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Digitally-Assisted Analog Circuit
In Nano CMOS Era

Analog Digital
Input Digital output
5| Analog Circuit s [e]
& ADC Calibration Circuit .

Digital: Benefit from nano CMOS
*Analog: Accuracy constraints
Digitally-assisted analog:

—> Relax analog circuit performance



Digitally-Assisted Analog Circuit Test

» Background calibration time = Long

[Pipelined ADC with calibration research paper in recent years]
1000

— &
2 100 3
()]

8 10 )i py l
> 1 *

0 Ps

S 0.1

O

9 10 11 12 13 14 15 16
Resolution [bit]

*Total testing time = Background calibration time
+ Functional testing time
Long testing time — increase testing cost 0



Research purpose

» Background calibration time reduction

during the test

v'Algorithm Proposal:
Load the converged calibration data of chipl
to chip2, chip3, ...as their initial data

v Consideration of correlation among chips
within the same wafer

v' Small additional read/write circuits
for on-chip memory

v Cooperation with ATE

(ATE: Automatic Test Equipment) 6
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Correlation among Chips
within the Same Wafer
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«Strong correlation among die-to-die nonidealities can be used
*Converged calibration parameter values would be close
among chips within the same wafer 8



Proposed Algorithm for
Calibration Time Reduction during Test

Test #1 Test #2 Test #3 Same wafer
. | Chip 1 |e > Chip 2 [ 5| Chip 3
R Corralatod S — —
: |1 Memory i error + Memory 1 Memory

—— L T — .Efror T ......................................
Calibration _V}ilrltledas{ 'Vz'mledast ATEE
: Memory 18] Ia'$ ala 181 |aA ala

read N

« ATE reads converged calibration data in memory of chipl
» Load them to memory of chip2, chip3 ... as initial data
« Calibration of chip2, chip3 ... converges quickly
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Digitally-Assisted Pipelined ADC

Analo
i g —_— Frontend Backend
input e 21 Abc
O or 1T l:
RNG (Random Memory for
Number Generator) calibration
v (R

Calibration Logic

[Ref: Murmann04]

Digital
output

*Use open-loop amplifier in frontend ADC
v High speed + low power

v Amplifier Nonlinearity
> Digital background calibration 1



Digital Calibration of Amp Nonlinearity

Analog
input
L<A/D A D/A>J Open—loopé _
\%/ Amp i 6\ I_)f\
rNnG LOor 1 I /b\ |
<€ — —
Digital ! {1_ El}(pl) bsvfl (ps) 969
output (TX
L/ [Ref: Murmann04]

Py, P, and p; : 15t offset and 3" order correction parameters
v’ Estimated by “Distance Estimation”
v Background calibration using LMS loop
(LMS: Least Mean Square) 12



Digital Calibration of Amp Nonlinearity

Analog
iInput

Digital
output
utpu

*p,, P, and p, : 1st offset and 31 o vin
v’ Estimated by “Distance Estimation”
v Background calibration using LMS loop
(LMS: Least Mean Square) 13




Distance Estimation (1)

Before calibration: h2<hl  eAfter calibration: h2=h1

Vin Vin

Middle || Edge [Ref: Murmann04]

*Two-residue pipeline stage added by random number, 0 or 1
*Measure h,, h, and force difference (h,-h,) to O
v’ Statistics-based measurement (using histogram) 14



Distance Est

iImation (2)

*Two residue *Histogram  [Ref: Murmann04]
g4
D H (11 11
..................................................................... Find “red
cumultive count
Distance
Estimator: <— I Closest
hl

—» 'Black”
: cumultive count

>
count

Middle

*Use hitstogram to measure hy, h,

v 30,000 samples are collected for histogram evaluation

15



Distance Estimation (3)

*Two residue

oHistogram [Ref: Murmann04]

Find “red"”

Distance
Estimator; <—
h2

cumultive count
1 Closest

—> “Black”
cumultive count

*Use hitstogram to measure

Edge

N4, h,

count

v 30,000 samples are collected for histogram evaluation

16



LMS Loop

Analog
mput_) Frzr;g”d>—><8ackend ADC ﬁ() Dres J
- - Distance
b3Vfl(p3) Estimation
Table N ¢h1
A 2 -
03 9
acoum J—gl—

-Parameter p; (also p; and p,)
*Accumulator forces (h;-h,) to zero

(M:Constant)

*Need many samples (about 5*107) to converge LMS loop 17



Apply Proposed Algorithm
to Digitally-Assisted Pipelined ADC

i gAnang
Chip1 test finish input ) Frontena Backend ADC §
ADC T

o :

RNG 0, | P2 LMS|

L v LI\T/IS “1 Loop |:

ATE |2 1 I
_Ps Tp Psed psLMS |

Read ‘ Locip :

Data combining
Digital output v

» ATE reads converged parameters p1, p2 and p3 of chipl
 Load them to registers of chip2 as their initial data 18



Apply Proposed Algorithm
to Digitally-Assisted Pipelined ADC

. Analog
Load to chip2 input ) Frontena Backend ADC |
ADC ;
: p :

: 1 :
D, | | LRNG P,
> Loop |
LM
ATE |72 1 > [
o ' P Ps™ p;LMS |
‘ | Loop |

v

Load §

Data combining
Digital output v

» ATE reads converged parameters p1, p2 and p3 of chipl
 Load them to registers of chip2 as their initial data 19



Apply Proposed Algorithm
to_Digitally-Assisted Pipelined ADC

' Analog
P2 e | g —{ e y—packend aoc
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> Loop |
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‘ | Loop |

v

Load §

Data combining
Digital output v

» ATE reads converged parameters p1, p2 and p3 of chipl
 Load them to registers of chip2 as their initial data 20
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Matlab simulation

 12bit Pipelined ADC
v’ 4bit / stage + 2bit / stage + 7*1.5 / stage + 3bit flash ADC

» Residue Amplifier Nonlinearity [Ref: Murmann04]
B 2 2 3]
gx(vx): ng Vx -I—l AB Vref Vx _} Vref Vx
Vref 4 B Vov Vref 8 Vov Vref
Vref . Converter reference voltage 1V
d,R : Linear amplifier gain term 7.6 £ 0.5%(0)
Vov : Differential pair gate overdrive 0.25V
AB/B : Transistor mismatch +5% % 0.5%(0)

« Consider 16 chips per test
v Total number of tested chips is 1024 22



Parameter Convergence
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ENOB Convergence

==== :Conventional test
= :Proposed test

ENOB [bit]

0 2 4 6 8 10
Number of Iterations *107

« Conventional test converged at ~ 5*107 iterations

* Proposed test converged at ~ 2.5*107 iterations
24



Comparison of Convergence Time

300 Conventional test __Proposed test
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« Conventional test : ~ 5*107 iterations
* Proposed test : ~ 2.5*10 iterations (Worst case)
v Reduced convergence time by 1/2 during the test 25
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Conclusion

* Propose testing method for

digitally-assisted analog circuit
v'Die-to-die correlation reduces calibration time
combing on-chip calibration logic
with external low-cost ATE
« Calibration time reduction during the test

v’ Consideration of correlation among chips
within the same wafer

v' Case study of
digitally-assisted pipelined ADC
[Ref: Murmann04]

Reduced convergence time by 1/2 during the test 217




