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ADC Performance Metrics
Some of the Most Commonly Used

Sampling Rate

Resolution

Signal-to-Noise Ratio (SNR)
Signal-to-Noise-and-Distortion Ratio (SNDR or SINAD)
Spurious-Free Dynamic Range (SFDR)
Inter-modulation Distortion (IMD)
Integral Non-linearity (INL)

Differential Non-linearity (DNL)

Offset and Gain Error

Bit-Error-Rate (BER)

Power

Jitter
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Signal-to-Noise Ratio (SNR)
Signal-to-Noise-and-Distortion Ratio (SNDR or SINAD)

SNR/SINAD are defined as the ratio of the signal power to the noise power
excluding DC.:

SNR = 10log(Signal Power / Noise Power excluding harmonics)
SINAD = 10log(Signal Power / (Noise + Harmonic Power))
They can be specified in dBc or dBFS
Usually specified using a single tone input signal
Sources:
Quantization noise and distortion
Thermal noise in the signal path
Noise and distortion in the clock path (Jitter)
Non-linearity in the signal path
Effective Number of Bits (ENOB) = (SINAD-1.76dB)/6.02
Effective Resolution = Full scale/lnput referred noise in LSBs
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Example: AD9467 (AD80264) at 250MS/s
SNR = 74dB, SINAD = 74dB

- / Signal

Noise + | 1| l‘ |
Distortion | ™
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Spurious-Free Dynamic Range (SFDR)

It is the ratio of the signhal power to the power of the largest undesired harmonic or
spur

SFDR can be defined in dBc or dBFS
Usually specified using a single tone input signal
It is usually evaluated across the input amplitude

THD is the ratio of the signal power to the total harmonic power of the significant
harmonics
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Example: AD9467 at 250MS/s
SFDR =100 dBc
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Example: AD9467 at 122.88 MS/s
At -20 dBFS, SFDR = 106 dBFS = 86dBc
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File

A3E & e |F =

El-Ch. 1 FFT
- Dievice = R¥_ADC_Module_ADI
- Date = 2/11/2011

- Time = 5:38:28 PM

- Sample Frequency = 122.88 MHz

- Samples = 32768

- SNRFS = 75.376 dB

- SINAD = 75.368 dBFS

- DC Frequency = 0 MHz

- DC Power =-51.66 dBFS

- Fund Frequency = 21.581 MHz

- Fund Power =-20.017 dBFS

- Ham 2 Power = -109.07 dBFS

- Harm 3 Power = -110.228 dBFS

- Ham 4 Power = -109.07 dBFS

- Ham 5 Power = -109.07 dBFS

- Hamm & Power = -109.657 dBFS

- Waorst Cther Frequency = 22.872 MHz
- Worst Cther Power = -106.455 dBFS
- Noise / Hz =-153.261 dBFS5 / Hz

- Average Bin Noise = -117.521 dBFS
- THD = -102.405 dBFS

- SFDR = 106.455 dBFS
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SFDR versus Input Amplitude
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SFDR versus Input Amplitude

Example
. I\Vl\ /\/\/\/\/\/\/\/\/
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SFDR versus Input Amplitude (Example)
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Inter-Modulation Distortion (IMD)

It is tested using two input tones equal in amplitude and closely spaced In
frequency (f1 and f2)
It is the ratio of the power of one of the input tones to the power of the largest
undesired spur
It is useful in some systems to evaluate distortion without the effects of filtering or
frequency planning
The second order products (IM2) are at:

(f1+f2) and (f1-f2)
The third order products (IM3) are at:

(2f1+f2) and (2f2+f1)

(2f1-f2) and (2f2-f1)
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Example: AD9467 at 122.88VMHz
IMD = -89dBc (-96dBFS)

File
AIE |@e|F #|& [ E
E-Ch. A Two-Tone FFT 2
- Device = AD3462
12M 1 4 M 4 M M
| Date = 2/11/2011 ] 2 BM 24M 30M 36 2M 48 54 M 60
Time = 3:42-06 PM
- Sample Frequency = 122 88 MHz
Samples = 32768
- DC Frequency = 0 MHz 0

i~ DC Power = -53.588 dBFS I M D

- Fund 1 Frequency = 23.58 MHz
- Fund 1 Power = -6.99 dBFS
- Fund 2 Frequency = 22.58 MHz .20 (dBFS)
Fund 2 Power = -7.029 dBFS
~F1+ F2 Power =-91.812dBc
i~ F2-F1 Power = -89.68 dBc

i~ 2F1 - F2 Power = -88.697 dBe 40 IMD

2F1 + F2 Power = -101.502 dBc
- 2F2 - F1 Power = -94.487 dBc
- 2F2 + F1 Power =-101.502 dBc (d BC)
: Worst Other Frequency = 22.623 MHz
Worst Other Power = -99.41 dBFS 60
Noise / Hz = -152.684 dBFS / Hz
- Average Bin Noise = -116.943 dBFS
- SFDR = 88.697 dBe
[=)- Device Settings -80
i Date = 2/11/2011
Time = 3:42:06 PM

Sample Frequency = 122.88 MHz F2-F1 2F1-F2 .
AMP = 5012952 o ISR\ Flefe
A
¥

! \'4
| E:I;‘DDZEN}AW‘H il 2RF2FF1
i er =
- SigGen 1 Level = 103 m MI I I
i il R Wmmwﬁ“mﬁ

Vief =22V 120

N
7

< m »
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Flash A/D Converters

Vin
= I 2”_1
Compares input to all levels [ sm | Copparstors
simultaneously for maximum speed Ve /" Thermometer

Very high speed (GS/s): R
Sample rate fs = fclk

Binary Code

Doy = DzDqDyg

Not efficient for high resolutions: R
—

Area & Power a 2N

|

Vs

Limited accuracy: (6-bit)

|
W

pe pe
NN =N M
HAT FAT AT FAT FAT AT+
&“M

DECODER

Variations include: Interpolation and
Folding Architectures

& W
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SAR A/D Converters

Comparator

Quantize the input by vin [ o ‘“;
successively approaching the
right answer using a binary _
search algorithm _( O T
Very efficient in power and t onc outm \ :
hardware | Ve N bit
Relatively low speed.: T

Conversion time proportional I

to N +° s
Small acquisition time | Ve
High accuracy 1.
Currently: 18-20+ bit, 10-20+ | S TS P O T
MS/s T=0  T=To T=2Ta T=3Ta T=4T. |

Ahmed Ali MSE LSB



Pipelined A/D Converter

Win
—»{ S/H SIH
k1 -bit k2-bit
ADC ADC
k1 bits
MSBs k2 bits
L v
Digital Adder
N bits

D, =0,%1,£2,£3 ..., +2K-

Vo1 = G4 (Vin — Vdac)

D1 * VR f
Vol — Gl (Vin o Zkl—le )

Ahmed Ali
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Algorithmic/Cyclic (pipelined) ADC

Folding the n pipeline stages into
one stage

For n cycles => n times slower

We need n in parallel to achieve
the same speed

Inter-stage amplifier is needed

Ahmed Ali
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i
kl-bit | ! | kl-bit
ADC |i| DAC
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Kbis |
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Digital error correction
(a) N bits
o S H




SAR ADC

Folding the n pipeline stages into
one stage

For n cycles => n times slower

We need n in parallel to achieve
the same speed

No inter-stage amplifier is needed
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Comparator

2 9H

+

DAC

SAR

I

N bits

S/H ‘ S H
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Algorithmic/Cyclic (pipelined) ADC

Folding the n pipeline stages into
one stage y

For n cycles => n times slower

We need n in parallel to achieve the
same speed

Inter-stage amplifier is needed
If cost of amplifier is reduced T
substantially ]

=> similar to SAR ADC (a) N bits
If unfolded into a pipeline ‘

=> n-times faster — i -

=> more efficient and higher
performance than n parallel SARs o, m ﬂ ﬂ

(b)

-©
»
w2
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Pipelined A/D Converters
High-Speed and High-Resolution

Employs the pipelining approach to work on multiple samples simultaneously
=>|ong conversion time (latency) but high throughput (sample rate)

Divide-and-conquer: divide the N bits conversion into n stages, each converting N/n bits (more
If redundancy is employed)

Higher resolution than flash ADCs and faster than SARs
Can achieve resolutions up to 14-16 bits and sample rates up to 3GS/s

Their algorithmic feed-forward nature makes them amenable to DSP techniques for
performance/speed enhancement

=> compatible with fine geometry CMOS processes and digitally assisted analog
Speed extension through interleaving

In the high speed space, pipelines in their different incarnations are alive and kicking:
Interleaved, open-loop, pipe-SARS, continuous-time pipes, etc.

The report of my death was an exaggeration!

Afmed Ali - Mark Twalin




A/D Converter Architectures

Resolution
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PIPELINED A/D CONVERTERS
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Pipelined A/D Converter

Win -
kn-bit
—»{SH SIH ===+ ape
kn bits
k1 -bit k2-bit | | k2-bit LSB
ADC ADC DAC
k1 bits
MSBs k2 bits
r b Y
Digital Adder
M bits

D, =0, £1, £2, +3 ..., £2K1

Vo1 = G (Vin — Vdac)

G, = 2K

Dl * VR f
Vol — Gl (Vin o Zkl—le )
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Pipelined A/D Converter

\“Fi—n"*sf"" SIH _._m
\{ L kn bits
k1-hit k2-bit .| k2-bit LSE
ADC ADC DAC
k1 bits
MSBs k2 bits
Digital Adder
|
M bits
D,=0,+1,£2,£3 ..., £2K-1
Vor = G1(Vin — Viace) G, = 2k1 NO-'[
Practical

Dl ¢ VR f
VOl — Gl (Vm T Zkl—le )
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Pipelined A/D Converter
With Redundancy

Yin + .
—»{ SH S/H . o i TE-}I:EE
D1 kn bits
k1-bit | k2-bit | | k2-bit LSB
ADC ADC DAC
k1 bits
MSBs k2 bits

¥ ¥ ¥

Digital Error Correction

|

M bits

D, =0, £1, £2, +3 ..., £2K1
Vor = G1(Vin — Vaac) G, = k11

D, - VRef
Vor = Gy (Vin— e )
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Pipeline Stage Transfer Function

ADC Output

Residue:

Step Size A

Vor = G1(Vin — Vaac) N /

D1 * VR f
V01 — Gl (Vin o 2k1_1e )

The difference between the input Ve
signal and the quantized version of it

Ideally, the “Transfer Function” looks
like a saw-tooth

Ahmed Ali



First Stage Residue
Why We Need Redundancy

Ideally, the residue of each stage would be within the range of the back-end ADC

Amplified Residue

MDAC Output
A
1111 0000 0001 0010 0011 0100 0101 0110 0111
_|_ FSZ2=Vref
Win
>
| -Fsre=—vref
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First Stage Residue

With Comparator Offsets

Offsets in the stage ADC comparators change the residue waveform

Amplified Residue

MDAC Qutput
Comparator Offset A
-
| |
.
I y | FS/2=Vref
: A1
/ / g "
I
// 1 '_
I
|
| /
| -FS/Z=Vref
1111 0000 0001 0010 0011 0100 0101 0110 0111
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First Stage Residue
With Comparator Offsets

Offsets would lead to missing codes and over-ranging of the back-end ADC =>
Redundancy is needed

Amplified Residue

MDAC Output
Comparator Offset A
Missing Codes
| FSi2=Vref

/ Vin

>
T -st4
Ovwer-ranging the back-end
1111 0000 0001 0010 0011 0100 a101 0110 a111
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ADC Output

With Comparator Offsets

Offsets would lead to
missing codes and over-
ranging of the back-end
ADC

=> Redundancy is
needed to de-desensitize
the overall ADC to
offsets in the ADC’s of
each stage

Typically, one bit of
redundancy is employed

ADC Qutput

Vin

Ahmed Ali

Over-ranging the
back-end

N

Missing Codes I




Pipelined A/D Converter
With Redundancy

Vin ——

—» S/H
Gl — 23—1: 4 Lié}é ’

o 4-hit
ADC

4 bits
L5B

+

SiH *
3-bit J-bit
ADC | DAC

| G2 =2=4
Digital Error Correction
I
G=4 D, =0, 1,2, £3 ..., £2k1
Allowed Offset (output referred) = £FS/4 Vol = G1 (Vin — Vdac)
Allowed Offset (input referred) = +FS/16 D1 - Vier
VOl — Gl Vm T 4_
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Pipelined A/D Converter
With Redundancy

14 bits

Vin « \\\‘-*:

—» S/H \

3-bit 3-bit
ADC | DAC
G1=2%=4
3 bits
MSBs 3 bits
Digital Error Correction
Stage-3: k3=3: dg,dgd-,
Stage-4: k4=3: d,,dgds,
Stage-5: k5=3: dg,d,ds,
Stage-6: k6=4: d,,d,d,d,

Output: 14-bits: d,4d;,d;; ;g dg dgd, deds d,ds d,d,dg
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First Stage Residue

With Redundancy

Ideally, the first stage residue occupies only half of the dynamic range of the back-

end ADC

/

Amplified Residue
MDAC Output

A

Flash Error Correction Budget[

_ | FSi2=Vref

| Fsia=vrefi2

Vin

M1

0000

Flash Error Correction Eudget[

0001 0010

| -FS/d=-Vref/2

T -FS/2=-\ref

0011 0100 0101 0110

0111
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First Stage Residue
With Redundancy

Allowed Offset (output referred) = £FS/4
Allowed Offset (input referred) = £FS/4G

Comparator Offset

[ |
-

A
A

/

A

Amplified Residue
MDAC Output

'Y

_ | FSi2=\ref
I Flash Error Correction Budget
_|_ FSia=\refi2

Vin

e

M1 0000 0001 0010

[ [ -FS/4=-\ref/2

Flash Error Correction Budget

-FS/2=-\ref

0011 0100 0101

0110

0111

Ahmed Ali




Example

How Redundancy Works

 The answer is
the same,
Independent of
the path

 Aslong as the
correction
range Is not
exceeded

Ahmed Ali

Align and sum the codes (raw bits):

Blue Path
01
10
01
01
10

101000

Red Path
10
00
01
01
10

101000

Code: 10

Code: 01

Code: 00



Pipelined A/D Converter

The DAC+Subtractor+Amplifier+S/H are called the MDAC

o kn-bit
ADC

|
|
|
|
|
|
|
SH H
|
|
|
|
|
|
|

—» S/H
kn bits
k1-bit k1-bit k2-bit | | k2-bit G2 = 2! LSB
ADC DAC ADC "| DAC
k1 bits
MSBs k2 bits
Y ¥ ¥

Digital Error Correction

!

M bits
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Pipelined A/D Converter

Vin ——

—»{ 5/H
\\\* k1-hit
ADC

k1 bits
MSBs

|

|

|

|

|

|

I kn-bit
SH | —-—<

| ADC

|

| kn bits

| k2-bit | [ k2-bit LSB

i ADC DAC

|

k2 bits

Digital Error Correction

|

M bits

The input S/H operation is sometimes performed by the first MDAC to save a

dedicated SHA (S/H Amplifier)
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Pipelined A/D Converter

I I
! |
' |
|
. | I :
L al I L
I I _
' |
| |
k1-bit | | ! k2-bit | | k2-bit
ADC [ : ADC DAC
|

k1 bits
MSBs k2 bits

Win
SiH

o kn-bit
ADC
kn bits
LSE

G2 = 2"

Digital Error Correction

|

M bits

The input S/H operation is sometimes performed by the first MDAC to save a
dedicated SHA (S/H Amplifier)

In this case, matching between the MDAC and flash is important
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Pipelined A/D Converter

Vin kn-bit
kn bits
LSB

k2-bit
DAC

k1 bits

MSBs k2 bits

¥ ¥ ¥

Digital Error Correction ‘

|

M bits

The input S/H operation is sometimes performed by the first MDAC to save a
dedicated SHA (S/H Amplifier)

In this case, matching between the MDAC and flash is important

Ahmed Ali




Pipelined A/D Converter

S/H

N kn-bit
ADC

kit
LSE

k2-bit k2-bit

ADG/‘ DAC

\ | Kk1-bit
/| DAC

k1 bits

MSBs k2 bits

¥ ¥ hJ

Digital Error Correction

|

M bits

The sub-ADCs were traditionally flash converters

Power ~ 2N, so a small number of bits/stage was desirable
Optimum for high resolution ADCs was 3-4 bit/stage

For low resolution ADCs 1.5 bit/stage
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Pipelined-SAR A/D Converter

Win

—» S/H

N kn-bit
ADC

kn bits
LSEB

|
|
|
|
[
|
|
|
|
Iy
|
|

SAR Mobits |—— T TTTTTT

M3SBs k2 bits

Digital Error Correction

I

M bits

The sub-ADCs can be SAR ADC

Power ~ N, so a large number of bits/stage is doable (6-7)
Lower power and lower speed than flash-based pipeline ADC
SARs perform the ADC, DAC and subtraction
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Pipelined A/D Converters
Building Blocks

S/H and MDAC

Comparator

Reference

Clock

Digital processor

Ahmed Ali




Switched Capacitor MDAC

Operation
V. C,IC, 3 DV, .C/C,
V. = -
1+(C,+C, +C)HNC;.A) FT1+(C +C; +C)/(C;.A)
V — V, | ideal
> 1+(C,+C,+C)/(C,.A) Vref
. D42, x8
v, =Yolldeal _\igeal v K /A
> 1+K/A P ° vin O Cx8
i
dla
Error Term\ D.¢2 ( yg
' 1
V, |ideal =V, +V.K/A Vet

Ahmed Ali
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Switched Capacitor MDAC

Operation

Fully differential operation helps
reduce even order harmonics
and common mode sensitivity

Input common mode variation is
Ideally rejected by this circuit

Mismatches, common-mode
variation in the circuit and the
single-ended even-order non-
linearity can still limit
performance

Ahmed Ali

Vop

+ o1

Von

D g2 | *8
F
] dl1 Cx8
Vinp_« +— |
s
D.02 (8
- la
Vref ¢
D’-¢21 x8
] 1 Cx8
Vinn_— +— |
s
D42 xg



Accuracy Requirements

The front stages need to have the highest accuracy
The accuracy requirement is relaxed as we go down the pipeline

The stage ADC (flash) does not need to be very accurate
Usually 4-5 bit accurate

The first DAC needs to be as accurate as the whole ADC

The first amplifier needs to be as accurate as the back-end ADC

The main bottle-neck is designing an MDAC that achieves the required speed (BW)
and accuracy (gain)

Ahmed Ali




Accuracy Requirements [1]

V C /C ZleVReﬂC/C ( ta)t/K)
KA & 1+K/A

If Ci # Cj => DAC Errors

If XCi/Cf # G => Gain Error

If Vrefi # Vrefj => DAC Errors

If Vref stagel # Vref stage2 => Gain Error

Settling errors cause gain errors

Vref

92| *® 2C
/ |
Vi bl Ci x8
in N 1
P I Vop
4
D.42 (v
- 1a 1
-Vref ¢ :l> ¢
. x8
D'd’z; Von
) 1 Cix8
Vinn— | -
]
4
D02 x8 2C

Vref
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Accuracy Requirements [1]

Capacitor matching:  Apge, < 27WH1) x [5G,
Mismatches cause inter-stage gain and DAC errors

Z_kix2N+j
ﬁiXHf{:lo Gn
Low gain causes inter-stage gain error and non-linearity

Amplifier open loop gain: A; >

Settling: epac, < 27WHL) X [T G,
Settling errors cause inter-stage gain error, DAC errors and non-linearity

Reference: Erefyne, < 27N X [T G,

Reference errors cause inter-stage gain and DAC errors

Ahmed Ali




Accuracy Requirements

14 bits 12 bits 10 bits

o N T, «/i\\* .

—{sH - = e
\ 4 bits
LSB
3-bit 3-bit 3 I:nt 3-bit
ADC || DAC ADG DAC
G1=2°=4 G2 = 2°=4
3 bits
MSBs 3 bits
Digital Error Correction
!
Stage-3: k3=3: dg,dgd-,
Stage-4: k4=3: d,,dgds,
Stage-5: k5=3: dg,d,ds,

Output: 14-bits: d,4d;,d;; d;q dy dgd, deds d,ds d,d,dg

Ahmed Al



First Stage Residue

With Inter-Stage Gain Error

Common sources
of IGE:

Cap mismatch

Amplified Residue
MDAC Output

&

_ | FS2=Vref

_| FSi4=Vref/2
&

#

Z

Inter-stage Gain Error

#~

#
&
-~

g

& &

Z

Yin

Low open loop
gain

Reference error
Charge injection
Settling error

1111

Ahmed Ali

0ooo

0001

0010

Fa
& &
-~ &~

—_FS/4Z-Vref/2

| -F&i2=-\ref

Q011 0100

&
&
&
&
&

ra e
p -
/ /
s -
g -
# s
/ #

Q101 Q110 0111
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First Stage Residue
With Stage DAC Error

Sources of DAC
errors:

Cap mismatch
Reference error
Charge injection
Settling error

Amplified Residue

Ahmed Al

MDAC Output
A
_ | FSi2=vref
I —+* DAC Error
. _ | FSid=\refi2
» Fa
e Vin
£ >
r
r
r
//
T -FSid=refi2
T -F&i2=\ref
1111 0000 0001 0010 0011 0100 0101 0110 0111




ADC Output
With Inter-Stage Gain Error and DAC Error

ADC Output /, ADC Output

s
7

s
s
s
-,
7
/
-
s

e

Aer-stage

7 I Gain Error

/ I\ Vin Vin

R
/ \ Missing Codes due to

| _— Inter-stage Gain Error

Missing Codes
due
to DAC Error
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Example of INL with Inter-stage Gain Errors in the First
Stage

» Graph - 16b INL 3/4/2009 11:11:14 AM EEX
File
A 3A|E & e = B ] E
= Input 1 9
Date = 3/4/2003 6000 12000 12000 24000 30000 36000 42000 48000 54000 50000
Time = 11:11:14 AM
Sample Frequency = 30 MHz 7.5
Min INL = -2.062 LSBs
Min Location = 3459
Max INL = 7.02 LSBs .
Max Location = 28741
# of Hits = 1048576
Avg. Hit / Codes = 16
# of Zeros = 1 45
3
1.5
0 l t
1.5
3
-45
5
7.5
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INL Showing Inter-stage Gain Error and DAC Errors

#Bits 14 N2
S amples 524288 23
Encode 80 MHz l"l :
Analog 0 MHz =3~
Min 8321 Codes _=2=|<
MinLoc 812 C
Max 85803 Codes w2
Max Loc15595 Codes
Missing 0

Ahmed Al



Questions

Does this INL correspond to a small or large inter-stage gain? Missing codes or
not?

P Graph - 16b INL 3/4/2009 11:11:14 AM

File
A DE & e | Bl & s

Input 1
7
Date = 3/4/2009 5000 12000 18000 24000 30000 36000 42000 48000 54000 50000
Time = 11:11:14 AM
Sample Frequency = 30 MHz 7.5
Min INL = -8.062 LSBs
Min Location = 3453
Max INL = 7.02 LSBs =
Max Location = 28741
# of Hits = 1048576
Avg. Hit / Codes = 16
# of Zeros = 1 4.5
3
15
0
15
-3
45
5
7.5
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What kind of Errors?

W& Channel 1: INL

HBits 14 52 [4.00 ; 5 5 : E ] :
Samples 262144 T — T — . -, Loz srmsmsmse ..
Encode 80 MHz o] [300 [T T : : ! : : ]
&nalog 0 MHz == : ' ; ' : ; ;
Min 2222 Codes _=2=|200 p------------e- St i ot Y [ ot b it i e bbb :
Min Loc 8302 Codes Eﬂ ; ; ; ; ; ; ;
Max 21287 Codes ——1.00 f----- foo--toonoec tacane benoonns donnens #onnens Henoanns -
Max Loc7232 Codes N\ : \ : : ' ; '
Missing 0 Codes w— (000 |—----- WAkl ----{-- : . PO ------ [ 7 PR T
+ |LSBs .
e |00 ---Byg------- Rk R S || CEEEERE LR - T SRR N T EEEE T LA -
SAVE E : E E : E E
7 EOYY i RAE SRR IS A EEE AL T, e e JRPSL. SRS ABEL ] (AT SRS SEEREeR (PR AT
SAVE 1 i 5 : : N .
T e presastaaseian S fuasesanaanesy jesammumeasts e fosmmesasesa beasesasnaess
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What kind of Errors?

¥ Channel 1: INL

HBits 14 1 R : : : : ; : :
Samples 262144 v conas v st & i st v ok b il o o Moo cons v e b s sspvss o et ) i s v o 1S oo v e s
Encode 80 MHz I'"'I LU ¢ ! ) : : ' X !
Analog 0 MHz == : : ; : : ;
Min  -3241 Codes .=2=|200 p------oomeo-ee S i S0} | S ¥l e o B Y RN e R P Lttt ot et
MinLoc 1153 Codes 54 ; ; : - ;
Max 32477 Codes —x {1.00 Lo TR Rt IRt PR HEETE F S | At Th 1 B - Ao BRt' % SEEEEE
Max Loc7012 Codes 2N\ ' ;
Missing 1 Codes o— (000 —TU4-------F----1-- Al ----1--FRU N ---- 8- - AR R U IRy oy 0
= |LSBs ] : : : :
| By - BTT VERNNEN , GLANE o s— e | . 3 N ). -
SAVE gy : E : E : :
Bl 0p: fecesae . = besseessedsasel beesoes e e IRUNES S S | 7 5 MBI 1 ) Viesmeen
SAUE : : : ! : : :
T R R et e ey s sy e e
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Stage Timing

_
A / \ /o

I
Flash (ADC) Working 4—/ \_. MDAC Amp Settling

The stage ADC usually operates on the input during the same phase as the MDAC
generates the output

The flash delay consumes portion of the hold/gain phase

The MDAC amplifier settling time is the hold phase minus the time consumed by the
flash and switches
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MDAC Amplifier
Example [1, 4]

Consists of two-stage Miller- Voo

compensated amplifiers Ij|P_BIAS1

The first stage is active e ";Il—"’I :"_I_“:

cascoded }j\—/tﬂ:! PBIAS2

j Vo Vo-
Two independent common-mode Vors AN /
feedback loops are used to Vo A H H —~~n
control the output common- :I I:
mode voltages of the two stages 4’_*{ Voir Vou. |:I

switch-cap Yo* \{o-
) ] _ CMFB1 itch

Can achieve high gain < llgl/ Pl— vty |
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BiCMOS MDAC Amplifier

Example [1]

Consists of two-stage
Miller-compensated
BiCMOS cascode
amplifiers

The two stages are
separated by emitter
followers

Two independent
common-mode feedback
loops are used to control
the output common-
mode voltages of the two
stages
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MDAC Amplifier
Example [3]

Consists of two-stage Miller-
compensated amplifiers

The first stage is cascoded

Two independent common-
mode feedback loops are
used to control the output
common-mode voltages of the
two stages

Positive feedback is used to
Increase the gain
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Reference Buffer Example

____________________

Fast settling:
Settling errors cause inter-stage gain errors and DAC errors

Good supply and ground rejection
Good isolation from the input signal
Good common-mode rejection
Quiet supplies and grounds
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Stage Flash ADC

To MDAC
WVin I
Generates thermometer and | SJ.;H | conZo
blnary COdeS W et / Thercngr:én;eter
R + ..ff
The thermometer code (or a . <
variation of it) is routed to the }
R +
M DAC Vs } Binary Code
R " % Dowt = DzD4Dy
N L
The binary (or 2’s complement) R < =
output is routed to the digital }
R T
processor = '
R 2 _ %7
=
N per
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Comparator Design Considerations

Output propagation delay

Meta-stability (regeneration time constant) determines the Bit-Error-Rate

Offset needs to be within the correction range of the MDAC
The smaller the better

Linearity is not critical

Flash input BW needs to match the MDAC input BW in SHA-less ADCs
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BiCMOS Comparator

BJT’s are used for their high ft

_ —E—C ] HE
This leads to small re-
generation time and hence on on
good met-stability o o e

e S . .
e . vee _al lolcc

The pre-amplifier is used for viimic — 1 [ N3B T N3B J——
Isolation and to improve the -
offset . S S Cona
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CMOS Comparator

+ Relatively low ft

¢ Offset cancellation is
employed

¢ The pre-amplifier is
used for isolation and
to improve the offset

Ahmed Al
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DESIGN CHALLENGES
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Performance Limitations
Design Challenges

Quantization Linearity

Input Sampling

Noise

Jitter

Ahmed Al




Internal Linearity

DAC accuracy:
Capacitor matching
Settling
Charge injection

Amplifier accuracy:
Gain
Settling
Charge injection

Reference accuracy:
Settling
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Question: What are the possible circuit causes of this
INL?

» Graph - 16b INL 3/4/2009 11:11:14 AM

File
A 3|= & e [ B[R]
=l Input 1 )
Date = 3/4/2009 5000 12000 13000 24000 30000 36000 42000 43000 54000 50000
Time = 11:11:14 AM
Sample Frequency = 30 MHz 7.5
Min INL = -8.062 LSBs
Min Location = 3453
Max INL = 7.02 LSBs =
Max Location = 28741
# of Hits = 1048576
Avg. Hit / Codes = 16
# of Zeros = 1 4.5
3
15
D l
15
-3
15
5
75
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Question: What are the possible circuit causes of this
INL?

W& Channel 1: INL

#Bits 14 Eg 4.00
Samples 262144
Encode 80 MHz |""| 400
Analog 0 MHz ==
Min  -2.222 Codes —=2={2.00
Min Loc 8302 Codes Eﬂ
Max 21287 Codes R/ 1.00
Max Loc7232 Codes o\
Missing 0 Codes — (000 |
= |LSBs
Ae| 100 f---
SAVE
4500
SUE
+N -3.00
Cfg -4.00 : : ; : ; : )
B 0 2048 4096 6144 8192 10240 12288 14336 16384
CODES
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Question: What are the possible circuit causes of this
INL?

¥ Channel 1: INL

#Bits 14 N2 14.00
Samples 262144 S
Encode 80 MHz I""I a0
Analog 0 MHz ==
Min  -3.241 Codes _=2=2.00
Min Loc 1153  Codes Eg
Max  3.2477 Codes K7 1.00
Max Loc?012 Codes N\
Missing 1 Codes — (0.00
= |LSBs
o] 1100
SAVE
21500
SHUE
+N -3.00
Cfg -4.00 : : : ! : : '
"""""" 0 2048 4096 6144 8192 10240 12288 14336 16384
CODES
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Question: What are the possible circuit causes of this
INL?

#Bits 14
Samples 524288
Encode 80 MHz
Analog 0 MHz

Min 8321 Codes _=2=1<
MinLoc 812 Codes &&

W

Max 85803 Codes w2
Max Loc15595 Codes N\

Missing 0

e ————

R LT S
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Question

A 14-bit pipelined ADC with 4 bits/stage. What is the accuracy requirement for the
following?

First stage DAC

First stage amplifier

First Stage ADC

Second stage DAC

Second stage amplifier

Second stage ADC
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NOISE
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Sources of Noise

Thermal noise in the signal path
Includes noise during both phases (sample and hold)
Noise contribution is lower for stages down the pipeline
Scaling is usually employed to lower power consumption of back-end stages

Noise due to non-linearity (DNL/INL)

Noise in the clock path (Jitter)

Noise due to quantization
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Thermal Noise

Sampling noise is proportional to KT/Cs
Where Cs is the sampling capacitor

If the gain of each stage is G, the noise power of the kth stage is scaled down by
G2(k-1) when referred to the input

If a scaling factor S is employed for the capacitor of each stage:
The noise power of the kth stage, at the stage (not input referred) is scaled up by S

When referred to the input. The noise will be scaled by:
S(k-1)/ G2(k-1)
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Stage Scaling

Vo2 (in) Vel tvon? SV IG1? SV IG1°G2° SV /G1°G2%...Gn-1°
Vnz "'-"nsz"'"-"nhz 811"~"'r'|h2 8E"'*"rnh2 Sn-11"-"rnh2
vin | Stage-1 Stage-2 Stage-3 Stage-n
— C=Cs » C=Cs/S; » C=Cs/S;, > —————————————~ — C=Cs/Sp.4
G1 G2 G3
k1 bits k2 bits k3 bits kn bits
MSBs

Digital Error Correction

I

N bits
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Stage Scaling

Vnz {ln} 1I'-"rr132'|'1"-"rnh:2

Vin

Vin

2 2
Vg +1"-"rnh

Stage-1

— (C=Cs
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G1=4

Vi 14 Vo216

4y, 2 16V

Stage-2 Stage-3

3 bits
MSBs

» C=Cs/4 " CcC=Cs16 > —(—F—7"""7"—"———"——"——
G2=4 G3=4
3 bits 3 bits

Vo2 l4™!

n-1 2
4 vnh

Stage-n

—» C=Cs/4™"

4 bits

Digital Error Correction

vi(in) =vZ +Vv2 (1+1/4+1/16+...)

!

N bits




Example [3]

Input
Signal

Ahmed Al

Input
Buffer

SH+
Stage 1
3-bit
6-pF

Stage 2 otage 3 otage 4 Stage 5 otage 6
4-bit |- 3-bit - 3-bit [ 3-bit 3-bit [ 3-bit Flash
1.5pF 0.2 pF 0.1pF 0.1pF 0.1pF

4 3 3 3 3 3

Digital Error Correction

16

Digital
Qutput




System Level Design Considerations

Sampling Capacitor Value
Number of Bits/Stage
Input Buffer or Not

Input Span

Scaling factor
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Number of Bits per Stage

Fewer bits per stage:
Fewer comparators => lower power in the flash
Exploit finite gain-bandwidth of the amplifier:
Lower amplifier gain => higher speed
Less complex
With 1.5 bit/stage, DAC is inherently linear
More bits per stage:
Quickly relaxes the noise and accuracy requirements of the following stages
The MDAC is more power efficient
Conclusion:
There is an optimum resolution per stage to minimize power consumption
Sometimes the optimum resolution is not feasible => use lower resolution
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Number of Bits/Stage
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Scaling Factor

Fower

Scaling Factor §

=G
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Capacitance Value
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DIGITALLY ASSISTED
A/D CONVERTERS
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System Challenges

Higher sample rates for larger bandwidths:
Simplifies filtering
Frequency planning
More information
More carriers
14-12 bit at > 1GS/s ADCs
RF Sampling:
Lower cost
More flexibility
Lower power consumption:
More integration
More receivers
Higher linearity:
More focus on small signal linearity and high order harmonics
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Process Scaling

Digital circuits have got more efficient with process scaling
Analog circuits get more challenging and can be even less efficient
Finer geometry gives:

Faster switches
Lower parasitics

But ...
Lower output impedance
Lower intrinsic gain
Worse dynamic range

Digital processing can be used to correct for analog non-idealities
Digital assistance has become necessary
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Pipelined ADC

Sampling
Non-Linearity

Buffer

Vin

Quantizer
Non-Linearity

- — — — — —————— o o — — — — — — —

S/H + MDAC1

k2-bit | | ko-bit
ADC DAC

k1l bits
MSBs

Flash Errors K2 bits

A4

Digital Error Correction
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Digital Error Correction

| |
| |
17, | : kn-bit
" o ! o H
e SIH | S/H | ADC

| |
| I kn bitz

k1-bit | I k2-bit LB

ALC |" I ADC "
L o e e e e e e I

k1 bits
MSBs MDACT k2 bits
D D D,
¥ ¥
k1 bits k2 bits kn bits
¥ Dl: T::'_.'].:I ¥
G # - i 'Ir.:|:hl' d |-,.1-1 .|
/ R
D(V)=Doye
Digital Error Correction
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Digital Assistance in Pipelined ADCs

Quantizer non-linearity:
Inter-stage gain and settling errors (IGE)
DAC errors
Reference errors
Inter-stage memory errors (IME)
MDAC amplifier non-linearity

Sampling non-linearity:
Kick-back errors
Sampling non-linearity

Flash errors [5, 6]:

Offset and gain errors
BW/timing mismatch errors
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Digital Assistance in Pipelined ADCs

Quantizer non-linearity:
Inter-stage gain and settling errors (IGE)
DAC errors
Reference errors
Inter-stage memory errors (IME)
MDAC amplifier non-linearity
Sampling non-linearity:
Kick-back errors
Sampling non-linearity
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Factory Calibration

Capacitor mismatch does not change much with temperature, supply, aging, etc.
=> |t can be factory calibrated

This is done using digital coefficients in the backend

Factory digital calibration can be employed for some other sources of error, but
with less consistency and reliability

Background calibration of internal non-linearity is increasingly becoming more
Important
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Inter-stage Gain Error Calibration

Amplified Res idus
MDAC Cutput

A

h

| FS/2=\fref

1 F§4=\.‘r efi2
&

Inter-stage Gain BError

1111

0000

Ahmed Al

0001

0010

[~ -F5/2="fef

0011

&
LESiatVrefl

0100

0101

0110

0111

ADC Dutput

/%nter-stage
/ vI Sain Errar

wWn

RN

lissing SCodes due to
-—-—'_'_'_'_._._._F

Inter-stage Sain Error




Inter-stage Gain Error Calibration
Using Sub-range Shifting

ADC Outpat

*im
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DAC Errors

Ahmed Al

Amplified Res idue
MDA Output

r

| FSi2=\fef

I == DAC Eror
) | Fsu=yrefz
e
- / / r
& -
e
.-"'-ff
T -Feu=ief2
T -FEi2=viet
1111 0000 0001 0010 0101 0110 o111
#Bits 14 5 |4.00 : ! '
Samples 524288 s 55 P — ‘. ] |
Encode 80 MHz "" ‘ y ] s
Analog 0 MHz =3 : : :
Min 8321 Codes _=2={200 SRS ST ) B o e
MinLoc 812 Codes 52 5 5 ’1 1
Max 85803 Codes ——>1.00 el e - A
Max Loc15595 Codes N\ : :
Missing 0 Codes b Esué] : .............. ' ........ -: ........
$ ' v '
1100 cit-All - Lo mmn
SAYE : !
500 ‘ \J}‘ _ ‘U | 2 o e e | ‘
siE | il w[ A :
£= 1) ‘ :
e e e e T e U e G e - fHp --o--- eI Rnocoior IS |
Ctg |4.00 : 1 :
J 10240 12288 14336 16384




Calibration and Dither

Mostly to improve linearity and hence SNDR and SFDR

Calibration attempts to fix non-linearity
Improves both SNDR and SFDR

Dither randomizes non-linearity
Spreads harmonics and spurs in the noise floor
Improves SFDR, but not SNDR

Which one to use?
Calibration for large errors that are fixable
Dither for small or hard to fix errors

Preferably, use both:
Calibration to maximize SNDR
Dither to maximize SFDR
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Pipelined ADC

Sampling
Non-Linearity

Quantizer
Non-Linearity

Buffer
Vin O I A W (PO NG P i U IO NG kn-bit
ADC
kn bits
k1-bit k2-bit 9 = gkl LSB
ADC DAC G
k1l bits
MSBs Flash Errors K2 bits
v v \ 4

Digital Error Correction

!

N bits
Ahmed Ali



Stage-1 MDAC

Vref Vincm
T T
D42 x8 pla ¢ 2C
, ]
C x8 > y
' Op
>
D.62 ( ks N
\;r_ , dla > &
, x8
D'.¢2 \-/ Von
C x8
g
|1
| |
D.6 , |1
P2 x8 dla ( 2C
‘u_"r_ef Vinecm
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Switched Capacitor MDAC

Capacitor Error Terms

) / \

\

Cf=2C
| |

V. ~ V.G, /C; B & DV,.C, /C; []__e—tzzzftcf/(ct+cf+cp)]
> 11+(C,+C, +C)/(C.A) F1+(C,+C; +C)/(C.A)
I V, | —t27f,C; I(C,+C; +C
Vo ~ 0 | deal |:1_ e t p)] T Flneh et -
|1+ (C+C +CI(C.A) N PP
Vinp# ‘ q)lbtstT Tt;Ci x8
Vo ~ V0 |idea| [1_ e—tZﬂft/K:I i i Di.g2 (g
1+ K / A Buffer |(¢_f5t -\Zr:ef ¢la
| brg2) *®
—27BW.t Vi””# i I
V0 zVo |idea| —Vo |idea| e ' —VOK [ A |‘§T Ct=Ci x8
- — J o\ . J Di'd’z__ x8 <|>1aL
Amplifier Settling Error Amplifier DC Error ™" Ve viem
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DAC Errors

Caused by:
Capacitor mismatch
Settling errors: switches can be very fast
Input dependent reference errors: can be minimized

Fixed (factory) calibration is usually adequate

Dynamic element matching (shuffling) can fix any residual errors

Background calibration can also be employed

Not a major bottleneck
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Amplifier Gain, Settling and Non-Linearity

Realizing a high-gain amplifier at high speeds is a major challenge:
For a 14bit, 1GS/s ADC: 100dB with 6GHz BW

The amplifier open-loop gain error depends on supply, temperature, and
sometimes sample rate (settling errors).

=> Factory calibration may not be an attractive option

The amplifier open-loop gain error can also be input-dependent => Non-linear

The amplifier is a major bottle-neck
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Some Calibration Techniques

Correlation-based calibration [15, 2, 11, 12]
Summing node calibration [3, 13]

Split ADC method [18]

Using reference ADC [16, 17]

Using statistical methods [19, 20, 21]
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Real World Challenges

More than publishing a paper ...

Improve performance and lower power consumption

No disruption to normal operation => background

Robustness with input amplitude, input frequency, sample rate, supply, temperature, etc.
Convergence time

Manufacturability:
Reasonable test time
Tester to bench correlation
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Some Design Trade-offs

Error measurement

Effect of input signal

Effect of non-idealities Accuracy : E?;tgl\/ggavl/leeoi\slvigt Zero

- Dynamic range is power
- Correction range is power

- Process, Supply,
Temperature

- Setup, board, test
environment

- Input signal

- Sample rate

- Affects transparency
- Fast enough for the
variable parameter

- Production test time Robustness
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Correlation-Based Calibration

PN Generator 1

l Buffer

Vin

k1-bit
ADC

Y

k1 bits
MSBs

Dither Dither
> DACL }/' PN Generator 2 —> -\ ~, }

/ /
Uncorrelated

F—_——— e e e —

—_—_———————

S/H

kn-bit
ADC

kn bits
LSB

k2-bit k2-bit
ADC DAC

k2 bits

Y \4

Digital Error Correction
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Pipelined ADC Architecture [2]

Ahmed Al

Dither-1

|

Dither-2

|

Dither-3

|

H<

4-hit
Flash

Stage-1 Stage-2 Stage-3 Stage-4 Stage-5
3-bit 3-bit 3-bit 3-bit 3-bit
C=1.5pF C=0.4 pF C=0.1 pF C=0.1 pF C=0.1pF
3 bits 3 bits 3 bits 3 bits 3 bits

4 bits

Digital Error Correction and Background Calibration

14 bitsl




IGE and Settling Calibration

IGE calibration can fix gain errors and linear settling errors

Correction of settling errors can be limited by:
Non-linearity due to slewing, reference settling, DAC settling
Memory errors
Kick-back from the following stage

The design needs to be optimized to take advantage of IGE calibration

Memory and kick-back calibration helps improve settling error correction
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The IGE/IME Calibration [1, 2, 3, 9, 10]

\ref

D'_¢2:-XB
. Ve "h"a
« (Correction: |
M D.92 (48 éd} °
VR_cal — 2 VR [Tl — k] X 1/Gen+1,k _V_r;f
k=0 ~
D_dith’.qnzf
1 Cd
: : = =
e Estimation:
D dith.¢2 ¢

Genpix = Gepy + - Vg[n—k] - (Veln] —Vy[n — k] X Gep i) veer
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Kick-back Background Calibration [1, 2]

The kick-back dither caps
Kick the input similar to the
sampling capacitances’
Kick

The dither’s kick is
sampled on the total
capacitances and
propagates down the
pipeline
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Vin

Vref

D.g2 | X8 Cf=2C
4 | |
d1 C x8 .
™ i { Vo
[T
1 ¢l
D.42 af:v:8 v é
-\Vref
D_dith".42
¢! ca No resetting
. | .
IS heeded
D dith.¢2 ¢

Vref



Kick-back Background Calibration [1, 2]

The LMS algorithms is used to estimate the gain/correction coefficient Gkb of the
dither’s kick of the previous sample(s)

The correction coefficient Gkb is applied to the previous stage-1 flash bits

Gkb +1,k — Gkbn,k —,Ll*Vd[n _k]*(Vd[n _k]*Gkbn,k _Vin[n])

n

Mkb

Vout_kbcal [n] — Vo [n] + ZDl[n o I] X GKB,i
i=1
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Challenges

What is the accuracy of this approach?

How is the power consumption?

Is It robust?

How about the convergence time?
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Correlation-Based Calibration

¥in

stage 1
(To Be Calibrated)

Must have

adequate

D1

Fﬂj/
,\Eacl{—end AT

DFaI

4
Cotrelator  |g

accuracy

P

D1
DFal corr

Digital Error Correction

Dot l

LMS Algorithm: Ge,yq1 = Ge,, + u - Vy[n] - (Vy1n] —V4[n] X Ge,)
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Correlation-Based Calibration

A portion of the ©

correction range is D.g2| X Cf=2C
/ | |
consumed by the o - A
calibration random Vin  — Vo
sequence 41 lo1],
D.92 (g é é

This can cause a
significant power

\ref

overhead D_dith' 42

¢l Cd
It is desirable to e L Dither
minimize the amplitude D ditho2 ¥ Iniect
of the calibration signal 1 njection

(dither): V_dith
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But ...

Dither-1 Dither-2 Dither-3
Buff
O 1ab l 12b l 10b l 8b 6b ab
Vin Stage-1 Stage-2 Stage-3 Stage-4 Stage-5 A-bit
. 3-bit (- 3bit [ 3bit [ 3bit (- 3bit < Fiah
C=15pF C=0.4 pF C=0.1 pF C=0.1 pF C=0.1 pF
3 bits 3 bits 3 bits 3 bits 3 bits 4 bits
b b v v b

Digital Error Correction and Background Calibration

If V_dith/V_signal = 1/8 v

Is this backend accuracy adequate for the calibration signal? N O
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Effect of Using a Small Dither

« The calibration
accuracy is
degraded by the
ratio of:
V_dither/V_signal

 Degrades accuracy

V _out

. V_signal
when using small
dither for calibration :
. e & )
- We need to improve y_ |V dither
the linearity of the . — V.in

back-end by at least
that ratio 3/A = AJ/A" = V_dither/V_signal
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Accuracy of Pipeline Stages

Vin

—_—

Dither-1 Dither-2 Dither-3
Buff
O 1ab l 12b l 10b l 8b 6b ab
Stage-1 Stage-2 Stage-3 Stage-4 Stage-5 A-bit
3-bit [ 3bit [ 3bit [ 3bit [ 3-bit 4-< Fiah
C=15pF C=0.4 pF C=0.1 pF C=0.1 pF C=0.1 pF
3 bits 3 bits 3 bits 3 bits 3 bits 4 bits
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Accuracy of Pipeline Stages

Ahmed Al

Dither-1

Buffer 14b l

Dither-2 Dither-3

15b 13b 11b 9b
12b l l

10b 8b Bb

Stage-1
3-bit
C=1.5pF

3-bit 3-bit 3-bit 3-bit

¥
¥
¥
¥

C=0.4 pF C=0.1pF C=0.1pF C=0.1 pF

3 bits

3 bits 1 3 bits 3 bits 3 bits

Stage-2 Stage-3 Stage-4 Stage-5 A-bit
_.,<

Flash

4 bits

Digital Error Correction and Background Calibration

For V_dither/V_signal = 1/8

14 bits {

mm) Problem




Example of the Problem

4

Adequate back-end
accuracy

o

' Input Amplitude

\

. INL error (16b LSB)
N

/

Inadequate back-end
accuracy

o

/

Input Dependence is
Unacceptable
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Effective Solution

Inject a small dither signal in the MDAC

Since the dither is small, we only use a small part of the correction range => small power
overhead

Use multi-level dither (odd number) in every stage to improve accuracy of the back-end (9
levels => 3.2-bits)

Dynamic element matching can be utilized

Ensure effective dither propagation down the pipeline such that the number of dither levels
for each stage is adequate for the required accuracy

In addition, large dither injection can be employed
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INL (Stage-k Errors)
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INL at Room Temperature
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INL at High Temperature
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INL at High Temperature
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INL without Kick-back Calibration
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INL with Kick-back Calibration
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FFT without kick-back calibration
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FFT with kick-back calibration
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Is this dithering adequate?

So far, multi-level dithering was used to:
Improve calibration accuracy
Dither the backend pipeline effectively

How about dithering the front-end stages?

Subtractive dither with large amplitude can be useful for dithering the front-end
stages

This “large” dither should not consume dynamic range
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Large Dither Injection
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Large Dither Injection and Subtraction
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Dither Injection for a SHA-less ADC
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Dither Action with IGE

IGE creates a saw-tooth pattern

If Alis equal to A2, then the dither will randomize (i.e. linearize the IGE)

INL (Stage 1 Gain Errors)
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Effect of Saw-tooth Error on SFDR

SNR = 6N + K1

SFDR = 9N — K2

For every additional bit,
the spur energy drops by 6
dB and spreads on double
the spurs, which is an
additional 3 dB

Quantization Error
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Effect of Dither on SFDR

SFDR Improves by about 9n =30 log N
SFDR of the notch improves by 6n =20 log N
The location of the notch moves by 20 log N

INL (Stage 1 Errors)

Where n is the number of dither bits
And N is the number of dither levels
For every bit of dither, the SFDR improves by 6 to 9 dB
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SFDR/SNR Sweep
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SFDR/SNR Sweep
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DAC Errors in Stage-2
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Input Amplitude Sweep (SFDR)
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Input Amplitude Sweep (SNDR)
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Challenges (Recap)

What is the accuracy of this approach?

How is the power consumption?

Is It robust?

How about the convergence time?
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Addressing the Challenges

Using the above techniques, the required accuracy and robustness for SNDR can be
achieved

Dithering can be used to improve the linearity (SFDR) further
Power overhead is minimized by reducing the dither amplitude
Utilizing dither improves robustness and reduces power consumption

Convergence time is in the order of seconds for linear correction and can be reduced in
special cases [14]

Convergence time for the non-linear correction can be in minutes!
Deterministic methods can be more attractive for non-linear correction
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Conclusion

Digital assistance can be in the form of fixing errors or dithering errors

Calibration of the IGE, DAC, IME, and kick-back errors are examples of using DSP
to improve the analog performance

Dither can be used to improve the calibration accuracy and improve the linearity
further

Digital assistance enables ADC designers to continue building efficient, accurate
and fast ADCs as process geometry shrinks
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