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Bandgap references for stable dc quantities

» References that exhibit little
dependence on supply and process
parameters and a well defined
dependence on temperature

» The required temperature
dependence assume one of three
forms:

+ 1) proportional to absolute temp.
("PTAT”)

+ 2) constant G-m behaviour

Vpo—o AD Digital
Converter :D'UII‘:)UI

» 3) temperature independent [

 Design for supply-independent Gererr Figue 1128 AD comerr i
biasing and define temperature '
variation
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1.2 Supply independent biasing ¢razav pp. 377,

» Arresistor tied between the"-;

e Ol Iner y a.w j supply voltage (* Vdd ”) and
u, m;l - " ;“M:" the gate gives a circuit quite

sensitive to Vp variations.

fah

Figure 11.1  Current-mirror hiasing using {a) an ideal eurrent source,
(b} a resistor.

AVpp — (W/L),
Ry +1/gm (W/L)’

Afum =

» Less sensitive solution where

™ o, the circuit bias itself, with |

’ being a replica of I, (A=0)
out
w
« L )" Figure 11.2 Simple circuit 1o estab-
lish supply-independent currents.

()
LN M, M,
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* The current becomes
independent of the supply
voltage (but still a function of
process and temperature).

_ » The assumption V1 = Voo
Flgure 113 () Addiionof it o defos s cumos 0 shersive mieneraion—— iytroduces some error, but a
simple remedy is shown in Fig.
requite that ., = Tpe because hey have sdenical aimensions We csnwie oo = 11.3 D), Dy eliminating the body
R — effect by tying the source and
Vi = ek et 12 pylk of each PMOS transistor.

el by efect e e These circuits exhibit little
| MU 1 .
Vet (1 7) = ek @y supply voltage dependence if
and ence the channel length modulation
o= e B (- 7) ms  is neglible = long channels
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Estimating the change in |, for a small
change AV, for the BG-ref. in Fig 11.3 a)

* In some applications the
supply sensitivity given by
(11.6) is prohibitively high.
Also, owing to various
capacitive paths, the supply
sensitivity of the circuit rises

Sokuion at high frequencies.

Stmplif; as depicted in Fig. 1.4, where 8 = roq {1 /g1 band Ry = roa 101/ ), w2
mn Vi 10 e, The small-signal gate-sousce vollage of My equals = [, By
and the current through rog is (Vop — Vil ros. Thus,

Voo - Vx ¥x
= b T Ragms = .5
o4 ! &

If we denate the equivalent transconductance of M and Ry by Gy = Lo/ Vi, then

lo _ 1 ! al g

Voo ror [Gaatraalkn 0] o
Note: from Chapter 3 that

Gz Enitin o

Rs+roz+(gmz + g2 5oz

Interestingly, the sensitivity vanishes if rgg = 20,
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Adding a start-up device

Yoo . o B
« If all transistors in Fig. 11.3 a)
carry zero current when the
supply is turned on, they may
remain off indefinitely because

the loop can support a zero
current in both branches.

Rs « Thisis not predicted by (11.4)
since we divided by
SQRT(l,,), assuming lout # O;

2 .L( _;)f e The circuit can settle in two

different operating conditions.

("start-up” problem)

+ Fix: Adding M;; path from Vdd

through M3 and M1 to ground.
2. februar 2011

11.3 Temperature-independent References

 Little dependence on temperature is essential in many
analog circuits.

+ If a reference is temperature-independent it is usually
process-independent as well.

* Adding two quantities having opposite temperature
coefficients ("TCs”) displays a zero TC;
a,0V,/8T + a, a,06V,/6T =0
Two voltages that have negative and positive TCs must be
identified.

» Bipolar devices in CMOS ;J H
provide well defined TCs.

p-substrate

Figure 11.10 Realization of a pup bipolar transistor in
CMOS technology 8




Negative TC voltage from pn-junction (11.3.1)

* o =lexp(Vee/Vy), Vi =kT/q

e g ~pkTn?

* u: mobility of carriers

* n;intrinsic = minority carrier
concentration of silicon

* Temperature dependency;
M a PoT™M, where m = -3/2, and
nZa T3 exp[-E, /(kT)], where
Ey=1.12 eV is the bandgap
energy of silicon.

+ lg=bT*Mexp[-E,/(kT)], bis a
proportionality factor.

© Vge=Vrin(lc/ls)

*  We can compute the derivative of
Vge With respect to T. Assume |
is constant

test

~ Sl

test
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Temperature coefficient of Vg at a given Temperature, T

With the aid of (11.9) and (11.11), we can write

Vg Vr I
= —In— —
aT T "1

Vi E,
4+m— - Ly, 1.
@t m)= — vy (1.12)

_ Veg—@+m)Vr - E;/q
= - .

(11.13)

Equation (11.13) gives the temperature coefficient of the base-emitter voltage at a given
temperature T, revealing dependence on the magnitude of Vg itself. With Vgg &~ 750mV
and T = 300°K, Vg /T = —1.5 mV/FK.

From (11.13), we note that the temperature coefficient of Vgg itself depends on the
temperature, creating error in constant reference generation if the positive-TC quantity
exhibits a constant temperature coefficient.

test 11

11.3.2 Positive-TC Voltage

* If two bipolar transistors * Q, and Q, identical and
operate at unequal biased at nl, and |, AND
current densities, the negligible base currents:
difference between their
base-emitter voltages is
directly proportional to the

AVpr = Vae) — Vaes (11.14)

absolute temperature =t o
= Vrln— - Vyln— (11.15)

T I
= Vrinn, (11.16)

Thus, the Vi difference exhibits a positive temperature coefTicient:
nly 3
BaVer _ Ky, arm
aT q

ingly, this TC is independent of the temp or behavior of the collector currents.!

Figure 11.6 Generation of PTAT
voltage.

test 12




Calculating AVgg for the circuit of Fig. 11.7

— Vpp

)

Figure11.7

Solution

Neglecting base currents, we can write

I I
= VTlnn—O —Vir'ln—0
Is mls

= V¢ In(rm).

The temperature coefficient is therefore equal to (k/q) in(nm).
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» Negative and positive TC voltages
for a reference having a
nominally zero temperature coefficient.

* -1.5mV /degree K at room temp.
« 1.5/0.087 =17.2

* Lnn=17.2 translates to a prohibitively
large n

Veer = aiVee +ao(Ve ) - Qg2 unit transistor, Vg, =V,

OVpe/oT = —~1.5 mV/°K whereas 8 Vr /0T = 4+0.087 mV/*K

arlnn ~ 17.2
to be equal. Then, Vgey = RI + Vggz and BRI = Vgg, — Vg = Vylnn. Thus, Vg, =
for zero TC: Vg2 + Vr Inn, suggesting that Vi, can serve as a temperature-independent reference if
Inn 2 17.2 (while Vi, and Vg2 remain equal).
Vier & Vg + 17.2Vr
= 125V,
Snorre Aunet 14




Actual Implementation of Bandgap Reference (Fig. 11.9|,¥f

g,
7

YA
=)

R = R,=
Y
X
A=

Ay senses Vy and Vy, driving the top terminals of B, and Ry (R, = Ry) such that X and
¥ settle to approximately equal voltages. The reference voltage is obtained at the out-
put of the amplifier (rather than at node ¥). Following the analysis of Fig. 11.8, we have
Ve — Vg = Vr Inn, arriving at a current equal to Vi Inn/ Ry through the right branch
and hence an output voltage of

Vel
Vo = Vg + :RHH(R_H-RQ) (11.22)
3
= Vg + (Vr lnrrj(l +%). (11.23)
3

For a zero TC, we must have (1+ Ra/Rs)Inp == 17.2, For example, we may choose n = 31
and Ry/ Ry = 4. Note these results do not depend on the TC of the resistors.
The circuit of Fig. 11.9 entails a number of design issues. We consider each one below.

Design issues for the BG-ref

R = R,=
Y
X
A=

» Collector Current variation

M D>—— + Compatibility with CMOS
Vout Technology

'Z' * Op Amp offset and output
impedance

* Feedback Polarity

» Nadgap Reference exhibiting
nominally-zero TC is given by
a few fundamental numbers

» Supply Dependence and
Start-Up

» Curvature Correction

2. februar 2011 16




Collector Current variation ("issue 1/77)

ME  AE * The circuit in Fig. 11.9 violates the
x Y A>—— earlier assumption that the collector
a Vour currents of Q1 and Q2 (given by V;In n
: + / R;) are proportional to T, whereas

%ﬂ %ﬂ aVpp/dT ~ —1.5 mVFK

: : was derived for a constant current.
What happens to the temp. coeff. of Vg
if the collector currents are PTAT?

iterative solution, let us assume [y = fez = (Vrlnn)/ Ry, Reteming to Eqg. (11.9) and
including /4T, we have

War _ 8V de Ly, (LK lﬂ)_ (11.24)
ar At lear Tsar
Since 3 (3T = (Vrlnn)/(RaT) = I /T, we can write
1V, ave  de Ve Vel
A ST R A AL (11.25)

ar ar oty T s AT
Equation (11.13) is therefore modified as

Ve _ Vee = (3+miVy — Efq
aT T :

(11.26)

indicating that the TC is slightly less negative than —1.5 mV/°K.

RE RS L Wl
>  Derivation of a temperature
"ﬂl el . .
x $ Ve independent voltage relies on
s i the exponential characteristics
%, Glm ) of bipolar devices for both
@l G negative and positive-TC
quantities

 We seek structures in
standard CMOS that exhibit
such characteristics

* Nwell- process; pnp as
depicted
p-substrate » Other possibilities; pwell- /
Figure 11.10 Realization of a pnp bipolar transistor in triple'We" / B|CM OS

CMOS technology.

2. februar 201?8




BG-reference from Fig. 11.8 implemented with ¢
pnp transistors

4 4 [+ E B
Az R =
¥ A l. ’ i+ l+
x ! Le TR s ”
Ry= You
E 7
i
[ = p-substrate
A nA
@ @ Figure 11.10 Realization of a pup bipolar transistor in
. = CMOS echnology.
= =
Y —
X A '
+ +
V,
- out
R.Z 2
35 i
Q 1 02 =

A nA
Figure 11.11 Circuit of Fig. 119

implemented with pap transistors.

ai pi * Vout # 0 when Vx = Vy
T :,_: - p » The input offset voltage introduces

X C _v:. error in the output voltage
A3 08 i * Vogsis amplified by 1+ R;/Rs
) (eq. 11.28)
2 _4 az-nﬂ . \1/??)3 varies with temperature (chapter

» Reduce offset by using large devices
in a carefully chosen topology
(chapter 18).

troduces error in the output voltage. Included in Fig. 11.12, the effect is quantified &
Vier = Vas = Vgga + Ralea (iF Ay is large) and Voo, = Vees + (Ry + Ra)lea, Thus,
Viegr = Vg = Vos

Viur = Ve +(Rs + Ry) (1.7

R
= Vypz 4 (I b — )i'l»”; Inn — Vig), (11.28)
Ry 20

10



* Feedback Polarity

Feedback Polarity In the circuit of Fig. 11.9, the feedback signal produced by the op

amp returns to both of its inputs. The negative feedback factor is given by

1/gma+ B3
N = ————————— 11.31
P 1/gm2+ Rs + R2 ( )

and the positive feedback factor by

lf(gml

P e + R

(11.32)

To ensure an overall negative feedback, S must be less than By, preferably by roughly
a factor of two so that the circuit’s transient response remains well-behaved with large
capacitive loads.

Bandgap Reference ("issue 5/7”) producing a reference

voltage based on the bandgap voltage of silicon (E4/q) I,i[} ..-I—--ll

Veer & Ve + 17.2Vr (11.20)
RE  RE ~ 125V, (.
Y -
X Ay —o  Bandgap Reference The voltage generated according to (11.20) is called a “bandgap
p- V:u't reference.” To understand the origin of this terminology, let us write the output voltage as
Ry= ha
i Vier = Ve + VrInn (11.33)
A nA and hence:
Qy Q;

aVger  OVge Vo

= = -—T]nn. (11.34)

ar aT
Setting this to zero and substituting for 8Vge /8T from (11.13), we have

Ve — (4 +m)Vyr = E,f V;
L._?l.l__*_-q=_?’|nn_ (11.35)

If Vy Inn is found from this equation and inserted in (11.33), we obtain:
£
Veer = ? + (4 -+ m)Vr. (11.36)

Thus, the reference voltage exhibiting a nominally-zero TC is given by a few fiundamental

numbers: the bandgap voltage of silicon, £, /g, the temperature exponent of mobility, m, and

the thermal voltage, V7. The term “bandgap” is used here because as T — 0, Veer — E./q.
22
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R, = R, =
y Py L]
X Iy 4
- Vaut
RS = i

The output voltage is relatively
independent of V4 as long as
the open loop gain (Ag, =

V. /(V* - V")) of the op amp is
sufficiently high.

A start-up mechanism may be
required because if V,and V,
are equal to zero, the
differential input pair of the op
amp may turn off.

2. februar 2011 23

Vout

va—
. Figure 11.16 Curvature in semper-

T T h
ture dependence of a bandgap voliage.

e

Figure 4 Output reference Verf vs, temperature.

Vrer

Curvature correction ("issue 7/7”)

The TC is typically zero at one
temperature and positive or
negative at others (due to
temperature variation of base
emitter voltages, collector
currents and offset voltages).

Curvature correction
techniques are seldom used in
CMOS (but used in bipolar
impl.) due to offset- and
process variations from sample
to sample.

: »  Figure 11.17 Variation of the zero-

TC temperature for difference samples.

24
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11.4 PTAT Current Generation ig. 11.18-11.20)

Voo \
* The bias currents of the
Frar bipolar transistors are
. Voo proportional to absolute
o | &l temperature.
A nA

or - Fig. 11.19: M;-M, and M;-M,

crent are identical pairs, to ensure
V,=Vy 2 Ip:=lp,=ViInn/
Ry

T T T3 * The circuitin 11.19 may be

modified to provide a BG-ref

voltage as well (Fig. 11.20).

. Fig. 11.20

R
Vier = Vees + Eilf’;r Inn, (1137
|

Constant Gm-biasing (11.5)

Voo .
w (w] . . G
(I]p L'e » Often desirable to bias transistors so
p that noise, small signal gain and
REF Tou speed is not affected by
*) x(¥) transconductance variations
LN LN .
+ Transconductance may be defined by
Rs the topology from Fig. 11.3
* + Inreal life, Rg does vary with
temperature and process.
A simple circuit used to define the transconductance is the supply-independ b’l\. lf the temperature coeﬁICIent Of the
topology of Fig. 11.3. Recall that the bias current is given by resistor is knOWn, bandgap and PTAT
2 | 132 ) reference generation techniques can
o = G Wi 'x'i( JE ) ' "% be utilized to cancel the temperature
Thas, the transconductance of M, equals dependence- Process variations,
. however, limit the accuracy with
[ W . .
ot = e (3) 1o 113 which the transconductance is
<IN .
5 \ defined.
- (| _) (4
Ky K )

If having a precise clock - SC impl.

test 26
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Figure 11.21 Constant-G,, biasing
by means of a switched-capacitor “resis-
tor”

» Precise clock frequency must be available
« Change R with Switched Capacitor ("SC”) equivalent
* May give more compact realization

test 27
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Introduction to Switched Cap. Circuits (. 2 inrazav)

oxe 1 f

Sample

I I Amplify

Figure 12.7 General view of switched-capacitor
amplifier.

t

» Continous time processif

Vino— _C/E q ;_ —o Vout ©

examples: audio, video,
analog systems.

"Sample-data / discrete time”;
The input is sampled at
periodic instants of time,
ignoring its value at other
times. The circuit then
processes each "sample”
producing a valid output at
the end of each period.
Switched capaitor circuits are
used in filters, comparators,

ADCs and DACs.
2. februar 2011 29

MOSFETSs as switches

jl‘-(
Vin °_‘/"_T° Vout Vin DJ—'T‘] Vou
I Cy I Cy
(a) (b)

Figure 12.8 (a) Simple sampling circuit, (b) implementation
of the switch by a MOS device.
.

in "Razavi”) (
z\

Nice properties of MOS @&
transistors as switches;

Can be on while carrying zero
current

The source and drain need not
follow the gate voltage (not the
case with bipolar transistors,
typically necessitating complex
bipolar circuits for sampling)

Used widely in SC-filters,
Sample-and-Hold circuits,
ADCs and DACs (both Nyquist
and oversampling converters)

2. februar 2011 30
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in "Razavi”)

High

1
e W

/ H
(a)

g o

()
Figure 12.10 Track and hold capabilities of a sampling circuit.
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Schematic entry and simulations in C%cm‘nqe&n

1 St

e s Opta Ty *Teh s D 5 -1
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Next week:

« Sample and Hold circuits, Data converter fundamentals
* Messages are given on the INF4420 homepage.

* Questions: sa@ifi.uio.no , 22852703 / 90013264
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