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Bandgap Voltage and
Current Reference Designer

Note: Thisfileisareduced version (true, but hard to believe sincethisfileis so big) of a more
extended version. Thereduction isstill in progress, so please excusethe current errors.
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Bandgap Design and Analysis

[*] Introduction

Introduction
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Fig. 0: Overall block diagram of bandgap current generator

A generd purpose bandgap voltage generator for BICMOS technologiesis shown in figure 1. Alternate
versons of the reference exclude the emitter follower, Qg, or replace with it with some form of operationa amplifier.
The emitter follower or operationd amplifier circuitry do not contribute much low frequency noise or variance in the
output voltage, while migitating second order effects, such as output resistance and base currents. These more
advanced versons typicaly require more area.and power, but are usudly justified by their advantages. Thefallowing

design and analysis routines apply the more advanced versons as well.
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Fig. 1. Basic BICMOS bandgap circuit with @) no beta-booster,b) emitter-follower beta-booster, and c) op-amp beta-booster.

Almog dl reference circuits have multiple stable operating points and require additiona start-up circuitry to
insure the main circuit is the correct region of operation. The design and Szing of the Sart-up circuitry is described in a
later section. Short channd effects are not added, because the lengths are usualy made long for bandgap circuits to
improve matching and reduce 1/f noise. The extralength hurts bandwidth, but bandgaps are primarily DC bias circuits,

50 BW doesn't matter as much.

[«] Introduction

[*] Units

[¥] Constants

E Optional Inputs

Inputs

Inputs



B""mjg"’ml o) ?/I BEiWill enter the requirements for the bandgap, but keep in mind that bandgaps are inherently
noisy

Bandgap Voltage:
Vpp =3V Mean Supply Voltage
SDVbg Vhg:= 3% Desired Bandgap 3s Variance
Vn ::\/meOkW Bandgap Noise Density Specification
f := 300Hz Frequency for Noise Specification
Bandgap Current:
VDSsato := 200mV Vpssat Specification for Output Current
f := 300Hz 5 Frequency for Noise Specification
lo := 16mA R v Output Current
Slian = \/4>4>kxTempxgxﬂ Output Current Noise Specification
3 Vpssato
[«] Inputs
[#] Model File

[#] optimal current derivation

[*] General Bandgap Notes

General Bandgap Notes

Bandgap voltages are temperature independent voltages, created by adding the positive temperature coefficient
of athermd voltage to the negetive temperature coefficient.

Vo = VBE + Kptat VT = Vipg Bandgap Output Voltage

The thermd voltage can be expressed as afixed voltage at the nomina temperature, Temp, rimes normalized

temperature:
kxTemp

kxTemp o V1o=
q Temp

The base-emitter voltage can be expressed in the following form. It initidly appears to have a positive

temperature coefficient, because of the VT term, but the temperature coefficient of 15 will make the overal temperature

coefficient of Vgg negetive.

VT =

VBE = VTXH?—CE)— VToxLﬂn?—CE) Base Emitter Voltage
elsg Temp  glsg

The bias current for the base emitter junction current is usually generated with a PTAT voltage and aresistor.
The overdl temperature coefficient is found with a combination of the two temperature coefficients.

o T el o for PTAT current biasing
¢ R(T) 0 eTog (includes resstor temperature coefficient)

The resstor temperature coefficient istypicaly around 1000-2000ppm/C for well resistors and +/-300ppnV/C
for polyslicon resstors.

R(T) = Rpgl+ RTO{T - T)y  RTC:= 207028

RTCTemp = 0.64
degC

To solvefor a, we substitute can make use approximation ~ (1+ X% =1+ ax onR(T)

4



Ba AR L2R
T T-Tod T-Tod
Ro»?e O =Ryfl+ ©  =Rofl+ap——2=Rpgl+ RTO{T - To)p
0@ e To g e To g
aR = RTCTq
1-a 1- RTCA
VIO geT g - T 6 o
lo=—F-¢ = 1cofS-S
Ro ¢Tog éTog
a:=1- RTOTemp a =036 Current Source Temperature Coefficient
2
N DA . .
= i PR Diode Reverse Saturation Current
QB
Dp = VP = vToleer Electron Diffuson Congtant
0
Tg "
my=07 "=oag " T—E? n:=08 Electron Mobility as afunction of Temperature
e'og
- Veo - VeoTo
VT T O VTOXT .. . . .
n%=Daoe = DA ge Instrinsic Carrier Concentration as a function of
Oﬂ Temperature
Making substitutions for n my, D, ls and I into Vg then simplifying yields:
e e a oy
€ Qg0 LU
é é T e
VBE = Vgo - VPE(4- n- a)in(T) - ln':lmk;o;o\oﬂ" =VGo - VTOX_>89 a >*an— )+ 1n EE A 'ad
e e EB U g e'0g  SqDwrpcTy” M )
Making the following subdtitutions
10Q
EG= 0 BS g:=4-n
- N
PDNVTCTo AEB
Yiddsthefalowing results
VgE = Vao - Vrflg- a)inE-9- (o)
_ @ eTog 0
Making subgtitution for Vgg into V,,.
T
Vo = KptaNTox + Vo - Vror—Hg- a)in-9- in(eay)
To Tog eTOQ Q
Take the derivative of V,, with respect to temperature and set it equal to zero to solve for Ky
d V1o V1o
9 Vo =0=Kptams - g~ a)infe-0. in(eaf- —%g- a)
Kptat = r + |nr— >(g a) - In(EQ)
e eT0 g
at T=TO:

Kptat = (9- a) - In(EQ)
Plugging Ko back into the equetion for V,, yields

Vo(T)—VGo+—>(g a)ﬁﬂnaér P 00
q T oo

at T=T,

LK Vi — 19219\ Randnan valtane at center of temnerati ire ranne
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Ba = q
Here we don't see dependence of the process variations on the bandgap voltage. Thiswill be shown in the
next section.

Vo(Temppmin) = 12793V Bandgap voltage at low end of temperature range

Tem .
DVt = 8 (0 4 4?1 _ _ZPmin A+ InE Temp E’E’}Jiart 195mvirror voltage at low end of temperature range
q Temp @& ) Temp min gl

Vo(Tempmay) = 12795V Bandgap voltage at the high end of the temperature range

T :
kT (- a E 1. 2R ¢ InE Temp 99}J¢Op 1.68mvirror voltage a high end of temperature range

Temp @& ) Temp max gl

DVimax := max ( DVtart Dvstop )

DVmax = 1.95mV
_ DVimax

Vave = min((Vo{Tempmay Vo(Tempmin) ) + —= Vave = 128V

DV, DV,

Vmax = 015% Vmax - 152" 10°ppm DVmax  _ 49 PPM
- ave ave VaeTemp ' degC
i:=0.(hum- 1) Index Vector for Plotting

i

TempK; = —- l>(Tempmax- TemPmin) + TemPminr emperature vector for plotting

Output Voltage as A Function of Temp

1.281
S
(<))
2 1.2805
°
>
g 128
o
1.2795
1.279
—20 0 20 40 60 80 100
Temp (Celcius)

— No process variations

Questions and Answers:

Q: What type of resstor should be used to minimize the temperature coefficient of the bandgap voltage?

A: The answer depends on whether the device will be trimmed or not. If it istrimmed than the answer can eeslly be
seen from the equations for DV. If you can make g-a=0, then the bandgap will exhibit no temperature dependence. I
you make the subdtitution for a the equation for DV becomes:

DV =

pe1- STE L0 OOl

¢ To e  eTsatgal
Solving for RTCC, when DV is st to zero equals:

1-
RTCopt = TTnE RTCopt =- 709" 10° pim

A neoative res stive temperature coefficient of this rgaanitude isusudlv not available. so it could be best to use
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Here are some example temperature coefficients from a 0.5um BiCM OS process

RTCppoly = - 1150% Temperature Coefficient of NP Polysilicon Resistor

RTCpCpoly = - 185%“0 Temperature Coefficient of PC Polysilicon Resistor

RTChppoly = 2070% Temperature Coefficient of N+ Reach- Through Resistor (diffusion)

eg

RTCNPNbase = 1350% Temperature Coefficient of NPN Base Resistor (cliffusion)

RTCNPNEbase = 2800% Temperature Coefficient of NPN Extrinsic Base Resistor (diffusion)
Here are some example temperature coefficients from a 0.5um SiGe BiCMOS process

RTCRipoly = - 300%;2 Temperature Coefficient of lon Implant Resistor

RTCpBNpoly = - zao%’“c Temperature Coefficient of Polysilicon Resistor

Even though the polysilicon resstors will result in asmaler temperature coefficient, the difference between the
best and worst ided temperature coefficientsisonly 0.7mV, or a 33% reduction in the voltage variance. This
difference will more than likely be swamped out by process variations, such as mismaich. The well resstorstend to
have less process variations for the same Sze resstor and area, because their dengity is higher and they can make their
widths wider.

[«] General Bandgap Notes

[*] Basic Bandgap Topology

Basic Bandgap Topology

One of the smplest bandgap and lowest noise bandgap topologies is shown in the following figure. Aswith dl
bandgap topologies, it consistsa PTAT current generator, which is dropped across aresistor to generate a boosted
PTAT voltage. The boosted PTAT voltage is added to the base-emitter voltage of Q1 to redlize a bandgep voltage.
An advantage of this topology is the bias current for the PTAT generator is shared with the bandgap resstor, R2, which
a o reduces the required value and noise of R2 by afactor of two.

Fig. 1: Basic BiCMOS bandgap with Q1 diode connected.

The disadvantages of this topology in this smplified form, is aweak dependence on power supply voltage,
some base current effects, alimitation to a BICMOS process, and the lack of start-up circuitry. These disadvantages

ran ha Nnviarenmanndith enma miinar ctrict iral channoe wihich awiill ha avnlared Tatar in tha ronnrt
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Bgndé%p\k/ﬁé‘ﬁnc@/ orf)?}gs%mdgap dructures acommon question arises. "Which side do | diode connect the diode
voltages?' Diode connection of either sde yields the correct DC vaue to generate a bandgap voltage, but connection
to the resstor Side yields an unstable bandgap for this topology. We can see this by looking at the loop gains. The
loop gain of the basic bandgap is
AL = -ImQ2 1 % Gt 1 _ 1
1+9gmQ2R1 9mm2 ImQ1 1+ 9gmq@zfi

if diode connected around Q. If Q, isdiode connected the loop gainis:

1 1 N
AL =-9mQ1*——*0dmM A +R9=1+ ImQ1R1
ImM1 e9ImQ2 I}

In both cases we see the loop gain is positive, and thus must be less than one to be stable. We must diode
connect Q; to make the loop gain less than one to insure stability around the loop.

III Basic Bandgap Topology

[*] Bandgap Design Equations

Design Equations
For design, we assume a usage of the basic bandgap topology described above. First, measurure Vge a
T=Ty, cal thisVgg, Using the equations developed above, avaue for Ky, can be determined:

VBEo - V.
In(EQ) = BEO - VGO
V10
Thus K= (g - a) - In(EG) can be simplified to
VGo - VBEO
————— +(9- a)
V10
Sart by with KVL to find the output voltage

Vo = VBE5 + 2R

Kptat =

_ VBEs- VBE4 _ VTIn(N)

Subtituting for I:
™ | R1 R1

Ry
Vo = VBES5 + 2V/734n( N)><R—
1

Set this equal to the generd purpose bandgap equation, Vo = VBE + Kptat /T, NOW

Kptat = 2>¢n( N) R2 R1
thus for design, where the subscript, 0, implies these numbersare & T,.
VGo - VBES50
T
R2 Rl = ptat _ TO
24n(N) 24n(N)

[«] Bandgap Design Equations

[*] Headroom Constraints

Bandgap Headroom Constraints
The firgt step of most device Szing procedures is to define headroom congraints, which often fixes the vaues
8



FandeamyD¢Fgn,adHerdies requires knowledge of the maximum and miminum vaues for the bandgap voltage.

Vigmax = Vig{ 1 + SDvbg Vbg) Vipgmax = 132V
When sizing the PMOS current mirror for the bandgap it is desirable to make the Vpseip as large as possible
to reduce it's noise contribution to the output. There are two headrom congraints, which limit the Sze the Vpsgip. The
first congtraint on Vpgep 1S Set When the one of the PMOS transistors goes into the linear region

VDSsatP = VDDmin - Vibgmax VDSsatp = 1.38V
The condraint isto prevent one of the bipolar transstors from going into saturation. Thisisdmost dways the
tougher constaint as VpmatV cesy 1S Usudly greater than Vg in:
VDssatP = VDDmin - VTPmax - Vbgmax * VBEmin - VCEsat Vpssap = 0.78V

If aemitter follower is used to reduce the effects of base current, the Vpsgip's of the PMOS devices must be
reduced

Vpssap = if(BetaHelper = 1, Vppmin - VrPmax - Vigmax- VCEsat:VDSsatP)  VDSsatp = 0.78V
Using aminimum desired Vp g We can determine the minimum supply voltage for this topology:

VDDbgmin = if(BetaHeIper =1, Vpgmax + VDSsatmin + VCEsat * VTPmax: Vbgmax + VDSsatmin + VCEsat * VTPmax - VBEmin)

[«] Headroom Constraints

[*] BICMOS Bandgap Noise Analysis

Noise Analysis of BICMOS Bandgap

When caculaing the noise from the bandgap, one must ask what isimportant: integrated noise or noise
amplitude a agiven frequency. Usudly the answer isintegrated noise, but in this case the bandwidth is usudly set by
another circuit and the noise amplitude by the bandgap circuit. Thus the noise a a given frequency is most important
for bandgaps. The next question is which frequency? Bandgaps are usudly built with BJT devices, which exhibit 1/f
noise cornersin the 1kHz range, which is negligible for most gpplications, and so are dominated by 1/f noise of the
current mirror for low frequencies.

VDD

v, Jo-rdi[ M
e

N E 1 v,
Q. Qs

R, %Rél
GND
Fig. 1: BICMOS Bandgap V oltage Circuit

The required noise leve for the bandgap can be given directly, or found from a SNDR and BW specification
- SNDR

Svon = VX0 20 Svon = 128.12nV Required Integrated Output Noise

9
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2 0
Sy = V . .
Vp = if¢Find_vn_from_SNDR, |——— vy, Vp = 4144 Distributed Voltage Noise
& BW g JHz

There are four equations and four unknowns for the four main nodes of the circuit.

1
VG3=VnM3- 9mQ3* —— ’(VBS + Van)
ImM3

1 0
VB1=VnQ1* VnR1 - 9mM 1>(V63 +VnM 1)>ge + Ry
e9mQ1 @

VB3 = - €9mMm 2>(V63 +VnMm 2) + 9mQ2>(V51 + Van)[>Ro
Vbg = VB1- 9mM 1’(VGS +VpM 1) Ro + VpRr2
These equations are smplified to solve for the bandgap voltage

Given
dnQ1r M
VG3=VnM3- TXQ—M:L)(VBS + Van)
m
ImM 1

VB1=VnQl * VnR1 - >(Vc33 + VM 1)>(1 +In(N))

ImQ1
VB3 = - ¢gmm1{VG3 * VnM2) + gmQr{Ve1 + VnQz) (Ro
Vbg=VB1- 9mM 1>(VGS +VnMm 1) Rz + VnR2

é
é
é
é
, é
Findlves,VR1,VR3,Vhg ® %
( G3:VB1,VB3 bg) &
é
é
€ 2 2 2
€-RoImQ1 ¥nR1 - IN(B)¥nM3gmMm1 - ReP9mQ1l ¥nQ2 - RoImQ1 ¥nQ1 + VnR2UmQ1 + R2Un
5
F5 3 Mlb2
m 2 2 ¢ 2 0 2 2
C 2 {1 + ngl’Rl) 2¥pm1 + 2(1 + Rl’ngl) + J'CWan + VpR1
edmQl g
VBl =
2.2
ImQ1 1
&9 lvllt)2
2 2 2 2 2 2 m 2 2
(R2>9m + 1) WpR1 + (1+ RoXgm + |n(N)) WnQ2 + (R2>9m + 1) Q1 * ¢ g = >(1+ R2Xgm + In( N)) XXM 1
2 e 9 m g
vp =
In(N)2
Animportant variable isthe PTAT coefficient, K4
Vo - VBEO
Kptat =———— + (g- a)
p vr
a:=1- RTOTemp a =036 Current Source Temperature Coefficient
T
my=CT "=cag -9 ni=os8 Electron Mokbility as afunction of Temperature
eTog
g=4-n g=32

where Veen isthe diode voltaoe at the nomina ooelrgti na temperature. and nomina opneratina current. a isthe
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A potentid inaccuracy of the design procedure developed hereis that K, requires avaue for Viggg, Ve
requires are vaue for current, |, and the catch 22 continues with | requiring avaue of Kyt The exact solution
involves iteration of the nonlinear equations. To resolve this conflict, we guess at the current to solve for Vggg, and
solve for the current. We then recalculate Vggg to find the resstor vadues. Herewe use aninitid estimate of | to be
100mA.

Ban

Viig = VpAnZe ™A O Vgio = 074V
e ls g
VGo - VBEO
Kptat .= —————— + (g- a) Kptat = 20.17
VT
Making the following subdtitutions
| 2 2 VT V1iAn(N)
ngl:gm:V_T VnQl = VnQ2 :4>k><Tempx§ Van —4>k><Temp><—I VnR2 = MTemp Ry
VrAn(N) 2 2 2 R2  Kptat
1= ImM1 = Vnm1 = PkTempx——— — =
I VDssatP 24 R1  24n(N)
—
VDsSsat
.2 L2 L2 2 :
V%é?z 1 0 &1 R 01 ae 1 01 T Hee1 R 0O
Vn —4>k><Temp><—><;=r—+ = An(N) + ¢ +— 4+ 1 +c— + = %+ e + — + 1=
I @Rt In(N) g aln(N) R g 2 @Rt In(N)yz 2 aVpssapg gln(N) Rp g
Salvina for | with assumptions:
2
2 2>{n( N) | =26.21mA

From the current design equation we see that we want to increase Vg, to increase K4, to reduce the
current drain requirements. Thismeansusing smdl tranggors. In practice there is a trade-off for device Sze, assmdl
transstors increase the base resistance and the noise.

Solvina for | without m;mntmm

V K K K 28/
| = aeTamp Tx%e pat_ 1 oxn(N)Ha.el , Kptat +1o A, ek 1 01+ae Toael
2 @24n(N)  In(N) g eln(N)  24n(N) g 2 e2n(N) In(N)g 2 eVDssatpﬂ eln(N)
| =36.8mA

A more accurate way of cdculating the current involves including the effects of 1/f noise and optimizing for cog,
with alower limit being set by the current required for therma noise. 1/f noise can be decreased by increasing the
device areawithout affecting current, so it is desirable to make the current aslow as possible. Anaysis has shown
leaving 3dB margin for 1/f and thermd noiseis usudly close to the vaue to minimize overal cost.

| :=if(Nol f =1,1,24) ~ 1=7361nA _ _
If I is congtrained to afixed value we replace the caculated current, with the congtrained vaue.
1= lfi(1) | = 73.61mA
Solving for PMOS 1/f noise done and makina variable subdtitutions:
24 p
_ Kip Wp =
nM1 = 2
WpA pt MpCox VDssatP
2 2
2 &7 o &1 Kptat 0 2 22 1 Kptat 0 KipmpCox
Vgl f =c + +1- 2y =T —— + ———— + 1 ——————
& VDssaP g eln(N) 2in(N) g ein(N) 24n(N) g |>Lp2>f

Solving for the required length given hdf of the noise is thermd noise:

[ P)

11



Ba 2a 1 Kpta ¢ KipmpCox

Lpy = |4V7¢ PP s PR = 045mm
PLf Temy " 2in(N) g2 PLf
n
Ix—>f
2

Once the current is known for the bandgap, the resistor values can be found. Thisrequires arecaculation of
the K5 Varicble.

VBEQ = VTXnEeLQ VBgg = 0.73V
elsg
VGo - VBEO
Kptat =+ (g - a) Kptat =2047
VT
VrAn(N . .
1= T | (N Ry = 0.76kW Widlar Current Resistor
Kptat .
Ry= ———Ry Ry = 3.73kW Common Resstor
24n(N)

[«] BICMOS Bandgap Noise Analysis

[*] Current Mirror Variance

Current Mirror Variance Derivation

To-d[
N

[+DI

Fig. 1. Current mirror used to find variance

Inputs
lin := 100mA Input Current
M =2 Current Mirror Ratio
SDI_Ides = 2% Matching Requirement
Vpsst = 0.3V Vpssat Of Current Mirror
Derivation

Before we cdculate the variance in the bandgap, it is useful to find the variance in aweighted current mirror.
First we start with abasic MOSFET equation for the diode connected portion of the mirror.

W 2
|in:m’COX>‘T>(VGS' VT) lout = M + DI
IOUt ::Mxin Iout = 200nA

Now we write an equation for the output portion of the mirror. Here we add mismatches. Thewidthis
multiplied by M, by usng M transstors the variance in widths of the transstor add to make the overdl variance
increase by sgrt(M).

MAN o + 1/ M>DW 2
lout + Dlout = MCox ( i+ - ) (VGS' VT + DVT)
These two equations can be combined to find the variance in the output of the current mirror.
12




Ban 2 2 2 2
2 2spyT 1 Spw SDL
SDl lo = + vl > + 5
VDsst (Wo- bw)® (L- D)
From this equation it would imply thet large Vpsg improves current source matching, but we will seethisis not
true later. Now W isusualy szed givenL, Vpgy, and |
2oL - DL)
W = st DW
MCox ¥VDSsat
Making this subdtitution yields:

2

> 2 2 & 22
2 25spyT.  spw EMCox¥pset SpL
SpDI| = + Xz ;ot
= M &2l - DU)

Vpssat” (L- ou)?

This equation implies current source matching is achieved at an optima Vpse. We will seethisisaso not true
because we must aso subdtitute an equation for DV, whichisaso afunction of L and Vg,

e eou
Eés . 5 oLa’ zragL_ e b

VTPLmin ge.5m - m
sovTR() =3¢ *? T o Z + af M 3s PMOS Threshold Variation

This equation from a process manufacturer shows two components of matching, which are afunction of the

length of adevice and the spacing of the devices. The spacing term isinggnificant for spacings below 0.3mm, so we
will drop thisterm. The equation is dso not afunction of device width; it isfixed for 20mm transstors, so we will
modify the equation to account for changing device widths below. The exponent is very closeto 1/2, so we will use the

square root instead.

&B-min - DLdggQOnm- DW § 3s PMOS Threshold Variation
spvTpR(L) :5VTPLminx\/( o A ° >
e L-DL ge W-DW g

subgtituting in the congraint on W:

VDSsat 20mm - DW
spvTP(L) = SyTPLmin*——X (Lmin - DL)”TT’COXX"”““‘
L- DL 2ot

Given arequired specifcation on the threshold variance, we can find the required L.

VDssat 20mm - DW
L =DL + SyTPLmin j (Lmin - DL)pmpCox
SDVTPdes 2dout

If we now subdtitute the V+ mismatch into the current mismatch equation

2
2 6 2[ 2
.2 2 (Lmin- DL) 20mm- DV Spw €MPCoxVpssar b SpL
SDIP(L) = |22 pyTRLmin XM Cox*—— VIR o) - 5
2 & 207 2
.2 2 (Lmin- DL) 200m- DV Sow €MCoxVpssar U SpL
SDLIN(L) = |25 Dy TNLmin *——————MNCox*—— YRR o) % 5
(L-DL) out é “outAl - U (L-DL)
L = ——>05mm + Lmin  Length vector for plotting
' num
NMOS and PMOS Current Mirror Matching
10
SDI_IP(Li)
%
Sni |r\|{|-i)

13
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1 10
I-I
Solving this equation for L yidds
2 2 20nm- DW  Spw "CoxVpssat = 2
L:=DL+ X[ 28 pyTPLMin >(|-min - DL)’”P’%X + % = *tspL
SDI_|des 2Aout M a 2 out g
L = 417mm

Normdly, we think of larger VpssS providing better current matching, but alarger Vpse requires asmdler
width for agiven current and length. The smdler width can hurt matching for smal VpseS. Also with smadler widths
come smdler trangstor area, which dso hurts V+ matching. The net effect is DV t's effect on current mismatch is not
affected by changesin Vpsst- Another perspectiveisto plot the arearequired vs. Vpss fOr agiven current matching
condraint.

2 2 2 2
spw MPCox¥pssit . 2 out>s pL

2 88 DVTPLmin O
= {Lmin - DL){20mm - DwW) + y ~ -
e VDssa g out
MpCox ¥Dssat
A= 5 VA =465m
SDi_Ides
Here we see thereis an optimal Vg, 10 minimize areafor a given matching congtraint:
) M oS DL
out’® DL 3 2
"n’p;(’:’o”“ + 278 pyTPLmIn >(|-min - DL)>(20mn- DW)
X
VDssatopt = > VDssatopt = 3V
spw MpCox*®
\ M Aot
We can plot thisa function of |
IVal, = ———— A ot
I num- 1 . '
VDSsatopt for Current Mirror Matching 4 Matching vs. VDSsat for Fixed Areaand |
6
VDS%Iopt
3
S a4 S
O
b E
S 2 =
1
0 0
0 100 200 300 400 2 4 6 8 10
Current (UA) VDSsat (V)
We can aso optimize current as to minimize area for a given matching congdraint.
1 spw mPCox
——x—x&NDsﬂz lopt = 203A

lopt ==
opt M s o 2

We can dso combine the optima matching current and Vp s equationsto find the optima current source
. o ‘ ' . 14



paaehHpgiespHERIZEAIgeisor a given maiching condraint.

4 Lmin- DL 20hm- DwW
VDSsatopt = \/jxl IV"‘:?'DVTPLmin"\/ VDSsatopt = 037V
3 SpL Spw
2 Lmin- DL 20nm- DW 2
lopt =V MMpCox < >S DV TPLmin _

What we find isthat most of these equations are not interesting for most gpplications, except maybe weatch
makers. For typica currents required by noise and settling time condraints, the optima Vpse's are larger than the

ones optimd for dynamic range.
Improved matching required increased area, which reduces the bandwidth of the circuit it is attached. Below is
an equation for the bandwidth of acurrent mirror of the a device given length
9m _ MYDSsat
St MCos (L. p)%m + 1)
This can be solved for L and subgtitute into the current mismatch equation

MYpssat
L-DL= | ———
wrxM + 1)

WT =

2
o SDI_Ides 1
T=
M+1 @ 2 U
c 2 2 2
) Cox 20nm- DW sow  CpCoxVpsst 2 sp. L
é2 DVTPLmin >('—mln DL) y . + % P~ -t C
é DSsat out Mp¥pssat @ out g  MPVDssi(]
wr
— =824MHz
2p

Thus we can see afast degradation of w+ as mismatch requirementsincrease. Vpsg Can dso be optimized to

maximize Wy, given matching and current requirements
4

é 2 2 u
M+1¢ (2>40ut) SpL 2 2 20nm- DW ¢

VDssat == 3 "g , 2 + 278 pyTPLmIn ><2>4out>(|—min - DL) Zt VDssat = 253V
aCox p >spw mCox>$pw (]

One of the best ways to use these design equations to choose a current, |1, and length, L, to provide the desired
matching and bandwidth It is difficult to come up with a neat closed form expresson for |, but rather it is done herein

the form of aquadratic

é 2 2 :
€ 2 SpL H 2 .2 2 (Lmin- DL) 20mm- DW Spw ErCox Vpset
~SDl_ldes - ———— 2lout =2 ’SDVTPLmin X*————out + L
e - m"VDsm u rerSSﬁ[ 2 nWDSsat e 2
é —— — Mx———
é wr{M+1) wrXM+1) wrXM + 1)
2 , <
2 SpL 2 (Lmin' DL)
a=sp lds -~ b := - €26 pyTPLmin e ———— rpCox A 20mm - DW)H
Mp®/ pssat e bssa u
wrXM+1) é wrXM+1) h
2 N
_ -spw )?TF”COXNDSsat 9
' MPpssat € 2 2
P
wrxM + 1)
. wr
Ireq :—{ﬁ 1- —0 lreq = 275" 10° A — =824MHz
b2 g 2p

[«] Current Mirror Variance
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[*] Bandgap Variance Derivation

Bandgap Voltage Variance Derivation

Random Component Variaions
& Diso
I4=1 Is=1+Dl ls=Is Isp=NAgCl+ —=
e JNg
Kptat DR §
RL=R  Rp=—" 0

tn( )’RQ ¥ =
2An(N K j
C Rx|__P@ -
& 2in(N) g

PTAT Current Generator Variance:, Sum of the voltages around aloop

VBE4 + R4 = VBES

A DI 5 DI ¥
of. 2% € B30 ¢
I I VTAné € I { + Vpiné g u
&ela 0 &5 0 s 0 e & spsisou
Vpng— 2 + Vpinge— € u ZNASEL - =220
L= VBES - VBE4 _ glaag eN"SSg g @ N gl
! Ry Ry Ry
S 2 e 0
2 SDsIs SDIS_IS
Vrx[sp_| +——— +Vpin(N) VTX-sp |+ <+ VraAn(N)
4= _ N =—& z
Ry Ry
The variance for the output voltage is given asfollows
Vbg = VBE5 + (12 + 15)Ro
Subdgtitute in the varigbles and smplify:
. 5 N
2 2% 1 |>Rzo 2 2ae e Kptat o 2
SDvbg Vbg = VT 31+ | $DI_Imir +SDIs Is T————= *SpR_R Kptat?2in(N)
& n(N) VT g eIn(N)x/N g a
ThevaianceinK isgiven as
2
s = x|s 2+M+In(N)2>s 2
DK_K in(N) DI_I N DR_R
For design we subdtitute the following varigbles:
&qu’SDLO 2
S ZW 2 CR——Z + Spw
2 DR_R.min *Wmin _le 1 g
SDRR = > where SDR_R.min = . SDR_R.min = 0.26
WR Whin
L 2
sD\/sz = thhme,nzx_ 3s PMOS Threshold Variation, where
Lp2
= 20mm
DVthPLmin = |SDVTPLmin */Dsw >nrP>Cox><—DVthP|_m|n =683mv
Al 2’“—mm
2
2 DV, 2 Lmin
SDVTN = PVthLnmin *——= 35 NMOS Threshold Variation, where

LN

DVihNLmin = /SD\/TNme A/Dssa >'TN>Cox

Al

243y DVthNLmin = 97.3mV
16
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2
; 2
+ Sjti.‘urrent Mirror Mismatch

) 5
2 2 Lmin 3 2 & zequﬁoxWDSsatP =
SDi_Imir = DVthpLmin X—Z £V < *Spw % L >
Areag
SDis Is = SDis | |3Areamm2><—”§|polar Transstor Reverse Saturation Current Mismatch
ean
Thus the mismatch equation becomes
2 e 2 : 2 A 2‘ Sus
2 VT 1 PR € 2 Lmin 2 & ZﬁP’COX’VDS%tP 9 SDLE
S = + + —— = XDV, x—>§a—_- + Spw .+ U+ —
DVbg Vbg é(: In(N Vv thPLmin 'V : - Py n -
ngz @ n(N) T A 2 LP2 @ VDSssatP g =) p g LPZ'Q

The mismatch can be expressed in the fallowing smplified form, which is useful for optimizatior
2 X1 X2 .\ X3

s =—+
DVbg Vbg LP2 Areag1 WRZ

where the coefficients are
- 2 U
..2 ] 2 20
aT 6 1 DRy € 2 FpCox VpssatP 2
X1=cg—+ )ﬁ+ = >€DVthPme min ge + spw & "+ sp /X1 = 295%nm
thnm a In(N) VT - eVDSsaIPg e 24 g u
2
avT o SDis IsA ’AreaBJT Kptat
X2 _(_V__ S | reamin min P X2_163%>ﬂ]‘n
e'bgg In(N) 2N ‘
avT o
X3: —('Wf S DR_R.min >Wm|n >Kptat"2>m(|\‘) | X3 = 5%nm
eVbgg

Themain god isto minimize tota cog, which effectively achieved by minimized totd area. Minimizing totla

arearequires optimization routines. Minimizing totd active arealis a good approximeation

244p 2

WR
Area =2 2>Lp+(N+l)>Al’ean+ R
mMpCox VD SsatP =
The active area can be expressed in the following form, which is useful for optimizatior

AR1 + Ro)

Area = Y1>Lp2 + YpAreags + Y3WR2

where the coefficients are
Y= 2 > JY1= 267 Area Coefficient for PMOS Length
MpCox ¥DSsatP m
Yo:=N+1 J2=32 Area Coefficient for BJT Area
_Ri+Ry m
V3= [Va=15"" Area Coefficient for Resistor Width
sa mm
From these variables we can find the minimum tota active areausing a previous derivation
(e + ¥R + \/Y3><X3) i,
A J = 6.
rédopt := . Aregop; = 6.75mm  Minimum Tota Area
SDVbg_Vbg
The minimum total areais used to find the required resistor widths and MOSFET lengths for matching.
A X . .
Lp:= j j Lptz Y2 Lp = 1.11mm Optima PMOS Device Length
SDVbg_Vbg
A X :
Areaqg = &ptzij JAreags = 2.74m Optimal BJT Area
A SPVha \/he 3

17



v vy vy

A X . . .
WR:= ﬂptzx\(—l WR = 158mm Optima Resistor Width
SDVhg_Vhg !

When szing the length we have to meet both the 1/f noise congiraint and the matching congtraint, so here we
pick the larger of thetwo. To minimize area when the length congdraint is longer for 1/f noise, we should reca culate the
required resstor and BJT areas for matching.With the exact length szing known, we have place congtraints based on
the minimum length, and incrementa vaues. These length condraints are caculated in the following function

Lp = Leixgif¢Nol_f,Lp,ma(Lp Lpy f))([ Lp = 2mm
WR = Wi WR) WR = 1.6mm
AreaQy = AreaﬁX(Arean) ,/Arean = 447mm

Other Sizing Calculations

With the PMOS length calculated, we can find the required PMOS lengths based on VDSsat and curret
requirements:

2L . :
Wp = P Wp = 1.7mm PMOS Transstor Width

r1r13>Cox{1 - SnPCOX)*\/DSsHZ
If the width is shorter than the minimum width we condrain it and resize the length

W= Wii(We) Wp = 17mm
mpCox Wp 2
LP1=T>(1- SnPCOX)’VDSsH Lp =2mm
Theresgor lengths are found from the calculated from the widths and the resstor values.
BNVRR Lmin’Rsq 0
WR = If(\f <Lmin,T,WR_j We = 16mm
e Ry 1 p R=1
WRR :
LR1:= R LRy = 0.61mm Length of Resstor Ry
Rsq
WRR :
Lr2:= : 2 Lr2 = 298mm Length of Resstor R,
s

[«] Bandgap Variance Derivation

[*] Start-Up Circuitry

Start-Up Circuitry

Most sdlf-bias circuits, such as bandgaps have two stable operating points. One of the stable operating states
is the desired state and the other istypicaly azero-current state. To prevent the zero-current state from occuring a
start-up circuit is added, which is active during the undesired state and inactive during the desired state. Thefollowing
figuresillusrate severad sart-up circuits for the bandgap above. Simple modifications to these start-ups can be made
for other bandgap topologies.

b ——Te-e e

1y 1 1M

R
A A



Bandgap Design and Analysis A \|<|1 h) W3
Set this current 1 1/|V|
below PTAT
Rref current R 1

Fig. 1. Bandgap with Op-Amp Based Start-Up Circuit

The op-amp based start-up circuit has a smple design procedure:
1. Pick ahbias voltage in the bandgap.
2. Find the two stable operating points for the bias voltage.
3. Set acompare voltage between the two stable operating voltages.
4. Amplifiy the difference and gpply it to the gate of atranggtor., so the transistor turns off for the desired operating
point and turns on for the undesired. The transstor is used to inject current into the circuit in the undesired state. Here
is another verson of the circuit above:

Set this current
below PTAT
current

Fig. 1. Sensitive Op-Amp Based Start-Up Circuit

Here the start-up circuit comparison voltage is from a node, which varies less than the in the previous circuit.
With less variation in the comparison voltage, the circuit is more likely to switch to the wrong operating point with
process variations and offsets in the amplifier. It isbest to choose anode in the circuit with the largest variation
between the two operating points. In bandgaps, this node is usualy the bandgep voltage itself. The bandgap voltage
difference between the two operating points is S0 large that the op-amp can be diminated as in the following sart-up
dreuit.

Fig. 1. Source Follower Based Start-Up Circuit
It isdso possble to combine the reference voltage and the operational amplifier, or to use a compare current

asinthefalowing dircuit.

VDD
s o M M, M,
ref 1 M ™M UM
T
Q, Qq
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Fig. 1. Current mirror based start-up circuit.

Indl of the sart-up examples above, the start-up circuit consumes static current.  This current can be made
small and thus unimportant relative to the current of the bandgep itsdf. 1t is possible to make the start-up consume zero
current by making it bi-stable aswell. If the bandgap isin it's desired state the start-up is forced into a zero current
state. If the bandgap isin the undesired dtate, the Startup circuit's current is active until the bandgap goes back to the
desired state. This method for diminating the current in the bandgap involves more risk, because the comparison point
may shift when the gtart-up current is off.

When a start-up circuit isused with aPTAT current generator, the interna voltage swings are usudly too smal
to use without amplification For PTAT current generatorsit is best to use a current mirror type of start-up circuit.
[«] Start-Up Circuitry

[*] BICMOS Bandgap Performance

Area of Circuit

Areaggr = (N + 1)Areaq JAreaggr =1342rmm  BJT Area
Areag = WRY{LR1 + LRo) JAreag = 24mm Resistor Area
Areacap = o JAreacap = 0mm Capacitor Area
Areay 0= 2Wpq{L + 28Lmin) JAreayos=494mm  MOSArea
Area:= (AreaR + Areacap + Areagjr + AreaMos) Area = 145mm Total Area
Power Dissipation of Circuit
lvpp =24 lvDD = 147.22mA Current from Supply
Power := 24¥/pp Power = 0.44mwW Power Disspation
Cost of Circuit (Including Power)
cents 40cents
Ca =5 =
A > P 27veom
mm
Cost := CpArea + CpPower Cost = 0.03cents

Plots
A 2
.2 2
_ T 1 PR O g 2 Lmin K2 2 @2 Ze?rTP’COXNDSsHP Y
Spvo Vo(T) = VT —— X|¢cl+ n(N) + T < XDVthpLmin x—2 VA +SpwW % L -
p C Vpr—— + é Lp~ € DSsatP g e P 7] L
e Temp g
S (Temp)
2Vo VoL TV 2 ag0
SDVbg = SDVo_Vo(Temp) SDvbg = 44.53mMV
o amp 6
Vosigap(T) == Veo + —Ag- a)f+ |n§eT_ 99, Spvo Vo(T)
q e e T oo
Vipgmax == Vosigap(Temp) Vigmax = 1.33V Maximum Bandgep Voltage
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Bani kT Temp ¢ ¢
Vosigan(T) ==VGo + —— ’(9 - a)gl + Ing———— £t . Spvo_Vo(T)
q e e T oo
Vibgmin = Vosigan(Temp) Vigmin = 1.24V Minimum Bandgep Voltage
Output Voltage as A Function of Temp
1.35
_,_,,_,.,«—'—/-"”"’_"’_'_'_’-,

S 13
()]
g
S
>
5
=3
]

O 125

—
]
12
—20 0 20 40 60 80 100
Temp (Celcius)

— No process variations
— +3 sigmamatching
——— -3 sigmamatching

une Interesting poInt can pe Seen Trom e PIot O e Danagap voltage witn process varanons is that the
bandgap voltage varies more with process variations than it does with temperature. Care must be taken, when
designing curvature correction circuits for bandgaps, to make sure the variations are not limited by random variations.

= | I = 24
m-—= 7, mP =
VT T VDSsatP v
vnQl-— Gpr———m- _
2 Vhot = 177 ———
\] *Om nQ \/WZ
1 nv
% = ’4>k><Tem D — % =177 ——
nQ2 p o nQ2 \/Wz
) nv
VPR =+ / AxTemp >Ry VpR1 = 3.61ﬁ
z
) nv
VpR2 = 1/4>k><TG’l’lp>R2 VpR2 = Sﬁ
z
2 Kip %
vama(f) = | 4kTemp + vama(f) = 32252
gmp  Wpipf VHz
a8 P(’j2
2 2 2 2 2 2 m 2
(R2>gm + l) WpR1 + (1 + Roygm + |n(N)) WnQ2 + (R2>9m + 1) WpQl t = >(1 + Rogm + |n(N)) XX/,
) edmg
Vnbg(f) = .
In(N)
Output Thermal and 1/f Noisevs. Current
100
T Vig(fva) 3z =]
E’ nv N
S ™~
8 vnx/ Hz P
o
Z nv
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10 wp:=Wp
10 100 1100 110 1100 110° 110 Lp:=Lp
fva N:=N
Frequency (Hz) R1:=Rg
R2:=Ro
Areaqy1 := Aret
[«] BicMOS Bandgap Performance
Cost = 0.03cents Vpp =3V
VDDbgmin =212V wp =1.7mm bd wp =1.7mm
Lp = 2mm Lp = 2mm
VArea=145mm ng — 128V i
Power = 044mW \/ Areaq1 = 447 mm j*" N=8
lvpD = 147.22mA
nv Ry = 757.25Ww WR = 1.6mm
Vnp = 4144 — LrR1 = 0.61mm
VHz
SDVbg Vbg = 3% Rp =3.73kw  WR = 1.6mm

Fig. 1: Basic BiCMOS bandgap with device sizes and performance

Lr2 = 298mm

[*] OpAmMp Vol w/ NMOS Follower

Option #1: Mirror Bandgap Current from Bandgap's Emitter Follower:

Vv

DD

M,

GND
Fig. 1: Bandgap Current Generator Circuit (Option #1)

bt

o-rd[ M
ﬁi
Sy

Qs

Vo

R,

\%
V

TPmax

DSsat

Vv

CEsat

bg

There are severa waysto generate a bandgap current. The easiest method is mirror off the bandgap current
directly from collector of the emitter follower, Qg, in the bandgap circuit. This method doesn't work for supply voltages
below (Vipg+ Veesat + VrPmax + Vbssamin)=2.63V. Current technology reguires a minimum supply voltage of 2.7V,
which will be changing to 2.25V in the near future. To be safe, it is best to use another bandgap circuit, which will

work with low power supplies.

VDDminoption1 = Vbgmax + VCEsat + VTPmax + VDSsatmin

[ N [ | . |

LR R |

N BRI

2

VDDmi noptionl = =273V

[ JUSRY DA S S [



Bandgap DEIGR SHORHER SKE avalanie, 1 IS usualy DEsL 10 MaxIMIZE Vpgg S 10 reauce NOISE. 1IN TNIS Case Tor aesign an
upper limit is set on Vpggy:

VDsSsatmax = VDDmin - (ngmax + VCEsa + VTPmax) VDssatmax = 0.17V
Variance in Output Current

Other than headroom aminor downfal of this option is the variance in the output current due to base current
variation from the bandgap transstors.

o= 2209 | o4, O = E0a ZXQM:ééng%“Sng—ng) +2x)(1+su—')9>4v|
eRec 6 &Rt by  @Re{l*spretred) A1+ smnb)g

The variance in the output current is calculated with the following subgtitutions:
I=1{1+sp ) b=b{1+sm ) Ret=Ret{1+ SDRex Rex) Vg = Viog{1 + SDvig Vb
To yied the following equation
ng>(1 + Sng_ng) 2>4>(1 + SD|_|)
Re{1+ Sorex Rex) DAL+ Sop.1)
This can be smplified to find the variance in the output current:
- 2p
lo

lo+Spio =

|
SDio_lo = {S DVbg Vbg * SDRext_Rext) P >(S DI+t SDb_b)
lo

From this equation we can get ingght into the sizing of |, (and thus R,,;) to suppress variances in Beta.

Current Noise Calculations

It might be best to quantify the output noise in terms of a noise voltage so that options 1, 2 and 3 can be
compared accurately. The noise voltage would be defined at noise at the output of the gate of the PMOS current
mirror. Note that these noise derivation will put congraints on Re¢ and g in the op-amp section. The noisein the
output current is:

AN

1 24 224g
S |on2 = ?hgn? + 220 + dkxTemp X—H>M + 4>k><Temp><—0 + 4>k><Temp><—>M
@ Ret g Rext(] 3/Dssat 3V/Dssat

We can use the following expression for the output current to solve for M.

V] |
lp = M3 M = oRed
At the same time we subdtitute in the expression for the base current |,
Ip=
bXReqt
M is substituted into the bandgap expression to solve for Ry,.
V 224 224
s |on2 _ &/bgn (_) + 200 bg + AhoTempr—— 1 H%o’Rect 9 + AkoTemp ° ., AkTemp o loRed
EE Rext g b XRext Rectu e Vby g 3pssat 3Apssat Vg

The noise from the last mirror trangstor is subtracted off and the expresson is smplified

2045 Vg
s|0n2 - KATemp ° _ o >402 + ?e—lxi + 1 + 22 0>4>k><Temp>40
Vpssat ngz VT b Vg Npssa g Vbg

We subdtitute in a quick approximation for the noise of the bandgap to help us budget the noise.

V : N :
SngnZ = kT emp Kt 2><TT bandgap quick approximation (K 5 ison the order of 20)

NlAariain ~an ~mraral Al aa fAviaans . ThA lhan A lhanAdAanns nAlAa lhaca A vraint nAlAA vAami A nAlAA AnA AL v Aad mairrAr Al A~
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B%%VHQQE%%?&AHgIﬁéu . 11e v va luydy 1UISE, Uadse LUTTET L TIUISE, 1E33WUI TIUISS, Al LU L TTITTUL TTIUISE.
ThusTor the same current the bandgap contributes 65%(V psst=200mV)-80%(V ps=1V) and the resistor about

10%, the base current about 5%, and the current mirror about 35%. The budgeting isa significant function of Vpse,
but well assume 75% for the bandgap and 25% for the other components, which are fixed by the resistor value.

e 2 u
2 224 z Kptat V12 11 1 22 1
Sion - TeTpD = aheTapd o+ B o
?Sﬂ & ng A evT bg DSsat g 0
Kot /722
2
Vb
5 2 > — =8006% Bandgap
€K ptat VTR A
eptat TTE el X1, 22 &
€ 2 aVT b Vbg  3VDsst gk
& Vhg € 9 df]
V, .
2 - - =508% Resstor
S ptat VTR A
eptat TTE el L1, 22 &
€ 2 aVT b Vbg  3VDsst gk
& ng e g
1 1
—_—
VT b Base
= 243%
Koo 25D ) Current
Zptat T el 1,1, 22 0
3 .
b= =343%  Current Mirror
2
Kptat VT2 .
Zptat T el 1, 22§
Now we can size the current-setting resistor
®e 2 22y
cSion - 4>k><Temp><—0-:><25%
e 3Vpsst g
Req = > Req = 311.23kW
el 1 1 22 g PdempAq
Now the vaue for M can be found
loRext . .
M := Ov M =389 Current Mirror Ratio
bg

[«] OpAMp Vtol w/ NMOS Follower

[*] cMOS Bandgap

CMOS Bandgaps

All bandgaps, including CM OS bandgaps, have the same basic structure: A PTAT current is generated and
dropped across aresistor and diode. A common CMOS bandgap generator is shown in the following circuit. The
main difference between a BICMOS and CMOS PTAT current generator is the addition of a NMOS current mirror or
operationd amplifier to fix the voltage acrossthe PTAT voltage. In the following figure, these MOS devices cons s of
MN21 and MN2. It isthesetwo devices which greeatly reduces the performance of a CMOS bandgap with respect it's
BiCMOS counterpart. The mismatches and the noise in the NMOS devices are greatly amplified to the output. For a

NAanA DAk sAAA lhAanA~An A DI INC lhanAdann il vt i b Ane TAacs Haaa 104 aaidnillA tHA OMNINC An inbAvinark avaidhids
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variaions in the 5% range.

A Hf-biased cascode CM OS bandgap with start-up crcuit is shown in the following figure. The circuit looks
complicated and like it will consume much current, because of the many biaslegs. In redity the circuit only consumes a
small increase increase in current from aregular bandgap, because most of the bias currents are smaler than the core
bandgap current.

Start-Up PTAT Current Cascode Bandgap
VDD
MPs}ﬂb Mpll_ I~ AJMPZ ('\l J|\/|F.3 C:| MP4
1|: N~ ~ :ll '[ ™M jllM X
MPlcas ~ A MPans (\"_ MPSca q M4cas
q&l‘;j 1M 1 h I U|jl/M X
S Vog
| art Muz | My, [ Mys [ Mys
sar 1| L1 —1m L_1/m
]’ L =4.17mmn
MNstﬂ Rl Rz
1 % Q, NYQ, 1M % Q;,l 1/M ¥ Qs 1¥Q,

Fig. 1: CMOS bandgap and start-up circuit with low sensitivity to process variations and rout
The noise andys's, bandgap variation andysis, and device Szing routines are nearly identica to the circuit
without cascodes. The cascode devices are Sized identically to the PMOS current mirror devices, and the cascode
bias generator is Szed 1/4 the size the other PMOS devices.

The design procedure for CMOS bandgaps is smilar to that of BICMOS bandgaps.
Size VS for headroom congtraints.
Size the current for thermd leaving a 3dB budget for 1/f noise.
Sizethe MOS lengths for 1/f noise
Size BJT area, resstor widths, and MOS lengths for matching.
Sze MOS widths.
Size capacitors for Sahility if necessary
Thus we begin the design procedure by finding the headroom congtraints.
[«] cMOS Bandgap

SUuhAWN P

[*] CMOS BG Headroom Constraints

CMOS Bandgap Headroom Constraints

The sizing of the CMOS bandgap begins with the DC biasing congraints. First we make the NMOS Vpsaan
as low as possble to minimize thermd and 1/f noise.
VDSsatN = 100mvV
The PMOS cascodes are sized near minimum to maximum headroom.
VDSsatPeas = 0.15V
The lengths of the PMOS cascodes are sized to aminimum to save area. This has negligible impact on 1/f
noise and variaion in the bandgap voltage.
LPcas = Lmin
The bipolar trangstor ratio, N, is Sized a convenient ratio for layout: 3, 8, 24. Increasing N resultsin an

exponentid increase in areafor alinear improvement in noise. A good compromise of areaand power isan N of 8.

Chanaina from N=8 to N=24 wiill increase the areabv 300§/§ for onlv a 33% reduction in power.
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8‘5esign and Analysis
We make the current mirror ratios for the bias circuits just large enough to make the currents negligible.
S=5 M:=4
The PTAT current is mirrored to the bandgap increased by afactor of X. Increasing the factor X reduces the
thermal noise, which indirectly allows current to be reduced, but directly increases the power disspation Decreasing X
increases resistor area and decreased MOSFET areadightly. X can be optimized to save power, but here we choose
avdueof 1 for amplicity.

X=1
The Vpss's of the PMOS current mirror transistors are sized as large as possible under the worst case
scenario, to minimize noise and improve matching for agiven area

VDssatP1 = VDDmin - VBEmax - VDSsatN - VTNmax - VDSsatPeas
Vbssatp1 = 0.85V
VDssatP2 = VDDmin - VBEmax - VDSsatN - VTPmax
VDssatP2 = 0.9V
Vpssap = min((Vbssap1 Vbssarz))
The minimum supply voltage is found usng minimum Vp g S for the worst case bias leg.
VbDbgmin1 = Vbgmax * VDSsatmin + VDSsatmin VbDbgmin1 = 1.73V
VDDbgmin2 := VTPmax * VDSsatmin * VDSsatmin + VDSsatmin + VBE VDDbgmin2 = 2.3V
VDDbgmin3 = VDSsatmin * VDSsatmin * VTNmax * VDSsatmin * VBE VDDbgmin3 = 2.2V
VDDbgmin = m@((VDDbgminl VDDbgmin2 VDDbgmins)) VbDbgmin = 23V

[«] cMOS BG Headroom Constraints

[*] Noise of Improved CMOS Bandgap

Noise Analysis of CMOS Bandgap with Improved Sensitivity to Rout

Once we know the headroom congtraints, the required current is calculated to meet the noise congraints. This
begins by performing asmdl sgnd andyss of the circuit. Aswith the BiICMOS bandgap there are four equations and

four unknowns.

1 1 o)
Vi=-9mMm P1>(V2 +VnM Pl)’i?e + + R1='+ VaMN1 * VnR1 * VnQ1
edmMN1I  9mQ1 [}

1
V2=-9mMm N3>(V3 +VnMm N3)><— * VnMP3

ImMP3
é ImMN2 u
V3 =- édmMm P2>(V2 +VnMm P2) + >(V1 +VpmN2 + Van)L’>Ro
€ 1+ gmMN2*—— (
é ImQ2 G

Smplify and solving for v, which will be used to solve for vy

? ImQ1 62 ImQ1 629
éﬁ § 9 < ?ﬁlﬂle ML 1=
%)

2 2
2 2X/nQ1 . VnR1

2 2 2 A& 9mMN1g e ImMN1 p
V2 = ¥nmN1 ¥ e >t 5 Wvppmpr + 5 >
(gmM P1>Rl) é (R1>ng1) (R1>ng1) Q (gmM P1>Rl) (gmM P1>R1)
Thisis amplified with the following variable substitutions:
| 2 2 VT 2 VAn(N)
ImQ1 = 9m = V_T VnQl =VnQ2 = 4>k><Tem|0>§ VpR1 = MxTempr
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VrAn(N) 24 2 2
Rl=——— OmMN1=T—— VaMN1 = PkTempx———

| VDssatN 2
VDSsatN

24 2 2

gmMPL = Vampr = MTempx——

VDssatP PV
VDSth

o N
V- V, V, 5 V
T 2/DssP0 ?\/DSsatN ?aﬁi DSsaINO ??n(N) , VDssaN 1(_)%}J T 1+ ln(N){:J

BN

v22 = AkTemp C : C < v
I>{n(N) e V1 g e 6N/T ée 201 ﬁ e 20/1 7 (0 VDSsatP 4 0

Now applying v,,? to find the output noise:
.2

2_3a. 2 2¢ 2 1 0 2 2
Vn =@v2 *VnMP4 ¢’ 9mMP4 ’i‘r?%?2+ = *tVprR2 *VnQ4
e ImQ4 g
Making the following variable subditutions:
Ro  Kptat 24%X 2 2
_ = = Vv = XTemp ¥——
Ry XAn(N) ImM P4 Vosap nM P4 p L2
VDSsatP
2 2 VT 1%X
Y = KxTempR: Y = KRTemp *x—— =—
nR2 P2 nQ4 p X ImQ4 Ve
[ N
Vo2 = dkeemp VT )%2 VDSssatN ?a% VDSsaINO a? VDssaN 1o H 4 A VT 0 ! 1 2bg- Veeo
by = T T : C U
Vn2 %3 VT ée AT 20/1 g U 3 eVDSsatPg i n(N)2 e VT
Mn(N)" e VT 0 {
©4 14 (N + 20 ) , S u
@ 33X eVDsstP g 0
Assuming Vpg-Vggo>>Vr, the bandgap noise can be expressed as.
v = dkTemp VT )gz VDSsatN ?a% VDSsatN o a? BN) + VbssaN 1o H 4 >?e \%5 o to1 N Kpte
9 - x s 4 T one = r ptat
22 Mn(N)" e VT 0O {
ey + 202 : U
@ @ VDssaP g a
Solving for current, |
& é 2 p 3
VT %2 VDssatN aei VDS%INO a? VbssaN OC 4@ VT 0 1 2
= T e Y "N+ TS our 2{K'°tat e
Vi % T ee T ﬂ T ﬂu e DSS&IPﬂ uln(N)
Mn(N)" @ VT 0O
. 14 ingny + 200 ¢ : u
) IX  &VDssaP g 0
Repesting the noise derivation for 1/f noise done we get
s s L2 L2 )
€ E% ImQ1 O 2, ImQ1 gt t
2€ 2¥nMN1 e g MNl_: g romoL ImMN1 T 4
0 6 2 n 26  9mMN1ig & m 2 24
nglf = gmMP4 ﬁ?ﬁ g >e‘/nMP4 + . e > 5 bvpvpr U
e mot g 7 a (gmmprR)” & (Rrgmol) (Rr>gmau) Q a

Usudly 1/f noise is dominated by NMOS transstors.  Dropping the PMOS noise terms and subgtituting in
expressions for the NM OS the bandgap noise becomes.
2 KN 2L

VnMN1 :W Wn =

MICOX :\/ i |2
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Ba & vDsstP O 5
Vet 2= g Kptat .\ 2 7 KinNCOX¥pssan
Lf = o
PILE T RIn(N)  vpin(N) o e

Here we see we can Size L, given noise and current, or Sze current given noiseand L. Increasing L saves
current and increasing current saves area, but on the lower limit current is constrained by thermd noise. The required

length to meet noise requirements are:
e Vpssaap O

L= g Kptat =~ 2 : KinNATNCOXA/DSsat”
&In(N) — Vpan(N) g ngl_fz >LNz y

From this derivation of the bandgap noise, we see that for large R, the noise of the this bandgap is exactly the
same as a smpler bandgap, where the PMOS current is smply mirrored instead of being passed through a high-gain
arcuit. A smplified formulato quickly estimating bandgap noise from a given current is given below.

Vpian(N)
T >QOZ

2 Ro
Vi = SKXTempXRox— = kxTemp
Ry

[«] Noise of Improved CMOS Bandgap

[*] CMOS Bandgap Area

CMOS Bandgap Area

Equations for the area of the CMOS bandgap and start-up circuits are important for optimization The area
takes the following form:

Area=2WNALy + 2Lmin) + 2+ X + ﬁ + é.—OWVp(Lp + 2Lmin) + (N + 1)ArexQq + WRALR1 + Lr2 + Lmin) -
) o
+ ('—start + 2>Lmin)’Wstart

If the circuit is cascoded the area becomes:

L 1s
Area=2WNALy + 2Lmin) + 2+ X + — §9>%'Wp>(Lp + 24 min) + Wpcas{Lpeas + 2Lmin){ + (N + 1)Areaq ..
e 2
VR Vrin(N)  WR Ry Vpin(N) 0
FWRA ——%———— + ——X—%——— + Lpjp + (Lstart + 2>‘-min)’VVStart

Making variable subgtitutions and smplifying to only active area

244 244 244 W Wgr VAn(N
Wy = N Wp = - Wpeas = T LR1=R—R>R1=R—RXT7I()
NCOX A/ SsatN NCOXA/Dssatp” NCOXA/D SatPeas = =
WR WR Ry VpAn(N)
LRZ = —RZ = — %%
The area becomes
2 > 2 2 0
PALAN 1 19 2ip 24 peas =
Area =2 +?°2+X+M+§9>5(_ + A+ (N + 1)pAreaQ) ..
MNCOXApssan’  © B MNCOXVpsetp>  MNCOXApSsetPeas- o

+WRY{LR1 + LR2 * Lmin) + (Lstart + 2L min) Wtart
[«] cMOS Bandgap Area

[*] CMOS Bandgap Current Sizing
The length of the PMOS transstors are sized to improve the matching of the PMOS current mirrors and thus

B L R I N T R e B I T e B R L L PO S P e [ P L S AR A PS
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M#H Fe%%%wghéwgigmpm vullaye. ey ireguires uie Kriowieuye ul uiecuigi. U welliis guessd uie
ength and size the current, then later go back and size the current gppropriately for matching. The same logic gpplies

to the width of the resstors.
Lp =24 min
WR = Whniin
A common coefficient for bandgap design isthe Ry/R; ratio, which largely is fixed by the process, but varies
somewhat with Vg, which varies with device Sze and current.

K
R2 R1:= —P&_ R2 R1=984
XAn(N)
With the bandgap above the area coefficients become:
2 AR
Area=A pL A+ Ad + _I +Ap
2
2
ALl= > AL =451
MN>Cox ¥VDssatN mm A
N 2
2p 24 peas
A= a‘92+ X + ﬁ + EOE {Lp + 2Lmin) + Lpees + 2Lmin)t A= 5.62%
ﬂén'Nx:OXWDSsaIP MN>Cox ¥/DSsatPeas 0
2
WRr 2
AR := ——¥in(N){1 + R2 R1) AR = 302.25mm A
Rsq
The power coefficients become
Power = P¥ + Pg
P =V >§:'2+x+—+—9 Pn:=0
1 = VDD Y 0
The noise coefficients become Y
NL| N| P| = 111F
Noise= — + T + Np
L2
.2
o) Vpssap O )
€ Kptat 2 7 KinMNCox¥VpssaN 2 65 -1
NLj=¢ + < N =0kg m's A
gIn(N) — vpan(N) f
& iy p
€2 VDSsaIN VDSsaINO VDssaN  OC 48 VT 0O
= PloTemp AT e~ *——— ﬁ + Fny + + 12 oot - {Kptat + 1)2 + -
%3 VT 2T @ 2N/ a0 eVDSsatPg G In(N)
24An(N VT 6 !
€§1+In(N)+ ”( )>?e 0 u
@ 3X  aVDssaP g G
VL
Ng:=0—
0 Hz
The cost coefficients become

Cost = Cp¥Power + Cp Area
The optimd current assuming thermd noise is negligibleis:

CaAAR
| = [— | =133nA
optl_f \/(CP>PI N CAAI) optl_f

Assuming there are no resstors, Ag=0, the optimal current becomes:
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R

CpP + CA>A|)

loptnores = 5 loptnores = 1.42mMA
vn - No

Sizing current for optima areaonly yields

AR
loptarea = TI loptarea = 7-33MA

Sizing the circuit for cost due to resstor areaand power only:

AR
loptresonly == [CAX*——

loptresonly = 1.36mA
CoP) piresony

Sizing the current for therma noise doneyidds

7

loptthermal := 4KXTempx——>ty

BN

253 v . 2/
vl & T ée T g e

2 "
& Hn(N)” @& V1
éz+ 1+ In(N) + n(N) 9
& 33X éVDSSatP g

& ,
V V V 0 V|
T %2 DSsatN + gﬁ_’_ DSSatNE:) + ??n(N) + DSsatN

Using aroot finder to find the optima current to minimize cos yields

.20 ;
btlase VT 6
+ 1= % :

aVDssaP g

1100

é € -ALPNLPN| ARl U
rooteCpP + Ca’€e + A - —H |lfl
F A " ‘2 2.
é €¢q 2 ¢ DN Frn
é éeevn - Nogd - Nig aa
i:=1..num
i
Ival, := —— > optthermal * loptthermal
num
Cost vs. Current
2
1.5
&
g 1
O
0.5
0
300 400 500 600 700 800 900 1000
Current (UA)
Areavs. Current Power vs. Current
6 0.015
,g o~
g 4 S 001
[S
g Y
< S
E 2 c 0.005
B
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We can choose the current, |, based on any of the possible criterion above. From the anadlysis above we see
that we the minimum a current can beis set by the therma noise. We want to make the
I:= |loptthermal if (Force; = 0)XNod f = 1) = LaomA
lopt if (Force; = 0)XNo1 f =0)
lforce if Force =1
2= Iin(1) | = 142mA
With the current known we can find the NMOS length needed to meet 1/f requirements
& Vbssap O 5
S Kptat L2 |ZKeemeCoxVpssn

by L 19-25
ell (N) VT>{| (N) 1] Vn 15 N1 f m

With the current known the PTAT current setting resstor can be found
_ Vpin(N)
o

With the current known the Kyt coefficient must be resized to reflect amore accurate vaue for Vggg, which is
caculated with the actua current used.

=39.36W

Viio = VpAn®- 0 VgEo = 081V
elsg
Y VGo - VBEO +(g- a)
ptat -— VT g Kptat =1751

The bandgap resstor, Ry, isSzed to null the temperature coefficient. In practice R, can be tweaked in the find
design to center the temperature coefficient to account for second order affects.
% Kptat 0
: DR Ry = 0.33kW
2= SN g - ?
Sometimes the required noise for the bandgap is not known, but must be budgeted from an overal system
gpecification In this case the system-level optimization reguires the following noise coefficient.

2 _ Knbg
W= —
|
& ¢ iz v
€2 VDSsatN VDSsatNO VpssaiN O C 48 VT 0 1 2
KNbg := #kxTemp A/ >eé — 6? é‘? n(N) + + 1= X w7 >(Kptat + 1)
A 2 Ve
HMn(N)“ e VT 0O
§+1+In(N) L AN 8 g u
@ 33X eVDsstP g 0
\a
KNhg = 268.25—— A
Nbg Hz

[«] cMOS Bandgap Current Sizing

[*] Sizing for Bandgap Variance

Sizing Device Areas for Matching Requirements and Area Minimization

The bandgap suffers from two sources of variation The firgt isfrom device matching, which can be improved
with increased device area. The second source of variation is from process variation, which cannot be adjusted without
trimming to an externd reference. This process variation, DV process, IS @lower limit to a specification for the bandgap
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DVbg = Sbvbg Vbg¥bg DVpg = 3844mV

2 2 2
DVhg = \/ DVbgprocess + DVbgmismatch

2 2
DVbgprocess = VT’§/S DR_Rprocess * DIS_ISprocess DVbgprocess = 9.66mv Vo
g

We substract the bandgap variation due to process variations to find the alocation of the desired bandgap

variation to the mismatch variation

2 2
Dngmi smatch = \/ Dng - Dngprocess Dngmi smatch = 37.2mV

A detailed derivation of bandgap variance is described in another section

Dngprocess _

2 € 2 6 2
2 a2 0 FDR R ¢Disls L ¢ aepw aé/DSSaNo DVinN
DVbgmismatch :VT2>T:_XX>m(N) +1:1 £ - +g = + %?ED O OH , <+ t
eR1 @ ??@29 § N &N g eWNzue AT g P §
ec o~
éeera
A 5 .2 )
€ & Vosa O d
e & +1. .
2V .o

4 -
& In(N) g X{

O OO OO Oy s

Making the following variable subgtitutions. For the variance in R, firgt find the variance for minimum width and

then use the following expression

&qu’SDLO 2
DR Ry 2 AW 2 c R — < *tSpw
DR R? = —— M T7MN - peqgtor Variation where DR Rypi= |[&—— 2 DR_Ruin = 406.77%
2 2
WRr Whin
2 -
2 2 Lmin~ 3s PMOS Threshold Variation, where
SpVTP = DVthpPLmin *———
LP
= 20mm _
DVthPLmin = |SDVTPLmIn ’VDSaH WCOX"W DVthPLmin = 1557 mV
min
2 -
2 2 Lmin 3s NMOS Threshold Variation, where
SDVTN = DVthLnmin *——
LN
DV, in==1s -2>V 2>1TN>CO *—
thNLmin - DVTNLmin “VDSsat X 2 min DVihNL min = 22.18mV
2
2 2 & 26 2
[ . X/ =~ S . .
SO 1mir = | DVinpLmin e g8 20 o 25 "CoxVssp T+ 2B Current Mirror Mismatch
- LP2 éVDssang @ 24 p g LP2
Are i . . . .
SDis Is- = SDis IsAreaminzxM Bipolar Transistor Reverse Saturation Current Mismatch
- - Areag)
201N
WN = 5
M\ >Cox¥DssatN
The bandgap variance expression becomes
2 a2 0 & _len >Wm|n
Dngmlsmatch —VT - KAN(N) + 1= £
eR1 g€ R 2
é EWR
& 1
2 é é 2
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é+ éDlS_lSAreamin Areamjn Ea:)Lo eD\NXTN>COXNDSsatN < L a/Dssan
A r N e
e 2 N Areaq1 LNQ @ 244 gle 27
é e
s ;
: ¢ S AT
& = 2 Lmin 2 5 2 B CoxVpssar 0 soL
»+®VthPLmln = +S|3\/V X .t Ml-‘
gr’e. e VDssaP g e 2p g 2 EE
The expresson for the bandgap mismatch can be smplified to:
2 X1 X2 X3 Xa
DVbgmismatch = > + AT + > + —
WR Q1 LN Lp
where
2
2 a2 DR_Rmi “a
Xq:= V12 >r ><x>¢n(N) +19 in ~min X1 = 695.6mvsnm
g aé?zo
eRlﬂ
2 oo 1 s ’
Dis_IsAreami
Xo = V12 >r ><x>¢n(N) +19 > Nream'” SAT€aR ITmin /X3 = 1887mv>nm
B In(N)? o .
.20
2 2 2 2
2 & 1 & 2 FEpwmeCoxVpssan” O L a/pssan & SovTNLmin 25
X3:= V-|- - ><x>¢n(N)+1_ x——&Fsp "+ ¢ > I v min U
JX3 = 6091 mv>nm
4 s ,.2 0
g & Vosa +19 HLJ
2 A 2 & = ‘17
2 a2 2 5 u 27 . 1U
Xq:= VT ’f‘ ><X>{n(N) + 1z >‘SESIZ)VTPme Lmin 9. L1+ ————~ 4 A
eVDssatP g Uee In(N) g XO:
7 & 2 v o
Eee 2 FpCox Vpssap 0 2 U -
E+spw % +sp U ¢
ée e 24 [} u a

\/x4:9b/.//mv>mn

The areafor the circuit expressed as a function of the variables above is derived in an earlier section

2
24N 24 pAp fo) 1A
Area =2 a%+x+ﬁ+ Sox?e +Wpcas>1_pcas-+§?\1+1+ﬁ9>Area>Ql...
NCOXADSsatN° B < INCOXVpseap” g © g
a@Vr Vpin(N) ~ WR R VTAn(N) 6
RYR_% R R xf‘ + Ltart W gtart
éRsg sq R1

The active area can be expressed as the following smplified form

Area = Y1WR2 + YAreag + Y3>LN2 + Y4>L|:>2

1 Vpin(N)
Rsq I

1 Rp Vpin(N)
P VI ¥ E——

R R1 |
c14+ L0
Mg
24

>
[\ m/%

<
w
1

2

M\>*Cox ¥pssaN

1 1

Yg: _a%+ X+—+=0
M Sg

24

2
MN>Cox ¥DSsatP

v, =019
mm

Y, =925
mm

Ya=128" 10"
mm

= 30526
mm
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Bandgap Design and Analysis

2
r . (\/ 171 \/ 2°N2 \/ 33 \/ 4 4)

2
DVbgmismatch

Areagpt Xo

AreaQy = —2 xY—2
I:)ngmi smatch

Areagpt X3
Rl | —
3

Dngmismatch

Ar X4
Lp:= —eaopt *—
2 Yy

DVbgmismatch

Areagpt xﬁ

WgR =
R 2 Y1
DVbgmismatch

LB W e ey v

Y VN I I g ST LA RO 1T MRS WAV s v

Minimum Totd Area
,/Areaopt =649.26mMm

Optimum Bipolar Tranggtor Areato Minimize Total Area

,/Arean = 1041mm
Optimum NMOS Length to Minimize Totd Area
Ly =3.07mm

Optimum PMOS Length to Minimize Totd Area
Lp = 31.09mm

Optimum Resstor Width to Minimize Total Area
WR = 167.9mm

The lengths, widths, and areas are constrained by specified values or on the lower limit by L, and Wmin.

AreaQy = AreaﬁX(Arean)

Ln = Leix{Ln)
Lp := Liix(Lp)
WR = Wi (Wp)

,/Arean = 1041mm

LN =2mm
Lp=2mm
Wgr =17mm

In practice we want to minimize total areaiingtead of active area, but this method alows smple closed form
solutions, which serve as excdlent estimates of the optima solution, while maintaining variance god objectives.

2 Kmismatchbg
I:)ngmi smatch
A reapg

[«] Sizing for Bandgap Variance

2
= ———— Kmismatchbg = (\/lexl + \/YZ"XZ + \/YBXXS) \/Kmismatchbg = 7.24mV>mm

[*] Device Sizing

Sizing Other Device Dimensions

vAn(N) VT min

An(N)

- Ri{1+ DR R) Imin =

Ry{1+ DR R)

=1{1- DI_I)

Where DR_R is used to indicate variations in the absolute process and not in matching. Assuming Ty is
centered around the maximum and minimum operating temperatures the variance in the temperature and the PTAT

current are:

> -
Spl_| = \/ SDR_Rprocess * SDTemp_TeSDI_| = 29.54%

Once the current is known we can sze the rest of the device dimensions. The width of the PMOS transstors
can be sized to meet the current and Vs requirements. We use the minimum device transconductance and the
maximum current for Szing the device to model worst case operating conditions. The PMOS cascode devices are

Szed amilarly.
241+ sy |JLp
Wp = >( _) Wp = 373.87mm
rrPCOXminNDsg[pz
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214\ T >0|_|)'Peas
Ba W g 1= — L/ 5 Wpgas = 3mm
NPCOXMIN¥/pssatPeas
The NMOS length is Szed from an equation for noise derived in the optimization section
Ln:= Ly if Nol f=1 Ly = 14.74mn
N
L'_‘ if Nol f=0
Ja2. Nog - Nj
LN = Lfi(LN)

The NMOS width is sized from it's length, current, and Vp g
_ 2>1>(1 + SDI_I)"—N

Wy = Wy =20.7mm
NCOXMINAp Set
Given the PTAT current setting resstor value and width, the length can be found:
WRr
Lr1=—Ry Lr1 = 0.03mm

R
Thé&evices widths and lengths are constrained on the lower limits by Wiy and Lmin. Here the device sizes
are resized based on those congtraits. The lower limit on the width condraint affects the bias circuit first. If wefix the
bias width condraint firgt it will autometically correct the width congtraint on the main circuit.

Wp := Wrix(Wp) Wp = 3739mm
. WpXTPCOXminNDssatpz
p= _
2>‘|>(1+ SDl_I) Lp=2mm
Wpegs = Wfix(WPcas)
WpcaSXTPCOXminNDssatpcasz
LP% = LP% = OSrTm
2>1>(1 + SDI_I)
Wi = Wrix( W) Wy =207° 10°mm
WNXTNCOXminNDSsatNZ
LN = LN =2mm
2>4>(1 + SDI_I)
LR1:= Lfix(LRl) Ly = 2rm
W = SRR
RTTR WR = 101.62rm

Sizing the Bias Generator

The bias trangstors for the PMOS current mirror and cascode generator are sized with currents M times lower
to save current. Thusthe device widthsare dso M times lower. In practice, to improve matching, the width is not
made M times larger for the main device, but instead M devices are used in pardld, each with the same width as the
smdler device. The Vpgyy Of the cascode generator is the sum of the Vg, S of the cascode and the current mirror.

lpias = — lpias = 354.03mA
M
Lpcaspias = LPcas Lpcashias = 0.5m
241+ sp 1) Lpeas
W pcashias = { ‘) . W pcashias = 16.88mm
M>rPCOXminYVpssatp + VDSsatPeas)

Lpbias = Lp Lppias = 2mm
Wp

Wphias = V Wphias = 9347mm
WN cn. .3
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LNbias = LN LNbias = 2Mm
Sizing the Bandgap Generator

The bandgap resistor, R, vaue and width known we can sze the length. Thereis alength congraint on the
resgtor but thisis limit occursfirst for the PTAT current setting resistor, so the bandgap resistor, R2, should be fine.
w
Lro = —R>R2 Lr2 = 16.85mm
Rsq
Similarly to the bias transstors the currrent to the bandgap generator isSized X times larger. Thusthe device
widths are dso X timeslarger. In practice, to improve matching, the width is not made X timeslarger , but instead X
devices are used in pardld, each with the same width as the smaler device.

Wppg = XWp Wppg = 373.9nm
Lpog:=Lp Lppg = 2nm
Wpngcas = XAW peas Wppgcas = 3mm
LPbgcas = Lpeas Lphacas = 0.5mM
Ipg = X4 lpg = 142" 103nA

Sizing the dart- up circuit
The start-up current, I g4t, should be sized less than the main bandgap current to save power. For thisreason
we sizeratio Sto be about five.

I
Lpstart := Lp Lpstart = 2mm
Wp

A lower limit congraint on the width of the start-up device occurs for very low current. At thislow current, the
current saving from alarge current mirror ratio islessimportant, so the sizing for S can be reduced.

: aWVpstat 6 _0
S:= IfﬁVpstart < Wmin, floore a =,S: S=5
=} @ Wnmin g g
Wp
et = .
Pstart -~ o Iptart = 283" 100 "A

The start-up current which flows through the NMOS gtart-up transistor, Mgart, Must be sized lower than
PTAT current divided by S. Thisalows the start-up transstor to turn off when the circuit isin desired operation. A
large safety margin of afactor of 3 under worst case scenariosis used to size thisNMOS current. We assume the
PMOS gart up transastor is deep in the triode region. The worst case scenario is maximum Vpp, fast process, low
current, which occurs at low temperature.

| i | i W IPstart
_ Ipstartmin _ 'PTATmin _ "™NCOXmax YVNstart 2tart = INgtart = 9441MA
INstart = = = >(VDDmax - VTNmin) 3
3 36 2 LNstart
Whistart = Wmin Wngtart = 1mm
ISNNCOXmax 2
LNstart = —’WNstarP(VDDmax - VTNmi n) LNstart = 3.13mnm
24{1- sp )
[«] Device Sizing

[*] Phase Margin and Compensation
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PH4seOvtargiA‘ar¥'the Compensation Capacitor

Stabilizing the bandgap not only requires the negetive loop gain to to be greater than the positive loop gain, it
a0 requires pogitive phase margin at the unity-gain bandwidth of the circuit. In the following section we will discussthe
open-loop gain and how to Size a compensation capacitor for the circuit to insure a desired phase margin.

There are three potentia places to put the compensation capacitor in this circuit. Thefirgt iswith a cgpacitor to
ground from the high impedance node, V3. The second place is from the gate to the drain of My, which takes
advantage of the Miller effect. At firg., it appearsthe Miller affect only gpplies to the negetive feedback path, means a
higher frequencies the positive feedback gain will be higher making the circuit ungtable. In redity the capacitor , which
reduces the impedance of the high-impedance node, reduces the gain of both paths. The third place to put the capacitor
is from the gate to drain of Mp,. This reduces the gain of both paths at high frequencies.

First we need the transfer function for the current mirror. To Smplify the derivation, we lump severd
impedances to reduce the number of variables. The we use KCL to solve for the transfer functions

Xy
X+y

para(x,y) :=

11 el 1§
2= parar Q4 Ry + parar—
&S CgeN gmN a 29Cp ImQl g
10
S>Cp>‘N nglg

KCL @V

Zg = par ar
This section doesn't work

V.
(Vi - Ve)orCyen + amnA{Vi - Vo) = —
S

o = 9mN>(Vi - Vs)
Solving for ifi; yields
ImNZ1 i
OmN¥s + 1 é§ Cgs|\|>(zs+ Zl) . Jll;l
& OImn%stl1 a
We repest the derivation for the M gain Stage
9mN Vi
ImN*Zs + 1 gesCys\Zs 0
(—————— + 1=
eImNZst+t1l g

ip=

ip=

The overall open-loop gain transfer function becomes
- gmnapara(Ro, Co) 1 6 1 1
- _parag
omnzZss+ 1 ¢oCona(Za+ paalRo.C) 0 ¢ "s{Cgepa + Cgepz *+ Cgep1) b
E‘ OmN3¥Zs3 + 1 0 € 9wprs

ImN 21
—  x
ImN%Zst 1l @
€
e

*o.

A0|: 1-

—

w1 s
e

C>'_

A good gpproximation for the open-loop gain and the dominant pole are:

AL = ImMN3 >M>Ro>‘éél ImMN2 o 1, 1 +R19EJ
1+ gNae—— E 1+ gmunpe—— €ITMNL  dmQ1 g
9mQ3 e ImQ1 0
_ 1
P1= ResCa
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Multiplying these two the open-loop unity gain bandwidth becomes

.2

ee 9mMN1 O xﬁ
G, ImMNI = Cc

& IMQLl g

To insure good phase margin we need the unity gain bandwidth to be about 2 times lower than the lowest
non-dominant pole under worst case conditions. From the transfer functions above it is difficult to tell which what the
lowest non-dominant poleis, because of the pole-zero interactions. To smplify make following assumptions about the
non-dominant poles:

g o g o — |
mMMN1 = mMMP3 = ————— mQl =
VDssatN M¥/pssatN R VT
CgsmP3 = W ppglppgCox Cgsmp2 = WppCox Cgsmp1 = WppCox CgsN = WNLN*Cox
ImMP3 Wp1
Wpy = m —P - 013GHz
(CgsMP3 + Cgsmp2 + Cgsm P1) 2p
1 Wp2
Wp2 = —— — P2 - 001GHz
& + Ry + OCon 2P
e9ImMN1 IdmQl g
Now we can solve for the required compensation capacitance
2
5 Ry® . .
Ce:= Ee JmMNL_Q . ! Cc = 411.66pF This section doesn't work
¢, o + (o )
& Int g

[+] Phase Margin and Compensation

[*] Performance Measures

Performance Measures
Area:= 2WNALN + 2Lmin) + 2Wp{Lp + 2Lmin) + 2WpeasX Lpeas + 2Lmin) -
+ Z*N%mbim)(LPcagaias + 2>Lmin) + 2>WPbias>(LPbias + 2>Lmin)
+ W ppgeas”{ Libgeas + 2Lmin) + Wpog{Lpog + 2Lmin) -
+WRY{LR1 + Lmin) + WR{LR2 + Lmin) + (N + 1)Areaq; ..
+WPstart>(|-Pstart + 2L mip) + WNstarP('—Nstart + 2>1—min)

\/Area: 380.68mm

V2WNALN + 2Lmin) = 35244mm NMOS Area
J2WPALp + 2Lmin) + 2Wpbias{LPbias + 2Lmin) + WPbg{Lpog + 2Lmin) = 6266mm PMOS Area
PMOS Cascode Area
 2Wpcas{ Lpcas + 2bmin) + 2 peashias’{ LPcashias + 2Lmin) + W pbgeasX LPbgeas + 2Lmin) = 11643mm
JWRALRL * Lmin) + WR{LR2 * Lmin) = 4491nm Resistor Area
JWhstart{LPstart + 2Lmin) + WNstart{ LNstart + 2Lmin) = 15.12mm Start Up Circuit Area
Bipolar Area
oD = P +1+1+ = + L 4 x0 lvpp = 505" 10°nA
eds M M ]
Power := Iy pp¥DDmax Power = 16.67 mw
Cost := CpPower + Cp>Area Cost = 1.9cents
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|
OmMN1 = IdmMPL = ImQ4="7"" OImMP4 = I9mQ1 ="
VDssatN VDssatP Q4 \%5 VDSsatP R 2
Kip
1 Vampa(f) = J AkxTemp +
VnQs = | ATempx—— 3 Wppl
Q \/ 20mon >ImM P4 Pogt-Pbgf
Kip

KiN vampa(f) = j AkTemp

+
' 3 Wl
BgmmN1 WL POmM P1 pilp

vamna(f) = j AkxTemp

VnR2 ::,/4>k><Temp>Rz VnR1 ::,/4>k><Temp>Rl VnQ1 = \/4>k><Tempx;
29mQ1
9ati ImQ1 62 a% ImQ1 629
2 2 (:aré ’ gmMNlB ré romaL ImMN1 ’ 1; g 2
vo(f) = *nmn1(f) + € + Wyppmpa(f) ..

A

(gmM P1>R1) & (R1>€JmQ1)2 (R1>9mQ1)2 G

2 2
2X/nQ1 L VnR1

\ (gmM F>1>R1)2 (gmM F>1>R1)2
Now applying v,,? to find the output noise:

2
A a2 2¢ 2 1 4 2 2
Vp(f) = j avo(f)~ + vampa(f) g Ommpa %%2 + 9 +vpro VnQ4

e ImQ4 g
fstart = 100Hz fstop = 10GHz
i-1
..hum- 1
éstop (0}
fvali = igartt——=
afsart g
3 Bandgap Output Noise Spectrum
1-10 F
1
el
=
L
7
E 100
B
(s} AN
Z
10

100 110° 110" 1-10° 1.10° 1-10° 110° 1.10° 110"
Freguency (Hz)
—— Bandgap Noise
— 2*R1 Thermal Noise
— Goal Noise
2 ¢
DR R = DR_Rmin *Wmin
- 2 DR R =4%
WR
2
_ 2 Lmin hreshold o
DVinp = | DVinPLmin i DVihp = 389V 3s PMOS Threshold Variation,
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Ba

{ Lp”
2
DV, DV, 2, bmin_
thN = thNLmin 5 DVir = 555mV
LN
2()2 2
2
EQ'F”COX’VDSsaIP Y  spL
Dl_Imir = [DVtnp ’ga Q +spys .t Dl_Imir = 41%
@ VDssaP g ) 24Lp L

2 Ar 1mi
Dis_Is i:jD|S_|SAreamin x—eaQ it

AreaQimin := (1nm)2

where

3s PMOS Threshold Variation,
where

Current Mirror Mismatch

DI S_I SArean'“ n =5%

Bipolar Transistor Reverse Satul

Arean DI S_lS = 0.48%
p P > S N
& & Vosst + 10 Y 4
2 &R & €pr R’ 2& oy 7T gl u
DVbgmismatch = VT x—XXAn(N) + 1 B + Dl_lmjr #1+ ——————= + = U
eR1 g R & In(N) g X0 a
€ R a
é é 2 2 2| a
g, &Disls” ga@u_o EaE!:;DWo Haé/DSSatNo , DVinN t‘ 1 g
€ € N LN WN g 2VT ¢ 2 L 2 U
\ & @ ee ﬂ e gleé a VT uln(N) 0
DVigmismatch — 3864%
V BRaaait The bandgap variance due to mismatch
bg
DR R
VT %%R XAn(N) + O *—
eRl g é’ERZO
C— =
eRig . .
=053% Resistor Mismatch
2 &R N
Vo= ><X>{n(N)+1_x€C L L,
eRt & N g% . .
=0.03% Bipolar Mismatch
24 VT
2880 %aeaao aeavao a@/DssaNO  DVinn (1 ¢
VT x—xXXAn(N) + 1- e = + s ,
eR1 ) %eLN ) eWN gle T g V2 b'”('\')zb
=41% NMOS Mismatch
4 ,2 ¥
gae VDssat +19 v
2 a2 o2& Tay T 40
vT x — XXAn(N) + 1250 mir >¢C1+ e
eRi o In(N) @ X0 .
=3841% PMOS Mismatch
Cie:= 14fF tg:=10pS c
| je
=Ce+ * = CieWN + % =— =—+ t
Co = Ce* ImQ1tF CoN = GeN + gmQ1tF ImQ3 YEVE Cp3 N ImQ3tF ImM1
1 1 &
zy(s) =para®—— —= 04 Ry + para® 9
AS Cnd\l OmRANIT - AS Cn OmN1 -
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T
Z4(s) = pra®— 9 Cyshi3 = Wibias’LNbias’CoX
eSCpN 9mQl g

el 1 0
25Cp3 OmQ3 g

viingL i

Zg3(s) = parar

Ag(f) = |s— f- Dopst

1
-gmMNswara%o )CCO . . .
'} é
aF ’
Zs3(s) +1 & S + +
ImMN3 33( ) S>Cgst>&§Eiss(S) N pararageo ’chg 89mmp3 {Cgsmpa + Cgsmp2 + CgsiF
+

gmM N3>Zs3(3) +1

M: ™
o8

1-10
1-10
100

|Aa(fval)| 01 N
0.01 x

1-10_

110

1-10_ he

1-10

100 1.10° 1-10* 110° 1-10° 110" 110 110° 1-10%°
fval i

200

\\
%WdAd(dei)) 0 I

-200
100 110 110 110° 110° 110" 1-10% 1-10° 110

[+] Performance Measures

[*] Outputs

Outputs: Device Sizes for CMOS Bandgap with Low Sensitivity to Rout.

Bias Generator PTAT Generator Bandgap Generator Start-Up Circuit
Lpcashias = 0.5m Lpcas = 0.5mm Ry = 0.33kW Wpstart = 74.78mm
W pashias = 16:88mm Wpeas =3 10°mm W ppg = 3739mm Lpstart = 2

Il ~: . —2rmm Iai — 2nm ~_ — 2rmm \Wai oo o = 1nr

I
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Wpy

WnNbias = 518 10" mm

LNbias = 2mm

!l and Analysis

LN T e

Wy = 20.7mm
Wp = 3739mm
Lp = 2nm

Ry = 39.36W

WR = 101.62mm

Lr1 =2mm

“bpg — e Vv NSIary — e

Wpbgees = 3" 10°mm Lngart = 3130
Wpg = 10162nm

Lr2 = 16.85mm

Thefdlowing "variables' are redefined to "figure variables' so that a different font could be used.

LPcashias = LPcashias Licas = Lpeas R2:= Ry Westart := Wpstart
Wecashias = W Pcashias Weess = W pcas Wpbg := Wppg Lrstart = Lptart
Lpbias := LPpias Ln = LN Lpbg := Lppg Wnistart := W Nstart
Whpias = W pbias W = WN Wpbgeas = W phgcas LNstat = LNstart
Whbias := WNbias Lp:=Lp LPbgeas = LPbgcas IMzzl M
LNbias ‘= LNbias wp:=Wp LR2 = LR2 Ibias = Ibias
R1:=Rg Lr1 = LRr1 Ibg = lpg
WR = WR INstart = INstart
[] outputs
Start-Up PTAT Current Cascode Bandgap
I ! — :r ' Vo = 3‘I
Wpgat = 74.7, Wp = 3739 "mf'\| Wpige-= 93

Wingtart

o

'as:2rr

d Wppg = 373.9mm
g = 2mm i

rpgces = 3 10°4m

Srm cas = 0.5m

Ipg = 142" 10° e

INgat = Y441 m

A Vpg= 128V

e =518 10Tﬁbias:5.1s’ 10%
a = 2mm LNbjas = 2mm

I

=1rmm R2 1: 0.33k Lsz 16.85{rTm

) — 313 . . WR = 101.6Rmm
Npart ==, = =025 = =025 i
: Mo M :
i ! E :

nv DMbgmismatch
Power = 16.67 MW JArea=38068m  Cost = L96cents vp = 41.44\/_ ngr\n/'sm = =3364% Vppbgmir
Hz bg

lvpp = 5.05mA

Fig. 1: CMOS bandgap and start-up circuit with device sizes

Thefollowing stages use the PTAT current from the bandgap generator.

WpTAT :=Wp
lpTAT =1
LptaT =Lp
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[*] Noise & Variance of Res.Divider

Noise and variance of the resistor divided bandgap voltage

GND
Fig. 1. Bandgap Voltage w/ Resistor Divider

The bandgap voltage is often passed to another circuit, which requires a reduced vaue of the bandgap voltage,
where the reduction comes from aresistor divider. This section anayzes the noise and variance of the resistor divider.
For example purposes we assume the reduced

Vbglow = me

Variance of rediiced handnr-m voltane:
SDR O
RiI=R Ry=R2| R1>Rr1+— Vbg = Vbg + SDvbg
R2 Rlg

,.2
SDR | R gESngQ
aRo + RlO Rz e Vo g
e R
If we plot the variance of the output voI tage vs. Vqiow:
2
SDR R 2
SDVhglow = Vhglow* > * SDvbg_Vhg
& Vog 0  Vbglow
C =
&Voa- Vodlow &5 Vba - Vialow
Variancein Bandgap vs. Voltage

e
SDVbglow = ngR +R2j

2000
1500
S
E
8 1000
s
@
>
500
0
0 0.2 04 0.6 0.8 1 12
Output Voltage (V)
— Variancein Main Bandgap (mV)

Thisplotis aY?{I'e & A F\c/jéc?ﬂ a&"ﬂ"’Pn‘{aYé the circuit works better for reduced output voltages. In redlity, the

percentage variance in output voltage is greater as can be seen from the following plot.
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Band Percentage Variance of Reduced Bandgap
1500

=
Q
Q
o

Variance (%)

500

0.2 04 0.6 0.8 1 12

Reduced Bandgap Voltage (V)
— Percentage Variance in Main Bandgap

o Percemagevariancem Reduced Bandgap jed down bandgap voltage as close to the

origina bandgap voltage as possble limited by headroom congraints. We also notice for reductions up to 1/2 of the
bandgap voltage, the variance of the divided bandgap voltage is about the same as the main bandgap. Thisis partly
because of the good matching of resstors used for the plot.

Noise of the reduced bandgap voltage

A note when sizing the components for noisg, it isimportant to size them for noise at the highest operating
temperature. Thisiswherethe noiseistypicaly the larges.

.2 .2
S S + S 2“>~’(ia RZ 0 +S 2? Rl 0
Vnbglow = @ ang VnR1 ¢ Rl + sz VnR2 Rl + RZg
Making the following subdtitutions and smplifying
2 2 Vbglow Vbglow O
SvnRL =4KRL  Syprz AR Rp= Rot  R1= Zr% - ot
Vig e Voo g
Yidds the following result
2 2 3/bglow ( o Vibglow 6 Vibglow
SVnbglow =SVvnbg X v < F 4’*"‘-|—’Rtot’f(’;:?L Y _:XV—
e Ybg g e bg g Vbg

Or normdized this gives:

& Vo 0
2 Sy +4>k><T>Rt0t>r 9 .11

SVnbglow eVogow g

=
Viglow ng
If welook at noise on a percentage basis usng EQUAL current in the resistor divider as the bandgap, using the
following noise estimate for the bandgap circuit, we see the resstor divider contributes 10% to the total noise and the
bandgap contributes 90%. Thus we sze Rtot for about 20% of the noise budget.

2 VT : : N
s ang = 4%Temp >Kptat ><E bandgap quick noise gpproximation (sized for current)
Y V .
Riot = by Viglow = ~bg Riot Szed for current
ldd 2
& Vb 0
2 ng>i‘ 9 - 1=
Kptat VT eVogow g
= 86.52% = 1348%
el a Vhn s 2 a Vhn I
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Band( Kptat VT + Voo ——— - 1= Kptar VT + Voo o ——— - 1=
{ Rptat VT bg'C : ptat VT bg'C :
eVogow g eVogow g

From this equation we see that we can Size the resistor to give us the desired noise voltage.

2 .2 .
20008 vpglown & Vbg 0 @@ Vbgow O
HloTemp @ Viglow g & Vbg - Voglow g

Riot =

[«] Noise & Variance of Res.Divider

[*] Voltage to Current Converters

Op-Amp Based Bandgap Voltage to Current Converter

An important concept to consder, when designing op-amp based bandgap buffersis where it's bias current will
come from. The two most popular options are constant g, circuits, MOS and bipolar, but there are many other
possihilities including congtant dewing, etc.. Inthe bipolar case, we can Smply usethe PTAT current available from the
bandgap circuit. In the MOS case, a separate constant-gm current generator will have to be created. Thiswill require
more current in the IC, but is acceptable if the current will be reused, or if it helps to save current, by reducing process
variaionsin aMOS op-amp of the voltage-to-current converter.

Other important effects to consder, when designing operationd amplifier circuits are;
a) Stability: especidly in the presence of extra capacitance from bonding pads, board traces, and probe capacitances.
b) Sengtivity of nodesto high frequency disturbances. Op-amps do little good at suppressing nonidedlities beyond
thelr unity gain bandwidth

Pext 1

VDSsato

Fig. 1: Bandgap Current Generator Circuits

In genera the bandgap will be turned into a current, where it will be mirrored of to another circuit. We can
assume two scenarios for where the current will be used. In scenario 1, Vs Will be made samdl to maximize
headroom, in this case Vg Will be given

In the second scenario Vpsg Will be maximized to minimize noise. In this scenario, ether Vpsg Will be given
again, or the voltage-to-current converter will be desgned to maximum the load current mirror's Vpsez - The
following design options will be explored for current converter.

Option #1. Mirror Bandgap current from bandgap's emitter follower
Option #2. Op-amyp based voltage to current converter with NMOS Follower

2a. Sngle-stage NMOS input op-amp

2b. Sngle-stage PMOS input op-amp

2c¢. Two-stage NMOS input op-amp

2d. Two-stage PMOS input op-amp
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BiReAR R TS 25 BaSPvoltage to current converter with PMOS Mirror
3a. Snge-stage NMOS input op-amp
3b. Sngle-stage PMOS input op-amp
3c. Two-stage NMOS input op-amp
3d. Two-stage PMOS input op-amp

For each option, the following variables will be found and summarized in atable:
1. Maximum load Vg -

2. Minimum supply voltage for agiven load Vpgey -

3. Noise Current Assuming a Folded Cascode Operational Amplifer for two-stage (1/f noise must be considered)
4. Vaiancein Output Voltage

Output voltage noise

In the following derivations the output current noise from option #2 and option #3 areidentical. The noise at
the gate of the output trangstor is
KCL @ Vext:
Vext * VnRext

ImMNO’EVnNext + A>(Vnoa+ Vhglow - Ved)[ = Reg

it = ImNOEVnNext * A>(Vnoa+ Viglow - Vext)[
io = Migg + (VnPe<t + VnPo)’Qmo
Solving for io:
o= (M ImNoA ¥ noa + MImNo*A ¥ pglow + M>ImNoA ¥ nRext + Imo™¥ nPext ImNoA Redt + gmo’VnPo’gmNo"mRe(t)
(gmNo>A>Re<t)
Assuming the operationa amplifier gainislarge:

. 2 &M ('jz
lon =Cc 5=
e
We can dso that the output current noise is more afunction of the ratio of the bandgap noise to the bandgap

voltage than the bandgap noise itsdf. Thusit is desirable to keep Vbglow as large as possible. From this equation
we five sources of noise: The bandgap, the opamp, the resistor, and the two current mirror transstors. The resistor
itsdlft contributes a negligible amount of noise. The output current mirror contributes a given amount of noise, which
isfixed by theinput congraints of |, and Vpsg. Thisleaves budgeting only for the bandgap, op-amp and current
mirror. Two quick gpproximations for the op-amp and bandgap are given below:

2 2 2¢ 2 2 2¢
%Vnoa * Vbglow * VnRext ¢ T 9mPo %VnPed * Vnpo ¢

2A/pssatin®NF . N
sVnoa2 = 2>4>k><Temp><£ = ZMXTeﬂpx?;TM OS Op-amp quick agpproximetion
mi ta
2 = 2ok Ml
SVnoa = SICHER Bipolar Op-amp quick approximation
K : N
stg|0W2 = %bg’ bandgap quick approximation
g
s\,nR@d2 = dkTemp Reg Noise of Externd Resistor

2 2
-
m

2 2
YR Y
m

 J LY SR J R L B N SR L
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Bandgap"ﬂ%@ga{ﬁﬁ,&(?&%@g valaole Untuuons

Viglow lo 2o e
Re¢ = M=—" Ompo:= OmPext =
let |e<t VDSssato VDSsato
P
| 4%/ >NF K V] 4R/ 2%/
s|0n2—4>k><Temp>i§e o] O 8 DSsatin Nbg N bglow + bglow 0 ( bglow) H

Vigowg &  Hil 4>k><Temp>4bg

|9(t é

3>VDSsato Qj 3" ONDSsan u

For the same current the bandgap is 100(MOS Input)-800(Bipolar Input) times noiser than the op-amp, so
little noise budget should go to the op-amp. For the same current we aso see the bandgap is around 7 times noiser
than the current mirror. For optimization of the total current we represent the current noise in the following form

2 2
e | O (2¥pg X1 Xo Xz
Slon - AkxTemp ° ( bgow) -+ =+ =

engIowéj MoVpssato el et Ing

& lo ('j /pgsatinNF

4>k><Temp>r
& Viglow g 3
2
I 0 4/
X2:4>k><Ter’np>%3e ° (-:)N Iow’ﬁ’f bglow9
€ Vbglow g e DSsato g
.2
& lo O KNbg

4>k><Temp>r :

Thetotd current is expressed as
ltot = Ibg * ltail * lext

The optima vaues for current as derived earlier in the report are:

(X1 + 2+ )
224

2
Slon - 4KXTempx———
3A/DSssato

ltotopt
Ibg = 5 5 X1
@ lo 6 (2Vobgow)

ltotopt =

SIon - 4>k><Temp>r —I
e bglowg 3HoADSsato

ltotopt

2 lo ..2 (2>ng|ow)2

ltail = X2

Slon 4>k><Temp>r =
engIorwg 3AHo¥pssato

j ltotopt

2 2 3
| 0 (2
Slon 4>k><Temp>r ° -: ( bgow)
&Vbglow g 340¥DSsato

nglow
lext

Since Risexternd it must be chosen from a set of slandard component values. We will choose the closest one:

The differencein cost between a 1% resistor and 5% resigtor is 0.015cents, and is negligible, so it is routine to use the
1% components. 1% Resigtors are sorted after fabrication, so the distribution of values are usudly not gaussian, but
rather uniform over +/-1%. If acomponent is chosen to the closest standard vaue, the maximum potentia error will be
2* 1%=2% with an uneven digribution of 0% on one side an 2% on the other sde. Thus the circuit can be
systematicaly tuned to account recenter the output current to save 1% in variation

Redt = ffindl Rodt)
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AN SEREVHUIRRS M, the current mirror ratio, can be found:
loRext
M= —
Vbglow

A possible method szing the voltage-to-current converter isto do whatever is convenient for stability. Also
note the op-amp with MOS inputs will contribute a Sgnificant amount of variance in the output current.  This should
aso be consdered inthe 9zing. Also these noise estimates only consider therma noise. For low frequencies the
equations should be redesigned for 1/f noise.

Variance of Op-Amp Based Vtol Converter

Now lets caculate the noise and variance of the output current. To do thiswe mode first mode the amplifier
as an ided op-amp with an input offset and input noise source. If thisis true, then the noise from the NMOS follower
doesn't matter. The output current isthen
Vbglow "

lout =
To find the variance in the output current, we make the following substitutions:

5\>/ng0w9+ S DVopamp Redt = Re<t>(1 + SDR_Rext)
bglow g
Here we are assuming the resistor to be used is an externa resistor with atolerance of 1%. Externa resistors
are commonly used to set the bias current for two reasons. Firgt it gives the user flexibility in setting the current.
Second, it reduces the variaion in the current. On chip resistors can vary up to 30%, while external resistors can be

purchased with variances down to 0.1%.

&
Viglow = VbglowC 1 +
e

S DVbglow . S DVopamp

SDio_lo = Vogion Voglon + SDR Rext
For design the variance in |, must be budgeted among the bandgap, the op-amp and the externd resistor
_ Kmisoa
SDVopamp = Areagy

III Voltage to Current Converters

Copyright Information

All software and other materidsincluded in this document are protected by copyright, and are owned or
controlled by Circuit Sage.

The routines are protected by copyright as a collective work and/or compilation, pursuant to federa copyright
laws, internationa conventions, and other copyright laws. Any reproduction, modification, publication, transmisson,
trandfer, sde, digtribution, performance, display or exploitation of any of the routines, whether in whole or in part,
without the express written permission of Circuit Sageis prohibited.
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