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Mixed-signal technologies for ultra-
wide band signal processing systems



= Motivation / Applications

~ Process Technology

~ ADC architectures

= Integration

= Signal Chain Linearization

= Conclusion
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Motivation / Applications



Application pull / Technology Push

Deep learning DATA CENTER :
Data mining + High-end/high-performance
»  New Architectures

- Fiber optics
+ Si/Compound-Photonics
+ RF-CMOS/5G

Medical, Healthcare
* Smart Home /City

AB “' E MM - BC w/Emerging Memory
o fKnowledge Low-power IoT-edge
= v N\ « Cyber-physical-System
- Reconfigurable Device system
SA - osc | | IoT/IoE
Abstracti Y, S = _| [ ssnsem
e 122 ¢| B sensor S
L.y :?,E § E Sensor N
I s Sensor | y B
4 = o Battery/Enargy harvesting | ,’ /
. Se_nsmg data - s, >
Communication e Robotics "

< Automotive

T
Packaging integration(ri) & Factory Integration(Frr)

Semiconductor Core Technology (L, ERM, YE, M, ESH/S)

AB: Applications Benchmark

SA: Systems & Architecture

OSC: Outside System Connectivity

MM: Moore Moore

BC: Beyond CMOS

Pl: Packaging Integration

FI: Factory Integration

- Lithography

M: Metrology

ERM: Emerging Research Materials

YE: Yield Enhancement

ESH/S: Environment, Safety & Health
and Sustainability
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Higher frequency in search for more BANDWIDTH

e = it
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T. Rappaport et al., “Wireless Communications and Applications Above 100 GHz:

0O 20 40 GO B0 100 120 140 160 180 200 220 240 200 280 300 320 340 300 380 400

Opportunities and Challenges for 6G and Beyond”, IEEE Access, June 2019

Everything: Radio, TV,
Cellular Systems, Wi-Fi,
Radar, GPS, etc.

The THz Band:

Optical

Some application drivers:

- 6G wireless / “Future Networks”

= Data centers / Comm Backhaul

= Immersive virtual reality / remote medicine

= Broadband sensing for cyber-physical systems

= Beamformers / wideband radars

No man’s land Wireless
I Systems
A
ot Y (| S ] [ f— | 1 s
0o 1 2 3 4 5 6 7 9 10
J. M. Jornet, “Terahertz Communications: The Quest for Spectrum”, IEEE ComSoc News, 22 Nov 2019 BEI\/-,\I%%CSE
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Mobile phone’s generations

: i 1 . Nostandasd ot 4G z 37-50GHz _ 64-71GHz
MOBILE WIRELESS i : : : — 37.37.6GHz
| ' ' .+ >1Gbps & :

2.5/2.6GHz  3.45- 3.56-

bVOLUlJI(:)N : e LTE advanced ! g 600MHz (2x35MHz) (BTindT) 3.55GHz 37GHz 4.2GHz 59-71GHz 64-71GHz Hz
E , « ~ 100 Mbps (%) B00MHz (2x35MHz) 3475-3.65 GHz e 'flrj,: 4-71GH
« UMTS, WCDM G i G 0 700MHz (2x30 MHz) 34-38GHz 5.9-6.4GHz 245-275GHz
: * ~14.4 Mbps : J ; o 700MHz 20 M) 34-3.8GHz 26GHz
« GSM. TDN]SA i 3G : a 700MHz (2x30 Mtiz) 34-38GHz 26GHz
G & & 270 kbps i : i I‘" A () 700MHz (230 MHz) 346-38GHz 26GHz
AN;PS o NMTi CZG ' @ é SsG ‘ ‘ ' 700MHz (2x30 MHz) 36-38GHz
2 R ' . e 700MH 2.5/2.6GHz (B41/n41) ~ 33-36GHz 4.8-5GHz 40-43.5GHz
i 5 4 o kbps E ) 4G [EEE 802. 1 1 ac (6.9 Gbps) . a3 4z G oo BT N
| ! 3G « [EEE 802 lln(600 Mbp%) @ = 342GHz37GHz 4.0GHz e 263 —
1 G ' ./ ; ' 9o 36-41GHz 4.549GHz 39-43 5GHz
: a 2G : ° IEEE 802.11 g/a (54 Mbps) ;
; i ' < 700MHz 33-36GHz 43.5CGHz
- « IEEE 802.11b (11 Mbps) WIRELESS LAN @ 24376t iz

J ¢ ~ EVOLUTION
{ « IEEE 802.11 (2 Mbps) ; !

1980 1990 2000 20 10 2020

New 5G band

Global snapshot of allocated/targeted 5G spectrum
=== Unlicensed/shared

5G is being designed for diverse spectrum types/bands

== Existing band

Source: https://www.researchgate.net/figure/Wireless-technology- |Qualcomm — Global update on spectrum for 4G & 5G, April |
evolution figl 322584266 2020
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https://www.researchgate.net/figure/Wireless-technology-evolution_fig1_322584266

Wireless communication: 5G

Enhanced Mobile Broadband

Gigabyise In a Bacond
@'—ED Videa, UHD Screans

Smart Homa Building 4= %E .I—Wurk and Play in the Cloud
|
E I-— Augmentad Reality

Vaice —""'-u
E-— Induetry Autamation

:
Smart City < E

Miesion Critical Applications
= ”
B #- Self Driving Cars
Maeeiva Machins Typs Uitra-Reliable and Low Latency
Comimuenications Communicafione

66 Network Slices

Ukra Low Latancy Rl Tt Comdned
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Wireless communication: 5G

Connection management
- WiFi offloading

- Multi-RAT aggregation
- Traffic shaping

Very low power operation
- Advanced power management

Multiple RATs (radio access technologies)
Evolution of LTE, HSPA, WiFi, BT basebands
addition of 5G RAT(s)

PHY processing

Auto interference suppression (AIS)
Suppress inter-CA or GNSS harmonic
and inter-RAT self-interference

Multi-antenna operation
- 4-port+ operation

FEM

- Multi-band, multi-RAT port
Y ¥~sharing
5 - Impedance matching

¢\Multi—band support
J >40 LTE bands, >26 HSPA

bands, plus WiFi, BT,

- Delegated cores \ GSM/EDGE
N WCDMA/HSPA
Comms <«»| LTE-FDD/TDD
. core =
Application WiFi «»l RF
oroc : proc ||
<] LOCAtioN | BT D‘
core | WiGig |
| HSGH |
: | GNSS |le! Sensors
Medi
re
e

Location processing
- A-GNSS computation
- Sensor fusion

Advanced baseband signal processing

- Multiple MIMO modes (e.g. TM10)
- Network interference suppression

Multiple GNSS evolution
- GPS, Glonass, Galileo,

Beidou, IRNSS plus terrestrial
systems emerging.

Integration technologies
- Flexible integration and manufacturing
- Flexible functional integration

GNSS bands
Flexible FEM engineering

Inter-RAT coexistence

- 5G mm-wave (10-100GHz)
support
PA efficiency
- Envelope tracking
- Predistortion

- WiFi, cellular
- Cellular, GNSS
Advanced sensors
- MEMS
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Densification/Range Extension

-+ BASESTATION DENSITY MUST INCREASE ITE M‘I’ e
g N
920000 ., )
E ............ ! -~ 9 Z  Pico eNB
=z 0000 o.o‘o
s o.t...o.o:o bo o
g UMTS / EV-DO 0000
= GSM / COM ®
£ ~
Range
expansion
Range
expansion
BASE STATION DENSITY
Macrocell
Macrocell Anchor-booster B]eurlmtsirzgizll cells
- Smallcell = - ¥
| ) Tl :
LII" IFH ' ((i]) II'I“I 5G evolution D2D !
\i (_@' | I‘l / l‘
L% il
— l I : //Ceil edge — ] | I C-RAN
WiFi offload Jull ——— Indoor cell ill —— - Cell edge
Multi-radio ANALOG
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Cellular Base Stations (BTSs)

Role of Active vs. Passive Antennas

Cross Polarized Cross Polarized 64Element Massive

e e . SingleAntenna j
> Three complementary initiatives: e 4x4 MIMO FD-MIMO MIMO

: . | X X[ X T

= Proactive cell shaping | % X Sans
o | X Sesssess

= Vector sectorization | X X

- MIMO Antennas RRH | RRH

> An active antenna is one that has i
active electronic components (i.e.,
transistors). '

XX X

—_—— - -——

T
0
2
g
&

» Examples of active antennas:

= Smart antennas Generation 1 __ Generation2 Generation 3 Generation 4
Base Transceiver Station Remote Radio Head Integrated Antenna Radio Integrated Antenna Radio
. Remote radio head antennas Active Antenna System Active Antenna System
Boamiorm
. eamiorming antennas. 1990 2016/7

BTS: Base Transceiver Station/Base Station
DU: Digital Unit/Baseband n
RRH: Remote Radio Head/Radio Unit A

_.uS

10 ©2020 Analog Devices, Inc. All rights reserved. ABI Research - Analyst angle: The rise and outlook of antennas in 5G, June 2018 AHEAD OF WHATS POSSIBLE™




Antenna arrays

B AT Apnysh Appys: Physical aperture area
_ )2 n: Aperture efficiency
A: Wavelength

UHF Phased Array Radar mmW Phased Array Antenna

Source:
https://www.sciencedirect.com/topics

/engineering/antenna-arrays

Source: https://www.bcpowersys.com/military-programs/uhf-phased-array-radar/
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https://www.bcpowersys.com/military-programs/uhf-phased-array-radar/
https://www.sciencedirect.com/topics/engineering/antenna-arrays

oG Antenna Arrays

Antenna for 4th-generation base stations Massive APAA for 5th
generation base stations

e iy
Sy
£~

Beam Terminal

Source: https://www.mitsubishielectric.com/en/about/rd/research/highlights/communications/5g.page

Source:
https://www.engineersaustralia.org.au/sites
/default/files/resource-files/2017-
01/Div_Syd_techPres_advanced_cellular
base_station_antennas.pdf

12 ©2020 Analog Devices, Inc. All rights reserved.

Source: Sprint's massive-MIMO/Bevin Fletcher, FierceWireless
https://www.fiercewireless.com/5g/sba-says-sprint-only-carrier-

it-sees-deploying-massive-mimo
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https://www.mitsubishielectric.com/en/about/rd/research/highlights/communications/5g.page
https://www.engineersaustralia.org.au/sites/default/files/resource-files/2017-01/Div_Syd_techPres_advanced_cellular_base_station_antennas.pdf
https://www.fiercewireless.com/5g/sba-says-sprint-only-carrier-it-sees-deploying-massive-mimo

What determines the spacing between the antenna elements?

—d-=
=9 —d= glxzm
Q5 d=A
Tn/ ——Element Pattern
S-10-
E -15 -| “antenna
il N (\? “ TN X\ﬂ | A/2=~5.26mm (26GHz) to
3|\ iMAITAT DRI p s
-90 -60 -30 0 30 60 90
6(deg) A2
. Beam tilted to 30° E——— AF
— —d 3)\/4
T 5| _d=A o AF =1+¢e/? + /2% 4 ...+ /N, ¢ = kdsing,
5107 Maximum beams occur at ¢ = +nwr - sinf, = +nn/kd
-
= (\ These beams are in real space when —1 < sinf,< 1
N .20+ | \
£ | mw A ) MY | To avoid grating lobes:
S A 1 1 ’ -
2_30 L | \ il 00D : , 0, is the beam angle
290 -60 -30 0 30 1 + |sind (6,)]| ANALOG
0(deg) DEVICES

13 ©2020 Analog Devices, Inc. All rights reserved. AHEAD OF WHAT'S POSSIBLE™



Phased arrays / Beamforming

ource:
https://www.engineersaustralia.org.au/sites
/default/files/resource-files/2017-
01/Div_Syd techPres advanced cellular
base station antennas.pdf

> Ultra-wideband base station
antennas

A. Stark, “Buried EBG Structures for Antenna Array
Applications,” Proceedings of the 40th European
Microwave Conference, 2010

» High dense antenna arrays

» Phased array calibration

oo 2 | T . i |Z. Wang et al, “A meta-surface antenna array decoupling (MAAD)

on
0o
» Beamforming and beam B0
s e st method for mutual coupling reduction in a MIMO antenna system,”
mMan ag eme nt v——/ _,I: Scientific Report, Feb. 2018

Roy Butler et al, “Broadband multiband phased array antennas for
cellular communications,” ISAP, 2016

Source:
https://amphenol-antennas.com/news-

2/10020-2-4/
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Phased array system evolution

150 0 0 O

Analog
Beamformer

N

N

i

Receiver
and A/D

e saa+afy H mox Hy/1 <
€ saa+a/y H mox /L <
€ saa+afy H mox Hu/L <
) 1€ saa+asy H hox H ¥/
1€ saa+afy [ X Hoy/L <
€| saa+afy H mox H /L <
€ saa+a/y H mox H /1<
€ saa+a/y H mox Hu/L <
€ saa+afy H amox H/

Waveform Receivers

Generator(s) and A/D

Waveform i
| Processor & Processor &

Generator Controller
Controller | Proc. & Controller }—

N

All Analog B formi - Sub-array Architecture - Every Element Digital Beamforming
- nalog Beamrorming - Analog/Digital Beamforming - No Analog Beamforming

~ Centralized Rece!vers & Exciters - Distributed Receivers & Exciters ~ Distributed Receivers & Exciters
- Low electronics content: - At Subarray Level - At a per element level
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Generic beamforming phased array system signal chain

Digital Analog
Digital Up/Down Up/Down _ T/R Antenna
Beamforming Conversion Converters Conversion Analog Beamforming Modules Elements

——————————————————————————————————

jﬁ

1: Number of Beams

| | 7
A

1: Number of Channels ;
11 Number of Elements

Beam Data
il
°
°
®
e oo 1N ¢ o o Q
ANV ANV

__________________________________________

Waveform Generator and Receiver Channels
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T/R signal chain (simplified)

Digital Modulation & Signal Generation Fréquency up conversion Filtering & Amplification Transmit/Receive

Antenna/Beamformer
oac W

/

Baseband
Processing @ KO
o
Duplexer

¢

Y

&

\ 4

- ADC \ % IF ; RF % N
/ e
Signal Capture & Digital Demodulation Frequency down Filtering & Amplification

conversion

ANALOG
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The $$ stuff that does not want to scale: duplexer & other filters

4’:’:\‘\/\ .
(o, SAW Cavity (GHz)
w .  (photo lithography) (manual assembly)
y

Xy i
- e e -
\-I/", A

am258902.5M810

Ceramic Monoblock
(mechanical)

1

size X performance  Size X
frequency

cost « size ANALOG
DEVICES
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An actual BTS’s duplexer

Tuning
screwsl!!!

ANALOG
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An actual power amplifier

/

e

.

g o
R
’i |‘
+8
|

20
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Process Technology
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Moore’s law

I Stuttering

[ | Chip introduction
® Transistors per chip, ‘000 @ Clock speed (max), MHz © Thermal design power™, w

dates, selected

Transistors bought per §, m

Pentium 4 . Xeon | .L-LZ'I'LZ 2 Duo
20 _— Log scale
15 |I-:'|.|.1|II.I| 107
10 Pentium II
5 Pentium
T — 0 10°
200204 06 08 10 12 15 | 486 |
2086 186 |
10°
004
T T T T 1 T T T T 1 T T T T | T T L] T | T T L] T | T T L] T | T T L] T | T T T T | L] T T T | lﬂl

1970 75 80 85 90 95 2000 05 10 15

Sources: Intel; press reports; Bob Colwell; Linley Group; IB Consulting; The Economist *Maximum safe power consumption

ANALOG
DEVICES

AHEAD OF WHAT'S POSSIBLE™



Higher digital power efficiency, but not (much) higher device speed!

Actual (updated)

1
Gate
Delay 1
Relative
to 65 nm
SWitching-
Energy
Energy
x Delay
0.1

65 nm 45 nm 32 nm 22 nm 14 nm 10 nm

Generation

Source: W.M.Holt, “Moore’s Law: A path going forward”, ISSCC 2016 ANALOG
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Application pull: Wireless Infrastructure (BTS) bandwidth demand versus MS

CMOS capability

100 \ 1
—iBW 0

. Fomy = i\~

—(ate Speed 0.1

—FOM P

—Gate P

N
o

(J

Freq.s Relative to SOA in 2007
Relative Gate Power

1 0.01

2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Block level impr. Year Architecture change
ANALOG
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Die interconnects are the biggest bottleneck

75 2
E Mx R
1.E+05 £ & ﬂ 18
» < . £
- @ increase ~3X 16 S
- > =
1.E+04 | = S ‘ y
Interconnect RC g -
+= 30 - —~
1.E+03 2 increase ~3X (‘\ e 128
3 ~1000x Z , &
> 1.E+02 =
o s 0 0.8
(= = r C dominant 1 40nm 28nm 16nm 7nm 5nm
1.E+01 | -
50%
5
1.e+00 ————i—— - = :
Transistor delay — - - g
1. E-01 g 30%
NS9O N65 N45 N28 N20 N16 N10 N7 >
> 20% .
© S
, , o with Via Pillar
Source: G. Yeap (Qualcomm), IEEE Electron Devices Meeting (IEDM), 2013 3 10%
o
0%
40nm 28nm 16nm 7nm 5nm
ANALOG

C. Hou (TSMC), ISSCC 2017 & L. Lu (TSMC), ISPD 2017 DEVICES
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Electromigration

Jmax(T) compared to J,.. (T, = 25°C) [1]

100 T3 -|-3
o 10 1 _— L S I \\‘
~ T1 ‘ R ‘ N
n Temperature T [Celsius]| = T1
S— 1 T T T T T T T &L‘ ‘1;‘
g -40 0 25 150 175 T2 -
-
S J Violation Flags « Wire and Via 7 Added Support
_— Consumer Electronics AdJUStmentS Polygons
0.01 Automotive Electronics —
The maximum permissible current density of an
aluminum metallization, calculated at e.g. 25°C, is
reduced significantly when the temperature of the
Interconnect rises
ANALOG
DEVICES
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Device Aging

5 1 1 1 1 1
8.E-04 > Ll
-- s 17 1
6.E-04 I - :: o am = - == [].5' i | ] ] I I 4
S4.B-04 | .:: -" e = - =08 V4 | *’#E o Pl
.- == TO E 06 |, | | |
i e s <04 | | | x
2E-04 | L7- - - = 3504y do2ft ™
‘ - - - 185.69y n I
0 1 2 3 4 b ]
0.E+00 ' :
0.0 0.2 04 Vds 06 0.8 1.0 . .
V1t shift due to NBTI degradation
B e et B BN lronsient Response
e Test Ovtt | Semisal St Meige
ILEE f nedldZ: tran (V)

Kl,lra[,q‘_t.r,:,_-*,.-rl,;r.a,.r;.-'

T 2002800 _Fiped T, TR anin L N

LOOCNHC_Pipelas OTR_18;1 1090 =
Pig s l“"lJ"'t"-\-l.""‘—mTu.l-'—.-\-,H-p
LErElT |

T 2.8n i, -:'"' &.8n B.En 1~.|1

Offset voltage violated after 10 years time { 8 )

X — Frequency shift after 4 years of op.
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Complexity drives development cost

Hardware Design Cost
Design cost by chip component sizein nm, $m

210.000
192.950
180.000 P — 800
Qualification F 0 R E C A S T

150.000 AIT:I —
2 600
§ 120.000
5
§ 94.976 Al L 400
@ ©0.000 | Verification E—
g TAERIERaaCa
=
z 51.843

60.000
200
32.313
30.000 T— 23.185
Physical Design
0.000 - 0
65nm 40nm 28nm 20nm 168/14nm 65 45 28 20 '16 10 7 5
Source: International Business Strategies, Inc 2013 report Source: IB Consulting
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ADC architectures
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Technology progression: 12b/14b High Speed (HS) ADC progression

10000
~-60<SFDR<70
. ~SFDR>=72
® 1000
0
5 -
=
@ 100
10

1998 2003 2008 2013 2018
Year ANALOG
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Evolution of high-speed A/Ds at ADI (see ISSCC papers)

I I I I I I >
2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

14b/125MSPS 16b/250MSPS 14b/1.25GSPS 14b/3GSPS 12b/10GSPS 12b/18GSPS
0.35u BICMOS 0.18u BICMOS 65nm CMOS 28nm CMOS 28nm CMOS 16nm FInFET
85%A/15%D 80%A/20%D 75%A/25%D  70%A/30%D 60%A/40%D 40%A/60%D
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Architectures (no one fits all): ADC “Aperture plot” (i.e. Bandwidth vs. Dyn

Range or sample rate vs. resolution)

32
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ADI’s ADC architectures: one cannot fit all

‘N
L

£,
-
=

‘Time-interleaved
DT Pipelined---_

DT Pipelined  CT Pipelined

\
- CT AS
| VCOADE =182 | o\ iR dB]
50 60 70 T
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12b/10GSPS ADC: 8x interleaved Analog to Digital converter

- Ilinl_ng Ek_ezv_cgn_trgl_ - - - RESOIUtion 12b ’ SFDR = 80dBc
:- Dlgl’[al Calibrations : FSAMPLE 10GS/s 20 :?12 ;d';54-5dBFS/HZ
| -
! H L : SNDR 55dB 40
VIN : SUb'ADC HHH Cal —:—> DOUT SFDR GSdB
Sub-ADC ; Cal. | Input fin 4GHz
(x8) I (x8) : Power 2.9W
: 7'y : FOMS_HF 147dB
T """ T BW 7.4GHz
DR 60dB
CLK Clock Generation | NSDsmai-signai_| ~157dBFS/Hz
Technology |28nm
| VRer | | lgias |
12b/10GSPS ADC (“Nova”) 75
70
Signal Injection DAC
References 65
Biasing et aux stuff
Clock synth (“Impala”) m 60 (S — — | [
& :mzr_:q:______——i
Negative suppl
¢ PRy Cal engine (small) O 55 E—
generator
Digital Down Conv +
Dig Filters (big) 50
28nm HPC CMOS 45
Die Area: 5.7mm x 6.2mm 16GBPS SERDES (“Orca’) ""SNR *I'SNDR '—SFDR
40
05 1 15 2 25 3 35 4 ANALOG
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12b/18GSPS ADC: 8x interleaved Analog to Digital converter

°'°‘*—-I Global Clocking
1,20r3) 8 8 8|
Sub-ADCs (8x)
Output Buffer
Analog (1x) 1 g:‘g::
ezl f || Digital |—»
= Calibrations
ST
L Y
swe | I I |
THA Dither + Chopping Dither-1 Dither-2 Dither-3 Dither-4
l Dither Generation
Block Diagram of the ADC
Gainn | 0 @ ————
memory and |
Flash offset calibration | THA

non-linearity

Gain and calibration
i = Stage Stage Stage Stage
Digital -—'|F|BNH a H 3 H 2 H 1 ™
Calibrations
T I T T sub-ADCs (Chopping-
Dither-4 Dither-3 Dither-2 Dither-1 stita CS;P
dependent)

Inter-stage gain, memory, kick-back, and DNLC
calibrations

THA Dither THA Dither + Chopping

Block Diagram of the Digital Calibrations

35

| Interleaving : Digital

libration
Offset (DNLC) of ], 52 Output
mismatch || THA in hold- (:"h:: ::: |L’
calibration of phase : Pl porged |

samplers
: above 9G5/s) |
|

1190 pm

750 pm

1360 pm

65

60

55

dB

50

45

40

——SFDR at 18GS/s
-a-SNDR at 18GS/s

1 2 3

—e—SFDR at 16GS/s
——SNDR at 16GS/s

—SFDR at 12GS/s
—+—SNDR at 12GS/s

4 S5 6 7 8

Input Frequency (GHz)

This Work
Sampling Rate (Fs) 18 GS/s 12 GS/s
Resolution (bits) 12 12
Input BW (GHz) 18 18
Power (W) 13 0.85
Noise Floor (dBFS/Hz) -157 -157
Fin (GHz) 4 8 25 4
SNDR at Fin (dB) 52 | 48 | 545 | 53
SFDR at Fin (dB) 56 54 60 61
Schreier FOM (dB): 1504 | 1464 | 153 | 1515
FOMS_HF=SNDR+10log(Fs/(2*Power))
Walden FOM (fJ/step): 222 | 3519 1633 | 1941
FOMW_HF=Power/(Fs*10(SNOR-176)20)
THA or input buffer THA THA
Sampling time and BW mismatch 2-way or 2-way or
optional optional
randomized randomized
(2+1) (2+1)
Sub-ADC Pipeline Pipeline
Area 26 26
Process Technology 16nm 16nm
FinFET FinFET
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CT pipelined ADC Gen 1

CK Input ® i i i i i i ‘ 0 T — — T —-59.2 " " : : : -50.2
A0k NBW = 824kHz | qg» ol NBW=82dkHz  Two -7dBFS — 1 602
ADC Input ®—»|Stage 1—*|Stage 2—>|Stage 3—>|Stage 4|—>|Stage 5—>|Stage 6 —*|Stage 7 20 f, =1130MHz | 702
— A=0dBFS A _ 20 1-79.2
] } ] ] v ] J Stage digital outputs = 0f 1-89.2 = {802
| SRAM ADC digital output Z or 02w = 0 loo2 =
L e
L .50k -109.2 &
& " 1125MHz BW (10 to 1135MHz 0265 B w0 {1002 8
| S m T T T T T T T T T T T T T T T s s m T L e =i o 60 1-1e.2 % § -60 {11092 3
X Stage 1 4400 F Stage 2 (repeated in stage 3 to 7) 1 0kO : g 70k 1292 Q 2 z
1 Ves = 2Vppd !y Ves = 2Vppd —W— | 2 a0 392 < £ 0 M3 171292
: MO 400 800 400 s T MUMM—MWW 1492 0 -84dBFS —— 1192
| B - " 140,
L1402
P W W Wy '_l' 100 F 1-159.2
I 1_26(?""_%} :l>: I 110k | 1602 1-159.2
N annl OW L ~156dBFS/Hz ave. NSD - 10 . | ‘ 1602
T Pttt wi i S — — 1792 '
e - | 0 o0 1000 1500 2000 0 200 400 600 800 1000 1200
E Frequency [MHz]
g " : Frequency [MHz]
H
o 1 .
o« 2 | This work 80
1 - in=
1 Architecture pi;g:-ine 70 SNR’ fln 200MHz
T I --SNR, fin=1000MHz
b FLASH output: 17-level J' Inherent Anti-aliasing Yes 60
Process Technology é;"on"s 5 0
, [GHz] 9 =
Raw BW = f; / (2 OSR) [MHz] 125 =, 40
App BW = £,/ (2 App OSR) [MHz] 125 % 30
App OSR 40 @ 20
Small-signal NSD _164
= DR + 10 log10(BW) [dBFS/Hz] 10
Large-signal NSD (low f)
= = SNR + 10 log10(BW) [dBFS/Hz) | ~'*° DR = 73dB
S Large-signal NSD (high f) 156 0 =
© = SNR + 10 log10(BW) [dBFS/Hz]
IM3 [dBFS] 84 -10
HD2 [dBFS] -7 -90 -80 -70 -60 -50 -40 -30 -20 -10 O 10
HDS3 [dBFS] 96 Input amplitude [dBFS]
SFDR [dB] 73
Area [mm?] 5.1 BEVAIIE:OECS;
36 Pawer [mW] 2330
AHEAD OF WHAT’S POSSIBLE™
FOM; = DR+10log,(BW/P) [dB] 160




VCOADC

- Variable gain V/I

~ Reconfigurable

f,=1.1-2.2Gsps V(t)C
BW=10-20-50MHz

NSD=-147 to -154dBFS
Power=7-30mW/adc

- SFDR > 85dBc
= Calibration:

Background calibration of replica ADC
signal path.

All calibration engine logic included
with ADC IP, no uController required

Continuous calibration or on-demand
Calibration period=15-30uS

= Manual layout for high-speed signal
path, P&R for calibration engine only

37

Signal Converter

. Over- | 7 Non- |16
A »| ICRO Ssn;n?er_DF;rc]?)S&eer_ 1-z* Range p<p= linearity
v/ P Corr Correction
|
; Over- | 7 Non- |16
Ring Phase 1 A
» ICRO e — 1z Range m<=p= linearity
‘ Sampler| - |Decoder Corr Correction|
4-level
DAC
Dither 16
LFSR T >
/E 4-level
fJ4 | DAC
. Over- | 7 Non- |16
Ring Phase -1 . -
-H 2 » ICRO e — 12 Range <= linearity
v/ Sampler| |Decoder Corr Correction —
|
q Over- | 7 Non- |16
) » ICRO Sgrrlln?er_DZEg?j%r 1-z ' (= Range p=p linearity
[ * P Corr Correction
A
fs
: Over- | 7
Cal Ring [ [ Phase | | , 1 -
Logic DAC ICRO Sampler|  |Decoder 4z R&r)lge Bl _l
AN
L . . .
f/N Calibration Unit
1
Cal Engine RTL . LUT
Driver
’ RTL
SPI
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Why VCOADC?

= Area is 5-10x smaller than other ADCs with similar specs
= CT front end-> drive-able

- Mostly digital->Scalable

Il dal W EN N
Cé 'Mﬁf‘"ﬁ mcbm I D& Bl

:
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CT pipelined ADC Gen 2

J Peak SNDR = 58.2d8 ——> -
— o<
_____________________________________ , output g 40 g2
x 30 | @
= '3
. w
10 e Thiswork | JSSC 2017 [1] - P
—_—A = Z ‘ ‘
0 A =0dBFS VCO-based — 0 DR = 60.3dB ———————> »n —&—SNR
s A= 60dBES Architecture CT pipeline CT pipeline s 40 - e -SNDR |
= i Inherent anti-aliasing [dB] 41 68 2 0 —=—SFDR |
2 3 €e———— 800MHzBW > 100ess ochinclogy IENFRPET | Smie 70 60 50 40 30 20 -0 0 10 0 100 200 300 400 500 600 700 800 90C
v 5 fs [GHz] 6.4 9.0 Signal amplitude [dBFS] Signal frequency [MHz)
g 4 Raw BW = £, / (2 OSR) [MHz] 800 1125 5
8 App BW = £,/ (2 OSR) [MHz] 800 1125 e wreeeel o EETT LTI T
£ (OSR 2 4 for all ADCs) (OSR=4.0) | (OSR=4.0) -10 Input signal: -1dBFS at 150MHz || B o e 000000099
8 Power [mW] 280 2330 " = 2 HDZ: -93dBFS H 0 OSR=4bandwidth _  —*= fuatbaseband
s Dynamic range [dB] 60 7 Zz -30 | HD3: -84dBFS H < >  —o— f,at 2" Nyquist
S £ 40 THD: -82dBc i 20 === fyat 2" Nyquist (ideal)
Peak SNDR [dB] 58 66 s _
. i | o -
HD2 [dBFS] -3 79 £ & NBW = 146kHz | -
[=% -
Small-signal average NSD: —148dBFS/Hz HO(dBFS) . v g 70
SFDR [dB] 73 73 5 80
0 100 200 300 400 500 600 700 800 900 1000 [po ot Py 2 9
Frequency [MHz] FOMs = SNDR - 100
+10 log,,(BW/ P) [dB] = e R e 70 d
0 100 200 300 400 500 600 700 800 900 1000 0 116 2116 316 4116

39 Frequency [MHz] Normalized frequency [fs] N
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Integrated Systems: SoCs/SiPs
with Mixed-Signal + Embedded
DSP Capability
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Interfaces: JESD204B/C, High Speed Parallel and Ultra Short Reach

JESD204B+/C
DFE B§

- CPRI

Optimised for 20cm on PCB

JESD204B/C
Corel - 16.2Gbps, 8 pJ/b
Core 2 — 25Gbps, 9.4 pJ/b

e

~ 8T8R.
- TRCV die

. 16T16R.

' ASICdie

- 28nm-16nm .
JERE =

<

B

~16nm-7nm- -

el i

- TRCV die
- 28nm-16nm .

USR + RE =

USR/ASIC target integration in 70mm x 70mm laminate

USR - Ultra Short Reach Interface (2pJ/b)

Goal - Scalable, Power Efficient (2 to 4pJ/b)
Interface for SIP and near-Package connect
= Spans OIFCEI 28G USR and VSR channels

Lane Rates — 10-28Gbps

1% I -

Ain 7 >
9 AD > ADC N Tx parity o | Cha
C Digital PHY cl . a n

10Gsps 10-16Gbps

A A

A%/ b pac || R
X
c [ Slbigital[*PHY

%

41

/,12
. Cha | FPGA
Parity n é PHY

FPGA

QGA
PHY

>

FPGA
De-SER

>

<

FPGA
SER

\

RTL

HSP — High Speed Parallel Interface (8pJ/b)

Goal — Enable Ain to Aout Latency < 100ns

Clock Forwarded Architecture
= No CDR, Limited FIFOs, may not need PLL

Benefits
= Signal Path Latency <100ns
= 30% FPGA Power Reduction vs. JESD
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gquad Tx / quad-dual Rx fully integrated wideband MxFE

ni n.
O 2

rmman e
rewa

1.

42

5
21
i

426281
KORE

7.1
A

SERDINO:
SERDN12
SERDIN2:
SERDN3z
SERDIN4z
SERDINSz
SERDING:
SERDINT2

SYNCOUTB0z
SYNCOUTB12

SERDOUTO:
SERDOUT 12z
SERDOUT2:
SERDOUT3:
DOUT42
SERDOUTS:
SERDOUTE:
SERDOUTT:

SYNCNBOz
SYNCNB1z

GND  AVDDICLK AVDD1D2A AVDO1DAC DVDDY sSvDD1 AVDDIADC DVDDIRTM FVDD1 RVDD2 AVDO2PLL AVDD2DAC AVDD2ADC  VDDIF2
10v 1.0v 1.0v 1.0v 1.0V 10v 1.0v 1.0v 2.0v o 2.0V 2.0v 18V-2.0v
O O O O O O O O O O O) O O O
O O O O O O O O O O O
FINE DIGTTAL UP DELAY outo.F
™™ cowverson [™] aosust [™ OUTO N
TOE CIGITAL UP oeLay || 5 cosrse oomarue || %P 2oLl
™™ converson ADUUST PROTECT CONVERSON o i ourt &
FINE DIGITAL UP OELAY
{— - - O
RSON - T 2 OUTI_N
Lot i A coamse pomarup | | MNP
FINE DIGITAL UP DELAY PROTECT CONVERSON
JESDRO4BIC Data =" converson ™ aosust | T2 oo
z UINK Rx ED ROUTER ROUTER
- e
“E e "Comenson [P Sowsr [ - coanse oomacue || 7 outzp
PROTECT CONVERSON oot
FINEDGTALUP || DELAY || OUT2_N
™™ comersion ADJUST OATA
RAMP
a A PA COARSE DIGITAL UP ROUTER
FINE DIGITALUP DELAY : w!
L | CONVERSION aowust ™ PROTECT H CONVERSION oov MUX ouT: P
FINE DIGITALUP DELAY OUT3_N
% ™ cowersion  [™] aowst [™ AD9988
H INO_P
FINE DIGITA L DOVAN DELAY
- cowersion | '| | !’/‘3‘_'1*
FINE DIGITA L DOV
[ d ATA COARSE DIGITAL vCM1
5 CONVERSION nouun<| Lo, |‘ VeM1
FINE DIGITA L DOVIN x | N1P
ad DELAY -
[*]  cowersion ADIUST NN
FINE DIGITA L DOV COARSE DIGITAL R
A oata [* comwersion | DO CONVERSION DATA FDOO,FDO1
Ke JESRMBC c ROUTER ROUTER | 3 PROGRAMMABLE FAST DETECT
g MUX PN OGTAL DoV | wux |3 1 PR ALTER SGNAL MONTOR £D30F031
CONVERSION COARSE DIGITAL
FINE DIGITAL DOVIN TOWES COMERS N BUFTER
[*| comerson [*] pama ELAY N2 P
e DAL oovm | | e ADHNE N2_N
e le| wux COARSE DIGITAL <N
CONVERSON COWN CONVERSION veu2
FINE DIGITAL DOVIN vouz
* converson [ veus
N3P
O IN3_N

PEAKVALUE

SYNCRONZATION
L

CLOCK DI STREBUTION

commorioo |

I‘.’C!OG!D:!SSDRH

SET
ROBO
ROB1
RESET
RxENO
RxENY
TxENO
TxENY
GPIOO
GPIOY

GPI010

N
!

=]
-] %
3 8 g %
e @ & 2

SYSREF+
SYSREF

CLKIN+

CLOCK
RECEMVER

= 5 5
= o o
= g g
3 = x

o o
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Flip Chip Chip Scale Package BGA

Flip Chip CSP BGA

ANALOG
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Flip Chip — Thermally Enhanced BGA

_ Copper Plate
Passive Components

ANALOG
DEVICES
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Higher frequency performance

Laminate

Si Mold Compound

WLCSP FO CSP BGAs

ANALOG
DEVICES
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3D Packaging

“Pyramid”
Top Die Smaller Than Bottom

Top Die Same Size or Larger
Than Bottom

Wirebond Versions Bumped Die Flip Chip Versions

ANALOG
DEVICES
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mmWave front-end modules

FlipChip on
Laminate (LGA)

Die-On-Carrier (DOC)
“Die-like” RF Product

Bumped Flip Chip
(SMT Assembly)

: . — . ANALOG
Analog Devices Highly Confidential Information. DEVICES
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Interposer Systems in a Package

/]
Substrate /

Interposer
PCB
Memory or
Loaic die 1 Logic die 2
e - Micro-bump
silicon Interposer ___ TSV (Through Silicon Via)
C4 Bump
Organic substrate .
BGA ball
Heterogeneous Integration
TSMC'’s CoWoS® (Chip-on-Wafer-on-Substrate) Services, https://www.tsmc.com/english/dedicatedFoundry/services/cowos.htm ANALOG
DEVICES
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https://www.tsmc.com/english/dedicatedFoundry/services/cowos.htm

Evolution of VLSI into 3D: density!

>2020: 2.5D/3D fine-pitch assembly + stacking

$>
Lateral GAA 3D VLSI
2022->2034 2030->2034
Vertical GAA
T s International Roadmap for Devices and Systems (IRDS) — 2018 Edition.

3D Resistive RAM
* Elimination of bottl k design

- . = Sequential integration/ffine-pitch i
rules :gr;ﬁf;f:;:;?oztf:ﬁ?ums stacking (e.g. logic, memory, Mass ve Sto rag e
@

* Better channel control w/ thin films NVM, analog, IO, RF, sensors)
* Use cases: SRAM, memory selector, @

= Increasing drive by
taller fin
= Better channel control
for better perf-power

* Increasing drive by cross-bar switches, etc. ™Y
stacked devices
* Better ch | control fo -
Babtse perfomer 1D CNFET, 2D FET
* Reduced footprint stdcell

Compute, RAM access

Main advantages:
STT MRAM

Quick access

- Density

~ Power efficiency
L : : 1D CNFET, 2D FET

- Mitigation of local interconnect issues Compute, RAM access

Main challenges:

- Cost

1D CNFET, 2D FET e - Silicon
- Heat management Compute, Power, Clock (253 =T —— ¢ — —T# compatible
49 ©2020 Analog Devices, Inc. All rights reserved. ey



Why do a SIP?

Traditional Receiver Architecture Traditional Base Station Board

X %—b@%%m
Noow

—@— A%< ADC

RX SIP RX SIP(11x11mm)
+ External Bypass
90% reduction in Board Area

ANALOG
DEVICES
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Real BTS’s TRx board

W g
29,

Wi

LT

PO g

ANALOG
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16-bit 12.0 GSPS RF DAC with Integrated Buffer

= Direct-to-RF synthesis up to 5GHz with 2.5 GHz maximum

signal bandwidth RESET  IRG ISET vRer
~ Integrated amplifier reduces the overall cost of the system 00 - m
simplifies the design, and extends the overall broadband stk il s T
performance SERDINOZ _ (AR
_ _ _ _ seroiN7s 0 | jesp ne 3 NCO siwc ™| =3 | _roac
= High-Dynamic range, ultra wideband and flexible frequency SYNCOUT: » 25 »Qcm @ OUTPUT

plann i ng SYSREF2

TO JESD ~=— CLOCK
TO DATAPATH ==—{ DISTRIBUTION

- Enables software configurable radio transmitter with o
configurable data path signal processing functions : < i

Key BenefitsS e ————————— o o o e

= Flexible frequency planning with multiple DAC rates and interpolation
modes available for synthesizing the same RF frequency

= Common hardware platform for flexible and reliable RF design

Current LeVeI Diff-to-SE
DAC

S Shift

- Absorbs analog RF functions into configurable digital domain and
eliminates IF low pass filters and analog up-conversion imperfections

- Eliminates IF-to-RF up-conversion stage and LO generation lowering
overall system power consumption e e e e e e o e e [

= Integrated amplifier extends operation to DC and provides bandwidth
flatness out to 5GHz.

ANALOG
DEVICES
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Frequency Response

-~ AD9166 = AD9166 vs. Competitor

AD9166 vs. AD9162 Plus Discrete Amplifier on Board AD9166 vs. AD9162, Competitor

-10

Fundamental Output Power (dBm)
Fundamental Output Power (dBm)

15 —AD9166_A4 15 sinx/x
. — AD9166_A4
sinx/x -
Competitor
DRFvL —— AD9164_65nm
-20 -20
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000

Frequency (MHz) Frequency (MHz)
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Algorithmic Capability: System-
level Linearization
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Non-linear Correction for Rx Signal Chain

X
—>(X) Vin»D ADC Do

Dout |

ANALOG
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Non-linear Correction for Rx Signal Chain

; A Y
I
X H.(.,C I
’C’f) V.:D L»{ ADC Do (-C) Dir
Dout
A
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Non-linear Correction for Rx Signal Chain
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Non-linear Correction for Rx Signal Chain

f

I \

: DAC | ucC |<—| RAM | :

\ |
|
|

- - o S e S e e e e e .

-— e - - - - - . - . - . -

— Vi n ANALOG

DEVICES
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Non-linear Correction for Rx Signal Chain

- EE EE EE O O EE EE EE EE EE EE EE Ey, S T EE_EEEE_EEEE_EEE_EE_E___—_—__—

f
[
[
[
\

- - o S e S e e e e e .

O

>

@]

c
B
()

-— e - - - - - . - . - . -

~ Vin
H(x)
A
>Vin
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Non-linear Correction for Rx Signal Chain

- - o S e S e e e e e .

— o - o o - -

+
\V,
g
>
[E
o

-— e - - - - - . - . - . -
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Non-linear Correction for Rx Signal Chain

Dlin(Vin) — H(Dout(vin)) =6 Vi + dO

V >Vin V > X >Vin [ ANALOG

| DEVICES



Fs=6GSPS Lab Data: HD2 & HD3 correction

50 - HD2 power (fundamental power = -1dBFS, Fs = 6GHz) 50 HD3 power (fundamental power = -1dBFS, Fs = 6GHz)
65+ -65
70+ 70} padile A\
' \\.t i
75+ 75T / A “v
-80 | 8ok | '
!
L&) L&
Q -85 @ -85

90

|
'QD 'ﬁil |
I

F
95 ' ' HD2 nominal -95 HD3 nominal
HD2 nominal {dut2) HD3 nominal (dut2)
-100 + HD2 nominal (dut3) -100 HD3 nominal (dut3)
HD2 NLC corrected HD3 NLC corrected
-1056 F HD2 NLC corrected (dut2) -105 HD3 NLC corrected (dut2)
HD2 NLC corrected (dut3) HD3 NLC corrected (dut3)
-110 : : . ' ' I 110 ! . . . )
0 0.5 1 1.5 2 25 3 0 0.5 1 1.5 2 2.5 3
input (fundamental) frequency (Hz) « 10 input (fundamental) frequency (Hz) « 107
ANALOG
DEVICES

62 AHEAD OF WHAT'S POSSIBLE™



Fs=6GSPS Lab Data: SNR and SFDR

63

dB

57

56

55

54

53

92

91

50

49

SNR (fundamental power = -1dBFS)

SNR nominal
SNR NLC corrected

500

1000

1500

2000

2500

Input (fundamental) frequency (MHz)

3000

dB

85

80

75

70

65

60

SFDR (fundamental power = -1dBFS)

SFDR nominal
SFDR NLC corrected

500

1000

1500

2000 2500 3000

Input (fundamental) frequency (MHz)
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Wi-Fi 6 (802.11AX) Test Signal (500M)

= Test signal shown at right ol

= Before LinearX™
correction in blue

~ After LinearX™ correction
In red (tonal spurs are
common to both)

= Training was done using a
different wideband training
signal spanning 400 —
600M
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Conclusion
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Summary

66

Challenges

Possible avenues to solutions

Heat management/Power efficiency

Power efficient Devices, Circuits and Systems

New materials

New architectures

Phase noise in sampling clocks

New materials (photonics?)

Hybrid continuous-discrete sampling systems

Packaging/Interconnect strays

System patrtitioning

Heterogeneous Integration

3D integration

MOS scaling

Greater digital-analog co-design

Parallel analog processing architectures

Higher frequency electronics

New devices/IlI-V

Photonics/CMOS integration

©2020 Analog Devices, Inc. All rights reserved.
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Conclusion

A comprehensive approach is required to address the multiple important design constraints:
= Heat removal
= Devices’ reliability and aging
* Process technology
= Packaging
= Data interfaces
= Performance/band/power consumption
= Area/costs
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QUESTIONS!?
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