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4 Decades of Exponential Growth

Transistors
Per Die

101
¢ 1965 Actual Data

10°1 = MOS Arrays A MOS Logic 1975 Actual Data

1081 ® 1975 Projection
Memory

1077 A Microprocessor
104 y G. Moore, “No Exponential

105 is forever..., but we can
104~ g delay forever,” ISSCC 2003

w & Moore'’s

102

10'- __,«"; LaW

10° 44
1960 1965 1970 1975 1980 1885 1990 1995 2000 2005 2010

e IC Technology Progress = Device Scaling

e IC Design Progress = More Integration
e Analog, RF, digital ... on a Chip = System on Chip

e Next, highly scaled technologies...
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Lowest Energy Digital V,

A~~~
>
S ol 0.3-0.5V
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CT) = Dynamic
O e Leakage
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« [Hanson 2006] 8-bit microprocessor in 0.13um CMOS

© 2011 Peter Kinget



V,p Scaling for Nanoscale CMOS

1.9] : | —=©—high performance logic
: —A— low standby power logic
—— low operation power logic

[V]

ITRS'09

) I R S S R N
2005 2008 2011 2014 2017 2020

© 2011 Peter Kinget



Reduce Area: Motivation

Number of DFFs within an
area of 200um x 200um
1000N

100N st
10N - man nin n n e s e sn .@ SR SR S SR

1N ...:

0.1N

350 180 90 65 45 32
Technology node [nm]
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(Design Techniques to Keep Analog &
RF Compatible with Nanoscale CMOS

U

Scale the
Supply
Voltage of
Analog/RF
Circuits

Reduce the
Area of RF
circuits

Use Digital
Gates to
Improve

Analog/RF

Performance
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System on a Chip "o

is
Analog

Sound

. Digital: 80-95%

Image

Radio

Energy

Do NOT
Scale!!
S\
(&)

Jj

Analog: 5-20%
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Columbia’s 0.5-0.6V

2.4GHz

2
= Analog & RF Roadmap :
2
wid
D .
» Analog V,, scaling,
Sure we can ...
S ‘ ' 7’ | ” '»
'9 90 | s = s )
nm B ;
2 | Heo iy
= Lil CT 74dB 25kHz
LL A A/D LO Synth.
7))
=
5
R — 900MHz RF
Body-input Gate-input Front-end

OTA OTA

2007

2004 2005 2006

© 2011 Peter Kinget

V-Reference

2008 2009



MOST Biasing: CS or VCCS

~~ o, Fon//fop  90nm W=2u
1

é) 4000+ . ‘;CJ-Dn

—_ _ ._:ij';-_‘- Z:_i + 250n
Vasp 4' Fo.p = 0 +F Tt o > 160n
J ‘ ) 3000+ ';_ * -—f' Z 80n

2500 - o+
Vout

0001 Swing'- |
CT‘Q o J02-025v5
Vosn — / gl <—>

4 05

Vout[V]

e Transconductor or Current Source
Vps > 0.1V to 0.15 V (for Vge-Vry < 0.2 V)

e Moderate to Strong Inversion
© 2011 Peter Kinget |VTH| = 015V %



Ultra-LV Challenges in OTAs

simple anim.



Ultra-low Voltage Analog & RF Design

o Exploit full device | characteristics
— RSCE, Body-bias

e Rethink your circuit | topologies
— Eliminate stacks, LCMFB, CMFF, Neg. G
— Address leakage (cascaded switches),
— MOS or Schottky based references

e Revise your architectures|
— Eliminate switches in signal path (e.g., RTO),
— RF front end: Current mode operation/interfaces
— RF Baseband: Optimize structure
e True low voltage design: no voltage boosting, no
special devices

© 2011 Peter Kinget



Device Level Solutions ;.

130nm

e RSCE 4 90nm

0.400 |- A4 0QmY e
Vivas LA [ v, owof a e i270mV

:150mV""'Ooon -
: ‘M‘
J u'-'. 4 5.0 L/L 10.0M 5 )
e Forward Body-Bias min
DN deepnowell | Sweeaaa gy 1L et
NMOS AR —— o V1

Gate Body BT o

l

=L ¥° Vge=0.5V AV~ -50mV | o1
Source Voo
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0.5V Gate-Input OTA Stage

Local Common-
Mode Feedback

Common-Mode
Feed Forward
Cancellation

Neg. G Gain
Boost
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0.5V Two-Stage OTA

VM:L#‘M

e

Voo (0.5 V) Voo (0.5 V)
> T -~ 4 > -~ T -
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h ﬁn %H«%EI 451 lar (an —3}«&51
TA 18 ‘-ﬁ;ﬁ
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0M5A MSB«: + . Hvouf
—]— I

Vout *—IM, 126
[

y

Vo™

* Vi nom=0.5V; CM;, 0.4V, 0.18um CMOS
e 62dB DC gain; 10MHz GBW; 10pF C_ g; 75UW
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On-Chip Biasing Circuits

/Error amp. bias / Gain biah

——————— e e e e B
= | g < | d = : CI OTA replica
| | |

0.25V |

\DC CM biss’




0.5V Fully Integrated 5th Order LPF

| 135 kHz
10Ty : -~ 045V |
| o 050V |
g = - 0.55V
-. . m-|0’
=- | O =
) . C- ’
= 2 ‘©._30}
B - O
l } :- 40t
A (EE =
4R | BN :. |
= S fe =
_ o " ZobLlil : i
T 10° 10° 10"
— Frequency [HZ]

e QOperationat0.45Vto 0.6V
1.1 mW power dissipation

. [Chatterjee, Tsividis, Kinget,
* 957 dB dynamic range ISSCC05, JSSCO5]
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Floating Switch Challenge

T

Conductance
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3rd order CT XA Modulator

Using Active RC integrators
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RZ Challenge: Switches at V,/2

""" ~ Joosv] K Ve
;7 O.5ch%% : | >/
I T ) 2
. o)

V Rdac

2
(,D}} @m

T 1 ) RZDAC p

0.5V VEM oY
————— 025 V © 2011 Peter Kinget




Solution: Return-to-Open

When RZ:
(Q=1)

Problem
switches
removed

DO
{ ) RTODACp

© 2011 Peter Kinget
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0.5V 74 dB SNDR 25kHz 2A Modulator

[T OO SO USRS i NN S

SNDR [dB]
5

70 80 B0 40 30 20 10 0
Vin/Vref [dB]

Operation for Vp = 0.45V to 0.8V
Return-to-open architecture, body-input gate-clocked circuits

74dB SNDR, 25kHz, 64x OSR, 300uW, 0.18um CMOS
[Pun, Chatterjee, Kinget, ISSCC 06, JSSC 07]
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‘Low V.’ switch leakage:
Cascaded Sampling (Sim.)

4 o1 Y gd s2s1 ¢l )
e i '1/ =
LT ! . |7}
v,ne. | Vi fi v
' 1pF J_50fF| J_1 F
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V05 ] o7 A a o /
————
0.5 1I
0.4r
> 03
o2 ‘ -l 0.12mV/ns |
011 ) 0.485( |
0 2 2 : : : S 10 20 30 20 50 60
0 10 20 30 40 50 60 [nasc)

[nsec] © 2011 Peter Kinget



0.5V 8bit 10Msps Pipelined ADC

60
50

vvvvvvvv

20 -&=SFDR
10 -t SNR
-&= SNDR
i - - A
00 2 4 8 10

6
Sample Rate (MHz)

No internal voltage or clock boosting; regular devices;
cascaded sampling technique.

Aux. S/H for the sub-ADC to eliminate front-end SHA.
10Msps: SNDR 48dB@101kHz, 43.3dB@4.9MHz.
2.4mW in 90nm CMOS [Shen, Kinget, VLSI0O/, JSSCO08].
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ULV Schottky Reference

[90nm CMOQOS]

S e — =
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\’i.@ [ ] T[ ('] © 2011 Peter Kinget



0.6V 2.4GHz ZIF/LIF RCV + Synth.

2.4mm >
FEERNREEEEEEEEEEEEER BEEEEEEEES

n_u_ul
=ﬁl

¢ 2.9 mm?-90nm RVT CMOS - 64-pin QFN package
o 2.4-2.5 GHz operation @ 0.6V & 32mW

« 16dB NF, -10.5dBm 1IP;, 67dB Gain

PN -127dBc/Hz @ 3MHz offset
* Fully functional 0.55V to 0.65V V

© 2011 Peter Kinget




(Design Techniques to Keep Analog &
RF Compatible with Nanoscale CMOS

Reduce the
Area of RF
circuits
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Use f; for VCO Area Scaling

e Scaled CMOS =» higher f;
=> operate @ N x higher frequency
=> divide by N

E
T
N\
<€ D >
A [ @
_u L,f
D/2 D/4 D/8
Al4 A/16 A/64
L, Rs, L/2, Rs, L/4,Rs, L/8,Rs,

Qa@f, Q@2f, Q@4f, Q@8f,

© 2011 Peter Kinget



VCO Area Scaling

A 194 —
193 O 4-turn inductor (Group1)
Tpas A 3-turn inductor (Group2) ||
192 X 2-turn inductor (Group3) -
— G3
N
L Irer T 191 fruwmgewuewrnsnny Tttt SO R Sa—
> X
1 % 190
! — = 189}-G %
Divide—DoutP % 188 IIZSIIIIAIIIIIIII S S EEEEEEEEEEEEEREEREN L ]
-by-N |—o outy L Gi
187 )
am 9llll\uhlllllllllllulllllllllllllllll 9--
I X ||:T rae O
l FoMA = FoM -10log(A/1mm?) | &
4 5 6 7 8
= 21 Frequency [GHZz]
— 209
E 207
3 ®
% 205 -
< 203 +18dB | Area/64
E 201 i O
. 199 4-turn inductor (Gro@p1) |
[Yu! Klnget! - A 3-turn inductor (Grogp2)|]
TCAS" 09] X 2-turn inductor (Group3)
1958 Sim. in 45
0 1 2 3 4 5 6 7 8 [ Im In nm]
Oscillation Frequency [GHZ]
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PLL and Area Scaling

850mV Scale to 4 x f,
[ Dttt ettt B’ A
i j\ On-chip 10GHz =
—> loop filter LC VCO

40MHz
iy D—g—EED—»Ref uP na
§ —VCO DN 1 R2
§ ) Cc1] c2 C3 TT

'Y L 15pf[150pF  2pF[ ﬁ Div2
TT

—& L

' Programmable |o¢— | ...
' . . Div2
Clock =+ Serial Divider < *
Data >
Le ©>-— Interface i) 4-5GHz
Rst [CO——

Circuits that scale easily with feature size
« 150pF needs ~13000um? of inversion-mode MOS capacitor

© 2011 Peter Kinget



Im(Z) / Re(Z)

Stacked MOS Cap-Inductor

Balanced Drive

26 ye— v p———

24 b . ‘ . l -

22} :

20} o

18}

164 ’ : ¥ "

12 ........ __ - (EM SImU|at|0n) .

10}t e
8¢ ,". wieed e Stacked Capacior-Inductor
6p -6~ Inductor only ¢
4 7 ' ) : ‘ : : 1
20 2 4 6 8 10 12 14 16 18 20

Frequency [GHz]

Drain/Source

8’

Channel

Substrate

=>» no Q degradation, even improvement (shielding)
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0. 042mm2 Fully Int. PLL

Loop Filter
Capacitor
C2

Area Saving 30%

[Yu, Kinget,
Esscirc 08]

Fully Integrated PLL, on- chlp Ioop fllter under VCO inductor
45nm LP CMOS; V5=0.85V; 10GHz VCO; 2.5GHz o/p



1.6 mm

All-Digital PLLs

DIGITAI
LOGIC
- I
II
- -lnlll e

[Weltin-Wu, 2008]

o

ADPLL FIX MOdy — MOd &

[Staszewski, 2004]



Area & Performance Comparison

1

Silicon Area [mm?]
&

0.01

---------------------------------------

h s s s s s NN NN NN NN AN NN NN NN NN NN NN ENEEEEEANEEEEEEEEEE

Weltin-Wu ISSCC08
3GHz ADPLL, LCVCO

-120dBc/Hz@1MHz

Gebara ISSCC07
5.6-18GHz APLL, LCVCO

....................................... H

-95dBc/Hz@1MHz

Borremans ISSCCO08, Inductor-above-IC
4.7-6.4GHz LC VCO only

SO -114dBc/Hz@3MHz
................... FOM=185 dBc/Hz
Rylyakov ISSCCO7
0.5-8GHz ADPLL, Ring Osc,
-112dBc/Hz@10MHz
‘ This work
Dalt ISSCC06 - 2.5GHz APLL, LC VCO
10GHz DCO only, LC VCO e 121dBe/Hz@1MH2
-102dBc/Hz@1MHz FOM=182dBc/Hz
FOM=177.2 dBc/Hz
. i
90 65 45

Technology Node [nm]

32

10x



(Design Techniques to Keep Analog &
RF Compatible with Nanoscale CMOS

Use Digital
Gates to
Improve

Analog/RF

Performance
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Use Digital Gates In RF... How?

1/ \ '{>r-1{j"‘ Sl — DSP
| | | - ‘

e For RF, improvement of linearity using digital gates has many
opportunities

e The signals generating the errors are out-of-band interferers, which
do not reach the baseband...

e In contrast to mixed signal digital assistance we need to address
problem in the front-end for RF!

= Use digital assistance to self-calibrate RF front-end

© 2011 Peter Kinget




Digital Self-Calibration of RCV IIP2

Block Diagram Measured Results
o Receiver
| SBPassive | -path; 70 ] :
: e B> Mlaggimss o[ /N
: S'ELNAE | Vo § 40 Lo
S | e I - : = 20 | g9 19 20
10—t n4
v Binary o] 1 1 0 é | |
2xfioax Search Logic [p;t | comrelator
TesiTone (o (36 GHa) ,j_ll" bf'Ts I 135 14 15 16 165
} FPGA Generation Uncalibrated IP2 vdd (V)
fron=1.7 GHz —a— Calibrated IIP2
] [ISSCC 2010]
>40dB IIP2 improvement!

Performance very stable w.r.t. any changes (VDD, freq., ...)

Simpler, lower power RF circuits can be used taking advantage
of calibration engine

Low Power, no extra power consumption for RF operation!

© 2011 Peter Kinget



ULV RCV with FF In-band Interf. Cancel.

l Q-Path l
C e Wpath TA  Fer 1 |
I {Main Path) (|
RFy I __® \g b 150
Digital - -l— (.
LNA l e | O Caibrabion l l
I > |- : v 11
| I
: I /[ 11
I
I Mixer PGA High Pass l M L1
| (Altemnate Path) Fiiter I
60 T
. == Cancellation OFF
Front-end Interferer Cancellation 50} ~6-Notch @600kHz |
significantly reduces baseband linearity " ::°:°:g;gg::z
requirements resulting in a significant > :
performance improvement s0f K000, .
>20dB of attenuation for out of channel ?:Bf; 20} S, Vg, coeccosRerE
blockers ol N
Digital calibration of LO phase (®)andalt. | ~ "~~~ ~=~~==-
path gain is key enabler to automatically d
tune the position of the cancellation notch 1o Measured
” . . ; .
0 200 400 600 800 1000

© 2011 Peter Kinget Frequency [kHz]



0.6V GSM Recelver

50 T T T T T
1 i 1 |
IIP; = -1 5.5dBm _",_.?;/
| ,_-7‘:" = /?'
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o ’ [ |
- RO | E
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O, g i i
& i - + /" : 5
3 s gt | 5
-— 1 ! (o) ’r : E
pe J | H = Al '
3 | t/ <2 1IP; = :30.5dBm
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! : ' i E
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o E '
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i
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[VLSI, 2010]

e 21mW @ 0.6V (LNA, Mixers, Cancellers, Baseband, LO Buffers)

e 65nm CMOS

© 2011 Peter Kinget



Review & Outlook



Fundamentals: Power Limits

7\/ \7\41 Vop = 242 Vs

* Noise limited circuits [Vittoz90]:

V
SNR = ZRLS V2nRMS =55 Ipe =2f Cv2VRus
C
Vnrus \ l e "~
P=8 kaSNRZ J | ideal class B |
* Mismatch limited circuits [Kinget96]:
_ VrRus 2« CoxAyr _
Acc = B0(Vos) \, o (Vos) = ] C ? 2f C2VRis

2 2
P =24 Cox Ay f Acc? |
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Low Voltage Power Penalty

©
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ADC FOM vs V,,

P Pacsacsacsacsactncetcsticttttttctactactactapttactactccttcttcstcstcacea eesssesccccas
FOM = SNDR-1.76 : f f
6.02 § : ;

2-BW -2

3 10.0
O
Q
2
Q.
1.0
0.1

0.00 1.00 2.00 3.00 Vpp

Most data taken from B. Murmann,
© 2011 Peter Kinget “A/D Converter ISSCC Performance Data”



FOM, =

Receiver FOM vs V,

e ! |
~30F - - ---W=--- i @ 501Z8- - - - - m e mm ®[56]GSM|
— 22]intf. Canc. Rx, :
m ' I
T -35F----=-=-=-=-=-~- e R & .- .- 49IBT. _ _
"o | ® 51128 @poiGsm
= ' !
4ok ------ [20]Dual Mode B, _ _ _ _ - o --
9 |* : 4 ([611GSM  (39)87
O a4k ® 27BT _______ e e mm——--
s ™ i ® (57]GSM |
()] t |
S _50b---- ok [19)Sliihg-IE Rx|. .. @ B3BT _________
o : I
55F - .- @ [371Sens. NW,_ _ __________|
® (4287 | X Receivers in this Thesis
| ' ® Other Receivers
1IP, :
J 1 2 3
NF-P Supply Voltage [V]
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End of Moore’s Law...?
(as we know it

More than Moore: Diversification

CDOCOER B

= More Analog

)
§ 130nm Interacting .Whh people
é and environment
3 8 90nm Non-digital content
3 i System-in-package
§ 2‘ 65nm
o o Information
§ & 45nm Processing
@)
= 5 32nm Digital content
5 System-on-chip
=| 2 (SoC)
% 22nm
- S
@
\'}
___,__.‘iu‘_,_ T T e e
== Beyond CMOS ., __5
=il B et

|

[ITRS 2007]
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ITRS 2007-2022 — After Moore?

Before 1998 ]
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Conclusions

e Scaling is driving semiconductor technology and will
continue for another decade, but with significant
design challenges.

e Future Analog/RF in nanoscale CMOS
->Reduce supply voltage
->Reduce area

->Exploit digital gates

e Design is becoming a prime differentiator

Plenty of open opportunities!! |

© 2011 Peter Kinget
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