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AGENDA

➢ Start from the 4-bit SAR ADC designed on the previous module workshop.

➢ Move from there to understand the SAR architecture limitations.

➢ Get into Pipeline ADC architectures and understand how it overcomes the SAR limitations.

➢ Practical examples to understand key design aspects from the pipeline architecture:

oResidue Amplification and Inter-Stage Gain

oDigital Correction

oEffects of the STG1 Capacitors Mismatch on the ADC DNL/INL
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A PRACTICAL PERSPECTIVE ON PIPELINE ADCS
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SAR ADC TIMING (EXAMPLE BASED ON THE WORKSHOP)
4-bit SAR-ADC @ 80MS/s (Workshop Exercise)

12-bit SAR-ADC @ 80MS/s

Insert additional bits

4-bit SAR-ADC @ 160MS/s

Increase the sampling frequency
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▪ STG1 quantizes 4-bit and amplifies the residue voltage (Vres) ➔ STG1 reaches 120MS/s operating frequency.

▪ STG2 gets and extended time slot for quantization.

(due to reduced duty cycle on STG2 sampling phase, which matches STG1 amplification phase).

▪ STG2 manages to quantize 16-bit with the extend time slot it has available (optimistically considering the average easy 

decisions time would be maintained... while in practice it would not happen, because STG2 Vres is much smaller, therefore the

comparator’s decisions will be slower).

▪ Being more realistic... it is reasonable to think STG2 may be able to quantize ~9 bit @120MS/s.

▪ Summing STG1 and STG2 bits (with 1-bit redundancy) results in a 12-bit ADC @ 120MS/s

Page 5

PIPELINE ADC TIMING (EXAMPLE BASED ON THE WORKSHOP)
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PIPELINE ADC STRUCTURE (2 STAGES, EXAMPLE)

4-bit SAR ADCVIN

Residue 
Amplification

4-bit SAR ADC
VRES VRES_AMP

ISG

Bits Time Alignement and Digital Correction (1-bit redundancy)

7
-b

it

DOUT

STG1 STG2

(Inter-Stage Gain)
B1[3:0] B2[3:0]

(VQ)

| | | |

| | | |STG1 bits (4) ➔

STG2 bits (4) ➔

Dout bits (7) ➔ | | | | | | |

Digital Correction Operation:

1 bit redundancy 

(overlap)
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PIPELINE ADC STRUCTURE (N STAGES, GENERIC)

N1-bit ADCVIN

Residue 
Amplification

N2-bit ADC
VRES1 VRES_AMP1

ISG

Bits Time Alignement and Digital Correction (at least 1-bit redundancy between stages)

N
-b

it
DOUT

STG1 STGX

B1[N1-1:0] BX[Nx:0]

(VQ1)

STG2

B2[N2-1:0]

VRES2 (.....) VRES_AMP(N-1) 
Nx-bit ADC

1 bit redundancy 

(overlap)

| | | | 

| | | |

| | | |STG1 bits (4) ➔

STG2 bits (4) ➔

Dout bits (13) ➔ | | | | | | | | | | | | |

Digital Correction Operation (Multi-Stage example):

STG3 bits (4) ➔

STG4 bits (4) ➔

| | | |

(Inter-Stage Gain)

ISG
(VQ2)

The stages quantization does not need necessarily to 

be SAR based.

It can be Flash based, or TDC based, or any other type.
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4-BIT STG1 TRANSFER FUNCTION – VRES (VIN)

-VSR/2 VT1 VT2 VT3 VT4
0V

VT5 VT6 VT7 -VSR/2VT8 VT9 VT10 VT11 VT12 VT13 VT14 VT15

+VSR/4

0V

-VSR/4

+VSR/2

-VSR/2

VRES (== VQ)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 STG1 CODE

VLSB STG1

(VSR/16)V
R

E
S

 [
V

d
if
f]

VIN [Vdiff]



© 2023 Renesas Electronics Corporation. All rights reserved. RENESAS CONFIDENTIAL

-VSR/2 VT1 VT2 VT3 VT4
0V

VT5 VT6 VT7 -VSR/2VT8 VT9 VT10 VT11 VT12 VT13 VT14 VT15

+VSR/4

0V

-VSR/4

+VSR/2

-VSR/2

VRES_AMP

4-BIT STG1 AMPLIFIED TRANSFER FUNCTION - VRES_AMP(VIN)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 STG1 CODE

VSR/2

(VLSB_STG1 x ISG)

ISG = 2^(N1-1) 

[V/V]

V
R

E
S

_
A

M
P

 [
V

d
if
f]

VIN [Vdiff]
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COMPARING VRES AND VRES_AMP – THE NOISE ADVANTAGE

10

VRES (== VQ)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 STG1 CODE

-VSR/2 VT1 VT2 VT3 VT4 VT5 VT6 VT7 -VSR/2VT8 VT9 VT10 VT11 VT12 VT13 VT14 VT15

+VSR/4

0V

-VSR/4

+VSR/2

-VSR/2

VRES_AMP

VIN [Vdiff]

Low amplitude

(poor immunity 

to thermal noise) 

higher amplitude

(better immunity 

to thermal noise) 

The thermal noise 

influencing on the Vres_amp

quantization at the late 

stages of the Pipeline is 

divided by the ISG when 

referring to the ADC input.

ISG = VRES_AMP/VRES
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PIPELINE NOT ONLY FASTER BUT ALSO MORE POWER EFFICIENT

ISSCC2014 – BROADCOMM PAPER
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OVRG ZONE

OVRG ZONE

RESIDUE VOLTAGE AMPLIFICATION AND INTER-STAGE GAIN (ISG)

0V

Input 

Voltage

Swing

Range

(VSR) 

+ ½VREF

- ½VREF

- ¼VREF

+ ¼VREF

VIN

VSR (STG2 Full Quantization Range)

STG2

VSR/2 

x 2^(N1-1)

VRES_AMP

Residue 

Amplification...

(ISG)

➢ The Over-Range Zones (OVRG) are necessary to 

deal with the STG1 comparator offset and/or 

incomplete settling on the DAC, which can cause 

quantization errors on STG1 code.

➢ Using the redundancy bit between the stages the 

digital correction circuitry can recover the 

quantization errors on STG1 code.

STG1

n-bit quantization

2^N1 quantization 

levels

VSR/(2^N1)

VRES

STG2 CODE = 0

STG2 CODE = (1/4)*(2^N2)

STG2 CODE = (2^N2) - 1 

STG2 CODE = (1/2)*(2^N2)

STG2 CODE = (3/4)*(2^N2)

The ISG value needs to be accurate, otherwise STG1 

and STG2 quantization weights get misaligned and 

linearity errors happen in the Pipeline ADC.
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EXCESS ISG ERROR AND ITS INFLUENCE ON THE ADC LINEARITY

Loss of Monotonicity.

Positive Peaks on DNL 

Poor INL with Inverted Sawtooth Shape

On the STG1 31 segment transitions 

Code Overlaps: getting the same output

code for different voltage levels/ranges.
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REDUCED ISG ERROR AND ITS INFLUENCE ON THE ADC LINEARITY

Missing Codes.

DNL = -1 (missing codes) for groups of 

codes close to the 31 STG1 segments 

transitions

Poor INL with Sawtooth Shape
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OVER-RANGE (OVR) DEFINITION

Positive Over-Range Zone

Negative Over-Range Zone

100%

0%

50%

0%

100%

50%

STG1 characteristic (zoom in at VIN=0V)

OVR = 50%

V
R

E
S

_
A

M
P

(V
)

VLSB_STG1 x G

0.5 x VLSB_STG1 x G

-0.5 x VLSB_STG1 x G

0V

-VLSB_STG1 x G

VIN (V)
0V-VLSB_STG1 +VLSB_STG1

+0.25 VLSB_STG1 x G

-0.25 VLSB_STG1*

OVR = 50%

+0.25 VLSB_STG1*+0.5 VLSB_STG1-0.5 VLSB_STG1*

OVR = 100% ➔ STG2 clipping

OVR = 100% ➔ STG2 clipping

+0.5 VLSB_STG1 x G

-0.25 VLSB_STG1 x G

-0.5 VLSB_STG1 x G

Positive comparators offsets → Positive OVR peaks

Negative comparators offsets  Negative OVR peaks

Mid-Scale 

(STG2 Code = 7 to 8)

(STG2 Code = 15)

(STG2 Code = 11 to 12)

(STG2 Code = 13 to 14)

(STG2 Code = 3 to 4 )

(STG2 Code = 0)

(STG2 Code = 1 to 2)

4-bit STG2

(as example)
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THE DIGITAL CORRECTION OPERATION

➢ The ADC output code (Dout) is computed by the Digital Correction Circuit, combining the different stages bits.

➢ For a Two-Stage Pipeline ADC (mid-rise) the Digital correction equation is the following:

𝐷𝑂𝑈𝑇 = 2 𝑁2−1 ∙ 𝑐𝑜𝑑𝑒𝑆𝑇𝐺1 + 𝑐𝑜𝑑𝑒𝑆𝑇𝐺2 − 2 𝑁2−2

➢ In the example of the workshop, we have N1=4-bit and N2=4-bit, so we get:

𝐷𝑂𝑈𝑇 = 8 ∙ 𝑐𝑜𝑑𝑒𝑆𝑇𝐺1 + 𝑐𝑜𝑑𝑒𝑆𝑇𝐺2 − 4

➢ Next slide we check an example on how the digital correction and the inter-stages redundancy bit works to 

correct STG1 quantization code errors. 

16
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63

64

+VSR/4

0V

-VSR/4

+VSR/2

-VSR/2

STG1 VRES_AMP

4-BIT STG1 + 4-BIT STG2 EXAMPLE OF THE  DIGITAL CORRECTION MAGICS

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

CODE STG1

0

1

2

3

4

6

5

7

8

10

9

11

12

15

13

14

CODE

STG2

0 1277

8
15

16

23

24

31

32
39

40

47

48
55

56
71

72

79

80
87

88
95

96

103

104

111

112

119

120
DOUT
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RESIDUE AMPLIFICATION APPROACHES

18
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EFFECT OF THE STG1 DAC CAPACITORS MISMATCH ON THE ADC LINEARITY (6-BIT STG1)

C1 = 31 C1 = 32 C1 = 33 C1 = 34 C1 = 35C1 = 30C1 = 29C1 = 28

STG1 Segments Misalignment

Positive Peaks and Missing Codes

z1p3

z2p3

z3p3

z1p3

z2p3

z3p3z2p1

z2p1
z1p3 z2p3

z3p3
z1p3 z2p3

z3p3

z2p1

z3p3z2p3z1p3 z3p3z2p3
z1p3

Poor INL
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marco.rodrigues.ue@renesas.com

Send us your questions. 

We are glad to help you.

Thank you!

mailto:marco.rodrigues.ue@renesas.com
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