Voltage references

Voltage references are blocks that produce an output voltage that is
independent of PVT variations:

V: Supply voltage

T: Temperature

P: Process errors

Voltage references are used for:
« Providing an absolute reference voltage for ADCs and DACs

« Providing an absolute reference voltage for stimulating sensors or
other external devices that require precise control voltages and/or
currents.

« Creating constant bias voltages (and currents) when required
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Possible reference voltage sources

« Zener Diodes

Problems:
V

dd > Require additional process steps, but only a small number

of components are required for each chip (not convenient)
> Available voltages are >3 V

ref

+ » Temperature stability is poor for V, # 5-6 V

Dz » The reference voltage generated by a Zener diode is noisy

- (very wide band noise)

In present days, zener diodes are available only in high voltage
processes and are used more for protection than for voltage references

+ Band-gap circuits <"1 solution
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Band-gap voltage reference: principle of operation

V., We start with a DIODE (BJT) biased with
, acurrent /¢
¢ Vee 4 V
Q V & BG
BE
Vprar CTAT

.
_ CTAT: Complementary To
%T— 4[% Vi =Vir +0V; Absolute Temperature

PTAT: Proportional To Absolute

dv,, Temperature

~ -2 mV/K ..... —3 mV/K
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Band-gap voltage reference: determination of parameter b
and estimate of the output voltage

. We have to determine dV
VBG o VBE T bVT the value of b, for which: d;G =0
AV, dVy, , dV.. 0 _ AV Good news!

— | — o dT This voltage is
dr dr dr b= dV compatible with
P d]f low-supply
d; — "~ 856%x107° V/K voltage circuits

! Ve V. (290K)
qv Example: @ @
— o S22 mVK =b=23 Y ~0.65+0.025%23 =1.225 V
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Band-Gap voltage reference: theory

EgO
constant — 2 3 T
1 A,n} D ¥ np < The @
IS S QB ] n B kT
( o~ — D” _’Ll” o
Ey | Ewl g _Veo - % 1
kT | g |kT v, I=BT"e¢ " y=4-a, | 4 T *
V — -
GO Y constant constant @, = L5
Vi I.= GT? ltis not necessary that | is temperature-independent
I 1
E= E
GT?
Ve V,.=V.In //7 =V, +V, [ln(G-E)—(y—a)ln(T)]
G BT’ _VJ . ) . .
_T—(y—a) Xp Gray, Hurst, Lewis, Meyer, "Analysis and design of analog

B

integrated circuits" 4th edition, 2001 J.Wiley & Sons
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Band-Gap voltage reference: theory

V,, =V, +V. :1n(G-E)—(7/—0()ln(T)] V. =V, +bV,

Vi =Veo +V; | In(G-E)+b—(y—a)In(T) ] VG0+—[1n G-E)+b—(y—a)In(T)]

E,, Vgolis numerically
The name "band-gap" of this reference voltage Voo = equivalent to £
comes from V,,, which is the dominant part 9 measured in eV
Let us calculate the derivative of Vg5 with E =12 eV Vo =12V
respect to temperature o =heeV = Vg =1
dVy, _k kT 1 k
—~=—|In(G-E)+b—(y—a)In(T) |- (Y-« — —
= q[( )+b=(y=e)n(T) |~ (¥ T p
dV,, k N The derivative of V; depends
dT _q[ln(G E)+b-(y-a)-(r a)ln(T)} on temperature

P. Bruschi — Microelectronic System Design 6



Band-Gap voltage reference: theory

We impose that the derivative of Vg l

is zero at a given temperature T, k

This is possible, since b is a free —[111 (G ' E) +b —(7’— 05) —(7— 0‘)111 (To )] =0
parameter that can be chosen to q

btain thi It.
obtain this resu In(G-E)+b= (7 — 05)+ (7 — a)ln(TO)

[,\ J

Vo =V, +V, [in(G-E)+b—(;/—a)1n(T)]

VBG :VGO +VT [(7_0{)+(7/_0()1n(To)_(7_a)ln(T)} Typically: Ol=1

T jj Vi (TO):VG0+@(7_Q) =124V
q

Ve =V, +V. (7 - 05)(1 + 1n(?0
y=2.5
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Band-gap voltage reference: calculation result

Vag (V) |
5 V.=V, . +bV.
1.2415 T | BG BE T
T
TZ8o3 K™ Ve =V + Ve (y—a) 1+ 1n(—0j
1.2405 S — T
. kT,
o Vi (TO)ZVGO'*'_O(7_0[)
1.2395 q
He20 Even if the derivative is zero only
1.2385 111 mV at T, the total voltage variation is
— : | T-=300°K only a few mV for a wide range
I ; |
| ‘ i .
! e e 2R B T (Kelvin) A bandgap voltage reference
: designed for a higher T,, will also
-20 °C 4100 °C have a higher output voltage.
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T Band-Gap voltage reference: a CMOS compatible Circuit

Q2|Q1/Q2
Q2Q2(Q2
V

Common centroid - dd
layout °
For n=8 M3 \j|—o—|[tT

M4 M3=M4=1=1,=1 neglecting the effects
/1¢ i I M1=M?2 &Sf Vpson Ip:
- Vst = Vos2

Part 1: PTAT current generator

M1 :||~_|[__’
H K Vi =Vi = (VGI — Vs ) - (VG2 _VGSZ) =Vis2 = Vs
R, B
Qll(l Q2 Vy = ‘VBEl‘ Vi = ‘VBE2‘+RII VH o VK
I
) " RII:‘VBEI‘_‘VBE2‘ =V, In ﬂ] =V, ln(n)
area, 151
=n>1 1 kT
ared, I=—=—1In(n) Iis proportional to T (PTAT) and
Substrate PNPs R, ¢q independent of V.
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Band-Gap voltage: a CMOS compatible Circuit

L kT Ve = ‘VBE3‘+IR2

[ =——1
Ve R, q n(n) T

}via ;_ﬁ[f Im ril‘f M5 Biassiwith /
/

M1 l—_> M2 I Vs R q

H K
R
% R, % R, Voo :‘VBE3‘+VT%ln(n)J
N | S /!
-

Vg =Vye +0V,
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Deriving a temperature sensor from the Band-Gap circuit

Adding this branch, we can obtain

vdd 4 )
DU - a voltage proportional to the
M3 I—rﬂf M4 l—![T'V'f’ r!l'__l M5 absolute temperature, which can
/l I be conveniently used to monitor
l / /l /l the chip temperature.
M1 l: M2 T VBG I VTemp
" ‘ R, kT
% R, % R, % R Viemp =R,/ =——1In(n)
Q1 Q2 v Q3 R1 q
S
777 L J

11
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PTAT current generator: multiple stable states

V Positive feedback P
dd V
== — '@ loop
M3 |j'—ﬁlt[ M4 Linear current ‘[>‘
mirror (LM) |
~_|out <<= i 2 I,
AN [=f ()
M1 |;1—||: e | N Ve -
H K in out
R = P1 is the correct \
Q1 Q2 1 Non-linear current | operating point. P2 (null
mirror (NLM) currents) is stable
because the two mirrors
== um have very small gains 2
around the origin. &

A start-up circuit is necessary to prevent the circuit from being trapped into P2
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Mention to another very popular bandgap circuit

Due to virtual short circuit:

V,=Vy =V, =V, (voltages across R, and R,)

I

SR, -
+ Vs
M 7>‘ °  Wechoose R=R, =1, =1,
R, op-amp
: Vi =V =V =V + LR,
I. 1
IETH Q2] LR, =V =V, =V, Inf) ===
I Ie,
V. In(n)
I, =1 = R

(1., =1,
ICZEI2
I
=182
~ ]

ey

V./In(n)
Ve =Vie LR =V + R,
T R,
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The bandgap voltage reference in voltage regulators

MIEREL

MIC5205

L

150mA Low-Noise LDO Regulator

Final Information

ouT

v, MIC5205:xxBMS

I Cour = 2.2uF

I tantalum

VO \ / ® ] i aVour
BYPI gCOUT
Cevv ——
(optional)
B Bandgap —1
Ref. Enab\e_,—c 3 —
Shutdown L
EN + EN

M
Ll

Current Limit
Thermal Shutdown

MIC5205-x.xBMS

EN (pin 3) may be

connected directly — =——

to IN (pin 1). -

GND |

Ultra-Low-Noise Fixed Regulator

Cevp Cgyp = 470pF, Coyr = 2.2uF

jj_ Low-Noise Operation:
L

Basic Operation:
Cgyp = not used, Cqr = 1pF
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