Two stage operational amplifier: input referred noise
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This can be complicated. Let us
introduce a handier method based
on the Norton equivalent circuit

Remove the input differential signal
(connect both the input teminals to
Vow)

Substitute every device with a noise-
less equivalent and and equivalent
noise source (we neglect the noise
from R, due to its small value).
Use the small-signal equivalent
circuit to calculate the output noise
VOltage (Vnout)

Calculate the input referred noise,
vn, as V,,/A, where Ais the
amplifier gain
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Amplifier Norton schematization with output referred noise source

It is possible to model any amplifier
(whole amplifier or single amplifier
Vie D_-I- : ! ZoutI _? stage) with a Norton equivalent
VO

circuit of the output port
and take into account noise with

D— Yn(S)V; — " :
Vi m(S)Vi : >  an additional current source i, .
i (A =-YZ
VO = _(Ymvin + ion—sc ) Zout — _szout Vin + == AV o m*— out
Y, Input referred

General input-output law of a noise vo.Itage
—i
v, o=
.

voltage amplifier with noise/offset: v, = A, (v, —v, ) e

Y

m
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General method to calculate the input referred noise / offset

Step 1. Noise
sources off, input
signal on,

determine Y,

Step. 2 Signal off,

determine I,_¢ o With
the superposition
theorem

M
k=

Generic amplifier with M
internal noise current

sources

Al
]

lOl’l—SC
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Application of the method to the two-stage op-amp

It is convenient to calculate the equivalent output

noise currents of the two stages individually, and

S then study the whole amplifier using the following
,,«J Me s equivalent circuit.

w4 b
Vis - Vie ) ./\/\N\_H_\ Vout
oCm w2 g Cc D —D

v b
K H V1 2 |—0 out Vl.d<l> —L I
C B C [1 G .v.[ R, C, 2n-sc
M3 :“_0_| M4 ! ”: D>— | n-sc | m2 1' |
X | M3 ”;7
" First stage Second stage
First stage Second stage
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Output noise short circuit current of the first stage

L—EP CE—EF' Vi In orde_r to _calculate the output noise
! int 2™ i, short-circuit current, we need to
-~ calculate the current gains A,,, from
each one of the MOSFET noise sources
d[j lj to the output short circuit current.
Input stage with noise current

sources of all devices
(small-signal circuit)

P. Bruschi — Design of Mixed Signal Circuits



Effectof / s, /.4

I, is directly connected to the output port, then
it flows directly into the output short circuit:

A, =1

I3 is directly connected to the input of

Vi, M1 M2V, the current mirror. It sees a low
”r'r—_ :“— resistance towards the mirror and high
Hn-sc 77 resistance towards M1 (2r,,). Then it
- flows almost completely into the mirror
e FF—| ”” and reaches the output port after an
'3 | M3 v M4 | T ing inversion (caused by the mirror).

A,=-1

I3 —
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Effect of /.,

Lop—cc (in7 ) =1, [0(— (1_ 0()] =1, [20{—1]

| jn
o M7 ’ In the case of perfect symmetry and zero
M1 _ M2 input differential voltage (V,;=0), which is the
r[ﬁ T o7t j'— case that we are analyzing:
(1=aip7 | 1n-sc ™ 1
[ ad=— = iln—sc(in7)EO AI7EO
i -
M3 M4 If a relatively large input differential voltage is
7 present, o can be significantly different from

0.5 and the effect of i, is no more negligible.

In the following part of this analysis, we will consider a=0.5
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Effect of / 4, /5

li’ll—a — lnl—b - lnl ! M7
|: i - |
I 7 i ' e ™
n1 n2 | '1n-sc ¢
p—— ®

- @
/ mn .
L 7 1 Ok ok O, s
M3 M4 e ”;7 .
mn

Since i, and i, are floating, Int.a: same effect as iyg: Ay, = -1 A
we can split them into two i1 same effectas i ;: Ay, =0 I
sources with a terminal at gnd. A =

Repeating the procedure for /.,

P. Bruschi — Design of Mixed Signal Circuits



Putting all contribution together for the first stage:

A, =-1
In7 A, =1
M1 M2V, A =
p@ OF
In1 In2 [ ITH-SC”” 14 —
A, =

Ot hd,”
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Equivalent output noise current of the second stage

Vdd
T ITIT7
Vbias | ,'
Ht | né
M6 M6 .
No input signal o I2n-sc
© ? D -« &
because we are
Vout calculating the A
effect of noise . . .
M5 i
M5 7 nd

ITrT7

Equivalent small signal circuit
with current sources
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Putting the two stages together

C
v, Re 0 o
D+_ AAA |
Via R | i1n-sc R ¢ i2n-sc
D= Gm 1Vid 1 C1 Gm2v1 2 C2
+ : \ . :
i, =G V. C /
Step 1. Calculate the h mlVid v, R. © 0 v, 9-SC
|

Y, of the op-amp Vie D ! W ]
Gl ST
. _ ) G_.v. G_.v C
l e — Gmlvid Alh v, D— m1 .'d”% 1 C1 | m2 1' 2 2

Ay = Ol._sc 4\_ A, is the transfer function (current gain) from a
L current source connected between node h and
Y =t =G A gnd to the output short circuit current
Vid
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| Calculation of A,
admittance Y,

C /
— h v RC C v 0-SC
. . ||,© o :
1 W I : il lo—sc :VleZ _VIYC =V (GmZ _YC)
ih#> %R1 C1 Gm2V1 Vl — _ZAlh E> io—sc = _ZAlh (GmZ _YC)
7/ _,’7;7 1 sC io—sc
A Y, = = < Ay == :_ZA(GmZ_YC)
R.+ - 1+ sR.C. L,
s
‘ _ sCe _G,,—5C; (1-G,,R.)
N N Ty I
, 1 +sR.C, +sR.C,
L=
1
. . 1
Yc+R 56 sincewesetR. =— = G , Y, S

m2 e 1+sR.C,

m2
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Calculation of A,

1 _ R (1+sC.R.)
sG] 1+s(C.R +C.R.+CR)+s’R.C.RC,

_ —G, R,
1+s(C.R +C.R.+CR)+5’R.C.RC,

A

dc value: 4,(0)=-G,,R A | A,, drops below 1 (0 dB)
A, (0)) >>1 B around the unity-gain

| frequency of the op-amp:
qualitative frequency .
dependence 0 dB —

~ o\
(DO
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Let us come back to the noise

c
h v, R; |(|: 0 Vou
D+_ | ) ! | EU> Y lo—sc G A
Vig p— I, - l, - = 1= 71h
— Gm7vfd”1” R, C, | 1n-sc | Gm2V1. R, | C, | 2n-sc m v m
c ] lorse
h v, Re ¢ 0 Vo 1-5¢ V, =
—/\\ T s Y,
m
R1__C I1n-SC G .v RQ__CQ Izn-SC lon—sc — lZn—sc + Alhlln—sc
- | . v =— ban—sc _ Yin—sc
Circuit for calculation of the total output noise current n
GmlAih Gml
. 1 . i2n—sc . _iln—sc
v, = —G— A +A— up to frequencies where ‘Aih‘ >>] v =
ml ih Gml
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In the simple 2-stage op-amp

— 1
EI‘J M6=l: Vo= _iln—sc — inl B in2 + in3 B in4
M7|—ll IO lIT ' Gml gml
V. V
ol VIR '_’||—<f|2 Ce '&?/ S (f)= Spt+o,+5,5+5,
M3 [, ma ' S, +S
4_—1 5 lel): Sm(f)=2 11 ; I3
,7;7 i gml
A more interesting formula can be obtained [y
In

substituting the equivalent gate noise voltage

2 2 2
S (f) =2 O+ Em3dys = 2[SV1 + S Sv3]

vn 2 2
gml ml

— giiSVn
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Input noise density of the op-amp

—
II“l M6, 823
I 'r__ S, (f)=2]8,+=2%S,,
M7|—lllo lIT ml
V., v
DM M2 '_’||—<:|2 Ce .O—|:\>/ Sm(f)=2(SVl+F2SV3) F=gm3
K H v1 RC |_0 out gml
M3 4__““’_|5M4 R
1 M5 2 _4 o 7= Abs Vg F:ID3 Vo
i Vir Vies 1p IDl VTE3
For this amplifier /,,=/,,, then: F =—=
Vies
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Thermal noise

S, (f)= 2(Sv1 +F2Sv3)

' using: Sv(f):§kTL
3 g,
sm(f)=z[§kTL+F2§kTL]
3 gml 3 gm3
Sv,,,th(f)=2-§kTL(l+F2 g’"lj F:gm3
3 gml gm3 gml

[sm(f>=z§kTi(1+F>]

gml
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Flicker noise

s
II‘J IIV|6| . 2
S Ty, Se (=28
\é;_| Mt M2 |—\</:|2 CC"O_DV using: S”(f):W_£7
il mF ) MOS = N
us. JF—L, [, with: b7 = N
; bt n-MOS= N,
777
ANV
N N
Svn—F(f)zz( P pr L J :
\ VVlLl W3L3 f)
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General considerations about the op-amp noise:

Let us recall the thermal noise and use: g,,1=/pi/V7£)

Svn_th(f)zzngL(HF) :[zng Ve, (1+F) J

8 m I,
ou Thermal
N
S 1) =2 P g ]
WlLl WiL, Jj Flicker

For both the thermal and flicker noise, it is convenient to set F<<1 (Vygi<<V1g3)
The larger |54, the lower the input thermal noise voltage density

A small V¢, helps obtaining small thermal noise densities with lower current
A small flicker noise density can be obtained using large M1 and M3 areas
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Input offset voltage of the two-stage op-amp

Vi e
Viias =|4|__0_/l?\ M6 Ir__ vn = _lln—sc — lnl Il ln2 + ln3 _ ln4
M7 'j/AID7 Al G, E mi
v, M1 M2V, ' b6 Let us just replace the noise current sources V\{i’[h the
I*_- j 0 equivalent current sources of parameter variations
Vw? | | }_EVC"” Cer © Al —AI,, +Al,,—Al
Alpy Al |” Vit y = D1 D2 D3 D4

"y Note that M1,M2 and M3,M4 form pairs

AID;,»CS %K@Abﬁl_ﬁ@) Alps 8 mi

s of matched devices.
Op-amp with the equivalent Then, we can group their parameter variation
current sources that takes sources into single contributions that contain
into account parameter only matching errors AL, +AIL,,
variations Vv, = ’ ’
10 gml

P. Bruschi — Design of Mixed Signal Circuits 20



io

Input offset voltage of the op-amp

i AIBLz _ 2A‘/Il,2 Iy {Aﬂm _ 2AVt3,4 }
1 D3
vo= AID1,2 + AID3,4 _ 7 181 |VGS _Vt|1 )3

133 (VGS _Vt
10 gml gml
Ay )| ABL 24V, o s AB,, 24V, in strong inversion
8 mi \ :61 |VGS _‘/t|1 Iy :83 (VGS _Vt)3 @
izv _ |VGS _Vt|1
v —V| AB 7 TEl = >
p = GS thh 2 AVIL2+
2 B

+‘VGS _Vrh 1, Aﬁ3,4 _ Iy, ‘VGS _‘/f‘l AV,
2 IDI :B3 IDl (VGS -V, )3

t
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Input offset voltage of the op-amp

F
_ ‘VGS _‘/t‘l Aﬁl,z ‘VGS _‘/t‘l ID3 A183,4 ID3 ‘VGS _Vtm
Vie = —AV, .+ AV,
2 151 2 IDl 153 IDl (VGS _Vr )J
Fo8m _ Ips Vighk i S Vs =V y (Vs —V,),
N IN STrong nversion.: = ) =
8 mi Iy Vigs J - 2 " 2
p = |VGS _Vr|1 Aﬁl,z _AVzl,z n le j |VGS _Vz|1 A:83,4 _ FAVt3,4
2 ﬂl D1 2 ﬂS
\ J \ )
Y Y
Contribution of the input Contribution of the
pair devices mirror devices

P. Bruschi — Design of Mixed Signal Circuits 22



Input offset voltage of the op-amp: standard deviation

T V..=V | A V..=VI| A
I‘J » Vio ~ | GS t|1 181,2 _A‘/ﬂ’z + £1D3 j| GS t|1 183,4 _FA‘/t3’4
| [ 2B Iy, 2 B
b b
Vis ' Vio o) IDl — ID3
oEm w2 g Ce _E\>/
K HI Y, lR“C“ !lﬁ o b = |VGS _Vz|1 AB, AV 4 |VGS _Vz|1 Ap; , _FAV
M3 jl"’_”: M4 Ml: o = 2 ,Bl 11,2 133 13.4
1757
Vi =V,) (Vo =V.) 4 C
o z( = o, +o,, +-—— Lo, +F’0, O, =—F2
vio ,51,2 AVr1,2 % AVr3,4 AV,
e e WL
B
2 2 Onp = T
0_2' =~ (VGS _‘/t)l C,[zfp + Cétp (VGS _‘/t)l C;n + 2 C\%m 7 WL
T4 WL WL 4 WL, WL \o

P. Bruschi — Design of Mixed Signal Circuits

23




Design for input offset voltage

—
|I‘J M6ll: 2 2
MTII_HIO | 111 02‘ ~ (VGS _‘/t)l C,lzfp + Cétp + (VGS _‘/t)l C;n +F2 C\Em
v | . e 4 WL W 4 W.L W.L
E;—||:M1 "D ‘_’]|_<f| C, _O_DV lLl lLl 33 33
CoHpY lﬁ%m 2 A B
M3 T_]I——l[fT M4 [: e WL WL,
M5
2 V.-V Vo, —V)
A:( s~V Cy, +Cy, B=( as Vi), C;, +F*Cy,

Total gate area of the input pair and mirror:

S = 2(WlL1 +W3L3)

P. Bruschi — Design of Mixed Signal Circuits 24



Offset voltage: area optimization procedure

ol = A, 8 WiL,=a-W,L,  Example: if a=1, we are
Wil WL, assigning the same area to the
S =2(WL +W,L,) iInput pair and to the mirror

Optimization problem: find the value of a that allows obtaining the required
G,i, With the minimum area occupation.

ozt = as 2] s =W W)= 2L (14a)
WL~ aWL WL\ a %

VVlledlz (AJng — \S=2 12 (A+§j(1+a)

vio / avio

We need to find the minimum of this function of a
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Offset voltage: area optimization procedure

1 B 1 B ) A B
S=2 A+— |(1+a) =2 A+aA+—+B o, = +
vzio ( a j( ) 6\/21'0 ( a j WL WL,
H_/
o0 o
l / only these two terms depend on a. then
f(a) 4 we have to find the minimum of:
B
fa=aa+s YD _, By
a da a
| B
; . Aopr :\/; (a>0) WlleLZKA_I_ B ]
: a avio aOPT
Aopr W.L,=a-W.L,
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Current consumption of the op-amp

In this section, we will consider the main factors that affect the current
consumption of the operational amplifier.

We have already found an expression that ties the current consumption with
the GBW specification

Here, we will review that expression, introducing also the role of the "F"
parameter that comes from the noise and offset analysis

After that, we will find an expression of the current consumption that
highlights the relationship with the thermal noise specification
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GBW and supply current (from

supply

the GBW and ¢, design procedure)

Em
Loy =270 - GBW - C, - [VTES +2-20 VTElj
m5
g&m V,
—1> IS“PPI)’ =270 -GBW - CL | VTE5 (1 +2 P L VTEI j
mS " TES
| _1C,
1% defing: 2 »
i gm5 O- C
/7’? Ve _ Ve _y
Since Vass=Vass  Vigs = Vi Vies  Vigs

=2710-GBW -C, -V, (1+2Fr, )

Fraction due to j
the second stage

Fraction due to
the first stage
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Current consumption of the op-amp - role of the thermal noise spec

If the "dominant" specification is the thermal noise
PSD (Sy,.4), we can use a different expression

out

Let us start again from the general formula:

Isupply — 2gml‘/TEl + ngVTES

... and consider the expression of the \ We need to highlight
input thermal noise voltage PSD: the role of g,

8 1 8 1
=2-—kT—(1+F) [> gm1:2-—kT—(1+F)J

vn—th 3 gml 3 S

S

vn—th
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Current consumption of the op-amp

l1g .V 1
Isupply =28,V T &sVies =28, Vg (1 o2 j =28mVe: [1 " 2r F}
gm

2 8.0 Vi
gm1:2§kT L (14 F) T 1
q lh | 11 Note: F and 1/F
I, ., =22~k (1+ F)V,,, | 1+ R appear: an optimum
3 vt 2r,, F F value can be
f—\’ calculated
1
Note: [ oc
supply 1
Svn—th Isupply :ng(l-FF)h(l-l-
: 3 S 2r F
low thermal noise (S, ) on—th o
means high current Fraction due to \/_ Fraction due to
consumption the first stage the second stage
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Examples

Case 1: GBW =10MHz, C

L—max

=10pF, 6=3V,,. =150 mV, V,,, =50mV, C, =C,

V. V. 1 g 1 C 1
F=2me _ Ve 2 po—Sm _ 1 .
v v, 3 T, Toc 3 I, =270-GBW-C, -V, (1+2Fr, )

11

[ =2716-GBW-C,-V,,. (1+§j 6.28-3-10x10° - 10x107%-0.15- 5 =345uA

supply
Case 2: as above, but the GBW specification is replaced by noise specs:

S —1nV/JHz =S, _,=10"" V*/Hz

vn—th

iy = 3 s\ F) 3 3107 2

vn—th

P. Bruschi — Design of Mixed Signal Circuits 31



Consistent and contrasting specifications

As we have seen in previous example, the GBW specification and thermal
noise density specification are consistent, since for both the following rule
holds: the stricter the specification, the higher the required supply-current.

If the design include both specifications, then one of them is likely to be
dominant. In the previous example, the noise specification dominates: the
minimum supply current required to meet the required noise specification
Is much larger the current required for the given GBW-C, combination.
Then, if we design the amplifier for the noise density, we certainly meet
the GBW requirement.

Other specification pairs are likely to be contrasting: thermal noise and
speed are in contrast with the supply current specification. The same can
be said about flicker noise and area.
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Action of various specifications:

L
=

R

':\I_

[ GBW ]’:'I_'_':[ 8m1s Bms J_{ W, /Ly, J\ — ,[ WLy, <___£ Flicker
; ” .
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o I

N -
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G0 T

-

I }
|

|

|

I W./L,, W,,L
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Commercial products: high speed - low thermal noise CMOS op-amp

Burrownproducs & OPA300, OPA2300
= OPA301, OPA2301

SROSZTID - MAY 2003 - REVISED JUNE 2007

Low-Noise, High-Speed, 16-Bit Accurate, CMOS
OPERATIONAL AMPLIFIER

FEATURES DESCRIPTION
——>> ® High Bandwidth: 150MHz The OPA300 and OPA301 series high-speed,

® 16-Bit Settling in 150ns voltage-feedback, CMOS operational amplifiers are

——>> ® Low Noise: 3InVhHz designed for 16-bit resclution systems. The

® Low Distortion: 0.003% OPA3IDMOPA301 series are unity-gain stable and

IOW power? % ® Low Power: 9.5mA (typ) on 5.5V feature excellent seitling and harmonic distortion
® Shutdown to S5uA specifications. Low power applications benefit from low

® Unity-Gain Stable quiescent current. The OPA300 and OPAZ300 feature

® Excellent Output Swing: a digital shutdown (Enable) function to provide

(V<) — 100mV to (V-) + 100mV additional power savings during idle periods. Optimized

® Single Supply: +2.7V to +5.5V fc:r_ single-supply pperau’un. the_ OPAZNOPAIDT

® Tiny Packages: MSOP and SOT23 series offer superior output swing and excellent

common-mode range.

APPLICATIONS The OPA300 and OPA301 series op amps have

N . 130MHz of unity-gain bandwidth, low InviHz voltage
® 16-Bit ADC Input Drivers noize, and 0.1% settling within 30ns. Single-supply

® Low-Noise Preamplifiers operation from 2.7V (+1.35V) to 5.5V (£2.75V) and an
® IF/RF Amplifiers available shutdewn functien that reduces supply
® Active Filtering current to SuA are useful for portable low-power

annlicrstinne Tha ADATAN ond AIDA Y ara swuailshla in
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ANALOG
DEVICES

Commercial product: low power op-amp

1 pA Micropower CMOS
Operational Amplifiers

AD8502/AD8504

FEATURES

% Supply current: 1 pA maximum/amplifier

Offset voltage: 3 mV maximum

Single-supply or dual-supply operation

Rail-to-rail input and output

PIN CONFIGURATIONS

ouTA [1]

v

-na[z]| ADB502 |[T]oute

TOP VIEW

HN A [T ot to Scaley|| 511N B

No phase reversal v-[4] [5]+m B E
Unity gain stable Figure 1. 8-Lead SOT-23
—40°C < Ta < +125°C 2 pA
DYNAMIC PERFORMAMNCE
Slew Rate SR Rioan = 1 MO 0.004 Vs
———> Gain Bandwidth Product GBP 7 kHz
Phase Margin Po 60 Degrees
Parameter Symbel | Conditions Min Typ Max | Unit
MNOISE PERFORMANCE
Peak-to-Peak Moise 0.1 Hzto 10Hz 6 uV p-p
% Voltage Moise Density En f=1kHz 190 nV/yHz
Current Moise Density in f=1kHz 0.1 pA/yHz
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