Amirkabir University of Technology

(Tehran Polytechnic)

Department of Electrical Engineering

B.Sc. Thesis

Design of CMOS Three-Stage Operational Amplifiers for Fast-Settling

Switched-Capacitor Circuits

By

Mohammadreza Karimi

Supervisor

Dr. Mohammad Yavari

November 2021



JUSCISOV -2 UV LWt K
() SSS b)
By (w0 0SS

(SS9 piSN a5 (ol )18 4l L

Olone
s low ;0 CMOS ailb aw Jldoe gbroniss cogls 21k
& o i b 535 005 9z g

= .

oS

‘SAJO;LOO)M

Lol y &Ll

$9k demo yiSo BT Gl

VFeo so0




s ald 4o é&@

3y 331 ad el 4 liugss o

byl stogh IS Jol Giaghy (nl )0 e s a5 ped oo e gou )5 Lo jhezme il
el 0033 5 @l YL L mhaw wp S jae gd 5Ll 6l WS rme ol
059 Jadlus jliel ax o sl olRiils Jawgy oals jolo diast S jan ¢ log o o Gy Sl Oyg0 4o

lls walys ETHENYS ,...iu“/"? &> olRails 4

oolaiwl 4565 1 ail oo S el i oBiils 4y Blaie ael LG cpl 5l ol Bsd> 5 guli als
bl ladl g a5 (g 1o ass ST g Ol b 1,50 4 Sledbl (6,135, ‘Gl.o.c96<,l.c@l.‘u)‘l

ool glod 35l 85 L e s



A o O
pyolo 9y
Codlo o LialSs j as
oo b, L3, 5l g
i g0l 1y (ol | L o 51 9
) 295 g wivy 5 ol a1y b itk (it dS oyl o diaslgs 51 a5 (5l 4y 90 ]
ploslimsl T 30 (ygaST a5 (ALGL 4 cpo B 50,5 las Doli 9 Mo Dy

"oy

ol 08595 0,5 Loy as ol gl (gods juw g e A LT @ g



S g y3 S

sy oy ol )0 aS maled (oo o 55k S BT Cliz il 3 slil ay 1) 095 bew (5 dilaas
Dgad (g0 JSde s 4ol (Ll cpl (el ligl 0l 3 sla olesaly ey g Al ogy e S
ol o Wi, S oage pwly ael LU pl gyl a5 Ll s ESo LsLéT Aoz )l ol 5l e

~r°)‘}i‘*‘l=:*”



o..\g,i.g

@ o)l )13 els 4y s baysin 55 (S 0y do gt 515 o3Il falS g Sl Sl ple 28yt b

e Gre 4y aiS e Lol ) b 5l 090 slo (T atl SO GleoaisS Cosl S0 e en
i o 4ol Ll el 43,5 15 ale ol ol azg5 500 dibs diz (glboaiiSiy i 3l eslitl
4 Slol sla dad o adlol OIS pl 5l (SO 00,5 ol e 40 (6 ks M Sl ey
ol G2l sl e e 4 Sl e Wb Sl SRS rizren g dten Al (g luly a5 g e
e a4 gile Gl pean 0,5 LI L Lo bz (pl (o 05h oo colainl (gile e Sl 51 3
Shlae (b 5o g0y la (S (B 5l s s dta dil> g )lil (il JLs 4 Lol
5 4 Jelse (nl (Som oS (Bran Gls g Centd S5 g (o i (Bran Sl aloz S0l 575 ST
Ol 5o sl (o0 SR else )0 st 4 e Jele S a5 L 21381 a5 (6l S a4 st axdlas o
Sl 32855 g el (LL (pl o Bas LBly 10 0S5 oy Jalse (ol 6l (6T A alal sods s 059
el s AT 8590 Canndd 283 5 Gloj 4 4z g3 b e (Bpae Gl sl See e (RS &
aS cpl e 4y G55 onisd gdaw Ol jo sl cplas cnl ] pacen Caid C8o ¢ lo ) Coonl
e gy e o 4 355 plo] (Sinn 85 it by i 3 s il sl 6 e JU
ol s 23 5 o) e i odisd g Sllhe y0 BakoS ol 3 oo b s o soliul
e (o) TR MATLAB (la 1331 0 5 5l Gadiod (nl 0 bl (o0 (il sla el il (o yotn 9 025
Ve 350955 5 cymizan ensd 00y ooliias] (g yhe zrhans jo HSPICE 1531 o5 5 o grbans o
Olg a5 oald 2l (glae culs ool lonsgi 4 axgi Loy Liwl) aed 1o ool 00,5 ool yegils
St d gl sl 5 Sl (o) 5 Vel 2t i 5 4 GTCMRR g0y 0 s Blus (8 pae
ailgl V.F s lej o yo + 0V 8o (28 5 (ol 0 b izmen Clls dalgs 35,086 Vel iy

Sy p22leS e (5o

58 5l ol (531 edigd gdgw Ol lae CMOS aib ¥ ooisS Cogis : oS WlodS

e 555 g (GBpe IS ¢ s Cann



Ve Eodse Coadl 5 L5 -)

Y e asls L ClaakY-)

¥ e asl Ll Ll -¥)

B e R adgl pudlin 00 fad ¥
N ettt et e as st et s s 88 88 R £ 888 R e R e St o pagie -1V
T, 0 0 Y=Y

Y e e &\l —Y-Y
Ao by cligy —$-Y
S, Byan i —0-Y

Nttt et e b e a4 48 1R8£S 21 Rk 40 e e Rk et e e es st e ==Y

Q e el 3 3l e VY

) et et s s s et s s s s e NMC g, @ g3lw ol -V-V-Y

) ettt et et ek e et et e et RNMC g, 4 glail > -V-V-Y

N ) st s s 5 odzma (Sikw ol sla,lisle 4y gl o Ll -Y-Y-Y

L1 O, b 4w jlow olb sy gy 0 (5y950 pow Jad ¥

N oo oo e ‘SaLM@‘)bLﬁg)p)LQngéf

TN ettt e ettt e e e st et st a e st e s e sesserane Mmﬁw&ﬁJ&wﬂbT—\—f



N A ettt et st e ettt se st et e e set et et sessemsas et senerasasen -WW) M)A W AS/))J LJL\.iA.M: )J.Ilj—v—f
N A et et st e ettt e et st s see st e sensnasenne MM}QW&‘ﬁGBWM‘)Gm))J—V—f
7 ettt ettt st et et et ses et s et sea e s et eea e e s aeteta e e et senea e setsemeaneesen et semeunsesssnan dw 4\..\.:).A )L,\.A ).)5.: Lsu)).g—f—\c
¥+ et b cilise sl plS o sl ol em 4y (g o >,k IS g, ~0-F
N ettt e sea e et st e sen s st ev st st sas e sea s senas alfs g_:l.oﬁl.!.o UQWUM5GL"‘ )‘».Lo ‘_s_"i).:.c -#-¥
YF (olgiing b Uiy, 5l e ) 3ais o, NMC ols e jo o] ig, ~V-F
L, Silwad s oy fad O
Qe s s e Ololpsdion 9 (5 5 Al s Juad £
B ) ettt 1 R 1 RS 4RRRRR8  R &‘)“’



Ao [F- 3 L) w)-éﬁ

Qe es e et et s et e ke s sy 3l 50 oleyS g S8 g Jaw (V-Y) S
|1 TR Sl b )o[ 0] &= o o oad oolaiwl jlae :(V-Y) S
LI ORI Sole b o [A] &= o o oad oolaiwl jlae (Y-Y) JSCo
Y0 et er e s e s s e e [2] & po 5o oo oolaul jloe (YY) JSo
N e s s e s [Ve]a po 5o oot oolaal jloe (F-Y) S
VY s (VY55 20595 58 50 5315 gedem o ails G 5l Jow «(O-Y) JSi
N ettt et ettt en et asrnnees [VY] & 0 5 odds ookl Hlae (F-Y) S
Y ettt et et et e Rt e et [VY] & o 0 ead eolaiul jlae (Y-Y) S
Y ettt et e s Rt [VA] & 5o 50 oo solaiul (gl by Sl «(A-Y) JSo
| [OOSR [Va] 250 SR (s5les Jow b (cagas 0aisS Cogis  oably Sileds (A-Y) JSo
VY s e [Va] &5 0 SR (g5l Jow b (coges 00iS Cogii Jolae aseus () +-Y) S
T et s st Gt (ol jo eolaiul 8590 Al A o L5 7 )b (VN -F) S
LAY [V gz o 50 oo eolaswl J51o s 30 0 Jos b (a5 ¥ a5 pe et (V=) S
| 1 OO Gilwlaz Jelge cus 5B il g onds g5l Jlop cuid o) loged (Y-F) i
YA e ess s e 129 oy Sl NMC oo Cusdi Jloe S8 JUSw Jow «(F-F) S
TV et e s st e e Sl Ojgo A b cpl jo onl Wl gy (O-F) S
0 et e sess et s e et Guizs ol eolatnl 5,50 NMC e o(P-¥) IS
YA et e MATLAB 158l o5 0 Jol adds 3395 4 bogs po Jaslg, o5 o(V-¥) JSCo

T e MATLAB 38l 6,5 )0 pgo atbs 65 4y bogs e Jalg, a8 o(A-F) S



Y9 e MATLAB 53l 55 )5 ages dils 316 4 bogs e dailg, o8 (3-F) S5

K ettt et e MATLAB 58l s, j0 &Yolee Jo g, () +-F) S
| ORISR HSPICE ;o jlae Sloj (o5l ancds jo oolaiwl 090 o :(V-0) IS
Y e s s s s e S JTows! slo gdge a4 bgs o &l s (Y-0) S
FF s HSPICE 1381 o 5 10 (5loe o jo canis o g jlowe aly el ioled (Y-0) S
F 0 et et e s e dww adl>DC > 0 AC (g3l accs (F-0) IS
AT HSPICE 1331 o5 )0 AC (g5lw ants L (GB ail> g 0 0 ) onilS 8 sl o led :(0-0) S
| OO OON MATLAB |33l 65 10 29,5 529 PSD 4y by o a8 «(F-0) IS
Y ettt e e AC g5l anss 0 (29,5 29 PSD isled (Y-0) S



dAoiuo L Jaus Cow pid

VY.calide glallas lil a gslulas Jolse bl oads (g5l Jbo i Conciis oy polas
OO b 6 s ;o polas polie
e MATLAB 138l 5 5 5l solawl b Y gpme 4y oliws
Y s Joe o 5 polae g b jgius 3l 5 ol Jga
Y Lod 5 (65809550 (slo aligS (o 5oy ;0 (g3l dcd bl Jgo>



aol o5l

Saturation

Tradeoff

Gain

Bandwidth

Open-Loop Transfer Function
Closed-Loop Transfer Function

Noise Transfer Function
Transconductance

Fully-Differential

Operational Transconductance Amplifier
Single-Ended

Power Consumption

Nested Miller Compensation
Reversed Nested Miller Compensation
Noise Power Spectral Density

Phase Margin

Load Capacitor
Compensation Capacitor

Settling Accuracy

e

Ol g 03

o e

3l sl

5k adl> has &

29 ko &b
LW

Jol5 Lolas

Sleles 0aiS 2ok

o ST

SErae Olg

§ 20 ¥ ke sile Bl
oS 55 50 55 e (g3l ol
328 Ol b JB

38 sl

Lol

e Ol o3l

. o &:;‘5 K



Linear Settling Time
Nonlinear Settling Time
Normalized Settling Time
High Speed

System Level Simulation
Circuit Level Simulation
Figure of merit

Feedback Factor

Frequency

Bias Circuit
Switched-Capacitor Circuits
Slew Rate

Common Mode Rejection Ratio
Noise

Thermal Noise

Left Half Plane

Right Half Plane

(b Sl o

b b S Glo

a5 il Jlo S ol
P IR

(o s 3 (g3l Ay
Sl w50 (55l ad

>

ol 2

oLl e

) odgd g e
A>T TS

S i > Bi> F
»y

b ns



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

&l o

R. Eschauzier and J. Huijsing, Frequency compensation techniques for low-power
operational amplifiers, Kluwer Academic Publishers, 1995.

M. Yavari, “Active-feedback single Miller capacitor frequency compensation techniques for
three-stage amplifiers,” Journal of Circuits, Systems, and Computers, vol. 19, no. 7, pp.
1381-1398, Nov. 2010.

S. Liu, Z. Zhu, J. Wang, L. Liu, and Y. Yang, “A 1.2-V 2.41-GHz Three-Stage CMOS OTA
With Efficient Frequency Compensation Technique,” IEEE Trans. on Circuits and Systems-
I: Regular Papers, vol. 66, no. 1, pp. 20-30, Jan. 2019.

M. Yavari, N. Maghari, and O. Shoaei, “An Accurate Analysis of Slew-Rate for Two-Stage
CMOS Opamps,” IEEE Transactions on Circuits and Systems—I1: Express Briefs, vol. 52,
no. 3, pp. 164-167, Mar. 2005.

M. Yavari, O. Shoaei, and A. Rodriguez-Vazquez, “Systematic and Optimal Design of
CMOS Two-Stage Opamps with Hybrid Cascode Compensation,” Design Automation and
Test in Europe, DATE, Munich, Germany, pp. 144-149, Mar. 2006.

A. Pugliese, G. Cappuccino, and G. Cocorullo, “Design Procedure for Settling Time
Minimization in Three-Stage Nested- Miller Amplifiers,” IEEE Transactions on Circuits
and Systems I1: Express Briefs, vol. 55, no. 1, pp. 1-5, Jan. 2008.

A. Pugliese, F. A. Amoroso, G. Cappuccino, and G. Cocorullo, “Settling Time Optimization
for Three-Stage CMOS Amplifier Topologies,” IEEE Transactions on Circuits and Systems
I: Regular Papers, vol. 56, no. 12, pp. 2569-2582, Dec. 2009.

H. Shokri and M. Yavari, “A Systematic Design Procedure for CMOS Three-Stage NMC
Amplifiers,” European Conference on Circuit Theory and Design, ECCTD, Antalya,
Turkey, pp. 499-502, Aug. 20009.



&=y

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

R. Nguyen and B. Murmann, “The Design of Fast-Settling Three-Stage Amplifiers Using
the Open-Loop Damping Factor as a Design Parameter,” IEEE Transactions on Circuits and
Systems I: Regular Papers, vol. 57, no. 6, pp. 1244-1254, Jun. 2010.

M. Yavari, “A Design Procedure for CMOS Three-Stage NMC Amplifiers,” IEICE Trans.
Fundamentals, vol. E94-A, no. 2, pp. 639-645, Feb. 2011.

S. Seth and B. Murmann, “Settling time and noise optimization of a three-stage operational
transconductance amplifier,” IEEE International Symposium on Circuits and Systems
(ISCAS), pp. 205-208, May 2012.

S. Seth and B. Murmann, “Settling Time and Noise Optimization of a Three-Stage
Operational Transconductance Amplifier,” IEEE Transactions on Circuits and Systems I:
Regular Papers, vol. 60, no. 5, pp. 1168-1174, May 2013.

S. Golabi and M. Yavari, “Design of CMOS three-stage amplifiers for fast-settling switched-
capacitor circuits,” Analog Integrated Circuits and Signal Processing, Springer, vol. 80, no.
2, pp. 195-208, Aug. 2014.

M. Yavari and T. Moosazadeh, “A single-stage operational amplifier with enhanced
transconductance and slew rate for switched-capacitor circuits,” Analog Integrated Circuits
and Signal Processing, Springer, vol. 79, no. 3, pp. 589-598, Jun. 2014.

G. Giustolisi and G. Palumbo, “Design of CMOS OTAs with Settling-Time Constraints,”
25th IEEE International Conference on Electronics, Circuits and Systems (ICECS), pp. 505-
508, Dec. 2018.

G. Giustolisi and G. Palumbo, “In-Depth Analysis of Pole-Zero Compensations in CMOS
Operational Transconductance Amplifiers,” IEEE Transactions on Circuits and Systems I:
Regular Papers, vol. 66, no. 12, pp. 4557-4570, Dec. 2019.

F. Alizadeh Arand and M. Yavari, “A Comprehensive Analysis of the Noise Power of Three-
Stage OTAs in Switched-Capacitor Circuits,” Iranian Conference on Electrical Engineering
(ICEE), Tabriz, Iran, pp. 1-5, Aug. 2020.

G. Giustolisi and G. Palumbo, “Efficient Design Strategy for Optimizing the Settling Time
in Three-Stage Amplifiers Including Small- and Large-Signal Behavior,” Electronics, vol.
10, no. 5, pp. 1-19, Mar. 2021.

G. Giustolisi and G. Palumbo, “Design of Three-Stage OTA Based on Settling-Time
Requirements Including Large and Small Signal Behavior,” IEEE Transactions on Circuits
and Systems I: Regular Papers, vol. 68, no. 3, pp. 998-1011, Mar. 2021.

G. Giustolisi and G. Palumbo, “A gm/ID-Based Design Strategy for loT and Ultra-Low-
Power OTAs with Fast-Settling and Large Capacitive Loads,” Journal of Low-Power
Electronics and Applications, vol. 11, no. 2, pp. 1-17, May 2021.



&=y

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

G. Giustolisi and G. Palumbo, “Design of Three-Stage OTAs from Settling-Time and Slew-
Rate Constraints,” IEEE International Symposium on Circuits and Systems (ISCAS), pp. 1-
5, May 2021.

J. Ruiz-Amaya, M. Delgado-Restituto, and A. Rodriguez-Vazquez, “Accurate Settling-Time
Modeling and Design Procedures for Two-Stage Miller-Compensated Amplifiers for
Switched-Capacitor Circuits,” IEEE Transactions on Circuits and Systems I: Regular
Papers, vol. 56, no. 6, pp. 1077-1087, Jun. 2009.

P. Prasopsin et al., “A Sub-Microwatt Class-AB Super Buffer: Frequency Compensation for
Settling-Time Improvement,” IEEE Transactions on Circuits and Systems II: Express
Briefs, vol. 65, no. 1, pp. 26-30, Jan. 2018.

H. Ju et al., “A Hybrid Miller-Cascode Compensation for Fast Settling in Two-Stage
Operational Amplifiers,” IEEE Trans. On Very-Large Scale Integration (VLSI) Systems, vol.
28, no. 8, pp. 1770-1781, Aug. 2020.

G. Giustolisi and G. Palumbo, “Three-Stage Dynamic-Biased CMOS Amplifier With a
Robust Optimization of the Settling Time,” IEEE Transactions on Circuits and Systems I:
Regular Papers, vol. 62, no. 11, pp. 2641-2651, Nov. 2015.

G. Giustolisi and G. Palumbo, “Design of CMOS three-stage amplifiers for near-to-
minimum settling-time,” Microelectronics Journal, vol. 107, no. 1, pp. 1-10, Jan. 2021.

G. Giustolisi and G. Palumbo, “Robust design of CMOS amplifiers oriented to settling-time
specification,” International Journal of Circuit Theory and Applications, vol. 45, no. 10, pp.
1329-1348, Oct. 2017.

Dastgheib, A., & Murmann, B. (2008). “Calculation of total integrated noise in analog
circuits, ” IEEE Transactions on Circuits and Systems-1: Regular Papers, 55(10), 2988—
2993.



Abstract

Three-stage amplifiers are recently used to achieve high dc gain and large output
swing in low voltage nano-meter CMOS technology. To insure their closed-loop
stability, the nested Miller compensation (NMC) and reversed nested Miller
compensation (RNMC) are mainly used.

On the other hand, in high speed switched-capacitor circuits, the load capacitance
is small and the amplifier is needed to settle within a specific time with a desired
settling accuracy. Therefore, the transient settling performance is among the most
critical aspects of high-speed amplifiers used in switched-capacitor circuits.
GBW product is another main metric that used to evaluate the speed of OTA.

In this project, a time-domain design procedure for fast-settling three-stage
amplifiers is presented. In the procedure design approach, the amplifier is
designed and simulated using a standard 90 nm CMOS technology .For system
level design we used MATLAB and for circuit level design we used HSPICE.
The design is targeted to achieve 0.02% settling accuracy within 10 ns while
driving a 2 pF effective load capacitance from a single 1.2 V power supply in a
single-ended S/H configuration. The achieved unity-gain frequency and phase-
margin are about 212MHz and 63.3°, respectively. In this design procedure value
of parameters is optimized for a given circuit noise and settling accuracy and
settling time to achieve a low-power and robust design.

Key words: Three-stage operational amplifiers, Nested Miller Compensation,
Small-signal and large-signal settling times, Circuit noise, Switched-capacitor
circuits, Power consumption, DC gain, Bandwidth, Phase margin
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