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About Calibration
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Digital-Assisted A/D

Digital-Assisted Solution: Categorized In:
» Effective for most of error in ADC « Background
* Technology scaling friendly * Foreground

* Preserve ADC integrity

Slel>lAd

Non- Gain  DNL/ANL  clock
linearity Skew

* With digital or analog /FB correction, sometime with analog-assisted



Digital-Assisted A/D

Considerations:

* Cost, Including area, power, complexity and convergence

* Analog overhead (Auxiliary Channel, Additional DAC, etc.)

* |nput constraints and others limitation on ADC (Loss DR, etc.)

Slel>lAd

Non- Gain DNL/NL  Clock

linearity Skew

* Need to consider calibration efficiency, necessity and testing
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OS

SAR-Assisted
Pipeline ADC with Background

Offset Calibration
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Offset in Pipeline-SAR ADCs

» Offset mismatch between 2 stages from:
* V. First stage SAR
* Vysras ResIdue amplifier
* V., Second stage SAR

» Can saturate the second stage input, must handle with
analog feedback



Second Stage Code Histogram
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« Code range is confined with the effective range when the offsetis 0
« Coderange varies with offset

- « Code saturates by one side because of offset



Inter-stage Offset Calibration Scheme (1)

Lower boundary Effective code range Upper boundary

13

Vin
O Counting point
—W/o offset .
—W/ offset Middle
—W/ offset Veal

VOS 1

1' NS SAR

Number

D,.i> equals to all “1’, count up, vice versa count down

out
The offset is calibrated on chip
Convergence speed and accuracy are weighted to

chose N

Cal. Voltage
Generation

Vos,ra VosZ
e B> (D= 2" sAR 4>
Doutl A §
Dout2
CC-based Offset <
Calibration
| :.'.----------------------------------------:::::::.'::::.-
I Dout2

o Up/Down S
- Counter (3b) ]
|
| absl




14

Inter-stage Offset Calibration Scheme (2)

I:)H,LSB+1
eo0

15*.CMP

Large ond_~Mp
DAC D =1
2M_gtage  ([------oe--r-TTITo.so.LMSB 000 ‘> LMSB

Ampl.: Conv.

 No comparison needed for V,_.., in conventional pipeline operation

« Sign of V..., hot change after amplification (Utilize this redundancy?)



Comparison of MASH O-N and MASH N-O

I:)H,LSB+1 o
- DH’LSS . 1 -CMPD 1 Offset Detection
res — _
1%t.stage  0-------F---FF---mmceccmmanna. D% I:§|rI|C>ut refer)
‘ Vres res1
: 1 DL,MS 0 1
; G X Vres1
Large . A 2" _CMP 0 X
znd_stage 0--9&?.}--.1%---9".’&"-8-3-::...-.Dﬂ;'l 1 v

Ampl.: Conv.

« 1st-stage redundant comparation detects the sign of V.,

* Dies1 & D ysg Should be the same without offset
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Amplify Residue to the Next Stage

Dy LsB+1 15*-CMP

Offset Detection
(Input-refer)

Dres1
D\ wms 0 1
o | x |V
1 Vgsd‘" X
e [
_ l
I Vos,in — Vos1~ 6 Vosz I



Simplified ADC Schematic
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A 20GS/s 8b Time-Interleaved
Time Domain
ADC with Input-Independent Background
Timing Skew Calibration



Timing Skew Mismatch

8x 8b 20GS/s TI-ADC Mode
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Input Frequency [GHZ]

"For <-50dB timing spurs with 10GHz input = skew(0)<100fs
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Prior Background Timing Skew Cal.

N. Le Dortz B. Razavi M. EI-Chammas S. Lee
ISSCC 14 JSSC 13 JSSC 11 ISSCC 14
Tvpe All Digital Digital Estimation and
yP Approach Analog Feedback Control
Estimation Derivative- Auto Cross Variance-
Methods based Correlation Correlation based
Input Signal Wide-Sense- Wide-Sense- Busy Enough & Busy Enough &
Limitation Stationary & <F¢/2 Stationary Crossing Zero Large Swing
Extra High-Speed NG 1-bit Reference Full-Speed
Hardware Digital Filter ADC Flash ADC

=All rely on certain input conditions




Objectives

oo
CKs<0> = Analog Estimation
00 : :
CKe<1> = Quantization
V|N0_.
| = Digital Statistics
CKs<6>
= Analog Control
o0
CKs<7>
< \( Skew Cal.
i %;Z Skew Feedback Control i
| [CKs<7:0> -;é T :
i CKrer 0 /—/ © | | Metastability Information i
i Time Comparator Quantization and Statistics i

» Timing Skew Cal.:

1. Does not rely on ADC
iInput (background)

2. Does not base on A/D
guantization

3. Remaining skew(o)
<100fs

4. Small amount of
iterations
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Timing Skew Detection — (Skew<0)

| O_L T<i> @ STAse o | Skew=-0.5ps
rKs<l> + o)L STO<i> |  TDC
F20 o__ﬂc TB<i>°‘$SIGN<i>O 4= Skew Detection Unit
\ Time g J
Comparator )
\Ks<i7 1 =>flag 0.5ps | >4=Sub ADC Clock
F20 4= Global Clock
T<i> | > ~(25+23)ps=48ps L :
TB<i> 11 I-LI-}{— Time Comparator Output
STA<I> | '

| } I
| ¢=2-bit TDC Input




Detection T,y vs. Timing Skew Value
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= Quantization:
- 2b TDC (T 55=25pS)

= Bound Accuracy:
- x30fs (meta. range)

» Comparator Noise:

- lk-sample statistics
for one decision




Calibration — Time Comparator Offset

CKg<I>

o,

ENB_C

, Skew Detection ‘

Ks<i>

L iANDl)
i

2b TDC (Tp=25ps)

SIGN<|>

AND2)
- 0Si<6:0> OEN J

T-to-B &
Aligning DFFs

EN_C/O=1; EN_S=0

O Do<i>

CH(1)

=Passive switches + 1k-sample statistics on D,<iI>

24




Calibration — Time Skew

CKs<i> ENB_C _
o, ._%7 , Skev_v Detection 2b ThC (TD—25ps)
o KS<I> STA<I> D D D
L AND1)
:I ) b.
F20 i
AND2 T-to-B & o D82<!>
Aligning DFFs s1<I
CK20 eng s|lOSi<6:0> OEN | ~ j
o BE; |
EN_S EN S/O=1; EN_0O=0 CH(I)

=Passive switches + 1k-sample statistics on Dg,<I> & Dg;<I>



Timing Skew Calibration Comparison

N. Le Dortz S. Lee B. Razavi El-Chammas | V. H.-C. Chen This Work
ISSCC 14 ISSCC 14 JSSC 13 JSSC 11 ISSCC 14
Tvpe All Digital Digital Estimation and Analog Estimation and
yP Approach Analog Feedback Control Analog Feedback Control
Estimation Derivative- Variance- Auto Cross Build-in Cal Direct Timing
Methods based based Correlation Correlation Signal Comparison
Unlimited X X X X
Input Wide-Sense- | Busy Enough | Wide-Sense- Bgsgrgggﬂgh \4
Signal Sta. & <F¢/2 | & Large Swing | Stationary ero J
Constant
Input V V V X X V
Impedance
LN _70dB _60dB _75dB _41dB _42dB 5508
P Cal @0.6GHz F,, | @0.5GHz F, | @0.6GHz F,, 1 @8.0GHz F, | @8.2GHz F,, | @10GHz F,,
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Comparison

Ulalks B Visi20 | visids | iescci4| visiie
Architecture TI-Time TI-Time |TI-SAR/TDC| TI-Flash TI-SAR
Technology 65nm CMOS 16nm FINnFET|28nm CMOS| 32nm SOl |16nm FIinFET]
Area [mm?] 0.22 0.10 0.03 0.25 -
Channel Number 8% 16x% 16x% 8x 32x
Resolution [bits] 8 8 6 6 8
Supply [V] 1.0/1.2* 0.85/1.05* 0.9 0.85/0.95 0.9 0.9
Sampling [GS/s] 20 16 20 24 20 28
3dB-BW (GHz) >16 >16 - - - -
SNDR LF, [dB] 41.0 40.2 35.0 34.8 34.8 40.9
SNDR HF, [dB] 38.8 38.1 32.5 28.9 30.7 31.5
HF,\ [GHZ] 10.0 8.0 1.0 11.9 10 14.0
Power [mW] 129.9 76.2 175.2 23.0 69.5 280.0
FoM,  [fd/conv.-step] 70.9 57.0 190.5 21.3 77.4 110.4
FoM, e [fJ/conv.-step] 91.3 72.6 254.0 42.1 124.1 325.7

* Timing skew calibration works with a higher supply and 10% activation rate.




Time-Skew Calibration Measurement

e Fny =9.974365 GHz O Timing Spurs
e Fg = 20 GS/s O Harmonics (2"-9™M)
| | | | |
T O[SNDR=269dE SFDR= 346dB ............................. Before Skew Calibration”
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Timing
Spurs:

-34.6dB

{

-55.2dB
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Amplitude [dB]
©OoNohhowNnao

Bandwidth Measurement

b
L BWZ10.6GHz
- FL =20 GSIS ™ |

I T s |

0 2 4 6 8 10 12 14 16 18 20
Input Frequency [GHZ]

* Measured with input
probe needle

= Benefit from inherent
sub-channel buffer
and 45-fF Cq
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Future Works and Conclusion

d Many hybrid ADC architectures in recent year, how
about calibration?

d Analog-assisted is a good topic
 Utilized concept from Al

d Eventually, things are still fundamental, about ... cost
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