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GIGA-SAMPLE ADCS
MOTIVATION

= High performance giga-sample ADCs
= >9 ENOB, >70 dB SFDR, >2GS/s
= E.g. direct-RF sampling

= Architectures use residue-amplification
= Minimizes # of interleaved channels
= High bandwidth amplifiers severely limit power efficiency
= Design freedom reduced as a consequence
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IN THIS TALK
PREVIEW

= A 3.2GS/s direct-RF sampling ADC in 16nm

= Uses 36 ring amplifiers
= Advances SoTA by an order of magnitude

= Technique for background measurement of Signal-to-Distortion ratio

= Applicable to any switched capacitor feedback circuit
= Used here to tune biasing of ringamps w.r.t. PVT
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CHANNEL
SYSTEM OVERVIEW

Vi STG1 STG2 STG3 STG4 STGS STG6 STG7 STG8 STGY BACKEND
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STAGE 1

SYSTEM OVERVIEW Conventional MDAC + sub-ADC
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STAGE 1

SYSTEM OVERVIEW Stage 1 MDAC with Passive-Hold
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FRONTEND QUANTIZATION SCHEME
SYSTEM OVERVIEW
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STAGE 1

SYSTEM OVERVIEW Phase 1: Track
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STAGE 1

SYSTEM OVERVIEW Phase 2: Quantize (Passive Hold)
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STAGE 1

. Amplif
SYSTEM OVERVIEW Phase 3: Amplity
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STAGE 1

2: ize (Passive Hol
SYSTEM OVERVIEW Phase 2: Quantize (Passive Hold)
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STAGE 1

2: ize (Passive Hol
SYSTEM OVERVIEW Phase 2: Quantize (Passive Hold)
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SPLIT-SOURCE COMPARATOR

SYSTEM OVERVIEW reset [
- shift: | L
= New “source-shifted” ‘%g 2o compre [
comparator architecture %7 Ve i Vs
= Tiny input capacitance ECSl[l N]? reset_i ||+ o N]E I | compare | it
= Built-in threshold with I 13 compare i 2] -1 r l—l_ _l_l L‘
wide tuning range L " Hxl T—|_ _|—I
= Very small decision delay ~ npm— ;‘jI—CINm —{ ==
D, D,
= Used in all sub-ADCs b'ﬂt"ﬁ_‘ﬁ _ll; _ ;Il_
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SPLIT-SOURCE COMPARATOR

SYSTEM OVERVIEW reset [
- shift [ L
= New “source-shifted” =h Sg  comere [ L
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E. Martens et al., “Wide-tuning range programmable threshold comparator
using capacitive source-voltage shifting”, Electronics Letters, Dec, 2018
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RINGAMP
SYSTEM OVERVIEW
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= Inherently scalable
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Stabilized b L T J

= Stabilized by vorp - B vs2p1 ,
dynamically forming a u I_'(“F“_I F
dominant output pole = m’p‘u L o S -

:II Vs2m?2 Vs2m1 Il:
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= Wide swing B. Hershberg, et. al. “Ring Amplifiers for Switched Capacitor Circuits”

- Highly linear JSSC, Dec. 2012

. Inherently scalable Y. Lim et. al., “A 1 mW 71.5 dB SNDR 50 MS/s 13 bit Fully Differential
Ring Amplifier Based SAR-Assisted Pipeline ADC” JSSC, Dec. 2015
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RINGAMP
SYSTEM OVERVIEW
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RINGAMP A e—
SYSTEM OVERVIEW

—EN EN—IE,
I—EN cmfb—||: EN-L
= Tunable CMOS - _|
j' Vs2p2 l::ii:j Vs2pl 'I:
resistor biaSing DZN Voo |_| I_l Voo DZN

OUTm . . OUTp
J. Lagos, et. al. “A Single-Channel, - _Eéj{[:[}j}_-g}m II\Tp—i— Vo, J_nzn EN_EE:F_‘I:S:I}_‘ED_EN—' —»
EN

600-MS/s, 12-b, Ringamp-Based | ~ N
Pipelined ADC in 28-nm CMOS” - iVsZm2 L EN—] o veamd -
JSSC, Feb. 2019
—|#cmfb—|# bl—
VSS

= Digitally controlled
capacitor DACs bias ittt A |
. VDDlI.__E DZN Vss_j_'.__L_

the CMOS resistor

with trapped-charge

EN EN

I
I
I
I
| Dz_nmos[7:0] Dz_pmos[7:0]

3.1: A 3.2GS/s 10 ENOB 61mW Ringamp ADC in 16nm with Background Monitoring of Distortion
© 2019 IEEE
International Solid-State Circuits Conference 30 of 88



RINGAMP A e—
SYSTEM OVERVIEW

-EN —[ EN—E

= CMFB trapped- oo - - .
charge based biasing = | - I"E'ijf““l | om -

OUTm . . ouT
2| e Lt ey ([ ke Lo e (%7
Vss DzP EN— . DzP Vss
Jl In
m Vs2m2 Vs2m1l
3 CMFB loops . u N - .
- DC hlgh_galn IOOp _|#MCM2 4# Mcrvubl_
= AC low-gain loop s
= AC stabilizing loop _ _ _ TrappedCharge CMFB_ T~ Trapped-Charge Bias Control
OUTé) o T q_ CFB__ VDDl‘.__|: DZN VSS_LI.__L_ DzP i
N T

EN EN

|

|

(EN_ |
E_ I_| ICSMALL EN_ |

- 'CBIG CFB__ |
|

Dz_nmos[7:0] Dz_pmos[7:0]

— e o —— —— —— — — — — — — — — — — — — — — — — — — — — )

3.1: A 3.2GS/s 10 ENOB 61mW Ringamp ADC in 16nm with Background Monitoring of Distortion
© 2019 IEEE

International Solid-State Circuits Conference 31 0f 88



RINGAMP A e—
SYSTEM OVERVIEW

I-EN i EN—I

= CMFB trapped- oo - - .
charge based biasing = | - I"E'ijf““l | om -

OUTm . . OUTp
@ oot ere | ol | [ Rl ] e e (2
:II Vss DzZP N DD oo v Il:
' Vs2m2 Vs2m1 '
= 3 CMFB loops N i e ; .
) DC high_gain |Oop _|#MCM2 4# Mcrvubl_
= AC low-gain loop N
= AC stabilizing loop R Trapped Charge CMFB____ | e Trapped-Charge Bias Control _ -
| OUTCp 1 Co| || VDD [T DZN  VSS— [T DZP |
: SENSE . w EN\_i — : : :
: ‘ﬂ_'i TCSMALLI EN_i : : EN EN :
| Csense = I Cois CFB:: | | 7 :
| OUTm © T J| : Dz_nmaos[7:0] Dz_pmos[7:0] I
e e e e e e e o o o o o — — — — — — — — ——

— e o —— —— —— — — — — — — — — — — — — — — — — — — — — )

3.1: A 3.2GS/s 10 ENOB 61mW Ringamp ADC in 16nm with Background Monitoring of Distortion
© 2019 IEEE

International Solid-State Circuits Conference 32 of 88



RINGAMP A e—
SYSTEM OVERVIEW

I-EN i EN—I

= CMFB trapped- oo - - .
charge based biasing = | - I"E'ijf““l | om -

OUTm . - OUTp
@ oot ere | ol | [ Rl ] e e (2
:II Vss DzP N DD oo v Il:
' Vs2m2 Vs2m1 '
= 3 CMFB loops N _ o § .
) DC high_gain Ioop _|#MCM2 4# Mcrvubl_
= AC low-gain loop N
= AC stabilizing loop === _Trapped Charge CMFB____ | S Trapped-Charge Bias Control
p o
| G Cre]. I | Vb T DZN-— V53 T bzp |
: —'q_ M oen EN : | |
: EN] CSMALL EN_i ! | |
: Csense = ﬂ_ I—' I CBIG C T : : - 7 =N :
LOUTm o T .. FB Jl : Dz_nmos[7:0] Dz_pmos[7:0] :

— e o —— —— —— — — — — — — — — — — — — — — — — — — — — )

3.1: A 3.2GS/s 10 ENOB 61mW Ringamp ADC in 16nm with Background Monitoring of Distortion
© 2019 IEEE

International Solid-State Circuits Conference 33 0f 88



RINGAMP A e—
SYSTEM OVERVIEW

—EN — EN-IE

= CMFB trapped- . - - .
charge based biasing = | - I"E'ijf““l | om -

OUTm . ~ |outp
@ oot ere | ol | [ Rl ] e e (2
:II Vss DzP N b)) oo v Il:
' Vs2m2 Vs2m1 '
= 3 CMFB loops N _ o § .
= DC high-gain loop —|[;'MCW—|[# Mmhl_
= AC low-gain loop s
= AC stabilizing loop == _Trapped Charge CMFB__ | S Trapped-Charge Bias Control
p o
| G Cro| I | Vb T DZN-— V53 T bzp |
| —'q_ M oEen  EN o |
l EN] CSMALL EN_i | l |
: Csense == EII_ |—| I CBIG C T : : o 7 =N :
LOUTm o T FB J : Dz_nmos[7:0] Dz_pmos[7:0] :

— e o —— —— —— — — — — — — — — — — — — — — — — — — — — )

3.1: A 3.2GS/s 10 ENOB 61mW Ringamp ADC in 16nm with Background Monitoring of Distortion
© 2019 IEEE

International Solid-State Circuits Conference 34 of 88



MOTIVATION
SDR MONITORING

= Digitally controlled ringamp biasing
= What is the optimal code?
= How to track across PVT?

= Approach: measure the ringamp-related error and minimize

= |nterested in higher-order error terms
= First-order gain error we can already correct with well known methods
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CONCEPT
SDR MONITORING

pad

* Residual error at V, consists IN B+ Ao ouT
of two components:

(

_ VOUT
Aoy

VX ~+ END
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CONCEPT
SDR MONITORING

pad

* Residual error at V, consists IN B+ Ao ouT
of two components:
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/1

finite gain noise &
error distortion

VX ~+ END
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CONCEPT
SDR MONITORING

: : ) X
* Residual error at V, consists IN B=(+) Ao ouT

of two components:

_ Vour ing: = Your
=——+enp .rearranging: eyp = Vx ——
o oL

/1

finite gain noise &
error distortion

Vx
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CONCEPT

B
SDR MONITORING
- X
* Residual error at V, consists IN B=(+) Ao ouT
of two components:
V V
Vy = 0¥ END ...rearranging: &yp = Vy — o
AOL AOL
" / T Vour
finite gain noise & where: Ay, = avg ( )
error distortion Vx
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CONCEPT

B
SDR MONITORING L
~ X
* Residual error at V, consists IN B=(+) Ao ouT
of two components:
V V
Vy = 0¥ END ...rearranging: &yp = Vy — o
AOL AOL

= SNDR can be computed as:

2 var(V,
SNDRdB =10 ]Oglo (ﬁ ( OUT)>

var(eyxp)
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CONCEPT

SDR MONITORING L :

: : X
* Residual error at V, consists IN B=(+) Ao ouT

of two components:

. VOUT VOUT

Vy = + Envp ...rearranging: &yp = Vy —
AOL AOL

= SNDR can be computed as:

2. var(V, 2, var(V
SNDR gz = 10 log (ﬁ ( OUT)> =10 loglo( B (our) )

var(eyp) var(Vy — Voyr /AoL)
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CONCEPT
SDR MONITORING

= Need to know voltages at
nodes X and OUT
= OUT: pipeline backend
= X:extra ADC needed

D(V;)

AN3NOVvd
ANI13dId

bias control

D (Vo)

: A,, SDR
N

estimator equations

Ao WVour, Vy)

SDR(Voyr, Vx)

il
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CONCEPT
SDR MONITORING

= Need to know voltages at
nodes X and OUT
= OUT: pipeline backend
= X:extra ADC needed
* small input signal range (~1mV)
* high accuracy
* small hardware footprint
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CONCEPT
SDR MONITORING

= Need to know voltages at
nodes X and OUT

Stochastic
ADC

= OUT: pipeline backend

= X:extra ADC needed
* small input signal range (~1mV)
* high accuracy
* small hardware footprint

Single comparator stochastic ADC!
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bias control

D (Vo)

: A,, SDR
N

estimator equations

Ao WVour, Vy)

SDR(Vour, Vx)
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CONCEPT
STOCHASTIC ADC

= Basic idea: use comparator’s gaussian noise distribution to quantize

IN ® \ 1,1,0,1,0,0,1,...
—-l-_/ avg erfinv Vrer/Orer —® Dour

[B. Verbruggen, JSSC, Sept. 2015]
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CONCEPT
STOCHASTIC ADC

Input referred noise PDF

IN ® \ 1,1,0,1,0,0,1,...
/ aVvg erfinv VREF/GREF —» Dourt
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CONCEPT
STOCHASTIC ADC

Input referred noise PDF Comparator output CDF
I I
| avg(out)------{-;
| I
VIN

IN ® \ 1,1,0,1,0,0,1,...
/ avg erfinv Vrer/Orer 3 Dour
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CONCEPT
STOCHASTIC ADC

Input referred noise PDF

VIN

Comparator output CDF

k —_
OIN VREF/UREF = Vin
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_. DOUT
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CONCEPT
STOCHASTIC ADC

= Digital output represents the average value of V,
= Noise in V is attenuated

= QOur SNDR estimator, stripped of noise, becomes an SDR measurement

IN ® \ 1,1,0,1,0,0,1,...
—-l-_/ avg erfinv Vrer/Orer —® Dour
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OPERATION S I R—

SDR MONITORING NN e ot BT

VgM estimator equations
(N = 2 Ao, Wour, Vy)
cal |—|—| % E o Vour, Vx
ADC — _
S & SDR(Voyr, Vx)
A A
D(V,) D(Vyue )
“bin” N ~
D(V.
l/—-l mean (¥ erfinv s \\ ( x)
d : : :
e [ ] [ ) [ ] m
» m [ mean (¥ erfinv &g u
z — mean P erfinv P05 X
v \—-I mean ¥ erfinv Pz /
v/o factor |estimation “bin” 1
"\\16 = 0.3 mV
/I\ v/o
s>
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OPERATION
SDR MONITORING

= Preparation step #1

= Measure comparator’s
noise sigma in terms of
known reference voltages

= Provides volts-per-sigma
conversion factor needed
later

VREFM

bias control

AOL

T

SDR

T

estimator equations
Ao WVour, Vx)

SDR(Voyr, Vx)

A

“bin” N
— mean [ erfinv (s

— mean P erfinv (5

AN

4

A

D(V;)

— mean [ erfinv X5

d
e
m
u
X
\—-I mean P erfinv P05

| + L o
cal \l 8T
ADC = %
O m
D(V,) D(Voue)
\ 4
v/o factor estimation “bin” 1
e

<+«

v/o
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OPERATION B

SDR MONITORING N N p
. VCM
= Preparation step #1 —t
|
= Measure comparator’s ACSC
noise sigma in terms of
known reference voltages D(V,)

= Provides volts-per-sigma
conversion factor needed
later

AN3IIOVE
ANI13dId

l.) (Vout )

bias control

| A,, SDR

1

T

estimator equa

A/O\L (VOUT; VX

SDR(Voyr, Vx)

tions

)

A A

)

= Preparation step #2

= Null the comparator’s own v
v/o factor estimation
offset

A 4

Ilbi n” N

{ mean ¥ erfinv g \\

[ ] [ )
m
{ mean P erfinv P51 u

{ mean P erfinv P03 X

d
e
m
u
X
N

{ mean ¥ erfinv P /

“bin” 1

v/o
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OPERATION B

—_—— |- === bias control
SDR MONITORING Nt Xaom I
|
Vewm estimator equations
= The two ADCs output 1 .
D(V d D(V cal |L|_|+ 5 § Ao, Vour, Vx)
( x) an ( out) ADC Z s _
O m SDR(VOUTJVX)
A A
D(V,) D (Vo)
“bin” N ~
J/—-I mean (¥ erfinv s \\ D(Vx)
d ° ° °
e [ ] [ ) [ ] m
» m [ mean (¥ erfinv &g u
z — mean P erfinv P05 X
v \—-I mean ¥ erfinv Pz /
v/o factor |estimation “bin” 1
e S —
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OPERATION B

SDR MONITORING Nt X

= Data is accumulated by 4\—‘,’ t

into “bins”

AN3IIOVE
ANI13dId

)

————— bias control

—®» OUT |

Ao, SDR

T

T

estimator equations
A/O\L (VOUTJ VX)

SDR(Voyr, Vx)

(VOUt )

A 4

v/o factor estimation

e

>

JATEET

llbi n” N

!

H mean P erfinv P@d\—
. . . m
H mean Pl erﬁnv|>®,L u
X

H mean P erfinv P@,L

H mean P erfinv P@,L

llbinll 1

v/o
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OPERATION
SDR M

= Data |
sortir

into “
D(VOUT)

D(Vx)
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Data “binning” concept Ao, SDR

L 1

'\L(VOUT; VX)

R(Vour, Vx)

421

A

6123 | 2931 | 5421 | 7216 | 3328

D(7)

B|n l(OII L X

LUEUTS MY /
/ <->\ v/o
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OPERATION
SDR M

= Data |
sortir

into “
D(VOUT)

D(Vx)
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Data “binning” concept

Bin “8191”

421

6123 | 2931 | 5421 | 7216 | 3328

0 1 0 0 1 Bin “33,g

Bin “0”

J

Ao, SDR

L 1

itor equations
'\L(VOUT; VX)

R(Vour, Vx)

A

LUEUTS MY /
/ <->\ v/o
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OPERATION
SDR M

= Data |
sortir

into “
D(VOUT)

D(Vx)
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OPERATION
SDR M

= Data |
sortir

into “
D(VOUT)

D(Vx)
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Data “binning” concept

421

6123 | 2931 | 5421 B\

4

n

I‘BA-’ZX'

Qulnv
>

Bin “8191”

Bin I(OII

v/o

J

Ao, SDR

L 1

itor equations
'\L(VOUT; VX)

R(Vour, Vx)

A
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OPERATION

SDR M Data “binning” concept

= Data |
sortir
into “

D(Vour) 421 | 6123 | 2931 | 5421 Bin

D(Vy) 1 0 1 0

® Large sorting table
@ Slow convergence

4

n

UBA-’ZX'

Qulllv
<+“—»

Bin “8191”

Bin I(OII

v/o

J

Ao, SDR

L 1

itor equations
'\L(VOUT; VX)

R(Vour, Vx)

A
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OPERATION
SDR M

= Data |
sortir

into “
D(Vour)

D(Vx)
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Data “binning” concept

Bin II7II

421

6123 | 2931 | 5421 s

Bin “0”

J

Ao, SDR

L 1

itor equations
'\L(VOUT; VX)

R(Vour, Vx)

A

v/o

/ Qulllv
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OPERATION
SDR M

= Data |
sortir

into “
D(Vour)

D(Vx)

© Small sorting table
© Fast convergence

I —

Data “binning” concept

Bin “7”

421

6123

2931

ﬂoor(2931/1024) = Bin “

Bin “0”

© Minimal impact on overall accuracy
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OPERATION B

SDR MONITORING Nt X

————— bias control

—®» OUT |

Aoy

T

SDR

T

. Vewm estimator equations
= Each bin performs the : ®
h pADC cal ||_|_|+ E § Ao Vour, Vx)
stochastic ADC SDRars V0
quantization procedure .
described earlier D(Vs) D (Vour) !
“bin” N
{ mean Pl erﬁnvh@d\—
d ® ° ®
o . . . m
» m [l mean P erﬁnv|>®,L u
z H mean Pl erﬁnvh@,L X
A 4 \ 1 mean P erﬁnvP@,L /
v/o factor estimation “Win” 1
1l0=0.3mV
/\ Vo

>
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OPERATION B
SDR MONITORING

VCM
= Data-stream fed into —t
estimator equations o :L'_'

= A biasing control block
closes the control loop

AN3IIOVE
ANI13dId

)

(Vour )

bias control

I A,, SDR

|

estimator equations

A/O\L (VOUTJ VX)

SDR(Voyr, Vx)

A A

A 4

A 4

v/o factor estimation

ATETT A .

Ilbi nll N

{ mean ¥ erfinv g \\ D(Vx)

[ ] [ ) [ ] m
{ mean P erfinv P51 u

{ mean P erfinv P03 X

{ mean ¥ erfinv P /

“bin” 1

v/o
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on-chip : off-chip

OPERATION D A
- ——— = — bias control
SDR MONITORING +e X—DOUT | ?OL S’fR
I
Vewm estimator equations
= Analog hardware : ® A
. ) | * - Ay Voyr, V.
implemented on-chip AN 2B S
. . . S 7 SDR(Voyr, Vx)
= Digital processing —
: : D(V,) D (Vour)
implemented off-chip -
“bin” N ~
J/—-I mean [ erfinv PXq- \\ D(Vx)
d . . .
= Can operate at low speeds el —+ ¢+ |Im
. ] » m [ mean (¥ erfinv PXs u
with under-sampling ek
= Total power cost negligible v N{Lmean plerfinv b@sH,”
v/o factor |estimation “bin” 1
| \1lo0=0.3mV
/I\ v/o



DISTORTION TRACKING
MEASURED PERFORMANCE Evaluation of SDR estimation accuracy

80
= Baseline: Channel THD Under damped Background tracking
data from calADC in
= Not the same as Stage SDR, ~ 70 CHO. STG
but similar... )
® 60 f
c
e
S 50
‘©
5 meas. THD (FFT)
40 est. SDR (calADC)
30

0 50 100 150 200 250
Ringamp Bias Digital Tuning Code
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DISTORTION TRACKING
MEASURED PERFORMANCE Evaluation of SDR estimation accuracy

80
= Baseline: Channel THD Critically damped  Background tracking
data from calADC in
= Not the same as Stage SDR, ~ 70 t CHO. STG
but similar... )
® 60
C
z
£ 50
‘=
5 meas. THD (FFT)
40 est. SDR (calADC)
30
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DISTORTION TRACKING
MEASURED PERFORMANCE Evaluation of SDR estimation accuracy

80 [
= Baseline: Channel THD Over damped ERIELGrlle) FEE.CE
data from calADC in
= Not the same as Stage SDR, = 701 CHO, STG1
but similar... <)
Q 60
c
£
£ 50
=
Y meas. THD (FFT)
40 est. SDR (calADC)
30 ' ' ' ' -
0 50 100 150 200 250

Ringamp Bias Digital Tuning Code
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DISTORTION TRACKING
MEASURED PERFORMANCE Evaluation of SDR estimation accuracy

80 r
= Baseline: Channel THD Background tracking
data from calADC in
= Not the same as Stage SDR, = 707 CHO, STGH
but similar... )
Q 60
&
= Successful proof-of-concept E ol
£
Y meas. THD (FFT)
40 est. SDR (calADC)
30

0 50 100 150 200 250
Ringamp Bias Digital Tuning Code
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IMPLEMENTATION IN 16NM CMOS

MEASURED PERFORMANCE

= 0.194mm? active area

= Single configuration used for all
measurements reported
= Digital controls
= Analog levels

© 2019 IEEE
International Solid-State Circuits Conference
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POWER BREAKDOWN

MEASURED PERFORMANCE CLK
= Vpp = 850mV =
=V =50mV / 800mV .
REFM/P N / ﬁ Do\[\N.O]
= Ringamps utilize 88% of supply < ¥
o |20
= 61.3mW total power N

Vv | "I Dour[N:0]

= |nput buffer =11.2mW > w 1=~ controller | _HT
= Clock buffer = 2.4mW e
' CH2 —

= Each channel =11.9mW <
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FFT
MEASURED PERFORMANCE

Low Frequency Input = 62.9dB SNDR
100MHz input, 3.2GHz clock, -1dBFS
- - 80.3dB SFDR
O sNDR=62.87dB ¢ '
SFDR = 80.33 dB
207 THD=75.14 0B .
, 40| ENOB=1015b - = Decimated by 6247
m
° 6ot
80 3 6“,3 s ;

-100

0 0.5 1 1.5 2 2.5
Decimated Frequency NDEC=6247 (Hz) «10°

(Spurs labelled with X are due to interleaving mismatch)
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FFT
MEASURED PERFORMANCE

Nyquist Input - 61.7dB SNDR
1.6GHz input, 3.2GHz clock, -1dBFS
' ' ' - ' = 73.3dB SFDR
O sNDR=61.67dB ¢ 1
SFDR =73.29 dB
207 THD=7138dB . .
, -40| ENOB=995b - = Interleaving spurs remain <80dB
m
° 6ol : = Tunable sampling edges with better
a0l than 5fs precision

-100

0 0.5 1 1.5 2 2.5

Decimated Frequency NDEC=6247 (Hz) . 10°

(Spurs labelled with X are due to interleaving mismatch)
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SWEEP: INPUT AMPLITUDE
MEASURED PERFORMANCE

= 80.7dB Peak SFDR at -1.9dBFS
= 61.7dB Peak SNDR at -1dBFS

= Compression above -1dBFS

“1 due to HD3 from input buffer

Performance (dB)

o

80.7dB Peak SFDR at -1.9dBFS
61.7dB Peak SNDR at -1dBFS

N
S

-100 -80 -60 -40 -20 0
Input Amplitude (dBFS)

3.1: A 3.2GS/s 10 ENOB 61mW Ringamp ADC in 16nm with Background Monitoring of Distortion
© 2019 IEEE
International Solid-State Circuits Conference 75 of 88



DNL / INL
MEASURED PERFORMANCE

DNL & INL for an 11b LSB level = Compression at edge codes
_. 03 | | also due to HD3 of input buffer
D 0.15 |
= 0
=
5 -0.15
0.3
m
0p)
=
-
=
0 1024 2047
Digital Output Code
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SWEEP: INPUT FREQUENCY
MEASURED PERFORMANCE

f. sweep for f,.=3.2GHz = Drop in HD3 around f. . =1GHz
related to bond-wires / PCB

0]
o

~
6))

~
o

o)}
&)

Performance (dB)

o)}
o

0 500 1000 1500 2000 2500 3000
Input Signal Frequency (MHz)

o))
(&)
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COMPARISON WITH SOTA

MEASURED PERFORMANCE

© 2019 IEEE

SoTA for direct-RF
sampling ADCs

International Solid-State Circuits Conference

Architecture
Sampling rate [Gsps]
Technology [nm]
ENOB Nyquist [bit]
SFDR Nyquist [dB]
Power [mW]
FOMaigen [fJ/c.step]
FOMschreier [dB]

Area [mm?]

. Vaz Devarajan | Straayer Wu Al
This work | ISSCC ISSCC ISSCC ISSCC VLSI 2016
2017 2017 2016 2016
Pipeline | Pipe-SAR | Pipeline Pipeline Pipeline Pipeline
3.2 4 10 4 4 5
16 16 28 65 16 28
10.0 9.2 8.8 8.9 9.0 9.3
73.3 67.0 64 64.0 68.0 70

61 513 2900 2214 300 2300
19 214 631 1130 145 709
166 153 147 145 154 148
0.194 1.04 20.2 11.0 0.34 14.4
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COMPARISON WITH SOTA

MEASURED PERFORMANCE

© 2019 IEEE

SoTA for direct-RF
sampling ADCs
= Highest ENOB
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COMPARISON WITH SOTA

MEASURED PERFORMANCE

© 2019 IEEE

SoTA for direct-RF
sampling ADCs
= Highest ENOB
= Highest Linearity
= Lowest Power

International Solid-State Circuits Conference

Architecture
Sampling rate [Gsps]
Technology [nm]
ENOB Nyquist [bit]
SFDR Nyquist [dB]
Power [mW]
FOMaigen [fJ/c.step]
FOMschreier [dB]

Area [mm?]

. Vaz Devarajan | Straayer Wu Al
This work | ISSCC ISSCC ISSCC ISSCC VLSI 2016
2017 2017 2016 2016
Pipeline | Pipe-SAR | Pipeline Pipeline Pipeline Pipeline
3.2 4 10 4 4 5
16 16 28 65 16 28
10.0 9.2 8.8 8.9 9.0 9.3
73.3 67.0 64 64.0 68.0 70

61 513 2900 2214 300 2300
19 214 631 1130 145 709
166 153 147 145 154 148
0.194 1.04 20.2 11.0 0.34 14.4

3.1: A 3.2GS/s 10 ENOB 61mW Ringamp ADC in 16nm with Background Monitoring of Distortion




COMPARISON WITH SOTA

MEASURED PERFORMANCE
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SoTA for direct-RF
sampling ADCs
= Highest ENOB
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COMPARISON WITH SOTA
MEASURED PERFORMANCE

= SoTA for direct-RF
sampling ADCs
= Highest ENOB

= Highest Linearity

Architecture
Sampling rate [Gsps]
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COMPARISON WITH SOTA
MEASURED PERFORMANCE

Walden FoM

Schreier FoM
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THE BIG PICTURE
HOW DID WE DO IT?

= Solved a block-level problem to “change the rules”
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THE BIG PICTURE
HOW DID WE DO IT?

= Solved a block-level problem to “change the rules”

= Re-evaluated the system design based on these new rules
= Amplifier-intensive architecture “ok”
= E.g. 1.5b/stage pipeline
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THE BIG PICTURE
HOW DID WE DO IT?

= Solved a block-level problem to “change the rules”

= Re-evaluated the system design based on these new rules

= Broader message for all circuit designers
= Can ringamps change the rules in your application too?
= Pipeline, SAR, Pipelined-SAR, Delta-Sigma, Active Filters, VGAs, etc..
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ADDITIONAL MATERIALS...
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DISTORTION TRACKING
"CAL ADC” CIRCUIT

= On-chip stochastic ADC

. . B— sample_master _i INsel_i—
circuit (calADC) B sample slave | REFseli[—
cleary—
REFp B> latch —
» Compact layout H Controller cal. flag |—m
INp I
—| iI_L . 3 [ oL L C
* 4 modes of operation & g[ L ::|§ {—D%I HD&%
cl = “, |- cal_flag =
= Disable N B L[ 71 “T TS
" 4
= Self-calibration 1 cam .
ple_master i —C.=

= Regular operation
= Dummy operation
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