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SECTION 4.5 - CURRENT AND VOLTAGE REFERENCES

Characteristics of a Voltage or Current Reference
What is a Voltage or Current Reference?

A voltage or current reference is an independent voltage or current source that has a
high degree of precision and stability.

Requirements of a Reference Circuit:

 Should be independent of power supply

 Should be independent of temperature

* Should be independent of processing variations
 Should be independent of noise and other interference

Reference
A
Nominal (<8
—>
Value N
Temperature
Ow,
er S
Upply,
Fig. 4.5-1
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REFERENCES WITH POWER SUPPLY INDEPENDENCE
Power Supply Independence
How do you characterize power supply independence?
Use the concept of:
IRer  OIRgFIIREF VDD (JIRE
Vpp ~ 9Vpp!/VDD ~ IREF (&VDD
Application of sensitivity to determining power supply dependence:

JIREF ( IREF) dVpp

IREF = Vbp
Thus, the fractional change in the reference voltage is equal to the sensitivity times the
fractional change in the power supply voltage.
For example, if the sensitivity is 1, then a 10% change in Vpp will cause a 10% change in
IREF.

Vbp

IREF

Ideally, we want S Vv

o to be zero for power supply independence.
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Simple Current Reference

Vee VbD
IINl R IINl R
lout lout
1c1l 7 l ou IDll l
In|
Q1>1——KQ2 M1 jl——||: M2
= = = = Fig. 360-02
121N
Vee-VBe[ 1 Vop-Vgs VDD - pr - Vr
lour=—"R > lour="FR = R
1+ Br
IREF IREF

Temperature and process dependence?
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MOS Widlar Current Reference v
Operation: DD

Vst — Ves2 — lourR2 =0 IiN l R

ToutR2 + Von2 — Von1 =0
Assuming strong inversion and A — 0, IDll lIOUT

2lout
loutR2 + \| K(WALy) — Von1 =0 M1 :||——|l__, M2

Solving for A/ToyT glves % R>

N KWL K(Wz/Lz) +\/K(W2/Lz> + 4RaVowi L L

I OUT = 2R> Fig. 360-04

2IIn
where  Von1 ="\| KWL

Differentiating /oy with respect to Vpp gives,

1 dlour 1 dVoni dVont Vo dlin
2\Tout 4VDD = \2I(K" Wa/L2)+ 4R,Von1 4Vpp > dVpp = 21y dVpp
Irer Iour Voni Iy Voni Iin Iy

Vbp SVDD \Von22+4 IoutR2Voni SVDD \/WSVDD OSSVDD
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Example 4.5-1
For the MOS Widlar current reference, find Ipyr if Ijy = 100pA, Ry =4k, K’ =

200uA/V2, and Wp/Ly = Wi/L1 = 25. Assume the temperature is 27°C and that n = 1.5.
Find the sensitivity of Ipyr with respect to Vpp.

Solution

21N 2100
Voni = K'(W1/L1) ="\20025 =02V
\/ 200 o5+ \/ 50025 + 4(0.004)0.2

IOUT = 20.004 AUA =54uA = Ipyr=25pA
Note that Von2 = Voni - loyrR2 = 0.2-(25)(0.004) = 0.1V > 2nV; = 78mV so both
transistors are in strong inversion.
For the sensitivity calculations, assume that Vpp >> Vgs1. Therefore Ijy = Vpp/R;.

IREF Von1 Iy Voni

SVDD ~\AVon22 SVDD RN

Therefore, a 10% variation in Vpp causes a 5% variation in Ipyr.

CMOS Analog Circuit Design © P.E. Allen - 2003
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MOS Peaking Current Reference

Strong Inversion Operation: Circuit: L
Vesi —IINR - VGs2 =0 Iy
Von2 = Vont — IINR
K'(Ws/Ly) . lIOUT
lour=—"73  Von?
K (W2/L2) ) M1 M2
— 3 (Von1 —IINR) = TFig, 3607
where Transfer Characteristics:
v _ / 2IIN L6
ON1 = K ,( Wl / Ll) 1.4} Weak Inversion
Weak Inversion Operation: 12f
Iy 10F
VGsz = Vr=nViIn (W1/L1)IT) — IR Tt o |
If the transistors are identical and Vpg» > 3V7, 061
Wl VGS2 _ VT _IINR ) Strong Inversion
IOUT = L_llT exp th = I[N cXp th 0.2
0 1 1 1 L,

4 6 8 10
Iinv(uA) Fig. 360-8
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Threshold Referenced Current Reference

Circuit: VoD
IIN l R l lour
Operation:
L
_2Iv IDll
Vasi  VT+ \KW/LY)
lovr="F, = Ry Mljl—
Vr
~R, if Vr>Vom Ry
The sensitivity of Ipyr with respect to Vpp is
SI our ( Voni g Iv— (Voni g Iiv - Fig. 360-10
Vpp ~ UoutR2) PVpp ~\2VaGst) ®Vpp
. IIv
For example, if V=1V, Von1 =0.1V and S Vop = 1, then
four (0.1
SVDD = (2,1'1) =0.045
Therefore, if Vpp changes by 10%, Igrgr or lpyT changes by 0.45%.
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SIMPLE BIAS/REFERENCE CIRCUITS
Voltage References using Voltage Division
DD VbD
R M2
+ +
RZVREF Ml VREF
Resistor Vol-tage divider. Active device ;/oltage divider. Fig. 370-01
Ry VN +~NBp/BN) Vpp-IVTp)
VREF=R{+R, VDD VREF = 1 +~JBPIBN)
VREF Vrer Vpp | \(BP/BN) Voo (BP/BN)

=1

Vop VREF

1+J(BR/BN)) ~ VN +\(BR/BN) (VDDVTPI)

~ VN (BPIBN)
~ Vv = BP/BN) (Vpp-IVTP)

Vbp

Assume gy =Bpand Vyry =I1Vypl = SVDD =1
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References with Sensitivity Less than One
In order to get sensitivities less than one, the upper and lower circuits must be different
with the lower circuit less dependent on Vpp.

In otherwords, the upper circuit should act like a current source and the lower circuit like
a voltage source.

Principle:
Vbp
IBias
+
— VREF
- Fig. 370-02
CMOS Analog Circuit Design © P.E. Allen - 2003
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MOSFET-Resistance Voltage References

VbD
R
<
VREF_
- Fig. 370-03
2(Vpp-VREF)
VREF=VGs=VT + BR This circuit allows VygF to be larger.
1 2VppVr) 1 If the current in Ry (and R») is small
or VRpp=Vr- R+ AR + (6R)? compared to the current flowing

through the transistor, then
R1+ Ry

VREF
VREF“( R ]VGS

1 VDD
Vpp —\L+ ﬁ(VREF-VT)R)(VREF)
Assume that Vpp =5V, W/L =2 and R =
100k€2,

Vbp
Thus, Vggr =~ 1.281V and SVREF= 0.283
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Bipolar-Resistance Voltage References

Ve
R
+
VREF
- Fig. 370-04
<L (I
Virer = Vep =g In|f If the current in R} (and R») is small
Vee-VEB Vee compared to the current flowing
I= R = R through the transistor, then
kT (Vec Ri+Ry
VREF = ¢ In| R VREF = [T VEp
VREF 1 1

SVee =Ta[Vedl(RIp] = In(lTy)
If Voc=5V, R =4.3kQ and I = 1fA,
then Vpprp=0.719V.

VRrEF
Also, SV =0.0362
cc
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Example 1 - Design of a Higher-Voltage Bipolar Voltage Reference

Use the circuit on the previous slide to design a voltage reference having Vgpr = 2.5V
when Ve =5V. Assume I = IfA and Br = 100. Evaluate the sensitivity of Vggp with
respect to V.

Solution

Choose I (the current flowing through R) to be 100uA.

Vee-VRer 2.5V
Therefore R = 100pA = TOOpA = 25kQ.

Choose I (the current flowing through R;) to be S0uA. Therefore the current flowing in

o SOuA
the emitter is S0pA. The value of Vgg =V, ln(ﬂ) =(0.638V.

0.638V
Ry = 50pA = 12.76kQ

With 50pA in the emitter, the base current is approximately SuA.

Therefore, the current through R, is S5uA.

| 2.5V-0.638V
Since Vigr = [gaRs + 0.638V = 2.5V, we get Ry = (=55, | = 33.85kE2

The sensitivity of Vrgr with respect to Vo is

Ri+ Ry 12.76kQ+33.85kQ
Svee =R Pree=\T 1276kQ

CMOS Analog Circuit Design © P.E. Allen - 2003
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Breakdown Diode Voltage References

If the power supply voltage is high enough, i.e. Vpp = 10V, the breakdown diode can be
used as a voltage reference.

Vpp 6 -
9 s

R =
E 4=

+ =
!

VDD E
R S F
517

veffici

v
‘s
\ss 2 L L L L L VBV
\\ = S 2 4 6 8 10
o 5 1
N g
L L N 5 2 [

j L lLE’ 3=
/ Vay Vo
V-I characteristics of a breakdown diode. Yaria}ion (?f the temperature coefficient of the breakdown diode as a
function of the breakdown voltage, BV. Fig. 370-05
VREF=VBy
S VREF (6 VREF] ( Vbp ) (Vre Vbp rz \(Vbp
YpD =\ 9Vpp ) \VREF) = Vdd] VBy)=\rz+ R} \VBy

where r; is the small-signal impedance of the breakdown diode at I (30 to 1002).
Typical sensitivities are 0.02 to 0.05.
Note that the temperature dependence could be zero if Vg was a variable.

CMOS Analog Circuit Design © P.E. Allen - 2003
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BOOTSTRAPPED BIAS/REFERENCE CIRCUITS
Bootstrapped Current Source

So far, none of the previous references except the base-emitter and threshold-referenced
sources have shown very good independence from power supply. Let us now examine a
technique which does achieve the desired independence.

Circuit:
Vbp i
| |I‘J | =KW (v - v
Rp M3_ i T— 1| M5 2L
M4 l Is Desired
M7 I l l 1A opf:rating y
point | 7,=GSL
e, -2 pi
4| M6 Undesired !
M8 i
wr g i
Vest R N w
Startu - Vv v
L ov 0 Fig. 370-06
Principle:

/ 21
If M3 =M4, then 1] = Ip. However, the M1-R loop gives Vgg1 = V71 + Ky W{/LD)
, , , Vest V1 1 21
Solving these two equations gives Ip =" ="R + (ﬁ) KN W{ILD)

Vi 1 1 2V 1
The output current, I, =[] =I canbe solved as I, = | + giR2 TR \| BIR T (pR)2

CMOS Analog Circuit Design © P.E. Allen - 2003
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Simulation Results for the Bootstrapped Current Source

120pA ———s

The current I, appears to be okay, why is

100uA F

80uA |

N Ip1 increasing?

60uA

Apparently, the channel modulation on the
current mirror M3-M4 is large.

At Vpp =5V, Vsp3 =2.83V and Vgpy =

40uAf

1.09V which gives Ip3 = 1.067Ipy

20uAf

oL

~107uA
Need to cascode the upper current mirror.

SPICE Input File:

OIIIIIIIIIZ 3

Simple, Bootstrap Current Reference

VDD 10DC5.0
VSS90DCO0.0

MI15799NW=20U L=1U
M23579NW=20U L=1U
M35311PW=25UL=1U
M43311PW=25UL=1U
M59311PW=25UL=1U
R 7 9 10KILOHM

M86 699N W=1UL=1U
M76659N W=20U L=1U

CMOS Analog Circuit Design

5
Fig. 370-07

RB 1 6 100KILOHM

.OP

DCVDDO050.1

MODEL N NMOS VTO=0.7 KP=110U
GAMMA=0.4 +PHI=0.7 LAMBDA=0.04
MODEL P PMOS VTO=-0.7 KP=50U
GAMMA=0.57 +PHI=0.8 LAMBDA=0.05
PRINT DC ID(M1) ID(M2) ID(MS5)
PROBE

END

© P.E. Allen - 2003
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Cascoded Bootstrapped Current Source
v
e DDM':H 1200A ————
I3C I:] | Ms 100qu IDZA -
MC4 C =
I | | C
Rp : ' e 80uA | /
M7 n fonzlh s 6OMA5 I[ ,:E:l o1
" 40uAf I
M8 | 20uAF
VGs1 R L l,
Startup - 0 e e A . .
oV
. ’ : ? Vbp ’ ! Fig,i70
SPICE Input File:
Cascode, Bootstrap Current Reference M7 6 6 59 N W=20U L=1U
VDD 10DCS5.0 RB 1 6 100KILOHM
VSS90DCO0.0 .OP
MI15799NW=20U L=1U .DCVDDO050.1

M24579NW=20U L=1U
M32311PW=25UL=1U
M48311PW=25UL=1U
M3C5421PW=25UL=1U
MC43481PW=25UL=1U
RON 3 4 4KILOHM
M59311PW=25UL=1U
R 7 9 10KILOHM
M86699N W=1U L=1U

CMOS Analog Circuit Design

MODEL N NMOS VTO=0.7
KP=110U GAMMA=0.4 PHI=0.7
LAMBDA=0.04

MODEL P PMOS VTO=-07
KP=50U GAMMA=0.57 PHI=0.8
LAMBDA=0.05

PRINT DC ID(M1) ID(M2) ID(MS5)
PROBE

END

© P.E. Allen - 2003
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Base-Emitter Referenced Circuit

VpD
T W P
; % ; — i ir=V7in(i1/I\)/R
; [:M6 511 l * Desired ir=i1
Izl I l operating
i " point \4
: * v Undesired
| . EBI + o f
. : perating
o M7 :] QL :’_ - point \
. : R Vi ‘ >i
________ Startup -
__L Fig. 370-09
VEBI
Iout = I2 = R

BJT can be a MOSFET in weak inversion.

CMOS Analog Circuit Design © P.E. Allen - 2003
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Low Voltage Bootstrap MOS Circuit

The previous bootstrap circuits required at least 2 volts across the power supply before
operating.

A low-voltage bootstrap circuit:

Vbp
1 1
M3L_’] % M4 Vr+Von
VON 1 l :5 v‘
1 —il
R N
v L
T it VON
Mlj M2
Vr+Von y
[
R VR
v '
Vss Fig. 4.5-8A

Without the batteries, V;, the minimum power supply is V42V + V.
With the batteries, V;, the minimum power supply is 2V +V, = 0.5V

CMOS Analog Circuit Design © P.E. Allen - 2003
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Summary of Power-Supply Independent References
* Reasonably good, simple references are possible

e Best power supply sensitivity is approximately 0.01
(10% change in power supply causes a 0.1% change in reference)
» Typical simple reference temperature dependence is = 1000 ppm/°C
e Can obtain zero temperature coefficient over a limited range of operation

Type of Reference VREF
S
Vpp

Voltage division 1

MOSFET-R <1

BJT-R <<l1

Threshold <<1

Referenced

Base-emitter <<l

Referenced
CMOS Analog Circuit Design © P.E. Allen - 2003
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REFERENCES WITH TEMPERATURE INDEPENDENCE
Characterization of Temperature Dependence
The objective is to minimize the fractional temperature coefficient defined as,

1 (IVReF 1 VRer o . .
TCr= Veer| o | = T S o parts per million per °C or ppm/°C
Temperature dependence of PN junctions:
- v
! zISeXp(Vt] 19y dnk) 3 Veo Vco
5 [-YGo I0T) = 0T =T TTV: = TV;

Is = KT exp —v,
dvBE VBE- VGO .
dT = T = -2mV/°C at room temperature

(Vgo = 1.205 V at room temperature and is called the bandgap voltage)
Temperature dependence of MOSFET in strong inversion:

dvgs dVr [ 2L % \/6}
T - dT + Cox dT Mo dVGS mV
M():KT_IS d—T z—az—2.3T
V1(T) = V1(To) - o(T-To) J

Resistors:
(1/R)(dR/dT) ppm/°C

CMOS Analog Circuit Design © P.E. Allen - 2003
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Bipolar-Resistance Voltage References VDD
From previous work we know that, R
kT (Vpp - VREF)
Veer="7"Inl— p1 *
REF™= q RI; VREF
However, not only is Vzgp a function of 7, but R and I are also
functions of 7. TT Fig 3ol
AdVer k Voo~ Vrer kT RI; -1 AVeer  (Voo-Veer) (dR - dI,
dl —¢q In RI., |7 q | Vop-Veer|RI, dT ~| RI, RAT * 14T
VREF Vt dVREF dR dIs VREF_ VGO Vt dVREF 3Vt E d_R
= T “Vop-Vegr dT -~ Vi\RaT * 1dT) = T =~ Vop-Vigr dT -~ T -~ RdAT

Veer-Veo  dR - 3V,
AdVrer T ~ViRaT - T VeerVoo drR 3V,
ar = V. ~— T -ViRaT - T
I Voo Vier
1 dVREF VREF - VGO Vt dR 3 Vt
TCr=V "dT = VuyprT ~Viep RAT ~ Ve T
If Veprp=0.6V, V,=0.026V, and the R is polysilicon, then at 27°K the TCFg is

0.6-1.205 0.026-0.0015 3-0.026

TCF=106300 - 06 - 06300 = 33110-6-65x10-6-433x10-6 =-3859ppm/°C
CMOS Analog Circuit Design © P.E. Allen - 2003
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MOSFET Resistor Voltage Reference
From previous results we know that VDD

2(VpD-VREF)
VREF=VGs=VT + AR

1 2Vpp-Vp) 1 K
or VRpr= VT—ﬁ_R+\/ BR +([3’R)2 o
Note that Vger, VT, B, and R are all functions of temperature. L{ +
It can be shown that the TCF of this reference is [: VREF

Vop — Vrer (1.5 ld_R
dVger ~Ot 2R ( T ‘RdT)
dl = { 1
T \2BR Vpp — Vier)

Voo — Vrer (1.5 1 dR
o+ 28R (T‘RdT]

—  Fig. 380-02

ICp =

1
VREF( * 2BR Vpp = Veen)

CMOS Analog Circuit Design © P.E. Allen - 2003
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Example 4.5-1 - Calculation of MOSFET-Resistor Voltage Reference TCr

Calculate the temperature coefficient of the MOSFET-Resistor voltage reference where
W/L=2, Vpp=5V, R=100kQ using the parameters of Table 3.1-2. The resistor, R, is

polysilicon and has a temperature coefficient of 1500 ppm/°C.

Solution

dR
First, calculate Vggp . Note that BR = 220 x 100 x 10° = 22 and RaT = 1500ppm/°C

1 26-07) (1yp
Veer =0.7 =35+ T"‘(ﬁ] =1.281V

,  [F=ImWI (15 p
WVegr  “23¥10% 7\ T35 (360 - 1500 x 109
Now, —gi = 1 ~ -1.189x10-3V/°C

L+ 222 G-1.280)
The fractional temperature coefficient is given by

1
TCF =-1.189 x 1073 (m) = -928 ppm/°C

CMOS Analog Circuit Design © P.E. Allen - 2003
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Bootstrapped Current Source/Sink
Gate-source referenced source:

- Vi 1 1 2V 1
The output current was given as, Ioiy = "R~ + 3 ;0 + R\ BiR * (8,R)2

Although we could grind out the derivative of 1,,, with respect to 7, the temperature

performance of this circuit is not that good to spend the time to do so. Therefore, let us
assume that V551 = V7 which gives

Vn dlow _1dVr 1 dR
lout= "R = 4T =R dI ~gedl
In the resistor is polysilicon, then
1 dlyyy 1 dVrp 1dR -a 1dR  -2.3x107 3 .
ICr=1,, dT =V dT ~RdT=Vy "RdT =~ 0. -1.5x107 =-4786ppm/°C
Base-emitter referenced source:

: VBEL
The output current was given as, I,,, = ="

1 dVper 1dR
The TCF=Vyp ~dT -RdT

1
If Vpg1 = 0.6V and R is poly, then the TCp =y g (-2x10-3) - 1.5x10-3 = -4833ppm/°C.

CMOS Analog Circuit Design © P.E. Allen - 2003
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Technique to Make gy, Dependent on a Resistor TVDD
Consider the following circuit with all transistors having a

W/L = 10. This is a bootstrapped reference which creates a 3 M4
Vhias independent of Vpp. The two key equations are: :I | lr—_

I3:I4:> 11212

and
Vis1 = Vgs2 + bR
Solving for I, gives:

- —_R 1Y

= 18.18puA
Vi = R\/ZB = h=h= 231R2 2110x1061025x106 8.18u
Now, Vpias can be written as

2l 1 1
VbiaS=VGSI= ﬁ"'VTN = BI_R+VTN = 110X10'6-10-5X103 +0.7=0.18184+0.7 =0.8818V

Any transistor with Vgg = Vpias will have a current flow that is given by 1/2BR2.

1
Therefore, gn = \/2113 = 2[3? =R = |2m=R

(This means that the temperature dependence of g, will be that of 1/R which can be used
to achieve temperature controlled performance.)

CMOS Analog Circuit Design © P.E. Allen - 2003
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Summary of Reference Performance

Type of Reference VeEF TCr Comments
Vbp

MOSFET-R <1 >1000ppm/°C
BJT-R <<1 >1000ppm/°C
Breakdown Diode <<1 Can be very small | BV too large
Bootstrap Gate- Good if currents |  >1000ppm/°C Requires start-
Source Referenced are matched up circuit
Bootstrap Base- Good if currents |  >1000ppm/°C Requires start-
emitter Referenced are matched up circuit

* A MOSFET can have zero temperature dependence of ip for a certain vgs
* If one is careful, very good independence of power supply can be achieved
* None of the above references have really good temperature independence

Consider the following example:

A 10 bit ADC has a reference voltage of 1V. The LSB is approximately 0.001V.
Therefore, the voltage reference must be stable to within 0.1%. If a 100°C change in

temperature is experienced, then the TC must be 0.001%/C or multiplying by 10* gives a
TC. = 10ppm/°C.

CMOS Analog Circuit Design © P.E. Allen - 2003
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SECTION 4.6 - BANDGAP REFERENCES
Temperature Stable References

» The previous reference circuits failed to provide small values of temperature coefficient
although sufficient power supply independence was achieved.

* This lecture introduces the bandgap voltage concept combined with power supply
independence to create a very stable voltage reference in regard to both temperature and
power supply variations.

Bandgap Voltage Reference Principle

The principle of the bandgap voltage reference is to balance the negative temperature
coefficient of a pn junction with the positive temperature coefficient of the thermal
voltage, V; = kT/q.

Concept: VoD VBE
I -2mV/°C
Result: References with TCg’s
approaching 10 ppm/°C. . >T
‘/ VREF = VBE + KV;

Fig, 390-01
CMOS Analog Circuit Design 'S P.E. Allen - 2003
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Derivation of the Temperature Coefficient of the Base-Emitter Voltage
For small TC¥'s the dependence Vge must be known more precisely than = -2mV/°C.

1.) Start with the collector current density, Jc:
q Dn npo
Jo="W5 PV,

where, Jc = Ic/Area = collector current density

VBE

Dn = average diffusion constant for electrons

W3 = base width
VBE = base-emitter voltage
Vi= kT/q
k = Boltzmann's constant (1.38x1023J/°K)
T = Absolute temperature
npo = ni%/NA = equilibrium concentration of electrons in the base

“¥Go
Vi

D = temperature independent constant

VGo = bandgap voltage of silicon (1.205V)

Na = acceptor impurity concentration

= Intrinsic concentration of carriers

niZ = DT3 exp

CMOS Analog Circuit Design © P.E. Allen - 2003
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Derivation of the Temperature Coefficient of the Base-Emitter Voltage - Continued
2.) Combine the above relationships into one:
q D,
Je=N,w; DT* exp(

Vie - V.
M) where, y=3

Vi
3.) The value of J¢ at a reference temperature of T =T is

Vie - V
= AT exp(BETtGO)

Jeo = ATy eXp [ ki"[‘o (VBE - VGO)
while the value of J¢ at a general temperature, T, is
Je=ATVexp % (VsEe - Vo)

4.) The ratio of J¢/Jco can be expressed as,
Jeo (T q(Vee- Voo Vo - Voo
Joo = ( ( T - To )

Toj "exp [k
or

Jc T q T
In (E =Y ln(T_o) + kT ViE - Veo - T_O (VBEO - VGO)

where Vggy 1s the value of Vgg at T =T,
5.) Solving for Vgg from the above results gives,
Vee(T) = VGO(I - T_o] + VBEO(T_o) +q ln( ) +q ln(

T

JCO

CMOS Analog Circuit Design © P.E. Allen - 2003
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Derivation of the Temperature Coefficient of the Base-Emitter Voltage - Continued
6.) Next, assume J¢ « T® and find dVBg/dT.

Jc
dVBE dVGo( T)Vco VBeo YKT dIn(To/T) To\ o(ykT/q) kT dln JCO] k (Jc
oT = oT 1-T0]- To *To T q oT +1H(T] oT tq \ T +q1nJc0]
7.) Assume that T = To which means Jc = Jco. Since, 0VGo/dT =0,
dVBE | Vo VBE0 kT 9In(To/T) KT (aln(Jc/Ico)
oT T=Tp =~ To T To T q oT + q( oT )

8.) Note that,

oln(To/T) T o(To/T) T (-Toy -1 dln(Jc/Jco) Jco d(JclIco) Jco(a Jc) «
JT  =To dT =T_0[F]=Tand T  =Jc JT = c (TJCO]=T
Therefore,
JVBE | VGo VBE0D Yk ok JVBE | VBE0- VGO k
T ==-To + To ~q*q O |9T == To +(a-v>(a]

Typical values of a and y are 1 and 3.2. If VBgo = 0.6V, then at room temperature:

JVBE | 0.6-1.205 0.026 0.6-1.205-0.1092 .
9T T=To = 300 *t (1—3.2)( 300 ) = 300 =-1.826mV/°C
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Derivation of the Temperature Coefficient of the Thermal Voltage (k7/q)

1.) Consider two identical pn junctions having different current densities,

VbD Vbp
Ic Ic2
+ AVBE -
Ql Q2
AE1 A
- =  Fig. 390-02
kT (Jc1
AVBE = VBEI- VBE2 = "¢ In|Tc,
- Find d(AVg)/dT,
o(AVBE) Vi (Jcy) k. (Jci
dT =T InJe,) =q e
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Derivation of the Gain, K, for the Bandgap Voltage Reference
1.) In order to achieve a zero temperature coefficient at T = T, the following equation

must be satisfied:

Ve | d(AVgk) " . .
= 3T = +K'7 9T where K" is a constant that satisfies the equation.

2.) Therefore, we get
n E Jﬂ VBEO - VGO (a - Y)VtO
0=K (TO) ln(ch) T YT

J
3.) Define K = K" ln(%] , therefore

E VBEO - VGO ((X, B Y)Vt()
0= K( TO + TO + TO
' ' Vo - Viro - Vio(0-y)
4.) Solving for K gives K= Vo

Assuming that Jci/Je2 = Ag /A, = 10 and Vggo = 0.6V gives,

1.205 - 0.6 + (2.2)(0.026)
K= 0.026 = 25.469

5.) The output voltage of the bandgap voltage reference is found as,

I
VREFT=TO = Vgro + KV = Viro + Vo - Vero + (y-a1)Vy o1 | Vrer = Veo + (Y-0) Vo |

For the previous values, Vggr = 1.205 + 0.026(2.2) = 1.262V.
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Variation of the Bandgap Reference Voltage with respect to Temperature

The previous derivation is only valid at a given temperature, Ty. As the temperature
changes away from Ty, the value of dVrer/dT is no longer zero.

Illustration:

Veer(V)
A

1.290

Vier.
To=400°K 4T
1.280f A

MReF_ ()
oT Tp = 300°K
O

_// \
IVREF_ o 1:250F
T o—] To=200°K

1.2401
I I 1 I I I I I I 1 » T°C

-60 [-40 -20 0 20 40 60 100 120
Fig. 4.6-3

Bandgap curvature correction will be necessary for low ppm/C bandgap references.

5
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Classical Widlar Bandgap Voltage Reference’

Operation: Vee
Ve = V2 + LR3
gives * i
A\/BE = VBEl - VBEZ = IZRS Q4
But, )
I, I, L1, +
AVge =V, IH(E] -V, IH(E] =V, ln(IQIS 1) 1 ll Ry Izl R
Assume VBE] = VBE3, we get I]R] = Isz Q3
Therefore VREF
’ 1
AVee Vi  Lly Vi Rilg Q } Q2
L="Ry" =R ln(lzlslj =R; m(RlIsl] Ra
Now we can express Vggr as 5
R, Rolp =
Vrer = LRy + Vggpz = E V. ln(m) + Vs = KV, + Vge Fig. 390-04

Design Ry, Ry, I, and I, to get the desired K.

Let K =25 and Iy, = 10I;; and design R;, R,, and R;. Choose R, = 10R; = 10k€2.
Therefore, In(100) = 4.602. Therefore R,/R; = 25/4.602 or R; = R»/5.4287 = 1.842k<2.

¥ R.J. Widlar, “New Developments in IC Voltage Regulators,” IEEE J. of Solid-State Circuits, Vol. SC-6, pp. 2-7, February 1971.
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A CMOS Bandgap Reference using PNP Lateral BJTs
Bootstrapped Voltage Reference using PNP Laterals-

~ Vbp
°
R3 Ry
M3 jl—
VReF Q1 Q2
Ry %
IREF|
Y Ill R Izl
M1b|——| M2
Vss Fig. 390-05
Vee - Ve Vi (L by Voo oy Voo Aw
L=""R, =R [hl(lsl) - 111(132]} =R IH(ISJ =R ln(AEl)
if I, = I, which is forced by the current mirror consisting of M1 and M2.

Ri (Ap
Vrer = Veer + [IR1 = Vper + (Rz ln(AEl)] Vi= Vgr1 + KV,

While an op amp could be used to make I, = I, it suffers from offset and noise and leads to
deterioration of the bandgap temperature performance.

Vier 18 With respect to Vi, and therefore is susceptible to changes on V.
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A CMOS Bandgap Reference using Substrate PNP BJTs

Operation: VoD
The cascode mirror (M5-M8) keeps the currents M7E —— ‘JMg
in Q1, Q2, and Q3 identical. [<_— MO
Thus, Ly,
VBE1 = DR + VBE2 MS_J kM6
or ﬂ—ir__ MI0
Vi L
D=p In(n) M3 _J——[ M4 |
Therefore, ] +
VREF = VBE3 + (kR) = VBE3 + kVrIn(n) Mi_ [, m2 "
Use k and n to design the desired value of K (n is
an integer greater than 1). I ll I2l R VR
o %
x1 Xn Xn <;
Vss Fig. 390-06
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Weak Inversion Bandgap Voltage Reference
Circuit:

Analysis: Vo
nalysis: [:M6
For the p-channel transistors: L 5
\% -V RY v
Ip = Ino(W/L) exp(n_{S/Gt][exp(T?S) - exp _V]? : 2S5 Vro
where V,=kT/q. VREF
Vi Vs ’—KQS
If Vgp >>V,, then Ip = Ipo(W/L) eXP(n_Vt - Tt) : h
The various transistor currents can be expressed as: = Fig. 390-07

\V/ \'% \"
Ipi = Ips = Ino(Wa/Ly) exp(ﬁcﬂ and Ips = Ips = Ino(W4/Ly) eXP( n]i?j - 3?4)

Note that Vggo = Vggs and Vess = V.

Therefore,
It Wo/L, (VRI

Ips = WJ/L, SXP\V,
where
Ve V.1 WiW,4L,Ls 41 Vri
ri= VDT WW;) and =R,
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Weak Inversion Bandgap Voltage Reference - Continued
The reference voltage can be expressed as,

Vrer = Raols + Vs
However,
Wels Wels Vi (WiWLLLs
l=Cw, i =LW;R, ln(L1L4W2W3)
Substituting Is and the previously derived expression for Vgge(T) in Vger gives,
Wels R, W W,L,L; T T To
Veer = W5 R, Vi ln(m] + VGO(I - T_o) + Viro (T_o] + 3V, ln(T)

To achieve 0Vree/0T =0 at T =Ty, we get

IVrer (k) Ry Wils WiW,LLsy Voo Ve 3k
oT = (QJ(RI)[L6W3) ln(L1L4W2W3) " Ty, T Tp tq
Therefore,

RoWels . (W iW4LsLs q
RiLsW3 ln(L 1L4W2W3) = kT, (VGo - Vo) - 3

Under the above constraint, Vgrgr has an = zero TCr at T = T and has a value of

3kT Ty 3kT
Vrer = Vo + q 1+ ln(T)] = Vgo + q

Practical values of dVgree/dT for the weak inversion bandgap are less than 100 ppm/°C.

CMOS Analog Circuit Design © P.E. Allen - 2003




Chapter 4 — Section 6 (2/25/03) Page 4.6-13

Curvature Correction Techniques:

| VBE VprAT =7
e Squared PTAT Correction: | T77==_ - T,
Temperature coefficient = 1-20 ppm/°C o \;,;:’ el
§ //’/// \\>< -
S - Ny
* VBE loop gl Wiag VPTAT},/’ N
M. Gunaway, et. al., “A Curvature- | ___--=== — / )
Corrected Low-Voltage Bandgap VRef = VBE+ VPTALY VPTAT
Reference,” IEEE Journal of Solid-State Temperature Fig. 400-01
Circuits, vol. 28, no. 6, pp. 667-670, June
1993.

* 3 compensation

I. Lee et. al., “Exponential Curvature-Compensated BICMOS Bandgap
References,” IEEE Journal of Solid-State Circuits, vol. 29, no. 11, pp. 1396-1403,
Nov. 1994.

e Nonlinear cancellation

G.M. Meijer et. al., “A New Curvature-Corrected Bandgap Reference,” IEEE
Journal of Solid-State Circuits, vol. 17, no. 6, pp. 1139-1143, December 1982.
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VpE Loop Curvature Correction Technique

Circuit:
VDD Operation:
3-Output Current Mirror (Iyg,+IN) VBE1-VBE2 & 1[-1A2
1%} IVBE+INL1 Vop Vpp INL = R3 = R3 In A 1102
IpTAT ;_ IpTAT ﬁl 2IPTAT
VBE R3S INL f VREF = R3 "INL+H Constant
= — T where
onstant
On O Rl Iconstant = INL + 1pTAT + IVBE
%Rz 2 Vi Vpg
L F1g40002 ~INL+R + R, RZ

(a quasi-temperature independent current subject to the TCF of the resistors)
where

Vl kT/q
1.1 and I are the collector currents of Q1 and Qp, respectively
R, = aresistor used to define Ip74T

S VBE &l 2lpTAT
REF =\ "Ry Y R3 "IN + Lconstant

Temperature coefficient = 3 ppm/°C with a total quiescent current of 95pA..

+@m4R1
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f Compensation Curvature Correction Technique

Circuit: Operation:
Vin

BT B
VREF=VBE + (AT+—(1+/5)) R=Vpg + (AT+77) R

where
v )I=BT A and B are constant
— T = temperature

The temperature dependence of 3 is

BTy & VT = B(T) = Ce VT

VREF

T O

= Fig. 400-0
BTel/
~ VREF=VBe(D) +\AT+—(C
Not good for small values of Vjj,.
‘/in = VREF + VsaL = VGO + Vsat. = 14V
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Nonlinear Cancellation Curvature Correction Technique

Objective: Eliminate nonlinear term from the BE. Vec
Result: 0.5 ppm/°C from -25°C to 85°C. Iprar IConstant
Operation: From above, Vee 0 b Vegr
VREF = VPrAT + 4VBEUPTAT) - 3VBEU Constant)
Note that, Ipryr = I, Tl =a=1 IpraT
and Ieonstant=> Ie < TO = a=0, T
Previously we found, VBE
14 V601 Veo-VEE(To) (7 -V Infe JFVREF
BE(T) = VGo - T, [VGo-VBE(To)] -(v -a)Vr InT,
Ri VPTAT
so that

Conventional Curvature Corrected

T
VBEUPTAT) =VGO-T)VGO-VBET)I-(r-1)Vy In

Ty
Bandgap Reference Bandgap Reference
and Fig. 400-04

Ty

T
VBEU Constant) =VG0o - Ty [VGo -VBE(T0)] -YVr In

Combining the above relationships gives,
VREF(T) = VpraT+ VGo - (TITY)IVGo - VBE(To)] - [y - 4] V¢ In(T/T))

Ify=4, then | VRER(T) = VpraT + VGo(l - (TITo)) + VBe(To)XT/Tp)
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Other Characteristics of Bandgap Voltage References
Noise

Voltage references for high-resolution ADCs are particularly sensitive to noise.
Noise sources: Op amp, resistors, switches, etc.

PSRR $ Vec
Maximize the PSRR of the op amp.
Offset Voltages Q&
Becomes a problem when op amps are used.
Vee2 = Vee1 + Vri + Vos _
102AE! iczl
AVgE = Vg - Vg1 = Vri + Vos = V, ln(ia AEZ)

Since ic2R3 = ic1R2 - VOS R
12 R, Vos R» ( Vos 3% R

+0

VREF

then ict = R3 7 iciR; = Ry T iR, !
Therefore, Fig. 400-05 v Vg

R.A V
Vri =-Vos + V; ln[RiAE;{l + ICSS{J]

VRI

. R2
Vrer = Vg2 - Vos + iciR2 = Ve - Vos + (R_1 Ry = Vg, - Vs + (R_l Vki

R, R, R,AE; Vos
Vrer = Ve - Vos(1+ R_l) +R, Viln {R3AE2{1 " iRy
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How do vou get a Stable Reference Current from the Bandgap?

Assume that a temperature stable reference voltage is available (i.e. bandgap
reference) and use the zero TC NMOS current sink.

The problem is that V,;- may not be equal to the value of V that gives zero TC.

4+ VoD
1:1 Current Mirror
+ IRll %Rl | ]R2l lIREF
Vepr——
REF = .
1:1 Current Mirror Rz% VGs
L L L L
= = = — Fig. 400-06
Vieer) Ry
Vos=IpR, =R, R, = (R_l Virer
a7 =[R1 dT * "R, dT “Rpdl =R,[dl *+dT -dT|
dR, dR,

If the temperature coefficients of R, and R, are equal

dVss R, dVige ' .
dT =R, dT and V, 1s proportional to the temperature dependence of Vg

If the MOSFET is biased at the zero TC point, then the current should have the same
dependence on temperature as Vgp.

aT =T )» then
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Practical Aspects of Temperature-Independent and Supply-Independent Biasing
A temperature-independent and supply-independent current source and its distribution:

V
DD g7
M5
H
3
. II“ |
| —
M17| M19
M3 o [:
| |
II_ 1
M1 _|— Mi18| M20
To Slave
Bias Ckt.
o }h
i Fig. 400-07
Constant current:
Vo Vi
Ippr = R,. where Ve = Vies + IpparRy = Viggs + R, In(n)-R,
CMOS Analog Circuit Design © P.E. Allen - 2003
Chapter 4 — Section 6 (2/25/03) Page 4.6-20

Practical Aspects of Bias Distribution Circuits - Continued

Distribution of the current avoids change in bias voltage due to IR drop in bias lines.

Slave bias circuit:

Vbp
L:] FT——VpBiasi

From Master Bias

I :]}—4__""—"—>VPBias2

@ zb @
= IJ = = . .
5, [ i| | 5 » VNBias2
| _7 | % | __7 »VNBiasl
= Fig. 400-08
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SUMMARY OF VOLTAGE AND CURRENT REFERENCES
* Reasonably good, simple references are possible
e Best power supply sensitivity is approximately 0.01
(10% change in power supply causes a 0.1% change in reference)
» Typical simple reference temperature dependence is = 1000 ppm/°C
» Can obtain zero temperature coefficient over a limited range of operation
* Bandgap voltage references can achieve temperature dependence less than 50 ppm/°C

» Correction of second-order effects in the bandgap voltage reference can achieve very
stable (1 ppm/°C) voltage references.

» Watch out for second-order effects such as noise when using the bandgap voltage
reference in sensitive applications.

We will examine bandgap voltage references once again when we consider low
voltage circuits in Section 6 of Chapter 7.
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CHAPTER 4 - SUMMARY

This chapter covered the analysis and design of sub-blocks or subcircuits including:

- Switches - MOS diode and floating resistor realizations
- Current sinks and sources - Current mirrors (amplifiers)
- Current and voltage references - Bandgap reference

 Subcircuits represent primitives of circuit design and do not stand alone
* The current sink/source is an important subcircuit which is used for biases and ac loads

* A current sink/source is characterized by
1.) The independence of the current on the voltage across it (r,;;z)

2.) The voltage range over which the current is not independent of the voltage (Vasn )
* A current mirror is characterized by
1.) The independence of the output current on the voltage across it (r,,; — large)
2.) The output voltage range over which output current is dependent (V47 (out))
3.) The independence of the input voltage on the input current (r;;, —> small)
4.) The range of input voltage over which the input current is independent (Vs7n(in))
5.) The accuracy of the current out as a function of the current in ratio.
* A voltage or current reference is independent of power supply and temperature
» The bandgap reference is the best realization of a voltage reference
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