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RF sampling ADCs for next generation wireless applications
Nereo Markuli¢ on behalf on imec’s ADC team




RF-sampling ADC

Direct digitization of an RF signal

L |~ digital
= ~= w A/D > demod
fsample e

“The dream of placing an ADC at the antenna”

= Limited analog front-end requirements
= Technology scaling friendly
= Complete flexibility over all bands

= But many challenges ...
* ADC must operate at wide bandwidth with low noise and low distortion
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RF-sampling ADC

ADC requirements [current targets]

= Application in FRI space

“mmec

5 GHz bandwidth
= Up to 7 GHz with LTE-U and WiFi 6/7 networks

Signal-to-Noise Ratio > 56 dB [9 ENOB]
Spurious Free Dynamic Range > 65 dB
Fs > 16 Gsps
= Some oversampling needed to
= Reduce anti-aliasing requirements
= Permit wide-band frequency dependent nonlinearity calibration
Medium resolution
= 10-13b
Sub-1 W power



RF-sampling ADC

ADC requirements [future targets]

= More bandwidth! Higher clock rate! Same linearity! Same power!

= Application in FR3 space
= 20 GHz bandwidth
= Signal-to-Noise Ratio > 50 dB [8 enob]
= Spurious Free Dynamic Range > 65 dB (!)
" Fs>32 Gsps ()
= Resolution 8-12b
= Sub-1W power (!)
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RF-sampling ADC

Design strategy: Front-end S&H sampling capacitor size

Ain /7Dout
L

CS?

<

= Sampling capacitor size > noise vs. linearity
= Large capacitor size reduces noise [kT/C as a fundamental limit]

" W/ide-band linearity extremely challenging with large loads
= Buffering and front-end sampler are critical
= Signal frequency dependent distortion # Signal frequency independent (static) distortion
= (Very) difficult and power costly to calibrate
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RF-sampling ADC

Design strategy: Front-end S&H sampling capacitor size

Ain /_Dout
Cs —— €= \_

T
Large Cs Small Cs

Low kT/C Noise | High kT/C Noise
High distortion | Low distortion
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RF-sampling ADC

Design strategy: interleaving

Limited channel speed = large # of channels

Ain R /Z Dout
4 &

* Interleaving enables multi-GSps ADCs
= Fast channel permits reduced interleaving effort
= Less distribution parasitics

* Reduced calibration effort
= Gain & Offset errors [are input signal frequency independent] = easy to correct
= Bandwidth & Skew errors [are input signal frequency dependent] = difficult to correct

= Channel speed is limited by technology
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RF-sampling ADC

Design strategy: interleaving

Hierarchy with large # of back-end channels
Level 1 Level 2

Ain / ,_ |Dout
1

=

= Direct interleaving vs. Hierarchical interleaving
= Direct interleaving is impractical when # of channels is large...
= Large input parasitics with increased area
= Explosion of interleaving calibration effort
= Hierarchical interleaving reduces the problem but necessitates rebuffering
= Additional power consumption

* Noise and linearity degradation

“mmec :



RF-sampling ADC

Design strategy: interleaving

Hierarchy with large # of back-end channels
Level 1 Level 2

Ain / ,_ |Dout
1

T

Direct Hierarchical

High front-end parasitic load|Low front-end parasitic load
Large interleaving distortion|Low interleaving distortion
Good SNR-Power trade-off{Worse SNR-Power trade-off
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RF-sampling ADCs
...key technology for SOTA RF-sampling ADCs covered in this talk

[bit] ENOB vs Bandwidth

14L Discussed imec

13- Channel ADCs

Discussed imec -

|. Fast & power efficient channel 12
= Ring amplification techniques I)k "Ay

= Data-driven data distribution

2. Signal integrity-preserving
hierarchical architecture

3. Wide-band linear front-end S&H

[Contains data from:
B. Murmann, "ADC Performance Survey (1997-2024)," [Online].
Availaple:https://githuh.com/bmurmann/ADG-survey
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Future imec
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10G

100G

State-of-the-art 1997-2024
imec designs

A HS-ADC-1A

A HS-ADC-2A

A HS-ADC-2B

A HS-ADC-1B

/A HS-ADC-3A

Y& SP-01
SP-02

Yk 4 GS/s ADC type1
1 GS/s channel ADC type2
HS-ADC-3C
RAMP DSM1

» RAMP DSM2

Y 500 MS/s channel ADC Type 3

#* ES-SAR-1

@ ES-SAR-2

* 1 GS/s channel ADC

Y 16 GS/s ADC
imec targets

@ 175GS/s ADC

Y 32 GS/s ADC




Key technologies:
|. Fast & power efficient channel

2. Signal integrity-preserving hierarchical architecture

3. Wide-band linear front-end buffer
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RF-sampling ADC: fast & power efficient channel

Pipelining

= Pipelining
= Break task into smaller pieces

= Pass incomplete result along for
more processing

= Appears in all medium/high
resolution giga-sample ADCs

= Minimize # of operations in critical
timing path
= Sample
= Quantize

=  Amplify

“mmec

Example 3b/stage Pipelined ADC
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RF-sampling ADC: fast & power efficient channel

Residue amplification as the hidden bottleneck

“  Pipelining Example 3b/stage Pipelined ADC

Vin T/H
3b flash
sub-ADC

= Break task into smaller pieces

= Pass incomplete result along for
more processing

= Appears in all medium/high X %3
resolution giga-sample ADCs . Dour¥
. Mlnlmlze # Of Opera’tlons In Cl‘ltlca| ViyB— Stagel [» Stage2 [» Stage3 [» Stage4 4>< Backend
timing path -+ -+, -+ + t,
A 4 A A A h 4 12
u Sample | Time Alignment & Digital Error Correction I—\—. Dour

[ ti
Quantize » 2b/stage of quantization

" Amplify € speed & linearity * |b/stage of redundancy (error correction)

bottleneck
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RF-sampling ADC: fast & power efficient channel

Residue amplification as the hidden bottleneck

= Class-A opamps in nanoscale CMOS
@ Not enough voltage headroom
@ Poor efficiency / technology scaling
= Requires a special high-voltage supply
@ Eliminates all hope of high efficiency

= Open loop amplifiers in nanoscale CMOS
[Gm-R or Gm-C]
© Fast and & power efficient but ...
® Need power consuming linearization

@ Limited voltage swing (poor SNR)
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RF-sampling ADC: fast & power efficient channel
Ring amplifier

High linearity

High bandwidth

e
- -
- -

il N High gain
Fast slewin O . N
? 7 Speed Accuracy ° :
Low noise
+ 3
Performance scales [ 1 Rail-to-rail
like digital CMOS - y output swing

]
class-AB N Jas
Sl JPte Small area

Fully dynamic
(switchable) Low design effort
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RF-sampling ADC: fast & power efficient channel

Ring amplifier

Stabilize by dynamically
forming a dominant output pole

© High efficiency

© High speed

© Wide output swing

© Excellent linearity

© Scales with digital

© Fully dynamic (switchable)
Moderate PVT sensitivity
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RF-sampling ADC: fast & power efficient channel
Ring amplifier

= Large-signal, transient paradigm

= The simple AC view
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Make pl & p2 as fast as possible

Gain (dB)

100
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p3
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Vor —
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p3: 1GHz 100
p1: 45GHz
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PM: -32°
: -300
10 1010

frequency (Hz)

Phase Margin (deg)



RF-sampling ADC: fast & power efficient channel
Ring amplifier

“mmec

Large-signal, transient paradigm

The simple AC view

Make pl & p2 as fast as possible
Dynamically reduce p3

feedback

INp 1

- CLOAD
; 1

UGBW: 91GHz "
PM: -32°

10° 1010

frequency (Hz)



RF-sampling ADC: fast & power efficient channel

Ring amplifier

= Large-signal, transient paradigm

* The simple AC view
= Make pl & p2 as fast as possible
* Dynamically reduce p3
= ring oscillator - ring amplifier
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20
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-200
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RF-sampling ADC: fast & power efficient channel

Ring amplifier

= Large-signal, transient paradigm

* The simple AC view
= Make pl & p2 as fast as possible
= Dynamically reduce p3
* ring oscillator = ring amplifier

= The larger DC/transient story
" Vv initially huge

= Slew-rate at theoretical maximum ©
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feedback
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Exemplified unity feedback underdamped response
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RF-sampling ADC: fast & power efficient channel
Ring amplifier

= Large-signal, transient paradigm

* The simple AC view

Make pl & p2 as fast as possible
Dynamically reduce p3
ring oscillator = ring amplifier

* The larger DC/transient story

“mmec

Vo initially huge

= Slew-rate at theoretical maximum ©
Second stage dead-zone dampens the
oscillations - stabilization

= Critically damped response preferred

Volts

22
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RF-sampling ADC: fast & power efficient channel

Ring amplifier

= Large-signal, transient paradigm

* The simple AC view
= Make pl & p2 as fast as possible
= Dynamically reduce p3
* ring oscillator = ring amplifier

= The larger DC/transient story
" Vv initially huge
= Slew-rate at theoretical maximum ©
"= Voy reduced to adjust P3
= ReducesVpgar =2 swingllinearity ©
= Increases r, - gain/linearity ©
= Reduces g, 2 noise filtering ©

“mmec
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RF-sampling ADC: fast & power efficient channel

Ring amplifier: real implementation

Imec RFs ADC [Hershberg, JSSCC 2021]
System 4 GS/s

Channel 1| GS/s

SNDR 62 dB
SFDR 75 dB
Power 75 mW

FoM,y 18 f]/cs

* Order-of-magnitude improvement

to SoTA

= [Hershberg, ]SSCC 2021] = 36 amplifiers
= [Markulic,VLSI 2024] = 144 amplifiers
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Bottleneck solved?
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RF-sampling ADC: fast & power efficient channel

Ring amplifier: structural variations

Vemy @
A
Dt T e s
RST C, RSTI C:n &E K]

smm wwo-uwmm

w
J.

\gN_| V’DZ Vour Vinto b @ . p.
e I + Vin-©
C: RST Rec
}—Li >O—i Men v 4

Proposed Fine Ringamp V.,

Class-B structure Class-AB structure Class-B+AB structure
Hershberg, JSSC Dec. 2012 Hershberg, VLSI 2013 Hershberg, VLSI 2013

:Pw | =

e ey E=r

Four-stage structure Two-stage structure High voltage structure
Lim, VLSI 2017 Lagos, JSSC Feb. 2019 ElShater, ISSCC 2019

“mmec s

1% stage CMFB. H
A i

“ %% ?%

Dy §l256|m

,‘ sc T FB

* :]]l--)H-gh Vi :ll § "V“" 5

Fully differential structure
Lim, JSSC Dec. 2015



RF-sampling ADC: fast & power efficient channel

Ring amplifier: enhancements

EVCP )
Vin E;T Vour w
Resistor-based Class-AB  Tunable biasing & power-cycling Speed enhancements Linearity enhancements
Lim, JSSC Oct. 2015 Lagos, JSSC Feb. 2019 Chen, TCASII Nov. 2018 Lagos, JSSC Mar. 2019

Lagos, JSSC Mar. 2019

Critically Damped Ring Amplifier (CDRA)

1

Robustness and PVT M{f . %

Hershberg, ISSCC 2019 s =) b

Venkatachala, ISCAS 2018 i~ - j =
Lim, JSSC Oct. 2015 6;? |

Lagos, JSSC Feb. 2019

M1

7 ey
* G An )

Speed enhancements
Cao ISSCC 2024
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RF-sampling ADC: fast & power efficient channel
Classical clock tree as a power / speed bottleneck

master clock

*  When ringamps solve amplifier bottleneck, JZ
clocking becomes the new bottleneck [ covagen |
, , , e ,
*  Clock tree in a deep pipeline i 1 i i g |
- . . Clkgen Clkgen Clkgen Clkgen Clkgen Clkgen Clkgen
Many Independent branches: I [0 OO I OO0 [0 [0
Ismatc araSItlcs ew IINNI::: STG1 : STG2 : STG3 : STG4 : STG5 : STG6 : BACKEND
= Needs timing margin for reliable operation
= Respect causal timing relationships
] - i Quantizers
Guarantee non-overlapping clock phases Dl & o
= Exponentially more difficult at high speeds R
= Absolute timing overheads don’t scale with
relative clock speeds
= Difficult design tradeoffs ey
= Power / Speed/ Jitter / Reliability [Lagos, CICC 2017] switches)
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RF-sampling ADC: fast & power efficient channel

Classical clock tree as a power / speed bottleneck

= How to solve it?

= Asynchronous, event-driven
timing control ...like in SAR ADCs
= Synchronous SAR requires many edges per cycle
@ Must generate very high-speed clock
= Asynchronous SAR is a logical/obvious solution
© Eliminates high speed clock
© More freedom for timing optimization

Must avoid meta-stability

28
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convert

sample - -
- X ¥ . i
. / st TN [ / sth AN P / sm RST
vip -~ v \ ~ / ) 7
SNW | ¢ STG1 /) | RA1 > 4 STG2 ) | RA2 { STG3
vin ~ \ / STR ! / STR_~ A\
\ RDY CLR END / \ RDY CLR END / \ RDY CLR END
ready [ ,l; T X
clear * — - -
(a)
convert I ,cun\_.'ert ' Epininininininl
. ;n RST [NID fstgi+l) convert [} 00000 [l
vip -/ st \ RAI ~ vop end_stgl | M |
I ); I a
vin -\ A i von ready_2 ¥ )
\ RDY CLR END 4/ start_ral 4!—\
ready X ready  end_ral A
clear (stgi+1) ready “
(b) (c)

[Vaz, ISSCC 2017]
Typical Pipelined-SAR clocking scheme

Sampler
Stage 1 SAR
Residue Amplifier [

Stage 2 SAR [UUUUIUUL




RF-sampling ADC: fast & power efficient channel

Classical clock tree as a power / speed bottleneck

= Asynchronous, event-driven
timing control-> applied to deep pipelines
= Two parallel paths in a pipeline
= Analog signal path
= Digital control clock path

”»

= Digital control path:“Stage Control Units
* Finite-state-machine-based
= Orchestrate stage local-events

= Communicate to the next/previous stage
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INp »— STG1 |— STG2 |— STG3 |—| STG4

INm »— 1.5b [ 15b [ 15b [ 15b

Cy= Cy= u= u=

masterclock.—| >—— 64fF [P 32fF (€N 32fF [N 32fF

STG5 — STG6
1.5b (— 1.5b
u= Cy=
32fF [N 326F

STG7 |— BACKEND
1.5b (— 1.5b+3b
Co= Cy=
32fF [ 32fF

STAGE N-1 STAGE N

STAGE N+1

\sub—ADC latch 1.5b

sub-ADC lutch‘

L ¢
|
|
.[ I L ) )
>m } _ngamp = »\ sub-ADC R = >
| T
{_‘I 1 i ! | % |
: | | Dou{10]| |‘;‘ | | |
Py J T ‘A T " T T
} sample REQ ! } I } } } sampleREQ ' | [0
T v . t
i JUIN jamplify N} I ! i i
N track N | |
»| stage T
»| control track early N n
track early N (ACK) unit track early N+1 (ACK)
N flush REQ N
I 1 1
flush ACK f‘/ush ACK

[Hershberg, ISSCC 2019 (2)]
[Hershberg, TICAS| 2021]



RF-sampling ADC: fast & power efficient channel A
Classical clock tree as a power / speed bottleneck T o
Ringamp
= Key take-away: a3%
= Synchronous edge-triggered sampling event
= ... then internally asynchronous operation st clock master clock

STAGE 1

quan
CONTROLLER

tize amplify -{ track - - -

5 N
&
I\
o
':}?a

track

q

1
I
|

uida

© Minimal global routing

-]
)
o]
quan
tize

¥ |
m| |G VAR
< z’,bb

ACK

Y2381 2AV-gNs

I
I
|}
(|

© Better for interleaving

STAGE 2

@ Correct-by-construction CONTROLLER

v
3
=
=
-
o
o
o
&

© Easy reconfigurability (remember Legos?)

© Faster (less “wasted” time) ‘
c STAGE: waiting track

© Low power e il

yo1e| Qv-ans
o)
ya3e| QV-ans

uifaq

K
3

amplify —%waiting tracl
[T

Verification: handle dead-locks with care [Hershberg, ISSCC 2019 (2)]

[Hershberg, TICASI 2021]
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Signal integrity-preserving hierarchical architecture

"  We explore a >16 GS/s RF-sampling ADC with

* a hierarchically interleaved architecture which efficiently preserves signal integrity and
reduces dynamic interleaving calibration effort

* Low noise & low distortion at high frequencies

= Higher SNDR & SFDR than any other ADC in SOTA > 12 GSPs
* Partly reported in [Markulic,VLSI 2024]
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Signal integrity-preserving hierarchical architecture
Architecture overview

4 front-end S&H’s.
o = 50 % overlapped track time (2Tclk)

Level1

Track B | Hold B | Track B| Hold B ..
Vin

Track / Hold
& Control unit]
B(90°)

Track / Hold
a C°2(t{)°ol) unig [Track A| Hold A [Track A| Hold A
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Signal integrity-preserving hierarchical architecture

Architecture overview

Track / Hold
& Control unit|
A(0°)

Vin

Level1

Track / Hold
& Control unit]
B(90°)

“mmec

Tclk

Track A| Hold A | Track Ax Hold A

ick-back:isol

tion_~—v H "
Track B | Hold B ¥Track B| Hold B |-

= 4 front-end S&H’s.

= 50 % overlapped track time (2Ts)
= Signal buffer

= 2 equivalent buffer splits

each split always loaded by a single sampling
capacitor (Cs)

= kick-back resilience



Signal integrity-preserving hierarchical architecture
Architecture overview

4 front-end S&H’s.

. aiginiginigigigh® = 50 % overlapped track time (2Ts)
CkN_ [ ML ML L L =  Signal buffer
ﬁ::';’; i o . = 2 equivalent buffer splits
Mask C [ i~ = each split always loaded by a single sampling
Track / Hold Mask D [ [~ capacitor (Cs)
& Control unit [Track A Hold A [Track A| Hold A i ili
A(0°) = kick-back resilience

Track 8| Hold & [ Track B | HoWdB |- |6 GS/s differential clock with local masking
" edge-triggered sampling
* duty cycle error immunity

System & layout symmetry

=  |Low interleave and even-order distortion

Vin

Level1

Track / Hold
& Control unit]
B(90°)

“mmec L



Signal integrity-preserving hierarchical architecture
Architecture overview

Segment A(0°)

Track / Hold

Level2

Track / Hold

& Control unit|

A(0°)

c(180°)

Level1

Vin

Track / Hold
& Control unit]

B(90°)

[l

< 1

Segment B(90°)

& Control unit| |

Segment C(180°) |

ok Pl LU L L L L L L

LT3y

‘Mask A

iMask B [l [ N

iMask C [l L~

§Mask D [ [
[Track A Hold A [Track A| Hold A

Track B | Hold B | Track B| Hold B ..

rstSTG1

Segment D(270°)

“mmec

iTreH2 i

Traa(C | Holﬂ C ‘.Tra.ck C IHoId'"

RGN 057G Res.Amp TG -

Same behavior in all channels|

4 front-end S&H’s.

= 50 % overlapped track time (2Ts)
Signal buffer

= 2 equivalent buffer splits

= each split always loaded by a single sampling
capacitor (Cs)

= kick-back resilience
|6 GS/s differential clock with local masking

= edge-triggered sampling

= duty cycle error immunity
System & layout symmetry

= Low interleave and even-order distortion
|6 back-end channels (in 4 segments)

= Asynchronous operation: FSM-based
= No “deep” clock tree

= Still a 4-x front-end: limited dynamic interleaving
distortion calibration effort



Signal integrity-preserving hierarchical architecture
Hierarchical interface

" How to design the inter-level interface at 4 Gsps at low noise and high linearity?
= > 70 dB SFDR (without calibration)
= > 54 ENOB SNR (600 fF sampling capacitor)
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Signal integrity-preserving hierarchical architecture
Hierarchical interface overview

Level-1 with 4 front-end samplers

= | shown
Segment A (or B/C/D) ;hannel 1 (or 2/3/4), Stage-1 ]
VDD u H 1 .
e Large linearity:
ona > = Bottom plate sampling (A)
it = Bootstrapped top plate tracking (B)
I
T = Low noise
A I—lDtrack,g bt .
L = Large capacitor (600 fF)
e [ s otr o i = Differential sampling

Interface secret: split capacitor
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Signal integrity-preserving hierarchical architecture
Hierarchical interface overview

Levell

Segment A (or B/C/D)

VDD

A I— Otrack, g pst

Level2
evel

Channel 1 (or 2/3/4), Stage-1

VDD1Vée

@
Otrack,Bst
Csl

(®buff,bst
uff,bs’ DD1V6
efva |
1

lobuff,bst | fotracke
i
E I Yb | VCM

2
b
A I—Cl)track, Ebst

A

InN M-side equivalent (differential
implementation)

“mmec

1l

M-side equivalent (differential implementation)

Il

Level-2 with 4 back-end samplers
= | shown

High speed and linearity
= Dynamic push-pull source follower
= Bottom plate sampling switch (F)
= Isolation switch (E)



Signal integrity-preserving hierarchical architecture

Hierarchical interface operation (1/5)

Levell

Segment A (or B/C/D)

VDD

A I— Otrack, g pst

Xa
Otrack,Bst

Level2
evel

Channel 1 (or 2/3/4), Stage-1

Csl
2

InP| ®track,Bst

(®buff,bst [__:r
uff,bs’ DD1V6
efva |
1

VDD1Vée

EIYb |

=
b
A I—ﬂ)track, Ebst

A

M-side equivalent (differential
implementation)

w_l

VSS1ve

Za
&l
Sb—— Y

w2 T2
2
I

— 1 | 5

lobuff,bst —| F I-(Dtrackg
i g
VCMm

VSS1Ve

= Operation:
= Level-1:track

= Level-2: pre-enable

= Resets memory effects

" no “turn-on overhead” in the next phase

= Other channels isolated by the switch E

;

“mmec

M-side equivalent (differential implementation)

Il
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Signal integrity-preserving hierarchical architecture
Hierarchical interface operation (2/5)

Levell Lf;v_elz
Segment A (or B/C/D) Channel 1 (or 2/3/4), Stage-1 I [ | O Pe rati 0 n :
VDD1V6
= Level-1: hold
Xa
1 | -/
_La_@r‘ e Level-2: track
r—l—| Vbiasn z = Split Cs| df
T P It Csl used for
Ohold
Jhoe * Sampling
2
T’ @ vew = Buffer biasing
[ = Charge transfer commences momentarily
InN M-side equivalent (differential N thankS tO bUffer Pre'activation
.—I implementation) I: M-side equivalent (differential implementation) | J“,I
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Signal integrity-preserving hierarchical architecture
Hierarchical interface operation (3/5)

Levell wa/_elz
Segment A (or B/C/D) Channel 1 (or 2/3/4), Stage-1

= Operation:
= Level-I: hold

= Level-2:sample

VDD1Vée

(®buff,bst
uff,bs’ DD1V6
efva |
1

= Bottom switch opens first (F)

InN M-side equivalent (differential
implementation) M-side equivalent (differential implementation)
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Signal integrity-preserving hierarchical architecture

Hierarchical interface operation (4/5)

Levell

Segment A (or B/C/D)

“mmec

evel2
evels

Channel 1 (or 2/3/4), Stage-1

= Operation:
= Level-l:track & hold
= Level-2:sample

= Bottom switch opens first (F)

= Buffer “opens” to save power

= Used as top-plate switch

I = E opens to isolate Level-2 from Level-|

M-side equivalent (differential implementation)

43



Signal integrity-preserving hierarchical architecture
Hierarchical interface operation (5/5)

Levell

Segment A (or B/C/D)

“mmec

Leve
evel

12

Channel 1 (or 2/3/4), Stage-1

b lC_Dbuff
A
VDD

) Ipbuff _

Le

Sub-DAC

Dsts1i1.0

M-side equivalent (differential implementation)

Stage 2-10

Operation:

Level-1:track & hold

Level-2: quantization & residue
amplification

Rest of the channel is a ringamp-based
asynchronous pipeline as described above
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Wide-band linear front-end buffer

Challenge and mission

= > 5GHz bandwidth front-end buffer with
= > 70 dB SFDR (without calibration)
= > 54 ENOB SNR (600 fF sampling capacitor)

=  Without relying on power consuming digital (dynamic) distortion compensation
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Wide-band linear front-end buffer

= Push-Pull follower with 2 nonlinearity mechanisms:
|. Frequency independent

II | 2. Frequency dependent

vout

Rs
Rterm
g

vin

47
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Wide-band linear front-end buffer

Himited supply = Push-Pull follower with 2 nonlinearity mechanisms:

headroom
VDD |. Frequency independent
* Limited supply headroom

) | 2. Frequency dependent

vout

vin

Rs
Rterm
_+

VSS

48
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Wide-band linear front-end buffer

R = Push-Pull follower with 2 nonlinearity mechanisms:
vDD16 |. Frequency independent
|t | = Limited supply headroom = solved by supply increase
.owv:s\v - 2. Frequency dependent

Rs
Rterm

vin

low V?
+|- |
d |
VSS16

Aging models predict >10y life-span.
*[Intentional use of unitless data]
log ({AVyq)) log {({(aVru))

Drain voltage [V]
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Wide-band linear front-end buffer

2. Frequency dependent
= Slewing at HF with large loads = solved by |- increase

Rs
Rterm
it

vin

“mmec



Wide-band linear front-end buffer

vin

Ac

Rs
Rterm

CinBUH:ER = f(AIn)

+|-
'l

nMOS CGG pMOS CGG
increase increase
Cingumer

Sig.
Amp.
Ail’l

“mmec

2. Frequency dependent

= Slewing at HF with large loads = solved by |- increase

= Signal amplitude dependent input loading
- Signal amplitude dependent bandwidth -
DISTORTION!



Wide-band linear front-end buffer

2. Frequency dependent

= Signal amplitude dependent input loading
= Capacitive neutralization for wide-band linearity

* Varactor-based
= nMOS varactor compensates pMOS induced

Rs
Rterm

vin

Vaerias . .
Ac nonlinearity
Srona = pMOS varactor compensates nMOS induced
W nonlinearity
Cinsumen = Simple biasing (high impedance node)
Cune Sig.
CVAR2 CVAR1 Amp.
decrease decrease Ain
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Wide-band linear front-end buffer

r“VIosbias VarNbias u

Rgias W VDD16
Coc -

Rs
Rterm

R2R with _rg
Decap o Simple | L
L &N Current . .
AN?_F ’i Biasing | & = Current-biased environment for PVT
Network 8 . .
E e ’%’ = Same flavor transistors share gate terminal
connection
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Wide-band linear front-end buffer

nMosblas VarNpias VarNpiss NMOSpias

RBIAS VDD 16 vDD16 Reias
Coc

Rterm
Rs

vinN

Rterm

VSS16

PMOSblas VarPpias VarPpias  PMOSpias

HD3 : E 78.9218 E
85 ! 79138 i
[d]ﬂ)m . 80.493 @ 79.2047
FF 804 =—— 792223 1=~ # 793066 78.5507 ! zﬂ'fg
mFS i AT 1406 —~—® 76,0928 R e 786350 | (@706761
; i i (#71.0742
= gg 75 | T 70.506
70 70 dB border | Temmeaal
1.7 GHz 5 GHz 8 GHz fin

“mmec

voutP voutN
C
vinP > i
VSS16 u

Pseudo-differential
implementation

HD3 performance resilient to
PVT across a wide-band
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Measured performance at 16.5 GS/s
Confidential unpublished results

Typical spectrum at low input frequencies
Spectrum at

= Fin =100 MHz

= Pin = -3dBFs

= Decimated by 4037

= Harmonics labeled by o

" Interleaving spurs x

= 56.6 dB SNDR
= 72 dB SFDR
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Measured performance at 16.5 GS/s

Confidential unpublished results

“mmec

Typical spectrum at high input frequencies
Spectrum at

= Fin = 5000 MHz

= Pin = -3dBFs

= Decimated by 4037

= Harmonics labeled by o

* Interleaving spurs x
= All interleaving spurs below -75 dBc

= 54 dB SNDR
= 69 dB SFDR — HD3 dominated

= Negligible even order distortion



Measured performance at 16.5 GS/s
Confidential unpublished results

Input/clock frequency sweep at Fclk = 16.5 GS/s & Fin = 250 MHz, respectively
SFDR > 63 dB / SNDR>54 dB / ENOB > 8.7 b across full bandwidth
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Measured performance at 16.5 GS/s
Confidential unpublished results

FOMs at the forefront of SOTA

[bit] 15 ‘ ENOIB vs Bandvyidth
State-of-the-art 1997-2024
14 L / -+ imec designs
| better A HS-ADC-1A
13 ‘ 1 | A Hs-ADC-2A
12} Latest Imec RFs ADC | |4 Hsapc2s
: A HS-ADC-1B
1 »L * 1 | A Hs-ADC-3A
A Yo SP-01
10 r A * * i SP-02
9- A pK | |Y4GsisADC typet
1 GS/s channel ADC type2
8r * 7 HS-ADC-3C
an | RAMP DSM1
* » RAMP DSM2
6 b * 500 MS/s channel ADC Type 3
5 Next target # ES-SAR-1
@ ES-SAR-2
4 Contains data from: ’mec RFS ADC ¢ ¢ 1 | 168/s channel ADC
B. Murmann, "ADC Performance Survey (1997-2024)," [Online] * 16 GS/s ADC
3 L Available:ntis:figitul 0Csurvey | ‘ imec targots
1M 10M 100M 1G 10G 100G

Bandwidth [Hz]

“mmec

€ 175GS/s ADC
Yk 32 GS/s ADC

[1ng0] Schreier FoM vs Bandwidth
’ I I [ ' /' State-of-the-art 1997-2024
180 L Latest Imec RFs ADC S tevve
* A HS-ADC-2A
A
170 ‘ A * * 7 A Hs-ADC-2B
| A A A HS-ADC-1B
160 - >* 1 | A Hs-ADC-3A
s kK Y sP-01
150 - 4 SP-02
Yk 4 GS/s ADC typel
140 | ‘ i 1 GS/s channel ADC type2
HS-ADC-3C
» | RAMP DSM1
130 Next target » RAMP DSM2
& 500 MS/s channel ADC Type 3
120 Imec RFs ADC 1 | % Es.sarA
¢ ES-SAR-2
110 VCon(ains data from: il * 1 GS/s channel ADC
B. Murmz-.lnn, "{RDQ Performance Survey (1997-2024)," [Online]. * 16 GS/s ADC
100 Hgsilgithul VARGrsurvey 5 ! imec targets
™ 10M 100M 1G 10G 100G

Nyquist Frequency [Hz]

& 175GS/s ADC
Y 32 GS/s ADC




Conclusion
In this talk we discussed the following challenges of RF-sampling ADCs

= Key challenges of RF-sampling ADCs

I.  High speed and efficient channel design
= Amplification bottleneck
= Clock distribution bottleneck

2. Architectural limits
= Directly interleaving: danger of excessive loading and interleaving distortion

* Hierarchical interleaving: danger of SNDR degradation at the hierarchy interface

3. Wide-band linear front-end buffering & sampling

“mmec o



Conclusion
In this talk we discussed the following challenges of RF-sampling ADCs

= Key challenges of RF-sampling ADCs

|. High speed and efficient channel design
= Amplification bottleneck = resolved by ringamps

= Clock distribution bottleneck = resolved by asynchronous operation

2. Architectural limits

= Hierarchical interleaving: danger of SNDR degradation at the hierarchy interface
—> resolved by split-cap-sampling and push-pull-based active reset / rebuffering

3. Wide-band linear front-end buffering & sampling = resolved by capacitance neutralization
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Conclusion
Looking to the future ...

= Key challenges of next generation RF-sampling ADCs will remain the same but...
= More bandwidth: > 20 GHz BW
* More linearity: SFDR > 65 dB
* Higher sampling rates (> 32 Gsps)
" Less power (Sub I-mW)

=  Will our strategy remain valid?

= Additional opportunities:
= Availability of nm CMOS with great mixed signal / analog performance
= Efficient digital linearization of static and dynamic distortion

“mmec



Thank you.



Linec

embracing a better life
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