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Topics:
• Noise concepts and models
• Low-noise, one-stage op amp design
• Low-noise, folded cascode op amp design
• Low-noise, two-stage op amp design

What will I learn?
• How to do noise analysis using noise 

models
• How to minimize the equivalent input 

noise of an op amp
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MOSFET Thermal Noise Models
Mean-square-current noise in drain

Active region:

𝑖"# 𝑎𝑐𝑡 = ()*
⁄,-. / 012304

= 4𝑘𝑇𝑔9(𝑠𝑎𝑡)(A2/Hz)    

𝑣"# 𝑎𝑐𝑡 = ()*>?(@AB)
>?
C (ADB)

= ()* 012304
⁄,-. / 0E2

C (V2/Hz)

Saturation region:

𝑖"# 𝑠𝑎𝑡 = F)*>?(@AB)
G (A2/Hz) or  𝑣"# 𝑠𝑎𝑡 = F)*

G>?(@AB)
(V2/Hz)

If the bulk is not connected to the source, replace gm with gm + gmbs.

MOSFET 1/F Noise Models:

𝑖"# =
)H

IJK/C
LE
MN

HON (A2/Hz)   or 𝑣"# =
)H

#IJK,-./
LE
MNPQ

HON (V2/Hz) 

1/f corner frequency is where the thermal noise equals the 1/f noise
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Noise Models
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Resistor Thermal Noise Model
The noise voltage spectral density of a resistor R is vn

2 = 4kTR (V2/Hz)

The noise current spectral density of a resistor R is 𝑖"# =
()*
R (A2/Hz)

Noise in a Degenerated MOSFET

𝑖SI# = >?Q
TU>?QR2

#
𝑣"T# + >?Q

TU>?QR2

#
𝑣"R#

𝑣WX# = Y2Z
C

[?Q
Q\[?Q]2

C = 𝑣"T# + 𝑣"R#
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Noise Models - Continued
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Noise Analysis:
1.) Insert a noise generator for each transistor that contributes to the noise.  
(Generally ignore the current source transistor of source-coupled pairs.)
2.) Find the output noise voltage across an open-circuit or output noise current into a 
short circuit.
3.) Reflect the total output noise back to the input resulting in the equivalent input 
noise voltage
Noise Minimization:
• Maximize the signal gain as close to the input as possible.  (As a consequence, only 

the input stage will contribute to the noise of the op amp.)
• To minimize the 1/f noise:

– Use PMOS input transistors with appropriately selected dc currents and W and L
values.

– Use BJTs to eliminate the 1/f noise.
– Use chopper stabilization to reduce the 1/f noise.

Low Noise Op Amp Design © P.E. Allen 2019

Noise Analysis and Minimization
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Thermal Noise Analysis:
1.) Insert noise model for each MOSFET
2.) Find the short-circuit output noise spectral 
current density.

𝑖SI# = 𝑔9T
# 𝑣"T# + 𝑔9#

# 𝑣"## + 𝑔9G
# 𝑣"G# + 𝑔9(

# 𝑣"(#

= 2(𝑔9T
# 𝑣"T# + 𝑔9G

# 𝑣"G# )
3.) Reflect isc2 to the input by dividing by gm1

2.

𝑣WX# = Y2Z
C

>?Q
C = 2 𝑣"T# + >?_

C

>?Q
C 𝑣"G# = 2𝑣"T# 1 + >?_

C

>?Q
C

ab_
C

abQ
C

= 2𝑣"T# 1 + >?_
C

>?Q
C

ab_
C

abQ
C = 2𝑣"T# 1 +

,c- ⁄._ /_
,b- ⁄.Q /Q

4.) Minimize veq
2 by making 𝐾"e

.Q

/Q
> 𝐾ge

._

/_
. 

5.) The lowest veq
2 can be is 2vn1

2.  To further 
reduce veq

2 make gm1 as large as possible.

Low Noise Op Amp Design © P.E. Allen 2019

One-Stage Op Amp
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1/f Noise Analysis:
1.) Insert noise model for each MOSFET
2.) From the previous slide we get,

𝑣WX# = 2𝑣"T# 1 + >?_
C

>?Q
C

ab_
C

abQ
C

3.) Substituting the 1/f voltage noise spectral 
density gives assuming af = 1 and ef = 1,

𝑣WX# = 2𝑣"T# 1 +
)Hc
)Hb

/Q
C

/_
C

4.) Minimize veq
2 by making L1 < L3. 

5.) The lowest veq
2 can be is 2vn1

2.  To further 
reduce veq

2 make W1L1 (W2L2)as large as 
possible.
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One-Stage Op Amp
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Design Procedure – OA10

The goal of low noise design is to decrease the thermal and 1/f noise of the input 
transistors and make the voltage gain that occurs immediately after the input 
transistors as large as possible.

Low Noise Op Amp Design © P.E. Allen 2019

One-Stage, Low-Noise Op Amp Design
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Step Design Equations Comments

1 Use Design Procedure OA1 to design the currents 
and W/Ls of the one-stage op amp

Use specs for DP OA1

2 Choose L3 = L4 >> L1 = L2 Satisfies 𝐾"e
.Q
/Q
> 𝐾ge

._
/_

3 Increase W1/L1 = W2/L2 to minimize thermal noise 
further

Assumes the voltage 
gain and GB can be 
increased

4 To reduce the 1/f noise, make L1<<L3, W1×L1 large, 
and increase the dc current

This will decrease the 
voltage gain and 
increase GB

VBN1

VDD

VSS

Vinp Vinn

Vout

CL

M1 M2

M3 M4

M5

I2I1

I5

180817-01

Rout
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Example 1:
Minimize the thermal and 1/f noise in the one-stage op amp designed 
in Example 1 of Lesson 1, Module 4.  Assume kfn = 4kfp = 4x10-28 F·A, 
ef = af =1,and Cox=25×10-4 F/m2. The designed W/L’s are given below:

Low Noise Op Amp Design © P.E. Allen 2019

One-Stage Low-Noise Op Amp Design
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1.) Choose L1 = L2 = 1µm and L3 = L4 = 10µm 
2.) The resulting input equivalent thermal voltage noise spectral density is

𝑣WX# = 2𝑣"T# 1 +
,c- ⁄._ /_
,b- ⁄.Q /Q

= 2𝑣"T# 1.113 = 2.226 F×T.GF×TlPC_×Gll
G×#llm×TlPn = 3.91×103Tq(V2/Hz)

𝑣WX = 6.26𝑛𝑉/ 𝐻𝑧
3.) The input equivalent 1/f voltage noise spectral density is 
𝑣WX# = 2𝑣"T# 1 + )Hc

)Hb
/QC

/_C
= 2𝑣"T# 1.0025 = #.llx

H
(×TlPCy

#×#x×TlPz×T#l×TlPn×{x.qG×TlPn×T×TlPn = T.lT(×TlPQQ

H (V2/Hz)

𝑣WX =
G.TFx
H µ𝑉/ 𝐻𝑧 ⇒ 1/f noise corner = T.lT(×Tl

PQQ

G.~T×TlPQ� = 259𝑘𝐻𝑧

4.) Further reduction in noise would come if the dc currents are increased.  This would 
increase the GB and decrease the voltage gain. The voltage gain decrease could be made up 
by an increase in W1/L1.

W1/L1 W2/L2 W3/L3 W4/L4 W5/L5

65.73 65.73 4 4 4.72

VBN1

VDD

VSS

Vinp Vinn

Vout

CL

M1 M2

M3 M4

M5

I2I1

I5=50µA

190530-01

Rout
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Noise Analysis
Thermal:
𝑖SI# ≅ 𝑔9T# 𝑣"T# + 𝑔9## 𝑣"## + abnC

���z
C + ab�

C

����
C + aby

C

���Q�
C + ab�

C

���QQ
C

+𝑔9Tl# 𝑣"Tl# + 𝑔9TT# 𝑣"TT# + ()*
���z

+ ()*
����

Note: 𝑔9{ 𝑒𝑓𝑓 = >?n
TU>?n���z

≅ T
���z

𝑣WX# = Y2Z
C

>?QC
= 2𝑣"T# + 2 abnC

>?QC ���z
C + 2 abyC

>?QC ���Q�
C + 2 >?Q�C

>?QC
𝑣"Tl# + F)*

>?QC ���z

𝑣WX# ≅ 2𝑣"T# 1 + >?Q�
C

>?Q
C

abQ�C

abQC
+ F)*

abQC >?Q
C ���z

= 2𝑣"T# 1 + >?Q�
>?Q

+ G
>?Q���z

= 2𝑣"T# 1 + ⁄.Q� /Q�
⁄.Q /Q

+ 3 �cCLz
#,c- ⁄.z /z

1/f:

𝑣WX# ≅ 2𝑣"T# 1 + >?Q�
C

>?Q
C

abQ�C

abQC
= 2𝑣"T# 1 + /QC

/Q�C
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Folded-Cascode, Op Amp
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Design Procedure – OA11

The goal of low noise design is to decrease the thermal and 1/f noise of the input transistors and 
make the voltage gain that occurs immediately after the input transistors as large as possible.

Low Noise Op Amp Design © P.E. Allen 2019

Folded-Cascode, Low-Noise Op Amp Design

Slide 10

Step Design Equations Comments

1 Use Design Procedure OA3 to design the 
currents and W/Ls of the folded-cascode op 
amp

Use specs for DP OA3

2 Choose L10 = L11 >> L1 = L2 Satisfies .Q
/Q
> .Q�

/Q�

3 Increase W1/L1 = W2/L2 to minimize thermal 
noise further

Assumes the voltage gain 
and GB can be increased

4 Increase W4/L4 and W5/L5
Reduces the 4kTR noise of 
M4 and M5

5 To reduce the 1/f noise, make L1<<L10, W1×L1
large, and increase I3

This decreases the voltage 
gain and increases GB

190205-02

VPB1 M4 M5

I6

VPB2

Rout

I4 I5

VDD

I7

M6 M7

VNB2 M8
M9

M10 M11

vinp

vOUT

VNB1

I1
I2

M1 M2

M3
I3

CL

vinn

VSS
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Example 2:
Minimize the thermal and 1/f noise in the folded cascode op amp designed in Example 
3 of Lesson 1, Module 4. Assume kfn = 4kfp = 4x10-28 F·A, ef = af =1,and Cox=25×10-4

F/m2. The designed W/L’s are given in the table below:

Low Noise Op Amp Design © P.E. Allen 2019

Folded Cascode, Low Noise Op Amp Design
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1.) Choose L1 = L2 = 1µm and L10 = L11 = 10µm 
2.) The resulting input equivalent thermal voltage noise spectral density is

𝑣WX# = 2𝑣"T# 1 + ⁄.Q� /Q�
⁄.Q /Q

+ 3 �cCLz
#,c- ⁄.z /z

= 2𝑣"T# 1 + .77 + 0.0137 = 1.878×103T{ (V2/Hz)

𝑣WX = 13.7𝑛𝑉/ 𝐻𝑧
3.) The thermal noise has increased due to the contribution of M10 and M11.  We could 
minimize it by increasing the W/L of M1 and M2 to a 1000.  This should increase the 
voltage gain and GB roughly by a factor of 5.5.  With this value we get, 𝑣WX# = 7.362×
103TF ⁄𝑉# 𝐻𝑧 𝑜𝑟 𝑣WX# = 2.71𝑛𝑉/ 𝐻𝑧.
4.) For the 1/f noise,
𝑣WX# ≅ 2𝑣"T# 1 + /QC

/Q�C
= #.l#

H
(×TlPCy

#×#x×TlPz×T#l×TlPn×GG×TlPn×T×TlPn
= #.l#×TlPQQ

H
(V2/Hz)

𝑣WX =
(.(~x
H
µ𝑉/ 𝐻𝑧 ⇒ 1/f noise corner = #.l#×Tl

PQQ

T.FqF×TlPQn
= 107𝑘𝐻𝑧

W1/L1 W2/L2 W3/L3 W4/L4 W5/L5 W6/L6 W7/L7 W8/L8 W9/L9 W10/L10 W11/L11

33 33 15 160 160 160 160 20 20 20 20

190607-01

VPB1 M4 M5

75µA

VPB2

Rout

125µA

VDD

M6 M7

VNB2 M8
M9

M10 M11

vinp

vOUT

VNB1

M1 M2

M3

100µA

CL

vinn

VSS

50µA
50µA

125µA

75µA
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Noise Analysis
Thermal:
𝑖SI# ≅ 𝑔9T

# 𝑅T#𝑔9{
# 𝑣"T# + 𝑔9#

# 𝑅T#𝑔9{
# 𝑣"## + 𝑔9G

# 𝑅T#𝑔9{
# 𝑣"G#

+ 𝑔9(
# 𝑅T#𝑔9{

# 𝑣"(# + 𝑔9{
# 𝑣"{# + 4𝑘𝑇𝑟�@q

𝑣WX# = Y2Z
C

>?Q
C RQ

C>?n
C = 2𝑣"T# + 2𝑣"G# + abn

C

>?Q
C RQ

C +
F)*����

>?Q
C RQ

C>?n
C

𝑣WX# ≅ 2𝑣"T# 1 + >?_
C

>?Q
C

ab_
C

abQ
C = 2𝑣"T# 1 + >?_

>?Q
= 2𝑣"T# 1 +

,c
- ⁄._ /_

,b
- ⁄.Q /Q

1/f:

𝑣WX# ≅ 2𝑣"T# 1 + >?_
C

>?Q
C

ab_
C

abQ
C = 𝑣WX# = 2𝑣"T# 1 + )Hc

)Hb

/QC

/_
C

If the gain of the first stage is reasonably large, the noise performance is identical with the one-
stage op amp in slide 5.  Therefore, the design procedure developed on the next slide for the two-
stage op amp noise design will be similar to the Design Procedure OA10.
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Two-Stage Op Amp
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Design Procedure – OA12

The goal of low noise design is to decrease the thermal and 1/f noise of the input 
transistors and make the voltage gain that occurs immediately after the input 
transistors as large as possible.

Low Noise Op Amp Design © P.E. Allen 2019

Two-Stage, Low-Noise Op Amp Design
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Step Design Equations Comments

1 Use Design Procedure OA4 to design the 
currents and W/Ls of the two-stage op amp

Designs all W/L’s and 
currents

2 Choose L3 = L4 >> L1 = L2 Satisfies 𝐾"e
.Q
/Q
> 𝐾ge

._
/_

3 Increase W1/L1 = W2/L2 to minimize thermal 
noise further

Assumes the voltage gain 
and GB can be increased

4 To reduce the 1/f noise, make L1<<L3, W1×L1
large, and increase the dc current

This will decrease the 
voltage gain and increase 
GB

VBN1

VDD

VSS

Vinp Vinn
Vout

CL

M1 M2

M3 M4

M5

I2I1

I5

180827-02

M6

M7

I7

Cc
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Example 3:
Minimize the thermal and 1/f noise in the two-stage op amp designed in 
Example 1 of Lesson 2, Module 4. Assume kfn = 4kfp = 4x10-28 F·A, ef = af
=1,and Cox=25×10-4 F/m2. The designed W/L’s are given in the table below:

Low Noise Op Amp Design © P.E. Allen 2019

Two-stage Low Noise Op Amp Design
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1.) Choose L1 = L2 = 1µm and L3 = L4 = 10µm 
2.) The resulting input equivalent thermal voltage noise spectral density is

𝑣WX# = 2𝑣"T# 1 +
,c
- ⁄._ /_

,b
- ⁄.Q /Q

= 2𝑣"T# 1.225 = 2.45 F×T.GF×TlPC_×Gll
G×{lm×TlPn

= 14.35×103Tq(V2/Hz)

𝑣WX = 11.98𝑛𝑉/ 𝐻𝑧
3.) The input equivalent 1/f voltage noise spectral density is 
𝑣WX# = 2𝑣"T# 1 + )Hc

)Hb
/QC

/_C
= 2𝑣"T# 1.0025 = #.llx

H
(×TlPCy

#×#x×TlPz×T#l×TlPn×~.Fq×T×TlPQC = {.qx(×TlPQQ

H (V2/Hz)

𝑣WX =
F.#TF

H
µ𝑉/ 𝐻𝑧 ⇒ 1/f noise corner = {.qx(×Tl

PQQ

T(.Gx×TlPQ� = 471𝑘𝐻𝑧

4.) Further reduction in noise would come if the dc currents are increased.  This would increase the 
GB and decrease the voltage gain. The voltage gain decrease could be made up by an increase in 
W1/L1= W2/L2 or W6/L6.

W1/L1 W2/L2 W3/L3 W4/L4 W5/L5 W6/L6 W7/L7

9.87 9.87 2.4 2.4 4.3 284 35.8

VBN1

VDD

VSS

Vinp Vinn
Vout

CL

M1 M2

M3 M4

M5

15µA

30µA

190610-01

M6

M7

250µA
Cc

15µA
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RMS Noise
Up to this point, we have considered just the noise spectral density of the op amps.  In practice, 
the op amp has a bandwidth and the rms noise of the op amp is the noise spectral density times 
the bandwidth.

Example
Consider the spectral noise of the previous two-stage op amp.  The low-frequency gain was 4834 
V/V and the GB was 10MHz.  The dominant pole was 10MHz/4834 = 2069Hz. To find the rms noise 
voltage, we will assume the thermal noise remains flat as frequency increases and integrate the 
1/f noise from 1Hz to the 1/f frequency (471kHz) and the thermal noise from 471kHz to 10MHz.

𝑉WX# 𝑟𝑚𝑠 = ∫T
(qT)�� {.qx(×TlPQQ

H 𝑑𝑓 + ∫(qT)��
Tl��� 14.35×103Tq 𝑑𝑓

= 6.754×103TT ln 471𝑘𝐻𝑧 − ln 1 + 14.35×103Tq(9.53𝑀𝐻𝑧)

= 6.754×10-11(13.066) + 1.367×10-9 = 2.25×10-9 V2(rms)

Veq(rms) = 47.43µV(rms)

Simulation gives 52.7µV(rms) for the rms noise 1Hz to 10MHz and 32.41x10-17 V2/Hz for the 
thermal noise

© P.E. Allen 2019

Low Noise Op Amps
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Low Noise Op Amp Design
Summary:
• Noise models and noise analysis techniques
• Simple one-stage op amp

– Noise analysis
– Design procedure OA10
– Example 1

• Folded cascode op amp
– Noise analysis
– Design procedure OA11
– Example 2

• Two-stage op amp
– Noise analysis
– Design procedure OA12
– Example 3

• Equivalent input RMS noise voltage of op amps
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