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Outline

Do we need Analog Integrated Circuits in
nanometer CMOS?

Design Challenges & Opportunities.

0.5 V Operational Transconductance Amplifiers
& Biasing Circuits.

0.5 V Fully Integrated Active RC Filter with on-
chip Automatic Tuning.

A 0.5V 74dB SNDR 25kHz CT ZA Modulator
with Return-to-open DAC

Conclusions.
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Analog Iin a Mixed Signal World

Sounds, images, EM waves, .... are ANALOG.
Information processing & storage are DIGITAL.
System-on-chip is powerful economic paradigm.

D&A A&D

i

Asp

-

Digital drives technology development & choice.

Most Digital ICs nheed some Analog!

If Analog can be done in a digital technology,

it will be done.
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CMOS trends: Supply voltage
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MOST biasing: CS or VCCS

0.24um/0.36m nMOS
in 0.18um CMOS

 Transconductor or Current Source
Vps > 0.15V (for Vgg-V: < 0.2)
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Large Vjp

Enough
headroom

G A

C_;m."n -

Switches at 0.5V

Buffer
= VDD \
Vin .
headroom
VT,D
G A -

C_;m."n -
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Common source amplifier

0.5V

. CVD i VD5 sat

o 0.2V
Vr+ (Ves — Vr)

0.5 T 0.15 V AI E iVDS.wr 0.15 V

Vf;z._;;rp 0.1 5 V

pp

Y

V.= 0.5V Vps sar= 0.15 V

© Peter Kinget 8




Common drain buffer

0.5V

Vr+ (Vos —Vr)+

Vm ) V S
p T VDS sat CV) iVDS.w 0.15 V

05+0.15+ V
0.1+0.15V =

V.= 0.5V Vps sar= 0.15 V
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Common gate amplifier / Cascode

Vr+ (Ves — Vr)+
Vm,p + VDS,S‘(H

05+0.15 +
Xx+015V ¥

V;=0.5V

0.5V

¢ V::%C/\D 0.15V
¢ Vs sa a 0.15 V

¢ VDS,.&'M 01 5 V

Vps sar= 015 V
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Differential OTA design challenges
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VDS,sat= 0.15v
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CMFB for fully differential OTAs

Lﬁ"

LT

Common Mode Feedback requires ‘fast’
amplifier operating from V;, cy= Vpp/2 !?
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Challenges at 0.5V

* Vps.sat related challenges:
— Independent of region of operation!
— Independent of V4!

— Signal swings are limited:
» Use differential circuits.

— Avoid transistor stacks:
 No tail current source: How to achieve CM rejection?
* No cascodes: How to increase DC gain?

+ Vgs related challenges:
— Depend on region of operation & (Vgg-V7).
— Depend on V!

— Avoid signal swing on gate:
« How to do overall CMFB?
« How to achieve strong inversion operation?

© Peter Kinget 13



Opportunities at 0.5 V:
MOST has 4-terminals

S G D B Sub

o o o

nMOS circuit equivalent
(deep n-well process)

- n+ n+
Drain L P
n+

Gate j% Body nMOS cross section
O— O (deep n-well process)
VDD

Source

© Peter Kinget 14



Opportunities at 0.5V

» Body terminal
— Signal input: [Guz87]
— V- reduction & control
[Kob94], [Von94]

— Bias control

« Latch-up not an issue

— Assuming Vpp and GND are
‘well behaved'.

« Techniques can be ported
to ‘double gate’ devices

0.24um/0.36m nMOS
in 0.18um CMOS

IDS ‘
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300
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Vgs 1
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P 360
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0.0 Vis 0.5V
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0.5 V Gate-input OTA



0.5 V Gate-input OTA stage

Vin- 0 Jet17



Two stage OTA

Rc  Cc
W
V" +
g N Vﬂur
04V E " 30.25 Vv
v, v Vs
04V AAA \
HC lEC

« Common-mode output of first stage is 0.4 V
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Two-stage fully differential 0.5 V
OTA with Miller compensation

Vpp (0.5 V)

Vpp (0.5 V)
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Setting common-mode voltages

0.5V

N

0.25V

W
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Open loop performance (meas.)
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On-chip automatic biasing circuits



On-chip biasing circuits

ek 0.1V

V., generating circuit
© Peter Kinget 23



Error amplifier for biasing
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|OUt

OTA DC transfer characteristics
and V,; generation

Vng generating circuit

put diff voltage [V]

0.5 X
? . Replica of OTA
, cl stage 1
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O ' - -:2:;/ D Vnr
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% 0 i 2
Input differential voltage [mV]
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Open loop performance (meas.)
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0.5 V Continuous time
tunable active RC Filter




0.5 V 5" order elliptic LPF
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Filter tuning challenges at 0.5V
Gm-C
MOSFET-C

Switching banks of R’s and C’s
Varactor-R techniques

0.2
BOdy(Vtune) S
? O
Gate ~y 0.1
(0.4 V) Source O
o | . Drain
. (0.25 V) _
O 0.1 0.2 0.3 04 0.5

Vtune [V]
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Low-voltage tunable integrator
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Die photograph
EEEEEEEREEEE

el ey ———
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* 0.18 um CMOS

* MIM capacitors

* High-res resistors
« Standard V;

* Triple well devices

i O % . - = 5 . Tr & i i 5 i

S. Chatterjee, Y. Tsividis, and P. Kinget, "A 0.5 V filter with PLL-based tuning in
0.18 um CMOS technology," in IEEE International Solid-State Circuits Confer%nrge .
(ISSCC), pp. 506-507, February 2005. eter Kinget 31
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Gain [dB]

Measured filter response for
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Gain [dB]

Measured filter response for
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Output differential rms amplitude [V]

Measured 39 order inter-
modulation

|
=Y
T

-

Input differential rms amplitude [V]
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Gain [dB]

Effect of gain enhancement

0 POV TN 1 _ -
: - With gain-

enhancement:
—20f : - A j\
. HEH I
10" 0
Without gain-
enhancemept

10" 10° 10

Frequency [HZz]



Performance summary at 27C

Voo [V] 0.45 0.50 0.55 0.60
-3 dB cut-off frequency [kHz] 135.0 | 135.0 | 135.0 | 135.0
Total current [mA] 1.5 2.2 3.3 4.3
Noise [HV rms] 87 74 68 65
Input [mV rms] (100kHz / 1% THD) 50 50 50 50
In-band IIP; [dBV] -5 -3 -3 -3
Out-of-band IIP; [dBV] 3 5 3 5
Dynamic range [dB] 55 57 57 58
Tuning range [kHZ] Viene= Vop | 96.5 88.0 84.5 69.0
Viie=0.0V| 153.0 | 154.5 | 148.0 | 150.5
VCO feed-thru @280kHz [V rms] 104 85 72 72

« Measured CMRR (10 kHz common mode tone): 65 dB
* Measured PSRR (10 kHz tone on power supply): 43 dB

Functionality tested from 5C to 85C at 0.5 V
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0.5 V Body-input OTA



05V Body-lnput OTA stage
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Pole splitting using
Miller capacitor
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S. Chatterjee, Y. Tsividis, and P. Kinget, "A 0.5 V bulk input fully differential cg;erational
fransconductance amplifier,” in European Solid-State Circuits Conference (ESSCIRC),
pp.147-150, September 2004. © Peter Kinget 40



Open loop frequency response

DC gain: 52 dB
>0 5ain@B) GBW: 2.5 MHz
0 e (degrees)
Measurement
~50|
Simulation
~-100
e Phase Margin: 450
~200
10° 10° 10°

Frequency [HZz]
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[Bla | [Las | [Leh | [Sto | [Fer | [Pel | B-l G-l
98] | 00] 01] 02] 96] | 98]
Voo [V] 1 1 081 09 | 1.3 109 0.5 0.5
Apc [dB] 49 | 70 | 53 /70 84 | 59 | 52 | 50/62
GBW[MHz] | 13| 02 | 1.3 |6e-3| 13| 4 | 25 10
Power [uW] | 300 | 5 - 0.5 | 460 | - 110 75
C_ [pF] 22 / 20 12 - 14 | 10 10
SE/Dift. S S S S S D D D
Techn. 2 1035 05| 25 |0.705]0.18 | 0.18
[um]
Special Lat. - Lat. | Depl. - - - -
Devices BJT BJT | MOS
100n[1/V] | 95| 28 13 11.4 | 66.7
S. Chatterjee, Y. Tsividis and P. Kinget, "0.5 V Analog Circuit ~ GBW. (g
Techniques and Their Application in OTA and Filter Design," IEEE (A i
Journal of Solid-State Circuits (JSSC), vol. 40, no 12, pp. 2373 - supply

2387, December 2005.
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A 0.5V 74dB SNDR 25kHz
CT ZA Modulator
with Return-to-open DAC



3rd order CT ZA Modulator

.\
R2bp C2p C3p
(145kQ) (7.8pF) (5.2pF)
|/

R1bp C1p
¢DAW) (31 .2|5/pF) Ol

I\
/_: » Nigital

:|: _ tput
Q

R1an
(88kQY)

(275kQ)
I\ I\ I\
p R1bn C1n p R2bn C2n p R3b C3n
bAC (86kQY) (31.25pF) "PAC (145kQ)  (7.8pF)\ " P4C (93k (5.2pF)
N—__~

Using Active RC integrators
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Continuous-time A Modulator:
Need of Return-to-zero DAC

Fs

Vdac DACH—oQ

ISI exists: area for each “1”
depends on its previous symbol.

e\

Rdac

Ri

NRZ VREF:D 9T T
DAC 0 [y >
€ o [ No.of =
VREF- - . !
¢ / Ts 2Ts 3Ts 4Ts 5Ts 6Ts

Vin _W;[>

GND

A typical active-RC
CT SDM stage

No ISI: same area for all “1”s.

N v /)

DAC VREF+

0 y

VREF-

Ts 2Ts 3Ts 4Ts 5Ts 6Ts
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RZ Challenge: Switches at V,,/2

0.25V

0 5V vcm 0V

D0¥ e,

D1/L ¢RZ
0. 5VVC|V| OV

éﬁgozsv

T I
\or

}D‘

! RZ DAC_n

(
\

O

C
|(
I\

! RZDAC_p

0.25V

Q Lo 1 1 Lo oI 1
¢RZ'I  LJ J OJ d J o
Do 1 11
D1 L1 1
DO=Qlg,, D1=QLy,,
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Solution: Return-to-open

| RTODAC_n
v, D1,

Before RZ: ¢
(Q=1) ('/ T

\. DO
S ’ Vdac Vs
Rdac
Problem
switches VX s >
removed V,
A
D1 .
Ts ¢
DO .
Ts ¢
_______ Q'_ l >
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Solution: Return-to-open

When RZ:
(Q=1)

A
D1 | RZ >
Ts t
DO | >
Ts t
_______ q -
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Solution: Return-to-open

When RZ:
(Q=1)

Ts

Ts ¢

.
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RTO SDM: Inter-stage Coupling

| [ | [ 14
I\ I\ \
+ > ST ol
ORI 55 G s Tl
:
| [ | [ 14
I\ I\ \
la | g
R
" |RTO DAC

Unwanted signal paths
when DAC floats
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Split RTO SDM Architecture
P A AP apr— i
e A

AN A 7

ol

o —»l'

Split RTO DAC
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Modulator Detalls

R1bp
¢DAW)

R1ap
(275kQ)

. AW

Vin

R1an
(275kQY)

DAC (86KkQ)

C1p R2bp C2p R3bp

(31.25pF) ¢, 2\ / (145kQ) (7.8pF) &7\ / (93kQ) (
|( |( _|
I\ I\

R2ap
(88kQY)

R2an
(88kQY)

| |

I\ I\

C1n ¢ R2bn C2n ¢ R3bn
(31.25pF) "DPAC (145kQ)  (7.8pF) "PAC (93kQ) (

R3ap
(66kQY)

C3p
5.2pF)

R3an
(66kQY)

Q] _ Digital
Output

5.2pF)

Ts=1/fs

Il

:ﬂ/ 50% duty cycle

1 10% Ts,'\

\—/

BW = 25kHz, fs = 3.2MHz,
Vin,max = 1Vppdiff.

10%Ts delay: to allow the
comparator outputs to fully
settle before the DACs

become active.
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RTO DAC Circuit

VREFP

4|E,_<3pr b2 4|E> Vbp

® pac High:

Q

VDACP

©
|« Vbn [« Vbn
Al Y

¢DAC0— < \V/bn ¢DAC O—|« Vbn
M3 | M7 |

3

VREFN

y Ts=1/fs All the bodies
tied to Vp/2.

Ppac
>
0,
10% Ts © Peter Kinget 53



RTO DAC Circuit

VREFP
Ppc Low:
O
M1 M5
'4E = ‘:“?Béc '4E>pr
M4
0ot 51 oV
fe= vbn e Vbn\
M2] M6 |
D10 0—] e B ic o le Floating.
5
VREFN
9 = All the bodies
Ppac ——— tied to Vp/2.

> &

0,
10% Ts © Peter Kinget 54



RTO DAC Circuit

VREFP
Dpac Low:
O
M1 M5
-°|E>—<E|pr |o¢£/cl>c -<:|E> Vbp
M4
0t 51 PVous
. / “;21_ Vbn YL o Vbr\
Q invalid - ] Floating
for ® low. | ?paco—{{« Foic o[« .
g
VREFN
¢ ﬂr’_, AII the bodies
¢DAC -~ T‘_ tled tO VDD/2'

0,
10% Ts © Peter Kinget 55



Dpac Low:

Q invalid
for @ low.

RTO DAC Circuit

¢DA c

Make
VRGP charge-injection
t - signal-independent.
¢ 3)
= |°£/<1>C *’|E> Vbp
M4 @
® ¢ e—OV
i W a DACP
< Vbn VG :_ Vbn
— pic ole Floating.
b
VREFN
Ts=1/fs _
— 1 AII the bodies
S e W tied to Vpp/2.

0,
10% Ts © Peter Kinget 56



RTO DAC Circuit

Just split M5-M7
for each FB path.

VREFP

. ﬂ;s__l_l_ All the bodies
| tied to V,p/2.
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Waveform of RTO DAC
Same shape for all “1”’s ~ No ISl
DAC — . :

floatingi: % ,/ \,

0.4} OTA
iInput

Qo
W
«—

o
-)

DAC Output Voltage
o
N
)

ot

DAC — | |

active " 34.5 35

35.5 36
Time [us]

Simulated output waveform of 1st DAC |
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0.5V Body-input Gate-clocked

Comparator
. VDD
o 9 ¢
+in o—gp=—dp—o-Vin o p—o
M1 M2 M5 M6
# 5 $Q |5
M3 M4
¢
Hﬂ|—3—|_ o—|E|>C'a|—¢o
¢ M7 M8
Pre-Amp= Latch
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0.5V Fully Differential OTA

Replica of OTA
. M M \/i
+\c/m (3}: A - :lE) VI:? \ ErrorAmp
M']A M']B Vref },g,b,i,a,s,,e,(p,,,,,,,j

\;out R, Rg +V:ut (0.25V) 0 25 o
MzA MzB I T~ 10p
% Vbi — Vbi generating circuit L
Vbn = =
[Chatterjee ESSCIRC’05] [Chatterjee ISSCC'03]

« Measurements on a replica of the 15t OTA:

— Input referred noise:

33nV,,. @10kHz and 12nV, . @1MHz.

rms
© Peter Kinget 60



Die Photograph

NECEHEER Lo 56

0.18um CMOS
Standard V+ (0.5V)
Triple-well devices
0.5V operation

OTA1 OTA2 OTA3COMPE—
= = pac)

- " -

K.P. Pun, S. Chatter éee and P. Kinget, "A 0.5 V 74dB SNDR 25kHz CT Delta-Sigma Modulator with
Ilz?eéurn-to-zcgggn DAC"in IEEE Internahonal Solid-State Circuits Conference (ISSCC), pp. 72-73,
ebruary :
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Power Spectral Density [dB/bin]

20T

40}

-60F

80}

-100T

-1207T

-140,
10

Measured Output Spectrum

FFT points = 64000
Res. BW =50 Hz

100 1K 10K 100K 1M
Frequency [Hz]

@Vin = -4dB Vref, fin = 5kHz
(Vref =1Vppdiff.)

2" harmonic < 83dBc
3" harmonic < 88dBc
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SNDR [dBI

Measured SNDR versus Vin

o
ok [PeakSNDR: 7

60

e e o
a S
o
“

0 (S T S S S -

-70 -66 -56 -4io -3io -2b -16 0
Vin/Vref [dB]

(Vref = 1Vppdift.) © Peter Kinget 63



Performance Summary at 25°C

Modulator type 1-bit, 3rd order, continuous-time
Signal bandwidth 25 kHz
Sampling frequency / OSR 3.2 MHz / 64
Input range 1 Vppdift.
Supply Voltage 0.45V 0.5V 0.8V
SNDR @ Vin = 1Vppdiff. 71 dB 74 dB 74 dB
SNR @ Vin = 1Vppdiff. 76 dB 76 dB 74 dB
Power consumption (total) 370 pWw

Sigma Delta Modulator 300 pw

(filter + comparator + DAC)

Output buffers 70 W
Active die area 0.6 mm?
Technology 0.18 um CMOS

(standard V-, triple-well, MIM, and HiRes Poly)

© Peter Kinget 64



SNR or SNDR [dB]

SNDR versus Vj,

100

I
OO ot e R e e —#—SNDR |

S SO N W
P I S S S R
Y B — S RN WS N
2ok S— S S S— S )

1| SRS S S S S S T 1

0 | | | | | |
0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8

.Power supply voltage [V]
@25°C and Vin = 1Vppdiff.
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SNR or SNDR [dB]

SNDR versus Temperature

100 Y
i : : : : : —E— SNR
e I A A el
70
b0
50
40
30
20
10
B I N B D N R
20 30 410 50 60 0 a0 90 100
Temperature [°C]
@Vpp = 0.5V and Vin = 1Vppdiff.
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Performance Comparison

VDD | Type | SNDR | Bandwidth | Power | Area | CMOS FOM
[V] [dB] [kHZ] [UW] | [mm?] | [um] [109/J]
Grech 1999 1 SO 56 3.9 1500 | 0.9° 0.8 1.3
Keskin 2001 1 RO 78 20 5600 | 0.41 0.35 23
Matuya 1994 1 CT 51 192 1560 | 2.53 05 |(LowVT| 36
Dessouky 2000 | 1 SC 85 25 950 | 0.63 | 0.35 Gate 381
boost

Yao 2004 1 SC 81 20 140 | 0.18 | 0.09 1310
Ueno 2004 09 | CT | 50.9 1920 1500 | 0.12 | 0.13 366
Peluso 1998 09 | SO 62 16 40 0.85 0.5 410
Sauerbrey 2002 | 0.7 | SO | 67 8 80 |0.082| 0.18 58
Ahn 2005 06 SRC| 77 24 1000 | 288 | 035 | Low VT | 138
This work 05 | CT 74 25 300 [ 0.6 0.18 340
*=SNR only; ** Estimated from die photograph; BW
SO = Switched Opamp; CT = Continuous Time; FOM =resolution x
SC = Switched Capacitor; RO = Reset Opamp;

SRC=Switched-RC © Peter Kinget 67



Analog design techniques at 0.5 V

« How to do CM rejection?
Use local CM feedback & rejection
Use CM feedforward cancellation
Separate CM signal rejection and CM DC biasing

* How to increase DC gain?
Use negative load conductance

« How to use strong inversion operation?
Forward Body Bias to reduce V;

Extensive use of the body terminal
Extensive use of on-chip tuning & biasing

Architectural changes to eliminate signal path

switches
© Peter Kinget 68



Looking ahead



0.5V 900MHz RF Front-end

* 0.18 um CMOS
* Low-V; devices

Mixer  LNA/MIXER
— NF 8.8 dB
Bar;:l — Gain11.50r-7 dB
e = _ ICP -23 dBm
- 5mW

(w/ LO Buffers)

N. Stanic, P. Kinget, and Y. Tsividis,"A 0.5 V 900 MHz CMOS Receiver Front End,"”
IEEE Symposium on VLSI circuits, June 2006. .
© Peter Kinget 70



0.5V 1 Msps 60 dB SNDR Track&Hold

*0.25 uym CMOS
*|V+|=0.6V

* MIM caps
* High-res resistors
* Triple well nMOS

S. Chatterjee, and P. Kinget, "A 0.5-V 1-Msample/s 60-dB SNDR Track-and-Hold
Circuit," IEEE Symposium on VLSI circuits, June 2006 © Peter Kinget 71



Complexity

ELLL L L LY L]

BEENENERENEE

LPF + Tuning

0.5V Analog Roadmap

Full Interface

DT AX Converter

RF Front-ends

Basic blocks

2004

| | Gate-input
Body-input OTA & Biasing
OTA 0.5V Varactor

2005

Comparators

2006
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Other Challenges in nanometer CMOS

« Gate leakage.
« Sub-threshold leakage.

» Reduced body-eftect [vonAminos]:
VT E & tox & gmb &

Other Opportunities in nanometer CMOS

« Many V; choices !
* Novel devices.
« Extensive Digital Calibration & Correction.
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CMOS Trends: On chip Clock Speed

45

401

[ITRS'04]

0 | 1 1 1 1 1 1 1
2000 , 2002 2004 2006 , 2008 2010 2012 2014 2016

130 90 b5 45 32 22
Technology node [nm]
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