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Outline
 The two-stage OTA or Miller OTA
 The telescopic OTA
 The folded cascode OTA
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The Miller OTA
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The Two-stage OTA or Miller OTA

 The gain of the simple OTA can be enhanced by adding a 2nd gain stage 
implemented by M2

 Because of the higher gain, the OTA needs to be frequency compensated to 
ensure that it will remain stable in all feedback configurations

 The compensation is achieved by adding capacitor 𝐶௖ which takes advantage of 
the Miller effect hence its name of Miller compensation and Miller OTA

 The amplifier small-signal transfer function is analyzed next
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The Miller OTA
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The Miller OTA – Small-signal Analysis

 The OTA small-signal circuit is shown in the top circuit
 Assuming perfect matching and differential operation ∆𝑉 ଵ௕ൌ െ∆𝑉 ଵ௔ൌ 𝑉௜ௗ 2⁄ , 

the voltage at node 3 remains unchanged and hence ∆𝑉ଷൌ 0. The source 
transconductances can then be omitted leading to the simplified circuit

 If the capacitance 𝐶ସ at the current mirror node 4 is neglected and we assume 
perfect matching, then ∆𝑉ସൌ െ𝐺௠ଵ 𝐺௠ସ⁄ ⋅ െ 𝑉௜ௗ 2⁄

 The two transconductances connected to node 1 can then be replaced by a single 
transconductance resulting in the schematic shown in the next slide
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The Miller OTA
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The Miller OTA – Small-signal Analysis

 The small-signal differential gain is then given by

𝐴ௗ 𝑠 ≜
∆𝑉௢௨௧
∆𝑉௜ௗ

ൌ 𝐴ௗ௖ ⋅
1 െ 𝑠
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1
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൅

1
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ൌ
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൅
𝐶ଶ
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൅
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൅
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𝐺ଶ

𝑑ଶ ൌ
1

𝑝ଵ𝑝ଶ
ൌ
𝐶௖𝐶ଶ ൅ 𝐶௖𝐶ଵ ൅ 𝐶ଵ𝐶ଶ

𝐺ଵ𝐺ଶ
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The Miller OTA
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The Miller OTA – Small-signal Analysis
 Let’s first ignore the compensation capacitor (𝐶௖ ൌ 0)
 The zero disappears and the two poles are simply given by

𝑝ଵᇱ ൌ െ
𝐺ଵ
𝐶ଵ

𝑝ଶᇱ ൌ െ
𝐺ଶ
𝐶ଶ

 We see that the poles are actually associated to the nodes 1 and 2 (output)
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The Miller OTA
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The Miller OTA – Dominant-Pole
 The compensation capacitor introduces a right half-plane (RHP) zero 𝑧ଵ ൌ
𝐺௠ଶ 𝐶௖⁄ and has two real poles 𝑝ଵ and 𝑝ଶ

 Assuming that the poles are widely separated 𝑝ଵ ≪ 𝑝ଶ then

𝑑ଵ ≅ െ
1
𝑝ଵ

ൌ
𝐶ଵ
𝐺ଵ

൅
𝐶ଶ
𝐺ଶ

൅
𝐶௖
𝐺ଵ

1 ൅
𝐺ଵ
𝐺ଶ

൅
𝐺௠ଶ
𝐺ଶ

 We can further assume that 𝐺௠ଶ 𝐺௢⁄ ≫ 1 and the dominant pole 𝑝ଵ is 
approximately given by

𝜔௣ଵ ≜ 𝑝ଵ ≅
𝐺ଵ𝐺ଶ
𝐺௠ଶ𝐶௖

 The gain-bandwidth product 𝐺𝐵𝑊 is then approximately given by

𝐺𝐵𝑊 ൌ 𝜔௣ଵ ⋅ 𝐴ௗ௖ ≅
𝐺௠ଵ
𝐶௖

 Note that 𝜔௣ଶ ≜ 𝑝ଶ  must be at least equal to 𝐺𝐵𝑊 for the above 
approximation to hold

𝐺𝐵𝑊 ൏
𝐺௠ଶ
𝐶ଶ
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The Miller OTA
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The Miller OTA – Non-dominant Pole
 The non-dominant pole 𝑝ଶ is then approximately given by

𝜔௣ଶ ≜ 𝑝ଶ ൌ െ
1

𝑝ଵ𝑑ଶ
≅

𝐺௠ଶ𝐶௖
𝐶௖𝐶ଶ ൅ 𝐶௖𝐶ଵ ൅ 𝐶ଵ𝐶ଶ

 We see that the dominant pole magnitude 𝜔௣ଵ decreases as 𝐶௖  increases, 
whereas 𝜔௣ଶ increases as 𝐶௖  increases

 Thus, increasing 𝐶௖  causes the poles to split apart as illustrated in the next slide
 If 𝐶ଶ,𝐶௖ ≫ 𝐶ଵ the non-dominant pole is approximately set by the output 

capacitance

𝜔௣ଶ ≅
𝐺௠ଶ
𝐶ଶ
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The Miller OTA
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The Miller OTA – Setting the Zero and Non-dominant Pole
 The ratio of the non-dominant pole 𝜔௣ଶ and the RHP zero 𝜔௭ to the unity-gain 

frequency 𝜔௨ are given by
ఠ೛మ

ఠೠ
ൌ ீ೘మ

ீ೘భ
⋅ ஼೎
஼ಽ

and ఠ೥
ఠೠ

ൌ ீ೘మ
ீ೘భ

 and hence
ఠ೛మ

ఠೠ
ൌ ఠ೥

ఠೠ
⋅ ஼೎
஼ಽ

and ఠ೥
ఠ೛మ

ൌ ஼೎
஼ಽ

 The unity gain frequency 𝜔௨, non-dominant pole 𝜔௣ଶ and zero 𝜔௭ need to satisfy 
the following inequality

𝜔௨ ൏ 𝜔௣ଶ ൏ 𝜔௭ or 1 ൏ ఠ೛మ

ఠೠ
൏ ఠ೥

ఠೠ

 This translates to the following inequality

1 ൏
𝐶௅
𝐶௖

൏
𝐺௠ଶ
𝐺௠ଵ

 This means that the compensation capacitance 𝐶௖ should stay smaller than the 
load capacitance 𝐶௅ and that the ratio of the transconductance of M2 to that of M1a-
M1b should be larger than 𝐶௅ 𝐶௖⁄
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The Miller OTA
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The Miller OTA – Choosing the Compensation Cap
 Usually the compensation capacitance 𝐶௖ is a fraction of the load capacitance 𝐶௅

which can be determined from the specified phase margin PM which is given by

𝑃𝑀 ൌ arctan
𝜔௨
𝜔௭

൅ arctan
𝜔௨
𝜔௣ଶ

െ
𝜋
2

 For example if 𝜔௣ଶ 𝜔௨⁄ ൌ 4 and 𝜔௭ 𝜔௣ଶ⁄ ൌ 2, then 𝜔௭ 𝜔௨⁄ ൌ 8 and 𝑃𝑀 ൌ
 68.8∘ which is usually more than sufficient. However we need to account for 
parasitic capacitances which add to the load capacitance and reduce the non-
dominant pole. Therefore a good trade-off to start the design and achieve a 
sufficient PM (typically larger than 45∘) is to choose 𝜔௣ଶ ൌ 4𝜔௨ and 𝜔௭ ൌ
2𝜔௣ଶ ൌ 4𝜔௨

 This results in choosing 𝐶௖ ൌ 𝐶௅ 2⁄
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The Miller OTA
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The Miller OTA – A Note on Power Consumption
 It is important to note that choosing 𝜔௭ 𝜔௨⁄ ൌ 𝐺௠ଶ 𝐺௠ଵ⁄ ൌ 8 for securing enough 

phase margin has a direct impact on the power consumption
 Indeed, if we assume that both M1a-M1b and M2 are biased in weak inversion for 

maximizing the current efficiency, then 𝐺௠ଵ ൌ 𝐼௕ଵ 𝑛௡ 𝑈்⁄ and 𝐺௠ଶ ൌ
𝐼௕ଶ 𝑛௣ 𝑈்⁄

 Assuming that 𝑛௡ ൌ 𝑛௣, 𝐺௠ଶ 𝐺௠ଵ⁄ ൌ 𝐼௕ଶ 𝐼௕ଵ⁄ ൌ 8
 This means that the bias current of M2 is 8 times larger than that of M1a-M1b!
 The total current consumption, without accounting for the current flowing in M3a and 

M5a, is then 𝐼௧௢௧ ൌ 2𝐼௕ଵ ൅ 𝐼௕ଶ ൌ 10 𝐼௕ଵ
 We can express the minimum total current consumption in terms of the gain-bandwidth 

product 𝐺𝐵𝑊 as 𝐼௧௢௧ ≅ 10 𝑛 𝑈் ⋅ 𝐶௖ ⋅ 𝐺𝐵𝑊 ൌ 5 𝑛 𝑈் ⋅ 𝐶௅ ⋅ 𝐺𝐵𝑊
 This can be compared to the total current consumption of the symmetrical cascode

OTA 𝐼௧௢௧ ൌ 4𝐼௕ ൌ 4 𝑛 𝑈் ⋅ 𝐶௅ ⋅ 𝐺𝐵𝑊
 We deduce that for the same gain-bandwidth product 𝐺𝐵𝑊 and load capacitance 𝐶௅, 

the Miller OTA consumes about 25% more current than the symmetrical cascode OTA
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E  K  V

The Miller OTA – Pole Splitting
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Compensated

𝑝ଵ ≅ െ
𝐺ଵ𝐺ଶ
𝐺௠ଶ𝐶௖

𝑝ଶ ≅ െ
𝐺௠ଶ𝐶௖

𝐶௖𝐶ଶ ൅ 𝐶௖𝐶ଵ ൅ 𝐶ଵ𝐶ଶ
≅ െீ೘మ

஼మ
for 𝐶ଶ,𝐶௖ ≫ 𝐶ଵ

Uncompensated

𝑝ଵᇱ ൌ െ
𝐺ଶ
𝐶ଶ

𝑝ଶᇱ ൌ െ
𝐺ଵ
𝐶ଵ

 P. E. Allen and D. R. Holberg, CMOS Analog Circuit Design, 3rd-ed., Oxford University Press, 2012.
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The Miller OTA

E  K  V

The Miller OTA – Miller Approximation
 The dominant-pole is often called a Miller pole because it takes advantage of the 

Miller effect
 The dominant-pole can actually be found by using the Miller approximation

 Using the result obtained earlier without the compensation capacitor and replacing 
𝐶ଵ by the Miller capacitance 𝐶ெ ≅ 𝐺௠𝐶௖ 𝐺ଶ⁄ results in

𝜔௣ଵ ≅
𝐺ଵ𝐺ଶ
𝐺௠ଶ𝐶௖

 which is identical to the earlier result
 However, the Miller approximation does account for the RHP zero
 The later introduces very undesirable effects with regards to stability: it increases 

the phase shift and at the same time increases the magnitude
 The effects of the RHP zero can be mitigated by different means
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The Miller OTA
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Mitigating the Effect of the RHP Zero

 The effect of the RHP can be eliminated by introducing a voltage follower in 
series with compensation capacitor which blocks the feedforward path through 𝐶௖

 The RHP zero has now disappeared while the dc gain, dominant-pole and non-
dominant remain the same

𝐴ௗ௖ ൌ
ீ೘భீ೘మ
ீభீమ

,𝜔௣ଵ ≅
ீభீమ
ீ೘మ஼೎

,𝜔௣ଶ ≅
ீ೘మ஼೎

஼మ ஼೎ା஼భ
≅ ீ೘మ

஼మ
for 𝐶௖ ≫ 𝐶ଵ
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The Miller OTA
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The Miller OTA – Noise Analysis

 We can reuse the noise analysis performed for the simple OTA
 If we neglect the capacitances at the 1st-stage current mirror node and assume a 

perfect matching, the noise coming from the first stage can be modelled by the 
noisy current source 𝐼௡ଵ, whereas 𝐼௡ଶ models the noise coming from transistors 
M2 and M5b

 The input-referred equivalent noise is then given by

𝑉௡௘௤ ൌ
𝐼௡ଵ
𝐺௠ଵ

െ
𝐺ଵ

𝐺௠ଵ𝐺௠ଶ
⋅

1 ൅ 𝑠 𝐶ଵ ൅ 𝐶௖ 𝐺ଵ⁄
1 െ 𝑠𝐶௖ 𝐺௠ଶ⁄ ⋅ 𝐼௡ଶ ≅

𝐼௡ଵ
𝐺௠ଵ

െ
𝐺ଵ

𝐺௠ଵ𝐺௠ଶ
⋅ 𝐼௡ଶ

 For 𝜔 ≪ 𝐺ଵ 𝐶ଵ ൅ 𝐶௖⁄ ൏ 𝐺௠ଶ 𝐶௖⁄
 The input-referred PSD is then given by

𝑆௏೙೐೜ ≅
𝑆ூ೙భ
𝐺௠ଵଶ

൅
𝐺ଵ

𝐺௠ଵ𝐺௠ଶ

ଶ

⋅ 𝑆ூ೙మ
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The Miller OTA
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The Miller OTA – Thermal Noise
 For thermal noise we have

𝑆ூ೙భ ൌ 4𝑘𝑇 ⋅ 2 ⋅ 𝛾௡ଵ ⋅ 𝐺௠ଵ ൅ 𝛾௡ସ ⋅ 𝐺௠ସ
𝑆ூ೙మ ൌ 4𝑘𝑇 ⋅ 𝛾௡ଶ ⋅ 𝐺௠ଶ ൅ 2𝛾௡ହ ⋅ 𝐺௠ହ

 The input-referred thermal noise resistance is then given by

𝑅௡௧௛ ൌ
2𝛾௡ଵ
𝐺௠ଵ

⋅ 1 ൅ 𝜂௧௛ ൌ
𝛾௡௘௤
𝐺௠ଵ

 where 𝜂௧௛ ൌ
ఊ೙ర
ఊ೙భ

⋅ ீ೘ర
ீ೘భ

൅ ீభమ

ଶீ೘భீ೘మ
⋅ ఊ೙మ

ఊ೙భ
൅ ଶఊ೙ఱ

ఊ೙భ
⋅ ீ೘ఱ
ீ೘మ

 is the contribution to the input-referred thermal noise of the current mirror M4a-M4b, the 2nd-stage 
M2 and the current mirror M5a-M5b relative to that of the differential pair and

𝛾௡௘௤ ൌ 2𝛾௡ଵ ⋅ 1 ൅ 𝜂௧௛
 is the OTA equivalent thermal noise excess factor
 The contribution of the current mirror M4a-M4b can be minimized by choosing 𝐺௠ଵ ≫ 𝐺௠ସ

 The contribution of M2 and M5a-M5b are small thanks to the factor 
𝐺ଵଶ

2𝐺௠ଵ𝐺௠ଶ
ൌ

𝐺ௗ௦ଵ ൅ 𝐺ௗ௦ସ ଶ

2𝐺௠ଵ𝐺௠ଶ
≫ 1

 which is in the order of the dc gain
 The contribution of the current source M5a-M5b can be made negligible by choosing 𝐺௠ଶ ≫ 𝐺௠ହ
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The Miller OTA – Flicker Noise
 For flicker noise we have

𝑆ூ೙భ ൌ
4𝑘𝑇
𝑓 ⋅ 2 ⋅ 𝐺௠ଵ

ଶ 𝜌௡
𝑊ଵ𝐿ଵ

൅ 𝐺௠ସ
ଶ 𝜌௣
𝑊ସ𝐿ସ

𝑆ூ೙మ ൌ
4𝑘𝑇
𝑓 ⋅ 𝐺௠ଶ

ଶ 𝜌௣
𝑊ଶ𝐿ଶ

൅ 2𝐺௠ହ
ଶ 𝜌௡
𝑊ହ𝐿ହ

 The input-referred flicker noise resistance is then given by

𝑅௡௙௟ ൌ
2𝜌௡
𝑊ଵ𝐿ଵ𝑓

⋅ 1 ൅ 𝜂௙௟

 where 𝜂௙௟ ൌ
ீ೘ర
ீ೘భ

ଶ ఘ೛
ఘ೙

ௐభ௅భ
ௐర௅ర

൅ ଵ
ଶ

ீభ
ீ೘భ

ଶ ఘ೛
ఘ೙

ௐభ௅భ
ௐమ௅మ

൅ 2 ீ೘ఱ
ீ೘మ

ଶ ௐభ௅భ
ௐఱ௅ఱ

 is the contribution to the input-referred flicker noise of the current mirror M4a-M4b, the 2nd-stage M2
and the current mirror M5a-M5b relative to that of the differential pair

 We see that the contribution of the current mirror M4a-M4b can be minimized by choosing 𝐺௠ଵ ≫
𝐺௠ସ (same as for the simple OTA)

 The contributions of M2 and M5a-M5b are small thanks to the first stage gain 
𝐺ଵ
𝐺௠ଵ

ଶ

ൌ
𝐺ௗ௦ଵ ൅ 𝐺ௗ௦ସ

𝐺௠ଵ

ଶ

≫ 1

 The contribution of the current source M5a-M5b can be made negligible by choosing 𝐺௠ଶ ≫ 𝐺௠ହ
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The Miller OTA – Input-referred Offset Voltage

 The estimation of the offset voltage can be handled similarly to the noise
 It is essentially due to the first stage and is therefore similar to what was done for 

the simple OTA
 The input-referred offset voltage standard deviation is then given by

𝜎௏೚ೞ ൌ
𝐼௕ଵ
𝐺௠ଵ

ଶ

𝜎ఉభ
ଶ ൅ 𝜎ఉర

ଶ ൅
𝐺௠ସ
𝐺௠ଵ

ଶ

𝜎௏೅ర
ଶ ൅ 𝜎௏೅భ

ଶ

 with
𝜎ఉభ ൌ

஺ഁ೙
ௐభ௅భ

and 𝜎௏೅భ ൌ
஺ೇ೅೙
ௐభ௅భ

𝜎ఉర ൌ
஺ഁ೛
ௐర௅ర

and 𝜎௏೅ర ൌ
஺ೇ೅೛
ௐర௅ర
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The Miller OTA
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The Miller OTA – Design Example 

 Size a simple OTA for the following specifications
𝐴ௗ௖ ൒ 60 𝑑𝐵, 𝐺𝐵𝑊 ൒ 1 𝑀𝐻𝑧, 𝑉௢௦ ൑ 10 𝑚𝑉

 for a load capacitance 𝐶௅ ൌ 1 𝑝𝐹 and for the same process parameters used for 
the simple OTA and corresponding to a 180nm CMOS process

 The design procedure is detailed in the corresponding Jupyter Notebook
 In this case we minimize power consumption at the cost of area
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The Miller OTA

E  K  V

The Miller OTA – Design Equations

 Slew-rate: 𝑆𝑅 ൌ ଶூ್భ
஼೎

 First-stage dc gain: 𝐴௩ଵ ൌ െீ೘భ
ீభ

with 𝐺ଵ ൌ 𝐺ௗ௦ଵ ൅ 𝐺ௗ௦ଷ

 Second-stage dc gain: 𝐴௩ଶ ൌ െீ೘మ
ீమ

with 𝐺ଶ ൌ 𝐺ௗ௦ଶ ൅ 𝐺ௗ௦ସ

 Gain-bandwidth: 𝐺𝐵𝑊 ൌ ீ೘భ
஼೎

 Dominant pole: 𝑝ଵ ≅ െ ீభீమ
ீ೘మ஼೎

 Non-dominant pole: 𝑝ଶ ≅ െ ீ೘మ஼೎
஼೎஼೚ା஼೎஼భା஼భ஼మ

≅ െீ೘మ
஼೚

for 𝐶ଶ,𝐶௖ ≫ 𝐶ଵ

 RHP zero: 𝑧ଵ ൌ
ீ೘మ
஼೎

 In addition to the above design equations, the specifications may also include the 
input common-mode range and the output swing, the power dissipation, the white 
noise and the flicker noise (or corner frequency)
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The Miller OTA
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Name Value

VDD 1.8
VSS 0
Ib1 130.0E‐9
Ib2 1.1E‐6
Cc 500.0E‐15

Name Value

AdcdB 100
GBWmin 1.0E+6

CL 1.0E‐12
VDD 1.8
Wmin 200.0E‐9
Lmin 180.0E‐9

Vosmax 10.0E‐3
PMdeg 60

Sizing Summary
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Specifications Bias

Transistor sizes

3

M3b

2Ib1

M4b

1

4
M4a

Vin- Vin+

M3a

5
2Ib1

inn inp

VDD

M1a M1b

M2
Cc

2≡outVout

CL

Ib2

M5aM5b

6

2Ib1 Ib2

Ib2

Type Function W L ID W/L Ispec IC VP‐VS VG‐VT0 VDSsat Gspec Gms Gm Gds gamman

M1a n DP 1.7E‐6 950.0E‐9 130.0E‐9 1.821 1.3E‐6 0.1 ‐57.2E‐3 ‐45.0E‐3 104.8E‐3 50.3E‐6 4.6E‐6 3.6E‐6 5.7E‐9 0.653
M1b n DP 1.7E‐6 950.0E‐9 130.0E‐9 1.821 1.3E‐6 0.1 ‐57.2E‐3 ‐45.0E‐3 104.8E‐3 50.3E‐6 4.6E‐6 3.6E‐6 5.7E‐9 0.653
M2 p CS 74.3E‐6 1.2E‐6 1.1E‐6 63.538 11.0E‐6 0.1 ‐57.1E‐3 ‐43.7E‐3 104.8E‐3 425.1E‐6 38.9E‐6 29.8E‐6 47.0E‐9 0.671
M3a n CM 200.0E‐9 16.5E‐6 260.0E‐9 0.012 8.7E‐9 30 300.4E‐3 236.3E‐3 301.8E‐3 334.9E‐9 1.7E‐6 1.3E‐6 656.6E‐12 0.812
M3b n CM 200.0E‐9 16.5E‐6 260.0E‐9 0.012 8.7E‐9 30 300.4E‐3 236.3E‐3 301.8E‐3 334.9E‐9 1.7E‐6 1.3E‐6 656.6E‐12 0.812
M4a p CM 200.0E‐9 6.7E‐6 130.0E‐9 0.03 5.2E‐9 25 273.2E‐3 209.2E‐3 278.7E‐3 200.9E‐9 909.3E‐9 696.2E‐9 976.0E‐12 0.831
M4b p CM 200.0E‐9 6.7E‐6 130.0E‐9 0.03 5.2E‐9 25 273.2E‐3 209.2E‐3 278.7E‐3 200.9E‐9 909.3E‐9 696.2E‐9 976.0E‐12 0.831
M5a n CM 200.0E‐9 3.9E‐6 1.1E‐6 0.051 36.7E‐9 30 300.4E‐3 236.3E‐3 301.8E‐3 1.4E‐6 7.1E‐6 5.6E‐6 11.8E‐9 0.812
M5b n CM 200.0E‐9 3.9E‐6 1.1E‐6 0.051 36.7E‐9 30 300.4E‐3 236.3E‐3 301.8E‐3 1.4E‐6 7.1E‐6 5.6E‐6 11.8E‐9 0.812



The Miller OTA
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Large-signal Transfer Characteristic – Simulations

 There is an important systematic offset voltage due to the output conductances
and the fact that M2 imposes a DC voltage at node 1 that is about 𝑉஽஽ െ 𝑉 ଴௣
which is different than the voltage at node 4
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Large-signal Transfer Characteristic – Simulations
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Open-loop Gain Response
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Input-referred Noise PSD
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Input-referred Noise PSD – Individual Contributions
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Input-referred Noise PSD – Individual Contributions
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Monte Carlo Simulation of Offset Voltage (open-loop)

 Monte Carlo simulation of 𝑉௢௦ versus 𝑉௜௡ for 1000 runs in open-loop mode
 The standard deviation of 𝑉௢௦ is about 4.09 mV which is consistent with the 

dispersion simulation giving 4.1 mV and equal to the 4 mV theoretical prediction 
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Monte Carlo Simulation of Offset Voltage (closed-loop)

 Monte Carlo simulation of 𝑉௢௦ versus 𝑉௜௡ for 1000 runs in voltage follower mode
 The standard deviation of 𝑉௢௦ is about 4.07 mV which is consistent with the 

dispersion simulation giving 4.1 mV and close to the 4 mV theoretical prediction 
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The Miller OTA
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Monte Carlo Simulation of Offset Voltage

 Offset simulation using Monte Carlo simulations with 1000 runs
 As expected the contribution of the differential pair (M1a-M1b) dominates within the 

linear range
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σVos≈4.1 mV
Contribution of M1a (M1b) only
(contribution of DP must be multiplied by 2)

Contribution of M4a (M4b) only
(contribution of CM must be multiplied by 2)
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Outline
 The two-stage OTA or Miller OTA
 The telescopic OTA
 The folded cascode OTA
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1

M5b

2Ib

M2b
2

M2a

Vin+ Vin-

M5a

7
2Ib

inp inn

VDD

M1a M1b

M4b

out

M4a

Iout

M3b
M3a

3 4

Vb1
vb1

6

Vout

CL

Vb2
vb2

5

Telescopic Differential OTA

+ Current reuse
+ Self-compensation
+ High DC gain

− Limited output swing
− Limited input common-mode range
− Not appropriate for voltage follower
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+Gm1aꞏVid/2 −Gm1bꞏVid/2
3

V3

Gms3aꞏV3

Gds1a

Gds3a

Gms4aꞏV5

Gds4a

5

2

Gm2aꞏV2
Gds2a Gds1b

4 Gms3bꞏV4

Gds3b out

Gms4bꞏV6

Gds4b

6

Gds2b

Gm2bꞏV2

V4

V5
V2

V6

Iout
C2 CL

Vout

Gm1aꞏVG1a Gm1bꞏVG1b
3

V3

Gms3aꞏV3

Gds1a

Gds3a

Gms4aꞏV5

Gds4a

5

2

Gm2aꞏV2
Gds2a

Gds1b

4 Gms3bꞏV4

Gds3b out

Gms4bꞏV6

Gds4b

6

Gds2b
Gm2bꞏV2V4V5 V6CL

Iout

1

C1 G1V1

Gms1bꞏV1

Gms1aꞏV1

C2V2 Vout

Telescopic OTA – Small-signal Analysis

 Accounting only for the capacitances at high impedance nodes (those at low 
impedance cascode nodes 3, 4, 5 and 6 can be neglected in 1st-order analysis)

 Analysis becomes tedious, but can be simplified for differential input voltage using 
the simplified schematic and assuming perfect matching (i.e. 𝐺௠௜௔ ൌ 𝐺௠௜௕ ൌ
𝐺௠௜ and 𝐺ௗ௦௜௔ ൌ 𝐺ௗ௦௜௕ ൌ 𝐺ௗ௦௜ for 𝑖 ൌ 1,2 … 4)
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Simplified schematic 
for differential input



The Telescopic OTA
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Telescopic OTA – Differential Open-loop Gain
 Similarly to the simple OTA, the telescopic OTA has its dominant pole 𝜔଴ at the 

output and non-dominant pole 𝜔௣ at the current mirror node 2 and a pole-zero 
doublet

𝐴ௗ௠ 𝑠 ≜
∆𝑉௢௨௧
∆𝑉௜ௗ

≅ 𝐴ௗ௖ ⋅
1 ൅ 𝑠

𝜔௭

1 ൅ 𝑠
𝜔଴

1 ൅ 𝑠
𝜔௣

≅
𝐴ௗ௖

1 ൅ 𝑠
𝜔଴

≅
𝜔௨
𝑠

 where
𝐴ௗ௖ ≅

ீ೘భ
ீ೚

with 𝐺௢ ൌ
ீ೏ೞమீ೏ೞర
ீ೘ೞర

൅ ீ೏ೞభீ೏ೞయ
ீ೘ೞయ

𝜔଴ ≅
𝐺௢
𝐶௅

𝜔௣ ≅
𝐺௠ଶ
𝐶ଶ

𝜔௭ ൌ 2𝜔௣

𝜔௨ ൌ 𝐴ௗ௖ ⋅ 𝜔଴ ≅
𝐺௠ଵ
𝐶௅
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The Telescopic OTA
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Noise Analysis
 At low-frequency the noise of the cascode transistors M3a-M3b and M4a-M4b can be 

neglected and the noise analysis is then identical to that of the simple OTA

 The PSD of the output noise current is given by
𝑆௡௢௨௧ ≅ 2 𝑆ூ೙భ ൅ 𝑆ூ೙మ

 or if we express the output PSD in terms of the output noise conductance

𝑆௡௢௨௧ ൌ 4𝑘𝑇 ⋅ 𝐺௡௢௨௧ where 𝐺௡௢௨௧ ≅ 2 𝐺௡ଵ ൅ 𝐺௡ଶ

 with 𝐺௡௜ ൌ 𝛾௡௜𝐺௠௜ ൅ 𝐺௠௜ଶ
ఘ೔

ௐ೔௅೔ ௙
for 𝑖 ൌ 1,2

 The input-referred noise resistance is then given by

𝑅௡௜௡ ≜
𝐺௡௢௨௧
𝐺௠ଵଶ

ൌ
2 𝐺௡ଵ ൅ 𝐺௡ଶ

𝐺௠ଵଶ
ൌ

2𝐺௡ଵ
𝐺௠ଵଶ

⋅ 1 ൅
𝐺௡ଶ
𝐺௡ଵ

 which can be written as 𝑅௡௜௡ ൌ
ଶீ೙భ
ீ೘భ
మ ⋅ 1 ൅ 𝜂 with 𝜂 ൌ ீ೙మ

ீ೙భ

 represents the contributions of the current mirrors referred to the input and 
normalized to the contribution of the differential pair
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Input-referred Thermal Noise
 The input-referred thermal noise resistance is given by

𝑅௡௧௛ ൌ
2𝛾௡ଵ
𝐺௠ଵ

⋅ 1 ൅ 𝜂௧௛

 where

𝜂௧௛ ൌ
𝛾௡ଶ
𝛾௡ଵ

𝐺௠ଶ
𝐺௠ଵ

 represents the contributions to the input-referred thermal noise of the current 
mirrors relative to that of the differential pair

 In case 𝐺௠ଵ ≫ 𝐺௠ଶ, the thermal noise is dominated by the input differential pair 
and the previous expression can be simplified

𝑅௡௧௛ ≅
2𝛾௡ଵ
𝐺௠ଵ
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Thermal Noise Excess Factor
 To compare with other OTA it is useful to derive the thermal noise excess factor

𝛾௢௧௔ ≜ 𝐺௠ ⋅ 𝑅௡௧௛
 where 𝐺௠ ൌ 𝐺௠ଵ is the OTA transconductance
 This results in

𝛾௢௧௔ ൌ 2𝛾௡ଵ ⋅ 1 ൅ 𝜂௧௛
 In case 𝐺௠ଵ ≫ 𝐺௠ଶ, then 𝜂௧௛ ≪ 1 and the noise is dominated by the input 

differential pair and the previous expression can be simplified
𝛾௢௧௔ ≅ 2𝛾௡ଵ
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Input-referred Flicker Noise
 The input-referred flicker noise is given by

𝑅௡௙௟ ൌ
2
𝑓  

𝜌௡
𝑊ଵ𝐿ଵ

൅
𝐺௠ଶ
𝐺௠ଵ

ଶ 𝜌௣
𝑊ଶ𝐿ଶ

 which can be written as

𝑅௡௙௟ ൌ
2𝜌௡
𝑊ଵ𝐿ଵ𝑓

⋅ 1 ൅ 𝜂௙௟

 where

𝜂௙௟ ൌ
𝜌௣
𝜌௡

𝐺௠ଶ
𝐺௠ଵ

ଶ 𝑊ଵ𝐿ଵ
𝑊ଶ𝐿ଶ

 represents the contributions to the input-referred flicker noise of the current mirror 
relative to that of the differential pair
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Output Offset Current
 The offset analysis is identical to that of the simple OTA because the contribution 

of the mismatch of the cascode transistors can be neglected

 The random offset current is then mainly due to the mismatch between M1a-M1b
and M2a-M2b

 The variance of the output offset current is then given by
𝜎ூ೚ೞ
ଶ ൌ 𝜎∆ூವభ

ଶ ൅ 𝜎∆ூವమ
ଶ ൌ 𝐼௕ଶ ⋅ 𝜎∆ூವభ ூವభ⁄

ଶ ൅ 𝜎∆ூವమ ூವమ⁄
ଶ

 where 𝜎∆ூವ೔ ூವ೔⁄
ଶ ൌ 𝜎ఉ೔

ଶ ൅ ீ೘೔
ூ್

ଶ
𝜎௏೅೔
ଶ for 𝑖 ൌ 1,2

 with 𝜎ఉ೔
ଶ ൌ

஺ഁ
మ

ௐ೔௅೔
and 𝜎௏೅೔

ଶ ൌ
஺ೇ೅
మ

ௐ೔௅೔
for 𝑖 ൌ 1,2

 The variance of the output offset current then becomes
𝜎ூ೚ೞ
ଶ ൌ 𝐼௕ଶ ⋅ 𝜎ఉభ

ଶ ൅ 𝜎ఉమ
ଶ ൅ 𝐺௠ଵଶ ⋅ 𝜎௏೅భ

ଶ ൅ 𝐺௠ଶଶ ⋅ 𝜎௏೅మ
ଶ
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Input-referred Offset Voltage
 The variance of the input-referred offset voltage is obtained by dividing the variance of 

the output offset current by 𝐺௠ଵ
ଶ resulting in

𝜎௏೚ೞ
ଶ ൌ

𝐼௕
𝐺௠ଵ

ଶ

𝜎ఉభ
ଶ ൅ 𝜎ఉమ

ଶ ൅ 𝜎௏೅భ
ଶ ൅

𝐺௠ଶ
𝐺௠ଵ

ଶ

𝜎௏೅మ
ଶ

 which can be written as

𝜎௏೚ೞ
ଶ ൌ 𝜎௏೅భ

ଶ ⋅ 1 ൅ 𝜉௏೅ ൅
𝐼௕
𝐺௠ଵ

ଶ

⋅ 𝜎ఉభ
ଶ ⋅ 1 ൅ 𝜉ఉ

 where 𝜉௏೅ represents the 𝑉 mismatch contributions to the input-referred offset of the 
current mirror relative to that of the differential pair

𝜉௏೅ ൌ
𝐺௠ଶ
𝐺௠ଵ

ଶ 𝜎௏೅మ
ଶ

𝜎௏೅భ
ଶ

 and 𝜉ఉ represents the 𝛽 mismatch contributions to the input-referred offset of the 
current mirror relative to that of the differential pair

𝜉ఉ ൌ
𝜎ఉమ
ଶ

𝜎ఉభ
ଶ
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Input-referred Offset Voltage

 with
𝜎௏೅భ
ଶ ൌ

஺ೇ೅೙
మ

ௐభ௅భ
𝜎௏೅మ
ଶ ൌ

஺ೇ೅೛
మ

ௐమ௅మ

𝜎ఉభ
ଶ ൌ

஺ഁ೙
మ

ௐభ௅భ
𝜎ఉమ
ଶ ൌ

஺ഁ೛
మ

ௐమ௅మ

 Replacing results in

𝜉௏೅ ൌ
𝐺௠ଶ
𝐺௠ଵ

ଶ

⋅
𝐴௏೅೛
𝐴௏೅೙

ଶ

⋅
𝑊ଵ𝐿ଵ
𝑊ଶ𝐿ଶ

 And

𝜉ఉ ൌ
𝐴ఉ೛
𝐴ఉ೙

ଶ 𝑊ଵ𝐿ଵ
𝑊ଶ𝐿ଶ

 Similarly to the flicker noise, the input-referred offset (variance or standard 
deviation) can be reduced by increasing the M1a-M1b area 𝑊ଵ𝐿ଵ but at the same 
time also increasing the area 𝑊ଶ𝐿ଶ of the current mirror M2a-M2b
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The Telescopic OTA – Design Example 

 Size a telescopic OTA for the following specifications
𝐴ௗ௖ ൒ 100 𝑑𝐵, 𝐺𝐵𝑊 ൒ 1 𝑀𝐻𝑧, 𝑉௢௦ ൑ 10 𝑚𝑉

 for a load capacitance 𝐶௅ ൌ 1 𝑝𝐹 and for the same process parameters used for 
the other OTAs and corresponding to a 180 nm CMOS process

 The design procedure is detailed in the corresponding Jupyter Notebook
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The Telescopic OTA
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Name Value

VDD 1.8
VSS 0
Ib 2.5E‐07
Vb1 1.2
Vb2 0.8

Name Value

AdcdB 100
GBWmin 1.00E+06

CL 1E‐12
VDD 1.8
Wmin 2E‐07
Lmin 1.8E‐07

Vosmax 0.01
PMdeg 60

Sizing Summary

© C. Enz | 2024 Single-ended Differential Amplifier Slide 43

Specifications Bias

Transistor sizes

Type Function W L ID W/L Ispec IC VP‐VS VG‐VT0 VDSsat Gspec Gms Gm Gds gamman

M1a n DP 3.11E‐06 8.90E‐07 2.50E‐07 3.49 2.50E‐06 0.10 ‐0.057 ‐0.045 0.105 9.66E‐05 8.85E‐06 6.96E‐06 1.17E‐08 0.65
M1b n DP 3.11E‐06 8.90E‐07 2.50E‐07 3.49 2.50E‐06 0.10 ‐0.057 ‐0.045 0.105 9.66E‐05 8.85E‐06 6.96E‐06 1.17E‐08 0.65
M2a p CM 2.60E‐07 5.40E‐06 2.50E‐07 0.05 8.34E‐09 29.99 0.300 0.230 0.302 3.22E‐07 1.61E‐06 1.23E‐06 2.31E‐09 0.83
M2b p CM 2.60E‐07 5.40E‐06 2.50E‐07 0.05 8.34E‐09 29.99 0.300 0.230 0.302 3.22E‐07 1.61E‐06 1.23E‐06 2.31E‐09 0.83
M3a n CA 3.11E‐06 8.90E‐07 2.50E‐07 3.49 2.50E‐06 0.10 ‐0.057 ‐0.045 0.105 9.66E‐05 8.85E‐06 6.96E‐06 1.17E‐08 0.65
M3b n CA 3.11E‐06 8.90E‐07 2.50E‐07 3.49 2.50E‐06 0.10 ‐0.057 ‐0.045 0.105 9.66E‐05 8.85E‐06 6.96E‐06 1.17E‐08 0.65
M4a p CA 7.80E‐06 5.40E‐07 2.50E‐07 14.44 2.50E‐06 0.10 ‐0.057 ‐0.044 0.105 9.66E‐05 8.85E‐06 6.78E‐06 2.31E‐08 0.67
M4b p CA 7.80E‐06 5.40E‐07 2.50E‐07 14.44 2.50E‐06 0.10 ‐0.057 ‐0.044 0.105 9.66E‐05 8.85E‐06 6.78E‐06 2.31E‐08 0.67
M5a n CM 2.00E‐07 8.58E‐06 5.00E‐07 0.02 1.67E‐08 30.00 0.300 0.236 0.302 6.44E‐07 3.22E‐06 2.53E‐06 2.43E‐09 0.81
M5b n CM 2.00E‐07 8.58E‐06 5.00E‐07 0.02 1.67E‐08 30.00 0.300 0.236 0.302 6.44E‐07 3.22E‐06 2.53E‐06 2.43E‐09 0.81
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Large-signal Transfer Characteristic – Simulations
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Large-signal Transfer Characteristic – Simulations
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Open-loop Gain Response
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Input-referred Noise PSD
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Input-referred Noise PSD – Individual Contributions
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 Monte Carlo simulation of 𝑉௢௦ versus 𝑉௜௡ for 1000 runs in open-loop mode
 The standard deviation of 𝑉௢௦ is about 3.56 mV which is consistent with the 

dispersion simulation giving 3.21 mV and equal to the 3.65 mV theoretical 
prediction 

Monte Carlo Simulation of Offset Voltage (open-loop)
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Monte Carlo Simulation of Offset Voltage (closed-loop)

 Monte Carlo simulation of 𝑉௢௦ versus 𝑉௜௡ for 1000 runs in voltage follower mode
 The standard deviation of 𝑉௢௦ is about 3.17 mV which is consistent with the 

dispersion simulation giving 3.21 mV and close to the 3.12 mV theoretical 
prediction 
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Monte Carlo Simulation of Offset Voltage

 Offset simulation using Monte Carlo simulations with 1000 runs
 As expected the contribution of the differential pair (M1a-M1b) dominates within the 

linear range
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σVos≈3.2 mV
Contribution of M1a (M1b) only
(contribution of DP must be multiplied by 2)

Contribution of M2a (M2b) only
(contribution of CM must be multiplied by 2)
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Outline
 The two-stage OTA or Miller OTA
 The telescopic OTA
 The folded cascode OTA
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6

Folded-cascode Differential OTA

+ Self-compensation
+ High DC gain and GBW
+ Good input common-mode range
+ Improved output swing
+ Can work as voltage follower

− Higher power consumption
− Higher noise
− Additional poles
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Folded Cascode OTA – Differential Open-loop Gain
 Similarly to the simple OTA, the telescopic OTA has its dominant pole 𝜔଴ at the 

output and non-dominant pole 𝜔௣ at the current mirror node 2 and a pole-zero 
doublet

𝐴ௗ௠ 𝑠 ≜
∆𝑉௢௨௧
∆𝑉௜ௗ

≅ 𝐴ௗ௖ ⋅
1 ൅ 𝑠

𝜔௭

1 ൅ 𝑠
𝜔଴

1 ൅ 𝑠
𝜔௣

≅
𝐴ௗ௖

1 ൅ 𝑠
𝜔଴

≅
𝜔௨
𝑠

 where
𝐴ௗ௖ ≅

ீ೘భ
ீ೚

with 𝐺௢ ൌ
ீ೏ೞయீ೏ೞఱ
ீ೘ೞఱ

൅ ீ೏ೞభାீ೏ೞమ  ீ೏ೞర
ீ೘ೞర

𝜔଴ ≅
𝐺௢
𝐶௅

𝜔௣ ≅
𝐺௠ଶ
𝐶ଶ

𝜔௭ ൌ 2𝜔௣

𝜔௨ ൌ 𝐴ௗ௖ ⋅ 𝜔଴ ≅
𝐺௠ଵ
𝐶௅
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Noise Analysis
 If M2b-M2c are assumed to be perfectly matched, the noise generated by M2a cancels 

out at the output node and hence the noise coming from M2a can be neglected
 Neglecting also the contribution of the cascode transistors M4a-M4b and M5a-M5b and 

assuming that M1a-M1b and M3a-M3b are perfectly matched, the PSD of the output noise 
current is given by

𝑆௡௢௨௧ ≅ 2 𝑆ூ೙భ ൅ 𝑆ூ೙మ ൅  𝑆ூ೙య
 or if we express the output PSD in terms of the output noise conductance

𝑆௡௢௨௧ ൌ 4𝑘𝑇 ⋅ 𝐺௡௢௨௧ where 𝐺௡௢௨௧ ≅ 2 𝐺௡ଵ ൅ 𝐺௡ଶ ൅ 𝐺௡ଷ
 with 𝐺௡௜ ൌ 𝛾௡௜𝐺௠௜ ൅ 𝐺௠௜

ଶ ఘ೔
ௐ೔௅೔ ௙

for all transistors

 The input-referred noise is then given by

𝑅௡௜௡ ≜
𝐺௡௢௨௧
𝐺௠ଵ
ଶ ൌ

2 𝐺௡ଵ ൅ 𝐺௡ଶ ൅ 𝐺௡ଷ
𝐺௠ଵ
ଶ ൌ

2𝐺௡ଵ
𝐺௠ଵ
ଶ ⋅ 1 ൅

𝐺௡ଶ
𝐺௡ଵ

൅
𝐺௡ଷ
𝐺௡ଵ

 which can be written as 𝑅௡௜௡ ൌ
ଶீ೙భ
ீ೘భ
మ ⋅ 1 ൅ 𝜂 with 𝜂 ൌ ீ೙మ

ீ೙భ
൅ ீ೙య

ீ೙భ
 represents the contributions of the current mirrors referred to the input and normalized 

to the contribution of the differential pair
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Input-referred Thermal Noise
 The input-referred thermal noise resistance is given by

𝑅௡௧௛ ൌ
2𝛾௡ଵ
𝐺௠ଵ

⋅ 1 ൅ 𝜂௧௛

 where

𝜂௧௛ ൌ
𝛾௡ଶ
𝛾௡ଵ

𝐺௠ଶ
𝐺௠ଵ

൅
𝛾௡ଷ
𝛾௡ଵ

𝐺௠ଷ
𝐺௠ଵ

 represents the contributions to the input-referred thermal noise of the current 
mirrors relative to that of the differential pair

 In case 𝐺௠ଵ ≫ 𝐺௠ଶ and 𝐺௠ଵ ≫ 𝐺௠ଷ, the thermal noise is dominated by the 
input differential pair and the previous expression can be simplified

𝑅௡௧௛ ≅
2𝛾௡ଵ
𝐺௠ଵ
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Thermal Noise Excess Factor
 To compare with other OTA it is useful to derive the thermal noise excess factor

𝛾௢௧௔ ≜ 𝐺௠ ⋅ 𝑅௡௧௛
 where 𝐺௠ ൌ 𝐺௠ଵ is the OTA transconductance
 This results in

𝛾௢௧௔ ൌ 2𝛾௡ଵ ⋅ 1 ൅ 𝜂௧௛
 In case 𝐺௠ଵ ≫ 𝐺௠ଶ and 𝐺௠ଵ ≫ 𝐺௠ଷ, then 𝜂௧௛ ≪ 1 and the noise is 

dominated by the input differential pair and the previous expression can be 
simplified

𝛾௢௧௔ ≅ 2𝛾௡ଵ
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Input-referred Flicker Noise
 The input-referred flicker noise is given by

𝑅௡௙௟ ൌ
2
𝑓  

𝜌௡
𝑊ଵ𝐿ଵ

൅
𝐺௠ଶ
𝐺௠ଵ

ଶ 𝜌௣
𝑊ଶ𝐿ଶ

൅
𝐺௠ଷ
𝐺௠ଵ

ଶ 𝜌௡
𝑊ଷ𝐿ଷ

 which can be written as

𝑅௡௙௟ ൌ
2𝜌௡
𝑊ଵ𝐿ଵ𝑓

⋅ 1 ൅ 𝜂௙௟

 where

𝜂௙௟ ൌ
𝜌௣
𝜌௡

𝐺௠ଶ
𝐺௠ଵ

ଶ 𝑊ଵ𝐿ଵ
𝑊ଶ𝐿ଶ

൅
𝐺௠ଷ
𝐺௠ଵ

ଶ 𝑊ଵ𝐿ଵ
𝑊ଷ𝐿ଷ

 represents the contributions to the input-referred flicker noise of the current mirrors 
relative to that of the differential pair
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Output Offset Current
 The random offset current is mainly due to the mismatch between M1a-M1b, M2b-

M2c and M3a-M3b

 The variance of the output offset current is then given by
𝜎ூ೚ೠ೟
ଶ ൌ 𝜎∆ூವభ

ଶ ൅ 𝜎∆ூವమ
ଶ ൅ 𝜎∆ூವయ

ଶ

ൌ 𝐼௕ଵଶ ⋅ 𝜎∆ூವభ ூವభ⁄
ଶ ൅ 𝐼௕ଶଶ ⋅ 𝜎∆ூವమ ூವమ⁄

ଶ ൅ 𝐼௕ଷଶ ⋅ 𝜎∆ூವయ ூವయ⁄
ଶ

 where 𝜎∆ூವ೔ ூವ೔⁄
ଶ ൌ 𝜎ఉ೔

ଶ ൅ ீ೘೔
ூ್

ଶ
𝜎௏೅೔
ଶ for 𝑖 ൌ 1,2

 with 𝜎ఉ೔
ଶ ൌ

஺ഁ
మ

ௐ೔௅೔
and 𝜎௏೅೔

ଶ ൌ
஺ೇ೅
మ

ௐ೔௅೔
for 𝑖 ൌ 1,2

 The variance of the output offset current then becomes
𝜎ூ೚ೠ೟
ଶ ൌ 𝐼௕ଵଶ ⋅ 𝜎ఉభ

ଶ ൅ 𝐼௕ଶଶ ⋅ 𝜎ఉమ
ଶ ൅ 𝐼௕ଷଶ ⋅ 𝜎ఉయ

ଶ

൅𝐺௠ଵଶ ⋅ 𝜎௏೅భ
ଶ ൅ 𝐺௠ଶଶ ⋅ 𝜎௏೅మ

ଶ ൅ 𝐺௠ଷଶ ⋅ 𝜎௏೅య
ଶ
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Input-referred Offset Voltage
 The variance of the input-referred offset voltage is obtained by dividing the variance of the output 

offset current by 𝐺௠ଵ
ଶ resulting in

𝜎௏೚ೞ
ଶ ൌ

𝐼௕ଵ
𝐺௠ଵ

ଶ

𝜎ఉభ
ଶ ൅

𝐼௕ଶ
𝐺௠ଵ

ଶ

𝜎ఉమ
ଶ ൅

𝐼௕ଷ
𝐺௠ଵ

ଶ

𝜎ఉయ
ଶ

൅𝜎௏೅భ
ଶ ൅

𝐺௠ଶ
𝐺௠ଵ

ଶ

𝜎௏೅మ
ଶ ൅

𝐺௠ଷ
𝐺௠ଵ

ଶ

𝜎௏೅య
ଶ

 which can be written as

𝜎௏೚ೞ
ଶ ൌ 𝜎௏೅భ

ଶ ⋅ 1 ൅ 𝜉௏೅ ൅
𝐼௕ଵ
𝐺௠ଵ

ଶ

⋅ 𝜎ఉభ
ଶ ⋅ 1 ൅ 𝜉ఉ

 where 𝜉௏೅ represents the 𝑉 mismatch contributions to the input-referred offset of the current 
mirror relative to that of the differential pair

𝜉௏೅ ൌ
𝐺௠ଶ
𝐺௠ଵ

ଶ 𝜎௏೅మ
ଶ

𝜎௏೅భ
ଶ ൅

𝐺௠ଷ
𝐺௠ଵ

ଶ 𝜎௏೅య
ଶ

𝜎௏೅భ
ଶ

 and 𝜉ఉ represents the 𝛽 mismatch contributions to the input-referred offset of the current mirror 
relative to that of the differential pair

𝜉ఉ ൌ
𝐼௕ଶ
𝐼௕ଵ

ଶ 𝜎ఉమ
ଶ

𝜎ఉభ
ଶ ൅

𝐼௕ଷ
𝐼௕ଵ

ଶ 𝜎ఉయ
ଶ

𝜎ఉభ
ଶ
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Input-referred Offset Voltage

 with
𝜎௏೅భ
ଶ ൌ

஺ೇ೅೙
మ

ௐభ௅భ
𝜎௏೅మ
ଶ ൌ

஺ೇ೅೛
మ

ௐమ௅మ
𝜎௏೅య
ଶ ൌ

஺ೇ೅೙
మ

ௐయ௅య

𝜎ఉభ
ଶ ൌ

஺ഁ೙
మ

ௐభ௅భ
𝜎ఉమ
ଶ ൌ

஺ഁ೛
మ

ௐమ௅మ
𝜎ఉయ
ଶ ൌ

஺ഁ೙
మ

ௐయ௅య

 Replacing results in

𝜉௏೅ ൌ
𝐺௠ଶ
𝐺௠ଵ

ଶ

⋅
𝐴௏೅೛
𝐴௏೅೙

ଶ

⋅
𝑊ଵ𝐿ଵ
𝑊ଶ𝐿ଶ

൅
𝐺௠ଷ
𝐺௠ଵ

ଶ

⋅
𝑊ଵ𝐿ଵ
𝑊ଷ𝐿ଷ

 And

𝜉ఉ ൌ
𝐼௕ଶ
𝐼௕ଵ

ଶ 𝐴ఉ೛
𝐴ఉ೙

ଶ 𝑊ଵ𝐿ଵ
𝑊ଶ𝐿ଶ

൅
𝐼௕ଷ
𝐼௕ଵ

ଶ 𝑊ଵ𝐿ଵ
𝑊ଷ𝐿ଷ

 Similarly to the flicker noise, the input-referred offset (variance or standard 
deviation) can be reduced by increasing the M1a-M1b area 𝑊ଵ𝐿ଵ but at the same 
time also increasing the area 𝑊ଶ𝐿ଶ of the current sources M2b-M2c and also the 
area 𝑊ଷ𝐿ଷ of the current mirror M3a-M3b
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The Folded Cascode OTA – Design Example 

 Size a simple OTA for the following specifications
𝐴ௗ௖ ൒ 60 𝑑𝐵, 𝐺𝐵𝑊 ൒ 1 𝑀𝐻𝑧, 𝑉௢௦ ൑ 10 𝑚𝑉

 for a load capacitance 𝐶௅ ൌ 1 𝑝𝐹 and for the same process parameters used for 
the simple OTA and corresponding to a 180nm CMOS process

 The design procedure is detailed in the corresponding Jupyter Notebook
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Name Value

VDD 1.8
VSS 0
Ib1 2.5E‐07
Ib2 5.5E‐07
Vb1 0.9
Vb2 0.75

Name Value

AdcdB 100
GBWmin 1000000

CL 1E‐12
VDD 1.8
Wmin 2E‐07
Lmin 1.8E‐07

Vosmax 0.01
PMdeg 60

Type Function W L ID W/L Ispec IC VP‐VS VG‐VT0 VDSsat Gspec Gms Gm Gds gamman

M1a n DP 2.83E‐06 8.10E‐07 2.50E‐07 3.49 2.50E‐06 0.10 ‐0.057 ‐0.045 0.105 9.65E‐05 8.85E‐06 6.96E‐06 1.29E‐08 0.65
M1b n DP 2.83E‐06 8.10E‐07 2.50E‐07 3.49 2.50E‐06 0.10 ‐0.057 ‐0.045 0.105 9.65E‐05 8.85E‐06 6.96E‐06 1.29E‐08 0.65
M2a p CM 8.80E‐07 5.54E‐06 1.10E‐06 0.16 2.75E‐08 40.00 0.348 0.267 0.343 1.06E‐06 6.21E‐06 4.76E‐06 9.93E‐09 0.84
M2b p CM 4.40E‐07 5.54E‐06 5.50E‐07 0.08 1.38E‐08 40.00 0.348 0.267 0.343 5.31E‐07 3.11E‐06 2.38E‐06 4.96E‐09 0.84
M2c p CM 4.40E‐07 5.54E‐06 5.50E‐07 0.08 1.38E‐08 40.00 0.348 0.267 0.343 5.31E‐07 3.11E‐06 2.38E‐06 4.96E‐09 0.84
M3a n CM 2.00E‐07 1.02E‐05 3.00E‐07 0.02 1.40E‐08 21.36 0.251 0.198 0.261 5.43E‐07 2.25E‐06 1.77E‐06 1.23E‐09 0.81
M3b n CM 2.00E‐07 1.02E‐05 3.00E‐07 0.02 1.40E‐08 21.36 0.251 0.198 0.261 5.43E‐07 2.25E‐06 1.77E‐06 1.23E‐09 0.81
M4a p CA 1.02E‐05 5.90E‐07 3.00E‐07 17.32 3.00E‐06 0.10 ‐0.057 ‐0.044 0.105 1.16E‐04 1.06E‐05 8.13E‐06 2.54E‐08 0.67
M4b p CA 1.02E‐05 5.90E‐07 3.00E‐07 17.32 3.00E‐06 0.10 ‐0.057 ‐0.044 0.105 1.16E‐04 1.06E‐05 8.13E‐06 2.54E‐08 0.67
M5a n CA 2.66E‐06 6.30E‐07 3.00E‐07 4.22 3.02E‐06 0.10 ‐0.057 ‐0.045 0.105 1.17E‐04 1.06E‐05 8.36E‐06 1.98E‐08 0.65
M5b n CA 2.66E‐06 6.30E‐07 3.00E‐07 4.22 3.02E‐06 0.10 ‐0.057 ‐0.045 0.105 1.17E‐04 1.06E‐05 8.36E‐06 1.98E‐08 0.65
M7a n CM 2.00E‐07 6.11E‐06 5.00E‐07 0.03 2.34E‐08 21.36 0.252 0.198 0.261 9.05E‐07 3.75E‐06 2.95E‐06 3.41E‐09 0.81
M7b n CM 2.00E‐07 6.11E‐06 5.00E‐07 0.03 2.34E‐08 21.36 0.252 0.198 0.261 9.05E‐07 3.75E‐06 2.95E‐06 3.41E‐09 0.81

Sizing Summary
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Specifications Bias
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Large-signal Transfer Characteristic – Simulations
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Large-signal Transfer Characteristic – Simulations
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Open-loop Gain Response
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Input-referred Noise PSD
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Input-referred Noise PSD – Individual Contributions
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Monte Carlo Simulation of Offset Voltage (open-loop)

 Monte Carlo simulation of 𝑉௢௦ versus 𝑉௜௡ for 1000 runs in open-loop mode
 The standard deviation of 𝑉௢௦ is about 3.56 mV which is slightly smaller than the 

dispersion simulation giving 3.72 mV and close to the 3.65 mV theoretical prediction 
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Monte Carlo Simulation of Offset Voltage (closed-loop)

 Monte Carlo simulation of 𝑉௢௦ versus 𝑉௜௡ for 1000 runs in voltage follower mode
 The standard deviation of 𝑉௢௦ is about 3.62 mV which is consistent with the dispersion 

simulation giving 3.72 mV and close to the 3.65 mV theoretical prediction 
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Monte Carlo Simulation of Offset Voltage

 Offset simulation using Monte Carlo simulations with 1000 runs
 As expected the contribution of the differential pair (M1a-M1b) dominates within the 

linear range
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σVos≈3.6 mV
Contribution of M1a (M1b) only
(contribution of DP must be multiplied by 2)

Contribution of M2a (M2b) only
(contribution of CM must be multiplied by 2) Contribution of M3a (M3b) only

(contribution of CM must be multiplied by 2)


