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 Temperature-Independent References
* Negative-TC Ref(CTAT)

* Positive-TC Ref (PTAT)
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MOSFET: Temperature dependence of V.

Many parameters of MOSFET vary with temperature, but two of them dominate: V; and p

Threshold voltage is usually defined as the gate voltage for which the channel is as much n-

type as the substrate is p-type resulting in: b, : is gate-substrate work functions
difference
_ Qdep . kT ND,poly Qdep ¢ p: electrostatic potential of the bulk
Vro = Oms + 2¢p + Con - _7ln News + C,x (p-type substrate)

Qqep: charge in the depletion region

aVT k ND, ol . k _ dUr o Np ,01v: DOping concentration of the
~ PO ) with E——~85uV/C poly

oT _a n b or polysilicon gate
\ Su N, p: Doping concentration of the
: bstrat
V., decreases when T increases sbstrate
20 ;-3 17 ~m-3 avr 0
Ex. For Np 50,2102 cm and N,=10Y7 cm™ | = Pl —0.6 mV /°C

* The temperature coefficient (relative variation) of V;, (T'Cy7) is defined as :

1 dVr
TCVT =——<0 - VT(T) - VT(TO)(]- + TCyr (T —Tpy))

* The threshold voltage of a MOSFET exhibits a negative TC (but defined with low accuracy)
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MOSFET: Temperature dependence of

* Due to thermal agitation, u decreases when T increases (@ a first
approximation) as:

T, 1.5 .
u(T) = u(Ty) (2) , To =300 K

* The channel Mobility exhibits a negative TC

1 ouwT) 15
(Ty aT T

and u(T) = p(To)(1 — = (T = Ty))

> TCu(T) = .

10/10/2025 Analog Circuits Design Il — Adil KOUKAB



Ex: Temperature behavior of |5 in saturation

=Y ;V C/L (Vs — Vig)?

\ |, independent of T
>

TCyr Tc, V
dominates dominates GS

* Atlow Vg, the changes in V;, dominate and the drain current
increases with increasing temperature.

* At higher V, the mobility dominates and the drain current
decreases with increasing temperature.
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Exercise: Beta-multiplier (sensitivity temperature)

Vdd
xow_ e[ W
pW/L
Al et ¥ Xl et y'ref Y lout ,
2 1
M | l | M2 - - —_—
AWr}L 4_—|I Vbiase,n o \/I\\//I/lL I kW/L Iout - Iref B ,Ble (1 \/E>

R

1. Give the relation between g, , g, and R, ifk =4 ?

2. Analyze the variation of I, with the temperature and determine
[ (80°C) if I,y(27°C)=10HA and TCy, = 2000 ppm/°C.
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Give the relation between g, , g, and R ifk =4 7? 2 1\2
Analyze the variation of I, with the temperature and determine I (80°C)  Igyut = lef = RZ (1 — —)
if [, (27°C)=10pA and TCy, = 2000 ppm/°C PiRs vk
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Temperature-Independent References

" |deallandV,,are PVT-independent

= Need two quantities having opposite
TempCo: i.e. PTAT and CTAT

VrEF :
Ex: 0U;/9T=k/q=85 uv/°C

>

T, temperature

Proportional To Absolute Temperature

Vrer
A

Y‘AT reference

\

>
T, temperature

Complementary To Absolute Temperature

10/10/2025

= T-independent reference (bandgap)

are Generated by adding PTAT and
CTAT references with proper
weighting. (present in every chip)

-."-:-_ UF'.EF S~ kT
< m““«-h o Jfrom AV = o In(C)
@ ""'r-:mf f
=0
i
o
/,,. from V
Temperature [K]
CTAT Ex:

OV, /0T = 0V,/0T = -1.6 mV/°C;
0V;,/0T =-0.6 mV/°C;
okp/dT = - kp 1.5/T (T in °K)

10
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Negative-TC Ref(CTAT)

 Base-emitter Voltage of Bipolar (i.e. forward
voltage of a diode) exhibits a negative TC (CTAT).

I,=lc.exp(Vp/U;) , Us = kT/q
OV, /0T~ —1.6 mV /°C

Diode _ Vg = U.Ln(l/1)
voltage
A
A g
% Change = -1.6 mV/C
>
01 : % \/
e
L@ 8 >

Temp, °C

Note: Bipolar transistors give the most reproducible and easily tunable positive and
negative TC references and temp-independent references.
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Conceptual generation of CTAT-Ref:
Diode-referenced self-biasing circuit (CTAT)

* pMOS mirror forces the same current through

vdd each branch.
* nMOS mirror forces the source voltages of
|<_— M M1 et M2 to be the same
1 pPW/L
o * The temperature Coefficient of V.
—1,6mVlV /°C
L, Wi TC(Vyep) = TC(Vp) ~ —5 W/ CTAT
_.Vref = ’
’ *  We can set the value of | by choosing the right
Rs|Toset | value of R,
JT‘ Vp Iref
7 Urln{ U, (I
| _Vref_ s S R.= Tln<ref>
ref R, R, ’ Lyer I

TC(lyer) = TC(Vp) — TC(Ry) — CTAT if Ryis PTAT
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Conceptual generation of Positive-TC Ref(PTAT)

* The difference between the base-emitter voltages
of two BJTs operating at unequal currents is
known as PTAT.

nl, I,
AVBE = UTln — | — UTlTl —
[ I

kT
= Urln(n) = 7ln(n)

ﬂ1 az
0AVgy Uy

o7~ o

Voo
ﬂ,u;*; é)fu

_._+.n ﬁvBEg-_'_

V
= In(n) 855_6‘ — tunable PTAT

* The weighting of AV, is tunable through n.
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Conceptual generation of Positive-TC Ref (PTAT): version 2

* The difference between the base-emitter voltages
of two BJTs with unequal sizes is also known as

PTAT.
!I, l’ l IO l, l IO
BE : I : ml,

kT
= Urln(m) = 7ln(m)

OAVps oUr uv
P In(m) T = In(m) 85

°C
— tunable PTAT

* The weighting of AV, is tunable trough m.

* AV is a floating voltage -
* Ground-referenced PTAT voltage? (%°
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Ground-referenced PTAT-Ref

* The difference between the base-emitter
voltages of two BJTs can be achieved

vdd through a resistor:
v |<_J Vs(uz)
L WL ~ pW/L AVp = Vpy —Vpy = Urln(m) = Rl
) Iref IFEf UTln(m)
C, ¥ frer =T R
VDl - l_Vref Vref = LRIT'ef = UTLln(m)
y R R - GND-referenced tunable PTAT
m diodes in J_
aralle — aV U V
}p el - a;ff ln(m) —— =L In(m) 85¥

* Thevalue of |, is set by choosing the right value of R as:

I _ Vp1—Vpo _ Urln(m) 9 R = Urln(m)
ref R R Iref
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° f
— v
Band Gap Reference Design —
o . - FOM AVye= ——In(C)
% VCTAT :::\(\ I
i i ,:}Pm l\-\"{\J"""‘ Vee %

vdd Temperature [K] ~ Vee -

T  The bandgap reference (BGR) is formed by adding a
e c”lJ 4 diode D, (ie., CTAT) to a PTAT reference. The
TP PWL reference voltage is then the sum of tunable PTAT

1 bres lres and CTAT voltages:
||_—> M2 PTAT CTAT
> WL -~ ~ ~ —~
Vret Vref = LRITef +VD3 = UTL ln(m)‘l' VD3
R
Vb2 LR
m diodes in aVref — L ln(m) % n GVD3
5 parallel aT aT aT
Vs 4 my
+855~  —165~

‘ﬁ aVref

e [ could be tuned to have P 0

1,6

2 L= In(M)85 10~3

* Note that as for Beta Multiplier, the PTAT, CTAT and Bandgap circuits based on the self-
biasing structure require start-up circuits.

~9forM=8
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Bipolar implementation in CMOS process

* Our derivation of a temperature-independent voltage relies on the exponential
characteristics of Bipolar for both PTAT and CTAT.

* We must therefore seek structures in a standard CMOS technology that exhibit
such characteristics.

e Vertical parasitic pnp Bipolar

_— Base, n+ in n-well (connected
to grounded collector).

_— n-well

__ Collector p+ in p-substrate

“" (connected to ground).

X-sect

> Metal e
{  pnp symbol
B

n+ pt
I_r’ ;
n-well % Diode symbol

p-substrate \ K
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Alternative Bandgap for Low-Voltage ICs

Vref * Instead of using a self-biasing structure, we can use an
I amplifier to hold the voltage across the resistors (LR)
+|ref _ Urln(m)  constant and thus force the current through each branch

Tunabh’faTAT i+ r Of the reference to be the same.
LR LR| iscrar

T Vor = UTln<IT"f> Vier = = (L+ 1)RI7‘ef + Vb2
Rl AV, = UTln(Inso _ UT (L + 1) ln(m) + VDZ
Vb2 Tunable PTAT

i Iref
= UTlTl (m_ls>
lﬂ * The benefit of this topology over the other topologies is
m diodes in that we can generate higher V, (closer to VDD).
parallel . . . .
 While its drawback is that the amplifier must be
capable of driving a resistive load (which requires a
current amplifier at the output stage).
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Alternative Bandgap for Low-Voltage ICs

Vdd
BN
L:”: CIE e This alternative avoids the resistive load
U () since the amplifier drives the oxide
*'fef *"e“ i capacitances of the pMOS amplifier.
A _|_ Tunable PTAT if R
is CTAT
Vref —  — Vref ref — (L + 1)RIT‘€f + VDZ
L.R L.R — (L + 1) ln(m)UT + VDZ
VDl
R AVD = UTln(m)
VDL‘ Tunable PTAT
1 diode Vb2

Y mdiodesin
parallel
D1 )
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