bandgap circuit that use pMOSasdifferential pair

VDD

M, M,

M
Pt
I I I

1 |
( +
V
Vv b
REF - - :
g RA RA1 ng IRl v B1 RB
R3 l 0s l
RA2 Q]_ Qz RBZi
| ;m=8 |

Fig. 2-2 Bandgap circuit that uses pMOS as differential pair
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DV (g2 =V, =V (o)

Al + RAZ RB] + RB2

RA2 RB2

“V,=1,R, +V, , Vo=V, ( )= ( )
A R1 1 EB1 B EB2 RA1 + RA2 RBl + RBz
R R
(LR +V — A2 )y =V (——B2
( R1 1 EBI)(RA1+RA2) 0s EB2(RBI+R82)
We derive (IR, +VEB1)_(RALRA2)Vos =Veg,
A2
R, +R
So IRIRI :VEB2 _VEBI + (M—M)Vos
A2
Finally | —L((,zs 1nm)+i(m)v 2.1
o =g R R Ve (2.1)
2)1, =14 + 15 and Iy =1,
1
= lg +VEBz(m) = lg; (2.2)
(3)VREF = |3R3 = |2R3
R
=1 R, + Vo, (—2—
R1 3 EBz(RBl + RB2)
R, R R R
=3 Inm)+ = (1+=2%)\V_ +V 3 2.3
(I m) £ 2 LV Ve, (rp ) (2.3)
(4) Substituting m =8
R R R R
Ve = ~2 (g In 8) + —2(1+ —AL)V _ +V ,(—2—) (2.4)
R Rl ! Rl Al =2 RB] + RBZ

(5) Unfortunately, Vs is not independent of temperature. Even worse, it will be

multiplied by%(l + E#) , when using pMOS as differential pair.
1

Al
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(B) Bandgap circuit that use nMOS as differential pair

\Y

DD

I

i

R2B

Fig. 2-3 Bandgap circuit that uses. nMOS. as differential pair

(DVy =V =Vg
V= 1Ry + Vg, Mg =Vig,
S (T Ry +Veg ) = Voo = Vens
We derive |;,R, =V, =V, +V

0s

SO IRl = RL(¢T 11’1 m)+RLvos

1 1

(2) 1, =1lg + lgyp (I, =15 + 15,4 and I, =1

1
=ls +Vg, (—
RI EBZ(R )

2B

(3)VREF = 3 R3

=1 R; +V
R1 EBz(R )

2B

R
_R3 (¢Tlnm)+R_3V +VEBz(R )

1 1 2B
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R2B )

(2.6)

2.7)



(4) Substituting m =8

R R R
Vo =—2(d n8) + =V +V_ . (—= 2.8
REF R1 (¢T ) R 0s EBZ(R ( )

1 2B

(5) Unfortunately, Vs is not independent of temperature. But, it will only be

R
amplified by (?3 ), when using nMOS as differential pair.
1

So, in this chapter, we modify the bandgap core circuit to break through the
limitation on OPA when using nMOS as the differential pair. Hope to create a
new kind of bandgap circuit in which the OPA’s differential pair is composed of
nMOS. In this way, the new topology of bandgap circuit will occupy less layout
area but provide better performance than the existing topology using pMOS as
the OPA's differential pair.
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2.2 Bandgap Reference Circuit Design Concepts (I)

Fig. 2-4 Bandgap circuit inserting Rx, Ry to upgrade common-mode voltage

As shown in Fig. 2-4, after inserting another resistor pair, Rx and Ry, (as
marked by red circle), the “the input common-mode voltage of the OP-Amplifier”
is no longer restricted to the Vegon), That is

Vthn + 2Vps < VEB(ON) +| x Ry = 750 mV

So the bandgap core circuit will provide a common-mod voltage that is large
enough to drive OPA's nMOS differential pair and keep it working in the
saturation region. Finally the OPA will provide large voltage gain to drive the
bandgap core circuit,

It is another feature in this thesis that the output reference voltage can reach

760 ~ 800 mV, which is higher than the others proposed by existing papers, as
shown in Table-2.
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Table-2 Comparison of low-voltage bandgap reference test chip

This work This work This work This work
Type A Type B Type C Type D
Technology 0.18-pm 0.18-um 0.35-um 0.35-um
CMOS CMOS CMOS CMOS
Threshold Voltage Vthp =-0.44V |Vthp =-0.44V |Vthp = -0.74V| Vthp =-0.74V
Vthn = +0.44V |Vthn =+0.44V |Vthn =+0.54V | Vthn = +0.54V
Min Vdd 1.10V 1.10V 1.30V 1.10V
Power Supply Range| 1.1 ~3.0V 1.1 ~3.0V 1.3~4.5V 1.1 ~4.5V
(2 £F &)
Max. Supply currets 38.1pA 34.4uA 54pA 41pA
Vref (%4 T &) 772mV 737TmV 766mV 829mV
TCke) 140 ppm /'C | 149 ppm /'C | 90.2 ppm /'C | 34.1 ppm /C
(-40 ~1407C) |(-40~1407C)|(-20~1007C)| (-40~120C)
PSRR for 1KHz - 56dB - 51dB -18dB -25dB
PSRR for 10KHz - 29dB - 33dB -2.7dB -10dB
PSRR for 100KHz -15.2dB -26dB -0.1dB -0.42dB
Size 0.192 mm*7 7 0:145.mm* | 0.294 mm? |  0.238 mm?
Ka Nang Leung|J. Doyle et al.| Neuteboom | Malcovati et al.
[3] [2] et.al [19] [1]
Technology AMS 0.6-pm 0.5-pym 0.8-uym 0.8-pym
CMOS CMOS CMOS BiCMOS
Threshold Vthp =-0.9V N/A Vthp =-0.7V | Vthp =-0.7V
Voltage Vthn = +0.9V Vthn = +0.5V | Vthn = +0.7V
Min Vdd 0.98Vv 0.95V 0.90V 0.95V
Power Supply Range| 0.98 ~1.5V | 0.95~6.0V N/A 0.95~ 2.0V
(x 2 R)
Max. Supply currets 18uA 10.0uA N/A < 92.0uA
Vref (%% % &) 603mV 626mV 670mV 536mV
TCriefr) 15 ppm /'C 17 ppm /C N/A 19 ppm /'C
(0~100C) |[(-40~1257C) (0~100°C)
PSRR for 1KHz N/A N/A N/A N/A
PSRR for 10KHz - 44dB N/A N/A N/A
PSRR for 10MHz -17dB N/A N/A N/A
Size 0.24 mm? 1.09 mm? N/A N/A

21




From Table-2, the output reference voltage proposed in this thesis is 760
~ 800mV, while the others is about 600 ~ 670mV. The reason is that HSPICE
simulation suggests the best PSRR corresponding to Vref = Vd1 = Vd2 as
shown in Fig. 2-5. Taking Fig. 2-5 with TSMC 0.18um CMOS process as an
example, the best PSRR performance occur at Vref = 675mV, marked by the red
circle in the Table-3.

Table-3 Simulation result of PSRR at Vd1 = Vd2 = 670mV based on TSMC
0.18um CMOS process

R3 70k 80k 90k 100k 110k 120k 130k

Vref 473mV |540mV 607mV( 675mV |[742mV [808mV |(874mV
PSRR(DC) -60dB |-61dB |-64dB \|-84dB /-56dB |-45.8dB |-36.2dB
PSRR(10kHz) [-60dB |-61dB |-64dB \84dB/ -56dB  |-45.8dB [-36.2dB

Note : PSRR = 20 log (2"
Avdd

L—]

=0
675 mv
670 mv 670 mv
Vref
B Vd1 Vd2
R1
26 R2B
R3
R2A Q1 Q2 185k
100k
185k
m=24

Fig. 2-5 Conventional BGR circuit topology

However, Vref = 675mV cannot meet the industrial requirement. For IC
design industry, the Vref should be 750mV ~ 800mV. But, if we increase the
reference voltage to 750mV by only adjusting the resistor R3 value, the PSRR
performance will degrade rapidly, as shown in Table-3.



Now, by inserting resistor pairs, Rx and Ry, we get another advantage :
increase Vd1 and Vd2 voltage to 760mV. In this manner, the PSRR is optimal
corresponding to Vref = Vd1 = Vd2 = 760mV, as shown in Fig. 2-6 and Table-4.

20/20,
M=12

wiby v

767 mV

Vref |

R3
100k

760 mV
Vd1

R2A
163k

-
0

Fig. 2-6 Modified BGR circuit topology proposed in this thesis

Table-4 Simulation result of PSRR at Vd1 = Vd2 = 760mV based on TSMC
0.18um CMOS process, knovym Vd2 = 760mV

R3 80k 90k 100k \ 110k 120k 130k

Vref 540mV 607mV{ 767mV | 742mV | 808mV | 874mV
PSRR(DC) -61dB -64dB \ -69dB -56dB | -45.8dB | -36.2dB
PSRR(10kHz) -61dB -64dB -69dB/ -56dB | -45.8dB | -36.2dB

In this thesis > we provide Vref = 735 ~ 800 mV, which is higher than the
output reference voltages provided by other papers, i.e. around 600mV, and
much more meet the industrial requirement. Besides, we can keep the PSRR at
the optimal state and maintain a well-controlled temperature compensation
performance as shown in the Table-2.
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2.3 Bandgap Reference Circuit Design Concepts (II)

The preceding description is based on the simulation result. In order to get
more conviction, we try to formulate the simulation result by using MOS small
signal model and equivalent circuit to analyze.

(1) For simplification, we only analyze the mechanism of the PSRR of M3, as
marked by the circle shown in the Fig. 2-6.

20/20, 20/20, 20/20,
M=12 M=12 M=12
L__I M1L__II I M2
M3 I = Vdd
1.2Vdc =
?0
767 mV
Vref 760 mVv 760 mVv
-1 Vd1 vd2

R3§ Ry§ 30k § R2B

100k
R2A 163k
163k

JF

Fig. 2-6 Modified BGR circuit topology proposed in this thesis

(2) Set up the equivalent circuit of pMOS M3 for analyzing the mechanism of the
PSRR as shown in Fig. 2-7.

\Vdd
1Vac @Vdd
3vde _L
=0
20/20
L{ M=12
M3
1.00093Vac Vref
D
1.5Vdc
R3
=0

Fig. 2-7 Analysis of the single pMOS device (M3) for PSRR study
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The small signal model as shown in Fig. 2-8 :

i
% 1/gm
Vo - T Cdtot
Vref
é R3 T Cx
_?_o

Fig. 2-8 Small signal model analysis of pMOS device (M3) for PSRR study

The PSRR formula can be‘derived as . follow :

Vref Vo 1 s+W
—=OmRs(1-—+)( )£ K( =)
vdd Vdd © I+ SR,Ci s+W,
Vo 1 C s+W
=OmRs(1-—--)( D=t o =)
vdd * 1+ 5R,Cy,, Cuot +Cy S+W,

Where W= (1/1cCatot) > Wp=[1/(ro|]| R3) (Catot*Cx )] > Catot >> Cx
And Cxis negligible

From Table-4, we know that PSRR will be at the optimal state when Vd1 =
Vd2 = 760mV.

We now analyze the device parameter based on different bandgap
reference voltage (Vref) as shown in Table-5.
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TSMC 0.18um CMOS process

Table-5 Simulation result of the different bandgap reference voltage based on

R3 70k 80k 100k 110k 130k
Vref 538mV 540mV 767mV 742mV 874mV
Iy 768uA | 6.75UA | 7.67uA | 6.74uA | 6.72uA
9 929u | 856u | 927u | 855u | 85.2u
Vs 661mV | 659mV | 432m | 458mV | 325mV
Jds 61.6n 55.48n 103n 81.0n 187n
o 162M | 18.02M | 9.70M | 123M | 5.34M
AVref /AVdd | -2.69m -873.5u 334u 1.60m 15.4m
Vo/Vdd |1.0010799/1.0007751|1.0010799]1.0007751(1.0007751
PSRR (DC) | -51.3dB | -61dB | -69.5dB | -55.9dB | -36.2dB
Cetor 205f | 295.8f | 300f 308f 317f
Caot 273p | 269p | 27.3p | 269p | 26.9p
Cotot 31.8p |.31.08p | 31.8p | 31.08p | 31.08p
Chot 1M4p | 112p. | 11.1p | 11.12p | 11.12p
Cas 235p | -2295p | 235p | 22.95p | 22.95p
Cad 786f | 7860f | 786f | 78.60f | 78.60f
Wp(rad/sec) | -48.5M [7=4244M | -32.6M -29.7TM -24.7TM
Wz(rad/sec) | -2.69M. | -1.37M | -6.35M | -3.00M | -7.88M
For hand calculation :
R3 = 70k
Vrel o gnRs (1=~ ) (— R y-92.0u * 70k(1-1.0010799) + — K
vdd vdd’' 't +R, 16.2M + 70K
= -0.0070225 + 0.0043023
=-0.00272 = - 2.72m
PSRR for DC=|\\//'(']|eOfI lee = 20log (2.72m) =-51.3dB (S : - 51.4dB)

And the frequency of dominant pole
Wp =[1/(ro|]| Ra )( Catot + Cx)1=1/(70k x 295f ) =-48.42 M rad /sec

Good match with the simulation, Wp = - 48.5M rad/ sec
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(1) R3 = 100k

Vref Vo R
— = Rs(1- + 3
vag ~ nReUgag) TR

= 92.7u * 100k(1-1.0010799) +&

9.7M +100K

=-0.0100106 + 0.010204

= 0.0001934

= 193.4u

Vref .

PSRR for DC = | vdd | a8 =20 log (193.4u) =-74.26dB (S : -69.5dB)

Good match with the simulation , PSRR =-69.5 dB

(3) R3 = 130k
Viel ~ 85.2u x 130K/(1:1.0007761) & >0k
vad 5.34M + 130K
= - 0.008585 + 00237659
= 0.0151809
= 15.18m
Vref .
PSRR for DC = | | &6 —20 log (15.18m) = - 36.37dB ( S : - 36.2dB)

Good match with the simulation , PSRR =-36.2 dB

Conclusion :

From the derived formulas, we see that PSRR is composed of two terms.
The first term is always a negative value, while the second term is always a
positive value. When Vd1 = Vd2, the first term and the second term cancel each
other. That behavior makes the PSRR approach to minimum value, that is, best
performance. So, the theoretical analysis of MOS small signal equivalent circuit
can prove the simulation result.
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2.4 Circuit Implementation

In chapter two, there are two types of BGR circuits. The bandgap core
circuits are the same, as shown previously, but the OP-Amplifiers are different.
The first circuit (a conventional one) named as Type A uses pMOS as the input
stage, as shown in Fig. 2-9, while the second circuit celled as Type B uses
nMOS as the input stage, as shown in Fig. 2-10.

Here, one important thing we want to mention is that in conventional BGR
circuits, the emitter area ratio of BJT Q1 and Q2 is usually 8 : 1. So, the /AVgeis
about 50mV in the conventional BGR circuits.

Note : AVge = ®7+In(m) = 26mV *In (8) = 54.06mV

But, According to reference paper [2] :
“ Alarge/\Vge can reduces the effect of amplifier input offset ” -

And this conclusion can:be verified. by the formulas (2.3) or (2.7).

So, in this thesis, we:put the emitter area;ratio of BJT Q1 and Q2t0 24 : 1. In
this way, the A\Vge is increased toraround’ 80mV -

Finally, the simulated features of the two types of OP-Amplifier are
summarized in Table-6.

Table-6  Operational Amplifier features of Type A and Type B

Type A Type B
pMOS as the input stage | nMOS as the input stage
DC Loop gain 65 dB 70 dB
Gain-Bandwidth 6.5 MHz 10.5 MHz
product
Phase Margin 51.8° 80.1°
Supply Voltage 1.10V 1.10V
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Here below is the complete circuit topology of Type A and Type B

: bandgap core I start-Up i OP-Amplifier I
| |
| | 11
I |
| i i—
20/20 20/20 20/20 | ! |
| m=12 m=12 =12 | | 1| 2070 20/10 20/10 20/20  20/20
| m=2 m=2 m=3 m=12 m=12 |
: t: " EHLM“;I I : 2 0o o :J MAO1 E Aot :;l MAOS | J—q\hﬁva
— — - 3 —| =11Vde
: | : Ms2 : : H r _‘MAM o whis __;_
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Fig. 2-9 The complete bandgr:lmrﬁ;Jr.t':wr topology of Type A (bandgap core +
start-Up + OP- Amrihfle;c u@ﬁfos input stage)

L o A
J EEIN %

-=
i T A s W
*—,»‘,! e | B
IE'. Ij__.-' > | e
__________ i) f"f‘m_'} e o
I = -“-'.‘_'-.[E} pi-E1 ,.i'.:’ T :
'\.. ; I
', :
I Bandgap core Ml sta!‘!-vtﬁ? , | OP-Amplifier :
1 | ,-13,4-’_ —l"'"l'ri L 1
I I b |
| 1 — '
20/20 20/20 20/20 I 20/10 20/20 20/20 I
| m=12 n=12 m=12 [ | | m=7 n=7 m=7
| t: t: :j T I WATO i
Rs1 — MaOt |, — .| vdd
= s | diff 1000k | ) < 2 manl _J_—1.11Vdc
| M3 M1 M2 1 1 '_|,_ _.|__|,_ T
| 1 | Vo | L
Rs2 o2 | 1 °
I
1 diff 300k 1
I D1 I I I
Lyver Vnon 1 I |
ref
i 20/10
| I | | mAos _‘}J
I T In =Ly
}’ R3 ' 20/;10
| diffsok |'JIM85I MAQ
| I': |20/lIJ 1
< L m=2
I R2AS i |
diff 175k Q1 Ll I - -
I - . !
I — '
MA02 MAO3 I
| | I 20/10 20/10
—————————————————— - -— e s s o s s s e ol

Fig. 2-10 The complete bandgap circuit topology of Type B (bandgap core +
start-Up + OP-Amplifier with nMOS input stage)
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Chapter 3 CHIP LAYOUT DESCRIPTION AND
EXPERIMENTAL RESULTS WITH
TSMC 0.18um CMOS PROCESS

3.1 Chip Layout Descriptions

The test chip is designed and fabricated by TSMC 0.18um single-poly-six-
metal (1P6M ) CMOS technology. Fig. 3-1 shows the overall die photo of the
Type A and Type B, which include the bandgap core circuit and OP-Amplifier.
The chip area is 0.192 mm? for Type A and 0.145 mm? for Type B. The
transistors used are totally 21 for Type A, 15 for Type B.

The bandgap core circuit in Fig. 3-1 consists of the startup circuits, bipolar
transistors, bias resistors, and the MOS transistors that provide the current
through the bias resistors and the BJT group (Q1 & Q3), respectively. Since the
mismatching of the MOS transistors in the differential pair will make the current
different, the same size MOS: transistors are placed as close as possible to
minimize this kind of mismatching:

The most important devices in the' bandgap circuit are the bipolar
transistors with large thermal coefficient: The parasitic vertical PNP BJTs are
used in this test chip. The layout:should be arranged carefully to ensure
matching and accurate ratio of these BJTs. Thus, we choose the ratio of the
emitter area of Qq and that of Q, to be 24, and arrange the 24 Qs to circulate the
single Q2. The reason why we choose the ratio to be 24 has been explained in
the section 2.4. The total emitter area of Q; is 2400um? and that of Qzis 100 um?
in this layout. This arrangement not only reduces the mismatching of these
bipolar transistors, but also makes the temperature coefficient of these bipolar
transistors as close as possible

The accuracy of the resistance value on the chip is the most difficult job to
realize in the process. Hence, the output reference voltage is designed to be
dependent on the ratio instead of absolute value. Besides, a unit dimension of
the resistors is defined, and all the resistors are series-connected by the unit
resistors in order to reduce the mismatching of the resistors arising process
non-uniformity.
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Fig. 3-1 The overall die photo of the Type A and Type B

Note : In this test chip, a set of I/O PAD library developed by ITRI (Industrial
Technology Research Institute) was chosen to use. The detailed library

name is “STC Pure 1.8V Linear I/O Library in 0.18um CMOS process,
version 1.0”
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3.2 Measurement Setup

(1) The set up required to measure “Vref (Reference Voltage) vs. Vdd ” are
power supply and voltage meter.

(2) The set up required to measure “Transient Response curve” are power
supply, function generator, and Oscilloscope - Fig. 3-2 shows an example of
measured transient response for Type B (hnMOS as OPA’s input stage) where
the output voltage of the function generator is set up from 1.3V to 2.3V -
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Tek Fun Sample 3158 Acygs 05 Jul 05 11:18:22
T T T T T T T Buttons

AR RN RERRS TARRNRRRE
1
B
]

|H|\|H|\ﬂ
S
NN RN |f [N AR

]

i

]

B

]

~

o

3

<

QTrITT
J
=
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Fig. 3-2 Typical transientresponse curve

(3) The PSRR for high freq. ('fro'mv50KHz to 10MHz) can be calculated by the
output waveform as shown in Fig.-3-3, which was produced by using the
power supply ~ Function generator and Oscilloscope.

Fig. 3-3 shows the PSRR of Vref at freq. = 50KHz, where the input supply
voltage is a Sin Wave (amplitude = 131mV). And the output reference voltage
is also a Sin Wave (amplitude= 121mV).
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walue 109 pi 131 mv 50209 kHz 934 p 129 my
' ' ' w

Fig. 3-3 PSRR of n-Vref at freq. = 50KHz at AC mode

32



Calculation :

Take Fig. 3-3 as an example, in which frequency = 50KHz ;

The variation of input power supply voltage is 131mV and the resulted
variation of output reference voltage is 121mV.

Based on the definition of PSRR we can get

AVref 121mV

) = 20 log(

PSRR = 20 log(
AVdd 131mV

) =-0.68 dB at freq. = 50KHz

(4) As for the measurement set up for PSRR at low frequency (from 100Hz
to 50kHz), a network analyzer, power supply and a high gain OP-Amplifier
are used. The measurement setup is shown in Fig. 3-4.

_ _ Vport B
where PSRR = Sy = .+=—=—
VportfR
1MQ Input
Adapter
Network Port B
Analyzer _|:
Port R _|
MV
bandgap
by circuit
RF out O | —AW
oL vdd Vrefl |

Power Supply
1.2Vde =

c;'ll—"ll}—‘w .

Fig. 3-4 The measurement setup for low frequency PSRR test

(5) The measurement of “Temperature Compensation Curve ” is done by the
Precision Temperature Forcing System (T-2800). The test chip was put into
the chamber, and the temperature was set from -40°C to 150°C, to measure
the output Reference. The temperature was increased by each step of 5C, to
collect the temperature compensation curve and calculate the corresponding
temperature coefficient, TCre.
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3.3 Experimental Results

3.3.1 Experimental Results of Type A (pMOS as OPA input stage )

PART (I) Vref (Reference Voltage) vs. Vdd

(1) Measured Result of Type A

p-Vref (mV)

p-Vref vs. Vdd

900
800 |
700 |
600 |
500 |

——|C No.1
—=—|C No.2
IC No.3

400

NN L

Vdd (V)

Vv %‘b

IC No.4
WP ——IC No.5

Fig. 3-5 Measured p-Vrefvs. Vdd of Type A

Average of p-Vref
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500.0
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400.0
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Fig. 3-6 Average of measured p-Vref vs. Vdd of Type A

Note : mean value =772.1 mV

34

STD value =42.6 mV




PART (Il) Temperature Compensation Curve

(1) Simulation Result of Type Aat TT

#0311 type-a-prmos snd type-b-nmos simu lpe-reo, vdd=L 11v
7808m
BD0:5w0w (et

780 6m

780 4m

780 3m

F 7o0m
& voem

= 7796m

Ti9.4m

T79.2m

Ti9m

T78.8m

BE O -40 -30 20

40 6l a0 100 120 140
Temperature (lin) (DEG_C)

Fig. 3-7 Simulated TC curve of Type A under typical condition
axis X : temperature ('C) ; axis Y : p-Vref (mV)

(2) Measured Result of Type A

TC curve of p-Vref_No.8 at Vdd = 1.2v

760.0
755.0
750.0
745.0
740.0
735.0
730.0

—~

p-Vref (mV

-50 0 50 100 150

Temperature (C)

Fig. 3-8 Measured TC curve of Type A

_ 1 756 —737mV 0
TC = = 141 ppm/C
Fe 745 mv ( 140 — (—40) ) PP

Fig. 3-8 shows that a dramatic deviation of measured result from the
simulation. Why does this IC chip fail to show the correct function of temperature
compensation? The process variation associated with diffusion resistor and poly
resistor is the root cause. We will have a detailed explanation in section 3.3.2
PART (Il).
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PART (Ill) Transient Response:

(1) Simulation Result of Type Aat TT

n #0211 type-a-pruos and fype-b-nmos simn lpe-vee, wdd=1.11w tt
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Fig. 3-9 Simulated transient response of Type A under typical condition
upper axis X : time (sec) ; axis Y : Vdd (V)
lower axis X : time (sec) ; axis Y : p-Vref (mV)

(2) Measured Result of Type A
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Fig. 3-10 Measured transient response of Type A at AC mode
upper axis X : time (sec) ; axis Y : Vdd (V)
lower axis X : time (sec) ; axis Y : p-Vref (mV)
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PART (IV) PSRR (Power Supply Rejection Ratio)

(1) Simulation Result of Type A under typical condition and Vdd =1.15V

* 0726 05 re-: mn vsing conect Ipe file wdd=1 15v

DO: A0 paripsora) 2

2 1r gl

-15

7 E

-25 |

Params (lin)

-0
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a5 ]

=50

4 » 100 1k 10k 100k 1 10
|4 | 10 o gueney (o) (HERTE) 100x

Fig. 3-11 Simulated PSRR of Type A under typical condition
axis X : frequency (Hz) ; axis Y : PSRR of p-Vref (dB)

(2) Measured Result of Type A by using network analyzer and oscilloscope

Because of the wide rage of frequencies, we use different measurement set
up to collect the PSRR data:

1. For low frequency {from 100 to 100kHz) : using network analyzer to collect
the data.

2. For high frequency. (from100kHz to 5MHz) : using oscillator-scope to
collect the data.

Next, put the measurement and simulation together for comparison, as
shown in Fig. 3-12.

PSRR (pMOS diff-pair) atvVdd=1.15v

i Measurement i

10 Simulation .
0 F -

- Sim . r b
-10 | | —— 4

20 .
-30 -_ Mea. _.
w0 | / ]
-50 A ]
-60 N

100 1k 10k 100k 1™ 10M
Freq. (Hz)

PSRR (dB)

Fig. 3-12 Comparison of the measurement and simulation of PSRR of Type A
under Vdd = 1.15V
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Table-7 Summary table of PSRR for Type A at Vdd = 1.15V

PSRR at1.15V | DCdB | 10KdB | 50K dB | 114K dB [500K dB| 1M dB

simulation -49.6 -29 -13.2 -2.7 9.2 -10.5
measurement | -55.9 -28.9 -20.6 -15.2 -6.4 -5.67
Spec. <-60 <-30 N/A N/A N/A N/A

And Fig. 3-13 shows the PSRR performance of Type A under various Vdd,
1.0V, 1.1V, 1.2V, 2.5V

PSRR(pMOS diff-pair) for various Vdd

10 Vdd=1.0V

15 3 z A
N vad=1.1v Vad-1ov

225 4 Vdd=2.5V
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-35 iw/
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'501W Vde=25V
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60 ///
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.I.I.I.I.I.I.I.I.I.I.I.{.I

N
[N ¥
o
Fel

100 1k 10k
Freq.(Hz)

Fig. 3-13 Measured PSRR vs. frequency of Type A under various Vdd = 1.0V,
1.1V, 1.2V, 2.5V
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3.3.2 Experimental Results of Type B (hnMOS as OPA input stage )

PART (I) Vref (Reference Voltage) vs. Vdd

(1) Measured Result of Type B
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Fig. 3-14

Measured n-Vref vs. Vdd of Type B
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N ‘
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Fig. 3-15 Average of measured n-Vref vs. Vdd of Type B

Note : mean value = 737.0 mV STD value = 7.3mV
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PART (II) Temperature Compensation Curve

(1) Simulation Result of Type Bat TT

#0211 type-a-pimos and type-b-nmos sir Ipe-ree, vdd=1 11v #t
b e
WD (vref) — ——— \
700m
a
é 779.5m
Ic]
=
T9m
TT8.5m

J -40 -20 1) 20

Fig. 3-16 Simulated TC curve of Type B under typical condition
axis X : temperature ('C) ; axis Y : n-Vref (mV)
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Temperature {lin) (DEG_C)

(2) Measured Result of Type B

TC curve of n-Vref_NO0.7 at Vdd=1.2v

7550 N
> 7500 N
745.0

740.0 | v"“\\
735‘0 | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |

40 25 -10 5 20 35 50 65 80 95 110 125 140
temprature (C)

n-Vref (mV

Fig. 3-17 Measured temperature compensation curve of Type B

TCrug = L (755-735mV
©0 " Jasmv 140 - (—40)

= 149 ppm/C

Why does this IC chip fail to show the correct function of the temperature
compensation? The process variation suffered by diffusion resistor and poly
resistor is the root cause. We will have a detailed explanation on next paragraph.
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(3) Experimental Result Discussion

Take Type B (hnMOS as OPA’s input stage ) circuit as an example :

At first, we make sure the OPA can work normally, that is, the inverter port
and non-inverter port keep at the virtual short condition, as shown in Table-8.

Table-8 Measured input port and output port voltage of OPA of Type B circuit at
different power supply voltage

OPA Port | Vnon (mV) [Vinv (mV)| Vref (mV) Vo (OPA) Vdd - Vo
Vdd =3.0 764 767 754 2.44V 0.560V
Vdd =1.5 762 761 740 0.941V 0.559V
Vdd =1.2 761.1 761 738.4 0.640V 0.560V
Vdd =1.0 751.5 7511 748.5 0.360V 0.640V

Next, we use voltage meter to measure each resistor value of the bandgap
circuit in the IC chip, as shown. iniTable-9.

Table-9 Comparison of-the design target-and measured data of resistors of
Type B circuit

Element name design target measured data | Difference
Rx + R4 P* Poly w/i silicide 29k 29.1k +0.3%
Roa P™ Diff w/o silicide 175k 153.9k -12.0 %
Ros P™ Diff w/o silicide 175k 154 .1k -11.9%
Rs P" Diff w/o silicide 80k 70.5k -11.8 %
Rs1 + Rs2 P™ Diff w/o silicide 1300k 1147k -11.7%

Note : We use voltage meter via I/O pad of the IC chip to measure the
OPA port voltage and calculate the actual resistor values.

From Table-9, we see that during the manufacture the poly resistance
deviation due to process variation keep below 0.3%; however, the diffusion
resistance reveals the deviation as high as 12% due to process variation. That is
the reason why the circuits failed to meet TC (temperature compensation) target.

For getting more persuasive data, we put the measured resistor values into
HSPICE to get the updated simulation result of Vref vs. Vdd.
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After putting the updated simulation result and the measurement data
together for comparison, we can see that two curves match to each other shown
in Fig. 3-18.

Comparison between simulation and measurement

800.0
750.0 |
700.0 |
650.0 |
600.0 ——n-Vref_mean

550.0 fl —=— Simulation

n-Vref (mV)

500.0 |
450.0 ”
4000 TN Y MY | I |

0 0.5 1 1.5 2 2.5 3
vdd (V)

Fig. 3-18 Comparison of n-Vref vs. VVdd of new Type B-1 between simulation
and measurement

This experiment gives us strong.evidence to believe that the measured
resistor values of the IC chip via the 1/0 pad are reasonable.

Using the same way, we can get the updated simulation result of
temperature compensation curve.

After that, we put the updated simulation result and the measurement data

together for comparison. We can see that two curves better match to each other
as shown in Fig. 3-19.
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Comparison between simulation and measurement
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S 740 —o— Simulation
= —a—|C No.7
“&—, 735 F
>
e 730

725

-40 - -20 0 20 40 60 g0 100 120 140
Temperature (C)

Fig. 3-19 Comparison of TC curve of new Type B-1 for simulation and
measurement

Currently, we can confirm the reason responsible for the failure of the circuit
in TC target. The reason comes from:the different process variation between the
diffusion resistor and poly.resistor. If all the resistors in circuit adopted the same
material, either diffusion-or poly, ‘during.the: layout drawing, then we can get a
reasonably good measured TC curve for the:bandgap circuit.
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PART (lll) Transient Response :

(1) Simulation Result of Type B at TT
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Fig. 3-20 Simulated transient response of Type B under typical condition

upper axis X : time (sec) ; axis Y : Vdd (V)
lower axis X : time (sec) ; axis Y : n-Vref (mV)

(2) Measured Result of Type B
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Fig. 3-21
upper axis X : time (sec) ; axis Y : Vdd (V)
lower axis X : time (sec) ; axis Y : n-Vref (mV)
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PART (IV) PSRR (Power Supply Rejection Ratio)

(1) Simulation Result of Type B under typical condition and Vdd = 1,15V

* 0736 05 ve-simulation vsing correct lpe file vdd=] 15v tt

DO:AD:par(peh) 10 ] O T
15
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Kl i Freuency (log) (HERTE) 100z

Fig. 3-22 Simulated PSRR of Type B under typical condition
axis X : frequency (Hz) ; axis Y : PSRR of n-Vref (dB)

(2) Measured Result of Type B:by using network analyzer and oscilloscope

Following the same way, we put the measured data and the simulated data
together for comparison;as shown'in Fig. 3-23.

PSRR (nMOS8 diff-pair) atvVdd=1.15v
Measurment

-10 Simulation / _

20 M/ :

.30 b ea. _

-40 ; 7££§;j; :
-70 - A

100 1k 10k 100k 1M 10M
Freq(Hz)

PSRR(dB)

Fig. 3-23 Comparison of the measured and simulated PSRR for Type B
under Vdd = 1.15V
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Table-10 Summary table of PSRR for Type B at Vdd = 1.15V

PSRRat1.15vV | DCdB | 10KdB | 50KdB | 114K dB | 500K dB | 1M dB
simulation -50.4 -37.4 -23.2 -15.0 -10.2 -9.9
measurement -51.5 -33.8 -28.4 -26.7 -14.8 -13.9
Spec. <-60 <-30 N/A N/A N/A N/A

And Fig. 3-24 shows the PSRR performance of Type B under various Vdd,
1.0V, 1.1V, 1.2V, 2.5V

PSRR(nMOS diff-pair) for various Vdd
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Fig. 3-24 Measured PSRR vs. frequency of Type B under various Vdd, 1.0V,
1.1V, 1.2V, 2.5V
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(3)Experimental Result Discussion

1. Both simulated and measured results suggest that the higher power supply
voltage, the better PSRR.

2. Fig. 3-25 shows the comparison of the pre-layout simulation and the
post-layout simulation.

PSRR comparison (nMOS diff-pair) between pre- & post-layout Sim.
0

I post-layout sim .
pre-layout Sim
pos-layout Sim
measurement data

-20 /
-30

-10

)
Z
©
['4
7
o .40
pre-layput sim.
-50
-60
100 1k 10k 100k 1™

Freq.(Hz)

Fig. 3-25 Comparison of the pre-layout simulation and the post-layout
simulation

3. From Fig. 3-25, we see'that the post-layout simulation deviated from the
pre-layout simulation since frequency above 1KHz. What factor causes the
PSRR to become worse with increasing frequency above 1KHz ? The root
cause maybe come from layout symmetry of pMOS M1, M2, M3 as shown

in Fig. 3-26.
20/20 20/20 20/20 20/10 20/20 20/20
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Vo -
A r Hravel
MS2 Rs2 MA10 =0
Ly, < diff 300k
20/10 D2
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R2 19 26710
diff 175k =2
%] o w T = -
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Mt F _'|.J_.|'_
20/20 F: q
L
=0 MAO2 MAO3
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Fig. 3-26 pMOS M1, M2, M3 in the bandgap type B circuit
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The verification was done by skipping the layout drawing of the pMOS M1,
M2, M3 and supporting them as ideal devices .The results shown in Fig. 3-27
indicates better match between pre-layout and post layout simulation.

PSRR comparison (nMOS) between pos-Sim. and pos-Sim. w/o M1,M2,M3

0
pre-layout Simulation
-10 — pos-layout Simulation
pos-Sim.w/o M1,M2,M3
o -20
Z postw/iM1, M2, M3
e
o -30
g pre
-40
-50
-60
100 1k 10k 100k 1™
Freq. (Hz)

Fig. 3-27 The post-layout simulation’'of the PSRR of the experiment
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Chapter 4 DESIGN OF LOW VOLTAGE HIGH PSRR
BANDGAP REFERENCE CIRCUIT WITH

TSMC 0.35um CMOS PROCESS
4.1 Design Motivation

In chapter 2, we demonstrated two kinds of bandgap reference voltage
circuits by using TSMC 0.18um CMOS process as shown in Fig. 2-9.

20/20 20/20 20/20
=12 m=12 m=12 20/10 20/10 20/10 20/20 20/20
m=12 m=12
b M3 b M1l m2 d é Rs1 MAOA Vdd
— — - 10500k _{ MAO1 MA05 “—1.11vdc
] MA14 A
MS2 Ly | MA15 £
2%10 ) j E
N Rs2 §Z D1 Vo
W } 300k
F} 10/5
Vvd1 D2
Vref Rx Ry 20/10 MAOQ
T 1 RalS 2 poldk S 3SRoBt i<
S > potak & = diff 105k 11 wmss — =
diff 105|
Vp
<R3 =
> diff 80k S Ri1 Vn W mat2
po15k {,.E
] H
m=24 L
R2A2[  Q I - A 1=
diff 70ks Q2 | R2B2 e - _{M 19
] S diff 70k F q F} } F} MA13
= ;
=0 20/20 MAO2 MA03 MA10 MA11,
20/20 20/20
16/20 10/20 5/10 5/10 m=2 m=2
Fig. 2-9 The bandgap Circuit topology for Type A

However, using this circuit.topology, the differential pair MOSFET in OPA
cannot work in saturation region for all process corners if we use low-end and
low cost process, e.g. TSMC 0.35um CMOS process.

For example : The pMOS differential pair, MA0O8 & MAQ9, will be forced into
triode region at the process corner SF and 125°C. The cause comes from the
MOS-connected diode as shown in Table-11 and circuit schematic in Fig. 4-1.

Table-11  Threshold voltage of nMOS & pMOS at different corners
125C Vthn (mV) Vth.p (mV)
corner S 545 -669
corner T 445 -569
corner F 345 -469
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Fig. 4-1 Detailed analysis of the OPA's differential pair

For T=125°C, the nMOS threshold voltage, Vthn, at slow corner (S), is
545mV, and the pMOS threshold voltage, Vthp, at fast corner (F), is about
-470mV. This implies that the pMOS differential pairs (MA08, MAQ9) will be
forced into triode region if we_assume the common mode voltage is 100mV.

So, in chapter 4 we evaluate other kinds of OPA architectures, aiming to find
others of OPA architectures that can work at:low voltage and all process corners
if a low-end and low cost:processiisiused, e.g. TSMC 0.35um CMOS process.

The same as chapter 2, there are two kinds of bandgap circuits in this
chapter. The purpose is to verify technology-scaling effect on BGR circuit
performance.

The first circuit (Type D) use nMOS as its OPA’s differential pairs. The main
difference (compared with the previous circuit — Type B in chapter 2) is that we
use current source instead of current mirror.

Besides, the temperature effect on the base-emitter voltage and threshold
voltage should be considered. So we modify the bandgap core circuits by
inserting resistors. The reason is that we want to change the slope of OPA’s
common mode voltage vs. temperature. To speak clearly, the OPA’s common
mode voltage provided by the bandgap core circuit will degrade as the ambient
temperature is rising.

50



For example, the temperature coefficient of the base-emitter voltage is
approximately -1.85mV/K while that of the threshold voltage of the nMOS
transistor is around -1.0mV/K in TSMC 0.35um CMOS technology. That is, at
high temperatures, Vegon) may be less than Vthn + 2Vpssayy , and the bandgap
reference circuit will not function properly.

But after modifying the bandgap core circuit, the OPA’s differential pair can

work in the saturation region even at the worst case (e.g. corner SS, SF,and T =
1257C).

The second circuit (Type C) use pMOS as its OPA's differential pair. The
main difference (compared with the corresponding circuit — Type A in chapter 2)
is that we use current sources instead of the MOS-connected diodes. Besides,
we put two CG (common gate) nMOS as the current followers at the output
stage in order to get a stable biased voltage and biased current. This kind of
topology is different from that of Type A (pPMOS as OPA’s differential pair). The
reasons will be presented in the following sections.
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4.2 Design Concepts and Circuit Implementation

4.2.1 Design Concepts and Circuit Implementation of Type D

Fig. 4-2 shows a complete circuit topology of Type D in which bandgap core,
start up, and OP-Ampilifier circuits are incorporated.

r—-—=—=—======= | 1
| bandgap core | start-Up OP-Amplifier :
I Vo I M
i
I I 10/10  10/10
I 20720 20/20 20/20 | m=9 m=9 10/10  10/10 1.2\)dc
| ™=20 m=20 m=20 l MAO1 MAQ4 m=9 m=9 |
1 |Z!|— b|——|!ﬂ | R —|!ﬂ t: !ﬂMAoa !ﬂMAoe U_
— - - — - - Vdd =
| M3 M1 M2 I VD1 T
I |2r 51 y MA14 mA1s | L
2 600k N ni3o0 10/20 [} 2 10/20| Y
IVref PTTIT M302|: 10/10 m=11 — = m=11
I b T s 17 n=2 I
Ir3 |__|.': v |
| 109K MB03 | i
: b 10710 MA10 :
L = o 20/20 m_  MA12
1 :{62;3 . J i "1 207201
| r MB23 |
Ao |~ 10/10 -
: S shallz n"” A ] :
' - |
MAO2  MAO3 MA11 MA13 I
I 10/10 10/10 20/20 20/20
I m=4 m=4 I
| |
| |
———————————————————————————————————— -l

Fig. 4-2 The complete bandgap circuit topology of Type D ( bandgap core +
start-up + OP-Amplifier with nMOS input stage )

The idea of Type D circuit comes from the previous work done by P.
Malcovati et al. [1] as shown in Fig. 4-3 and Fig. 4-4. We modify the circuit
presented in the referred work to create the Type D circuit.
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Fig. 4-3 Schematic of bandgap circuit proposed by the previous work done by
P. Malcovati et al. [1]

v, —}%{[ M, M,Ijl—l—ﬂi.ﬂg
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Fig. 4-4 Schematic of the two-stage operational amplifier

In Fig. 4-4, My and M are current sources; Qi and Q are differential
amplifiers.

We created a similar topology as shown in Fig. 4-5. The difference is that we
use nMOS (MB02, MB03) as the differential pair to replace the BJT Q1, Q2
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Fig. 4-5 Prototype-1 circuit topology of Type D

But this kind of circuit reveals a serious disadvantage in that it can only pass
TT, but fails at all other corners FF, SS, FS, SF.

We analyze the cause of failureand find that at the different process corners,
the gate voltages of the OPA’s differentialpair, which is provided by the bandgap
core circuit, keep the same, but the:Vthn of the nMOS of the differential pair are
different. This physical phenomenon will. make the biased current change at the
different process corners.

To speak clearly, we want to ‘keep the bias point the same at the different
process corners, but in fact the bias point will shift at various process corners.
This is why this kind of OPA can only work at TT, but fails at the other corners.

Taking TSMC 0.35um CMOS process and model as an example, we can

see the relationship between Vthn and temperature at various corners as shown
in Fig. 4-6.
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Vthn vs. temperature at-various corners

In order to solve the corner failure.issue mentioned for prototype-1 circuit of
Type D in Fig.4-5, we add a current source below the differential pair. That result
in the prototype-2 circuit of Type D as shown in Fig. 4-7.

Vo

MAO1 MA04

1.2Vdc

Fig. 4 -7 Prototype-2 circuit topology of Type D
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However, the temperature effect on the Ve and Vthn should be considered.

We find that the node voltage Vd1 & Vd2 can not drive the OPA at high
temperature even though the nMOS threshold voltage (Vthn) degrade as the
ambient temperature rise. In other words, the down slope of the node voltage
Vd1 & Vd2 vs. temperature curve is falling sharply than the slope of the nMOS
threshold voltage (Vthn) vs. temperature as shown in Fig. 4-8, Table-12 and
Table-13.

*05/12 teet? teme 06w v 1 =756me, vdd=1 2y, tt

01 ]

BD0swlvfedl) -

850m

800m

750m

T00m

Voltages (i)

650m

60m

550m

500 b : | 1 !

r T T T T

J 0 -0 -20 0 a0

Fig. 4-8 Node voltage Yd1. vs. temp:.of the:prototype-2 circuit of Type D

~

T T T
100 120 140

1
160

0 0
Temperature (lin) (DEG_C)

Table-12 Node voltage Vd1vs. temp: of the prototype-2 circuit of Type D

-45°C -20C 25C 125°C 140°C
Vd1(mV) 885 840 756 563 533
Table-13 The Vthn of TSMC 0.35um CMOS process
-45°C -20C 25C 125C 140°C
Vthn (mV) at S 700 676 636 545 532
Vthn (mV) at Typical 600 577 536 445 432

Comparing node voltage Vd1 in the Table-12 with the Vthn at slow corner (S)
in Table-13, we find that:

1. The worst case does not occur at the low temperature but at the high
temperature. From Table-12 and 13, we see that the Vd1 is almost equal to Vthn
at corner S and T = 140°C. So this circuit topology is still not useful for all process
corners.
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2.  The temperature coefficient of the base-emitter voltage is approximately
-1.85mV/K while that of the threshold voltage of the nMOS transistor is around
-1.0mV/K in TSMC 0.35um CMOS technology. That is, at high temperatures,
VEg(on) may be less than Vthn + 2Vpssat), and the bandgap reference circuit will

not function properly.

To fix this problem, we insert another resistor pairs, Ra & Rg, as shown in

Fig.4-9. The purpose is to change the down slope of “Vd1 vs. temperature” curve
as shown in Fig.4-10.
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Fig. 4-9 The final circuittopology ofFype D
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Fig. 4-10 Node voltage Vd1 vs. temperature curve of the Type D

Fig. 4-10 and Table-14 show the relationship of node voltage Vd1 and
temperature for the Type D final circuit.

Table-14 Node voltage Vd1 vs. temperature curve of the Type D

451

-20C

25C

125C

140°C

Vd1(mV)

904

868

801

645

621
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After comparing Table-13 and 14, we can make a conclusion : after inserting
resistors Ra & Rg, the down slope of the “Vd1 vs. Temperature“ curve has
changed. That will make the node voltage, Vd1, large enough to drive the nMOS
(of the OPA’s differential pair) at all process corners with temperature range from
-407C t0140C

What reason makes the slope of “Vd1 vs. Temperature” curve change after
inserting Ra & Rg? The answer can be found by the node voltage analysis as

shown in Fig. 4-11:

20/20 20/20 20/20
M=20 M=20 M=20
M3 I I M2
IE:.I I:;T vdd
= 1.2Vdc
?O
81l1lmvV 801lmV
Vref
—_—
Y
R3
109k
IR
R1
i JB R2B
163k 163k
Q2
Q m=24

Fig. 4-11 The simplified bandgap circuit topology of Type D

1. We want to change the slope, ¢, of the curve of the “Vd1 vs. Temperature”,
which can be expressedasVd2=¢ x T + K

2. Vd2=Vy+ (lr1 + lrea)Ry=Vy + K

3. VWw=Ir1Rs + Veg2=®71In24 (Rg/R1) + Ves2

4. We can getthat Vd2 = ®1In24 (Rg/ R1) + Vegz + (gt + Iroa )Ry

=g x T + K
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4.2.2 Design Concepts and Circuit Implementation of Type C

An interesting question follows the design of the Type D circuit : is there any
possible to implement the “OP-Amplifier with pMOS input stage” based on the
same idea? The answer is “Yes”, with Type C circuit as shown in Fig. 4-12.
However the circuit’'s architecture becomes more complicated. Besides, this
circuit occupies more layout area but provide worse performance compared with
the Type D (OP-Amplifier with nMOS as the input stage).

bandgap core start-Up OP-Amplifier
Vo
M3 M1 M2 . MS6 MS7 ‘
Vref ) ? :j D1

: Vngn MBO!
4 EHJ_ &
v |_ E MD2 vim|  H] MBois; - _|'_ 1
R1 1 [
R3 § ReB1 o e = ol G - h20 a2t ﬂ =
§ non ) ar it:l_l Iq { E: _hj
n=24 ijv (K Vs ] \AOT
[
al @ M 3 ,_—4 H F—, —m_ H
- 1 [ f pHT T Zmew:!
R2B2 MSt = MA08 MA09

Fig. 4 —12 The complete bandgap circuit topology of Type C adopting pMOS
as input differential pair

In Type C, we put two CG (common gate) nMOS - MA20, MA21 - as the
current followers at the output stage in order to get a stable biased voltage and
biased current. It is an important point in the Type C circuit.

Without these two CG nMOS — MA20 & MA21, as shown in Fig. 4-13, this

kind of circuit cannot work. The reason can be explained through node voltage
analysis as follows :
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Fig. 4-13 Simplified prototype-1 circuit topology of Type C

Assumption:
(1) vVdd = 4V
(2) The Vgs of pMOS MA11, MA13 is 0.8V.
(3) The common mode;voltage Veu=0.1V

Follow this assumption , the node-C voltage:=4 - 0.8 =3.2V
the node Bvoltage=4-0.8=3.2V
the node Avoltage = 3.3 V

and the Vgs of differential pairs MB02, MB03 =3.3-0.1V=3.2V
So, the biased voltage of the pMOS differential pairs, Vgs, will drift when the

power supply Vdd change, as shown in Fig. 4-14. This kind of circuit topology
can not work.

- * 10422 find tune opa-anpec vdd=1.%
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Fig. 4-14 Simulated Vref vs. Vdd of the prototype-1 circuit of Type C
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If we put two current followers (common gate nMOS) MAO0S, MAO6 at the
bottom of the MA10 , MA11 respectively, as shown in Fig. 4-15, we will get the
correct simulation result, as shown in Fig. 4-16.
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Fig. 4-15 Simplified bandgap circuit topology of Type C
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Simulated Vref vs. Vdd of the simplified circuit of Type C
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In fact, the bandgap circuit shown in the Fig. 4-15 can be simplified to the
circuit with a folded-cascode OP-Amplifier as shown in Fig. 4-17. But we finally
decided to choose the more complicated circuit (as shown in Fig. 4-15) because
the simulation result show that the PSRR of the simplified circuit (as shown in
Fig. 4-17) is not as good as the complicated one.
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Fig. 4-17 Another bandgap circuit'topology of Type C with a folded-cascode
OP-Amplifier

4.2.3 Operational Amplifier Features of Type C and Type D

The simulated features of the two types of OP-Amplifier are summarized in
Table-15.

Table-15 Operational Amplifier features of Type C and Type D

Type C Type D
pMOS as the input stage | nMOS as the input stage
DC Loop gain 60 dB 65 dB
Gain-Bandwidth 9.0 MHz 7.8 MHz
product
Phase Margin 71.6° 63.6°
Supply Voltage 1.20V 1.20V
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Chapter 5 CHIP LAYOUT DESCRIPTION AND
EXPERIMENTAL RESULTS WITH
TSMC 0.35pum CMOS PROCESS

5.1 Chip Layout Descriptions

Similarly, Fig. 5-1 show layout view of the Type D and Type C with TSMC
0.35um Mixed-Mode double-poly-four-metal (2P4M) 3.3 / 5VCMOS technology.
The bandgap reference circuits in Fig. 5-1 include the bandgap core circuit and
OP-Amplifier. The chip area is 0.294 mm? for Type C and 0.238 mm? for Type D.
The total transistor used on Type C is 33, and that of Type D is 23.

Again, both of the emitter areas of Qq are 24 times of the Q_’s. Since the

mismatching of the same size MOS pairs makes the currents different, the same
size MOS transistors are placed together to reduce these mismatching impact.

=4

E_mm ry ry ry ry ry mm-t
Type D(nMOS as OPA input stage) Type C(pMOS as OPA input stage)

Fig. 5-1 The overall die photo of the Type D and Type C

Note : A standard I/O PAD developed by TSMC was chosen to use.
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5.2 Measurement Setup

The measurement setup is the same with section 3.2.

5.3 Experimental Results

5.3.1 Experimental Results of Type D (hnMOS as OPA input stage )

At first, we use voltage meter to measure the actual resistor values after
fabrication, and the measurement result is shown in Table-16.

Table-16  Comparison of the design target and measured data of resistors of
Type D circuit

Type D (n-diff. pair)

Element name Design target | Measured data Tolerance
Rxn+ Ran + Rin N* diff 76.0k 716 k -5.8%
Rxn + Roan N* diff 174.0k 163.3k -6.1%
Ryn + Ragn N* diff 174.0k 163.2k -6.2%
Ran N* diff111.0k 104.5k -5.9%
Rsin + Rsan P* diff1100k 1082k -1.6 %

Substitute the measured resistor.value into the bandgap circuit as shown in
Fig. 5-2 and re-simulate the circuit again. Next compare the simulated result with
the measured data.
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Fig. 5-2 Bandgap circuit of Type D with measured resistor values
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PART (I) Vref (Reference Voltage) vs. Vdd

Measured Result of Type D

n-Vref (mV)

Fig. 5-3

n-Vref (mV)

Fig. 5-4

n-Vref vs. Vdd
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Comparison of n-Vref vs. Vdd of Type D between simulation and
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Note : mean value = 829.5 mV
STD value = 12.8mV
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PART (II) Temperature Compensation Curve

(1) Simulation Result of Type D at TT

#* 11/12 change resistor o measured for re-zim, wdd=1 3v, #t
e e
WD0 2w (et 599 5m
82%m
g
_é‘ 828.5m -
Gl
c
828m
827 5m
J ¥ 4‘0 2‘0 DI 2‘0 4‘0 6‘0 SID 10‘0 12‘0 14{0 ;
4 » ™ o £
|« | — | 5 Temperstue (i) (DEG_C) i

Fig. 5-5 Simulated TC curve of Type D under typical condition
axis X : temperature ('C) ; axis Y : n-Vref (mV)

At Vdd =1.3V  from — 40 to 120°C

1 829.7-827.7mV
TCreef) = —14.9ppm/°
e goRmv 120 (—40) ) ppm/C

(2) Measured Result of Type D at Vdd = 3.0V, 2.0V, 1.3V

Average TC Curve of n-Vref

832
I I I I
n-Vref@ Vdd=3.0V
830 n-Vref@ Vdd=2.0V
n-Vref@ Vdd=1.3V
828
s
E 826 —
s T~ vddd1.3v
S
S 824
T \
Bl
822
- ¥
820 \/
Vdd=[2.0V
818
-40 -20 0 20 40 60 80 100 120

Temperature (C)

Fig. 5-6 Measured TC curve of Type D

At Vdd =1.3V > from — 40 to 120°C

1 826.5-822mV
TCrety = — 34.1ppm/C
e Soamy 120 — (—40) ) PP
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(3) Experimental Results discussion

1. The TCres by Simulation is 15.0ppm/°C. The measured data of TCr) is
34.1ppm/C. It is acceptable.

2. It is at the General Case that we get TCrer =34.1ppm/C. Right now, we
want to observe the extreme case, Vdd = 1.1V.

At Vdd = 1.1V, we get the TCres =73.6 ppm/C, as shown Fig. 5-7.

Average TC Curve of n-Vref
830

828

n-Vref@ Vdd=1.1v

826

824

]

n-Vref (mV)

822

820

-40 -20 0 20 40 60 80 100 120
Temperature (C)

Fig. 5-7 Measured TC curve of Type D at the worst case

3. Next, we want to discuss an interesting phenomenon :

Why do the measurement data of TC curve look like ,

We think this phenomenon is related with the TSMC 0.35um device
characteristic.

rather than t»  which is presented by the simulation.
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According to theory, two temperature-compensated currents create
bandgap output reference voltage. One is the PTAT current (coming from the
thermal voltage ®r) ; the other is negative temperature coefficient current

(coming from the Vge voltage ).
Dr

In general, the @t vs. temperature curve is like ZT ; and the Vge

VBE

vs. temperature curve is like D

When @1 combine with the Vgg, the whole TC curve was dominated by
@t at low temperature and by Vg at high temperature. So, we can get the
curve as shown below.

Right now, by the-measurement result, we make an assumption that : for
OF 3

TSMC 0.35um device,"the @t vs. temp. curve is still like ZT, but the

ViBE

Vge vs. temp. curve is like gﬂ

Based on this kind of assumption, when ®t combine with the Vgg, the
whole TC curve was dominated by Vge at low temperature and by ®rat high
temperature. So, we can get the curve as shown below.

Or VBE Vief

N

Next we want to verify the assumption by measure the temperature
coefficient of Vge and ®+respectively.
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(i) Verify the assumption for the temperature coefficient of @+
We verify the temperature coefficient of ®1 by measuring the AV,

AV, Temperature Coefficient Curve
110 v v v

105

100
95

90

85

AV__(mV)

80

1 —— AV, vs. T @ Vdd=1.8v
75

70

65— . . . . . .
-20 0 20 40 60 80 100 120
Temperature (C)

Fig. 5-8 AVg. Temperature Coefficient:Curve

92.3-72mV

For-10~80 C : TC =(223=12MVy _ 4 295 Vot /-
¢ %00 10) ¢
For 100 ~ 115 C : TC = (103:2=979MV y _ 4 4 volt /°C
115 (100)

The temp coefficient of low temp < The temp coefficient of high temp

(DT/ (DT
So, the @, vs. temp. curve is like LT , hot as expect ZT
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(ii) Verify the assumption by measuring the temperature coefficient of V..

V,. Temperature Coefficient Curve
740
720
égg. | ——V_vs. T@Vdd=1.8v [ ]
660 -
640
620
600
580
560 -
540
520
500
480
460 1 — . . . . . M-
20 0 20 40 60 80 100 120
Temperature( C)

V. (mV)

Fig. 5-9 Vge Temperature Coefficient Curve

For—10~80 C : TG= (222 20MYy _ _ 4 866 Volt /'C
80— (~10)

For 100 ~ 115 C @ TCaS2=aB8MY ) _ 5 vort /¢
152 (100)

The temperature coefficient for low temp. and high temp. are almost the same.

VBE VBE

So, the Vg vs. temp. curve is like QT , not as expect &T

Although the temperature coefficients of @t and Vg do not meet our
expectation, however, it can prove that the whole TC curve is affected by the
temperature coefficient of thermal voltage (®1) and result in the case that the
curve face upward.
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Put the measured data from Fig. 5-8 and Fig. 5-9 into (5.1), we can get the
similar measured TC curve as shown in Fig. 5-10

R R R R
Voo = “3(AV . )+ =3 (14 =A2)W 4V (— 3 (5.1)
REF R1 ( BE) R1 ( RAI) 0s EB2(RB1 + RBZ)

No.5 p-Vref Temperature Compensation Curve

800

790

— p-Vref @ Vdd=1.8v ]

780

770

p-Vref (mV)

760

750 L— : : : : : :
-20 0 20 40 60 80 100 120
Temperature (C)

Fig. 5-10 Measured TC curveof Type C - No.5 p-Vref
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PART (Ill) Transient Response

(1) Simulation Result of Type D at TT

* 11412 change resistor to messured for re-sim, vdd=13v, tt

[EFTTR T
WD0:u0:y (vdd) ~ |l = { [ \
5 2
F j I
=
1.5
T T T T T T T T T
J 1} 20 40n B0 S0n 100m 120u 1400
Time (lin (TIME)
- * 1142 change resistor to measured for re-sim, vdd=1 3v, t
300
BD0:tDy fvrefs - | | = d
é 850m
: | e R S B
5 a00m
g / \(
o 750m l|| 1'|
T T T T T T T T T
J i} 20u 40 &l B, 100 1200 140
Time (lin) (TTME)

Fig. 5-11 Simulated transient response of Type D under typical condition
upper axis X : time (sec) ; axis Y : Vdd (V)
lower axis X : time (sec) ; axis Y : n-Vref (mV)

(2) Measured Result of Type D at AC mode
TS, — p—

2 = A \
Measure P base(C1) P2:topiC1) Parize(C1) P4:mean(C2) Pa:pkpk(C2)
valle 1550% 2430 24 5697 ps S35 mv 159 m
status v s v v

5 e -388.7 25.0kS
Fig. 5-12 Measured transient response of Type D at AC mode
upper axis X : time (sec) ; axis Y : Vdd (V)
lower axis X : time (sec) ; axis Y : n-Vref (mV)

Description :
1. The input signal (marked by the yellow curve) is shown on the DC mode

but the output reference voltage (marked by the red curve) is shown on

the AC mode.
2. The input voltage varies between 1.550V and 2.130V. The rise time =

24 5us (as shown on the green circle), and the peak to peak voltage of
the output reference voltage = 159mV (as shown on the red circle).
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PART (IV) PSRR (Power Supply Rejection Ratio)

(1) Simulation Result of Type D under typical condition and Vdd =1.3V

0:pacipan_nvret)

3]
| -

o]
-5
-10 ]
-15 ]
=20 ]
25 ]
-z0 |
35
40
-45 ]
-50 ]
-55 ]

Params (n)

#* 11112 chanze resistor to measvred for re-sim, wdd=1.3w, tt

r
1k

T
100k

1%
Frequency fog) (HERTZ)

Fig. 5-13 Simulated PSRR of Type D under typical condition
axis X : frequency (Hz) ; axis Y : PSRR of n-Vref (dB)

(1) Measured Result of Type D by using Oscilloscope at Vdd = 1.5V, 2.0V

PSRR (dB)

-10
-15

-20

-25

-30

-35

PSRR (n-Vref) forvdd=1.5V, 2.0V

Vdd=1.5V

V dd 520 v

/

<<
oo
[oRY
non
[N
oo,
<<

10Kk
Freq.(H z)

Fig. 5-14 Measured PSRR of Type D

(2) Comparison : Simulation versus Measurement as shown in Table-17.

100Kk

Table-17 Summary table of PSRR of Type D at Vdd = 1.5V

PSRR 1KHz S5KHz 10KHz 50KHz 100KHz
Simulation |-52dB -50dB -45dB -30dB -23dB
Measurement |-25dB -16dB -10dB -0.68dB  |-0.42dB

(4) Experimental Results discussion

N
1003

The PSRR performance is not as good as we expect. We guess the
reason of the poor PSRR performance may be related with the parasitic
resistor and parasitic capacitance.
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5.3.2 Experimental Results of Type C (pMOS as OPA input stage )

We use voltage meter to measure the actual resistor values after fabrication,

and the measurement result is shown in Table-18.

Table-18 Comparison of the design target and measured data of resistors of
Type C circuit

Type C (p-diff. pair)

Element name Design target | Measured data e

Roatp + Rp N* diff 182.0k 171.4K -5.8%
Roazp N* diff 30.0k 28.4k -53%
R2g2p N* diff 30.0k 28.4k -53%
Rog1p N* diff 155.0k 146.1k -5.7%
Rap N* diff 120.0k 113.1k -5.8%
Rsip + Rsop P* diff 1100k 1087k -1.2%

Substitute the measured resistor-valué. into the bandgap circuit as shown in
Fig. 5-15 and re-simulate the circuit.again.-Next compare the simulated result
with the measured data.

[ vdd
Imvuc
Vo =0
10/5 10/5  10/5| 10/10 10/10 10/10 10/10  10/10 10/10 10/10
17.5/15 17.5/15 17.5/15 m=8 m=4 m=4 m=13 m=13 m=13 m=6 m=6 m=8 m=8
m=15 m=15 MS6  MS7 | MAO1  MAO4  MAO5 MA11 MA13  MA18 MA19
W PR ~TRT= | = ) ZTHT= ST gy ]
F = 8548 pod -{ o | o i H 10/10 _+
M2 m=13 — - — I
a1 d2 10/10
MD1 10/10 ks
Rxp L RS2p 5/1 =2 10/10
Ryp & S5 m=30 MA10 =6
20.7k no S 593k pod Vndn MBO},_ 10/10 I~ —
20.7k nod| s m=2 (PH H,_, MA12)
i — [ } Vo
MD2 Vinv MBOp
Y 5/1 e
R1p m=30 15 MA15  MA17
146.1k nod 253knod R2B1p S MA20 - o
s MD3 | t MA21
146.1k 9 s/t L B L [ e ‘{t
m=30 - '_Hq 14 10/1
- Ms2 10/10 7| a2
_+,< 10/5 MAQ7 =2
Q2 L H m=2 '_4 10/20
= L = ’_ i MA14 1 = mate
jzl F . 5 I LS I F J
R2A2p  m=24 R2B2p  MS1 = MAO2  MAO3 MA08 MA09 10/10 10/10 20/20 20/20
28.4k nod 284knod  10/5 10/10  10/10 10/10  10/10 m=3 me3 m=4 w=4
m=2 m=4 m=4 m=4 m=4

Fig. 5-15 Bandgap circuit of Type C with the measured resistor values
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PART (l) Reference Voltage (Vref) vs. Vdd

(1) Measured Result of Type C

p-Vrefvs. Vdd
1000 A B i o o o

900
800

700 4
600 - //
500 // Ic
400
300 / Ic : ]
200
100 //

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

vdd (V)

pVref (mV)

(@]
zZ2zZzzZzZ
cooo
o ;w o

1

Fig. 5-16 Measured p-Vref vs. Vdd of Type C

Average value of p-Vref vs. Vdd

900

800 - \ il
&= _ —

700 N

Average of measured p-Vref |

600 Simulation atTT

oo | [

400

p-Vref (mV)

300 //
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

vdd (V)

Fig. 5-17 Comparison of p-Vref vs. Vdd of Type C between simulation and
measurement

Note : mean value = 766.1 mV; STD value = 53.6 mV
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(3) Experimental Results discussion

1. From Fig. 5-17, we see that, no matter simulation or measurement, p-Vref
= 900mV when Vdd = 1.0V (as shown on the green circle). This
phenomenon will not present on the n-Vref circuit. The reason is that when
Vdd < 1.0V, the OPA of the p-Vref bandgap circuit can not work at
normal condition. A current sources (MAOG, as shown in Fig. 5-15), which
is responsible to provide the pMOS differential pairs a stable biased
current, will go into the triode region. That will induce an abnormal output
reference current, resulting in a peak value shown on the output reference
voltage waveform.

The correspondent OPA of the n-Vref circuit will not have this kind of
phenomenon. Even though Vdd = 1.0V, its current source (MB23, as shown
in Fig. 5-2), which is responsible to provide the nMOS differential pairs a
stable biased current, is still working on the saturation region. This is
another advantage of the n-Vref bandgap circuit.
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PART (II) Temperature Compensation Curve

(1) Simulation Result of Type Cat TT

11412 change resistor to measured for re-sim, wdd=1 3w, tt

| D0 sl v vty - | TH78m. ]
797.6m -
797 4m
797.2m -
H  797m
& 7o58m
= 706.6m
795 4m -
706 2m |
T96m
795 8m -
< | — -40 20 i 20Tempmm 01_:13 . 50 20 100

Fig. 5-18 Simulated TC curve of Type C under typical condition
axis X : temperature ('C) ; axis Y : p-Vref (mV)

AtVdd =1.3V from — 40 to 120°C, TCrery =15.8ppm/'C

(2) Measured Result of Type C

No.6 Temperature Compensation Curve of p-Vref
880

860

V. dd=a4. 1.V
840 ——

VddF1.3V
820

—— p-Vref @ Vd
—p-Vref @ Vd

oo
non
o
)
<<

p-Vref (mV)

800

780

760

-60 -40 -20 0 20 40 60 80 100 120 140
Temperature (C)

Fig. 5-19 Measured TC curve of Type C

1 837-828mV
AtVdd =1.3V, TCren = =90.2ppm/C, from — 20 to 100°C
N Imy 100 — (=20) )=90-2pp

AtVdd =1.1V, TCrgen = ! (847 —831Imv )=137 ppm/C, from — 20 to 120°C
834mV ~ 120—(-20)
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PART (Ill) Transient Response

(1) Simulation Result of Type Cat TT

*11/12 chanee resistor o measured for re-sim. wdd=13v. t
Semlit a1 | | |
ED0 tef v (vdd) - [ [ ]
1= 22
= f f ﬁ
ﬁg 2
12 J F |
= 18 J J l
L& f il il i
J » 200, 40u alu 20 100 120m 1400
Time (lin) (TIME)
*11/12 change resistor to measured for re-sim, wdd=1 3w, tt
BD0:t0 (pvref) 850m. JNI J"I
‘% 800m
: / ] /—
=
750m \J U
SN r T T T T T T T T
J ¥ i} 20u 40u a0u g0 100 1200 140
Time n) (TIME)

Fig. 5-20 Simulated transient response of Type C under typical condition
upper axis X : time (sec) ; axis Y : Vdd (V)
lower axis X : time (sec) ; axis Y : p-Vref (mV)

(2) Measured Result of Type C at AC mode

—

Measure P1:topic1) P2 basze(C1) Parize(C1)
walle 2054 1.548 W 15.28876 ps
status W v

P& ampl(C2)
575 my

Fig. 5-21 Measured transient response of Type C at AC mode
upper axis X : time (sec) ; axis Y : Vdd (V)
lower axis X : time (sec) ; axis Y : p-Vref (mV)

Description:
1. The input signal (marked by the yellow curve) is shown on the DC mode

but the output reference voltage (marked by the red curve) is shown on

the AC mode
2. The input voltage varies between 1.548V and 2.054V. The rise time =

15.3us (as shown on the green circle). The peak to peak voltage of the
output reference voltage = 575mV (as shown on the red circle).
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PART (IV) PSRR (Power Supply Rejection Ratio)

(1) Simulation Result of Type C under typical condition and Vdd = 1.3V

o]
0:par(psrr_pvref) 5

Lof D~ _Iuc

*11/12 change resistor to measured for e-sim, vdd=13v. t

Paramms (lin)

T
10k

T
1000

k. Ix
Freguency log) (HERTZ)

T
10x

Fig. 5-22 Simulated PSRR of Type C under typical condition
axis X : frequency (Hz) ; axis Y : PSRR of p-Vref (dB)

(2) Measured Result of Type C by using Oscilloscope at Vdd = 1.5V, 2.0V

PSRR (dB)

PSRR (p-Vref) forvVdd=1.5V, 2.0V

vVdd=1.5V /

/——

o

-10
. /Vdd=2.0v Vdd=1.5V
Vdd=2.0V
-15 /
-20
.25
1k 10k 100k
Freq.(Hz)

Fig. 5-23 Measured PSRR of Type C

(3) Co

mparison

Table-19 Summary table of PSRR of Type C at Vdd = 1.5V

: Simulation versus Measurement as shown in Table-19.

PSRR 1KHz 5KHz 10KHz 50KHz 100KHz
Simulation -55dB -42dB -36dB -25dB -22dB
Measurement -18dB -6.7dB -2.7dB -0.26dB| -0.1dB
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Chapter 6 CONCLUSIONS AND FUTURE WORKS

6.1 Conclusions

According to the theory and simulated data, we think if the OP-Amplifier’s
input stage can be implemented by using nMOS, the bandgap circuit
performance will be better. Now this assumption has been verified by the
measurement result. It is clear that bandgap circuit with nMOS differential pairs
will have better performance and enable lower cost due to reduced chip area no
matter TSMC 0.18um process or TSMC 0.35um process.

(1) Output Reference Voltage vs. Vdd:
For TSMC 0.18um, the STD value of Type A (pMOS as OPA input stage )
is 42.6 mV as shown in Fig. 3-6; however, The STD value of Type B (hnMOS
as OPA input stage ) is only 7.3mV as shown in Fig. 3-15. So, Type B
circuit is superior to the Type A

For TSMC 0.35um; thel STD value.of Type C (pMOS as OPA input stage )
is 53.6 mV as shown'in Fig. 5-17 ; however, The STD value of Type D
(nMOS as OPA input stage Jisonly 12.8mV as shown in Fig. 5-4. So, Type
D circuit is superior to:'the Type C.

(2) Temperature Compensation Curve:
For TSMC 0.35um, the TCr) of Type D is only 34.1 ppm/'C as shown in
Fig. 5-6 ; however, That of Type Cis 90.2 ppm/°C as shown in Fig. 5-19. So,
Type D circuit is superior to the Type C.

(3) Transient Response:
For TSMC 0.18um, after comparing Fig. 3-10 and 3-21, we can see that
Type B is obviously superior to the Type A.

For TSMC 0.35um, after comparing the measured waveform of Type D as
shown in Fig. 5-12 with the correspondent waveform of Type C as shown in
Fig. 5-21, we see that at the same test environment the peak to peak
voltage of Type D is equal to 159mV ; the peak to peak voltage of Type C is
equal to 575mV. So, the transient response of Type D is superior to the
transient response of Type C.

80



(4) PSRR (Power Supply Rejection Ratio):
For TSMC 0.18um, by comparing Fig. 3-13 and 3-24, we can see that Type
B circuit is superior to the Type A.

For TSMC 0.35um, by comparing Fig. 5-14 and 5-23, we can see that Type
D circuit is superior to the Type C.

6.2 Future Works

Nowadays, the bandgap reference circuits have been widely used in
battery-operated portable application. As the coming of deep-submicron
technology and the low supply voltage, the demand for the low voltage and low
power of bandgap reference circuits have been on the increase.

The minimum supply voltage of the conventional BGR circuits is
constrained by two factors. Onelis the output reference voltage that is around
1.25V, equal to the silicon‘energy, gap measured in electron volts. The other is
the low operating voltage of operational.amplifier. The first constrain have been
solved by the resistive subdivision-methods. As for the second constrain, we use
low threshold voltage devices tolower the OPA’'s operating voltage. But, the
input common-mode voltage of the OP-Amplifier is still an issue when we try to
design the low-voltage bandgap core circuit. In other words, the input
common-mode voltage of the amplifier limits the low-voltage design of the
bandgap core circuits. In the future, the proposed circuits can be modified and
improved in these directions.

Besides, the PSRR (Power Supply Rejection Ratio) is another important
factor to evaluate the performance of the bandgap reference circuit. In this paper,
the effort that we put to study the impact of device parameters on the
performance of PSRR is not enough. In the future, this can be another study
topic.

Finally, the chip size is another concern in IC design industry. In this
thesis, the layout area of the all the proposed circuits is a little bigger than
expected, although not bigger than those proposed by the other papers. In the
future, the proposed circuits can be improved in these directions.
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