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Design Specifications

Table 1: Opamp design specifications.

Parameter Specified Value

Technology TSMC 180n CMOS
Supply voltage, Vpp 1.8V

Typical load 100kQ2||2pF

>b0MHz for ECE 411
>200MHz for ECE 511

Unit gain frequency (fun)

Open-loop gain (Aor,) > T5dB
Slew-rate (SR) > 500%
Phase margin (¢,;) = 63°
Power consumption Minimum possible
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Two-Stage Opamp

Used to lower the gain at high frequencies (compensation)

I I Provides current gain

L P -

Diff-amp Gain stage Buffer

Figure 24.1 Block diagram of two-stage op-amp with output buffer.

Vishal Saxena <vishalsaxena@boisestate edy>



Two-Stage Opamp

VDD VDD VDD
Parameters from Table 9.2
| with biasing circuit from
M3 M4 Fig. 20.47. Unlabeled NMOS
) are 50/2 and PMOS are 100/2.
M7 Scale factor 1s 50 nm.
Vin Vp R:
flMr o |2 c.
T I I L 3 Vom‘
VE}:’MS . M6T [
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100/2 8 Vp | i
Vbias4 100"{ 2 MSB Vour
M6B Vi B
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Figure 24.2 Basic two-stage op-amp.

Op-amp schematic symbol
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Design Equations
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Two-Stage Opamp —Zero-Nulling R @

VDD VDD VDD VDD
_l_
Mpl
# M7
| B Mpz] qﬁ
J _n Vout
o ] - ] j
< < <

Figure 24.15 Making the zero-nulling resistor process independent.
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Two-Stage Opamp —Voltage Buffer @
Compensation

| T = ij] @,
]
&

Figure 24.16 Using an amplifier to eliminate forward signal feedthrough
via the compensation capacitor.
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Two-Stage Opamp —Common Gate @
Compensation

VDD VDD VDD VDD
E AFTML‘
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v, | . ]‘ T Vour = V2
V bias3 - _ _
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Figure 24.17 Feeding back a current indirectly to avoid the RHP zero.

Vishal Saxena <vishalsaxena@boisestate edy>



Class-A Stage: Slewing

VDD VDD
_I_

Bias circuit Viast
in Fig. 20.43 [ Mz

Slew rate

= N
e 0.8
Use the long-channel i _—{ E M1
sizes and biasing
seen in Table 9.1. 4

Figure 21.18 Slew rate limitations in a class A amplifier.

Output

0.0 : . ; ; ;
/_u i00.0 200.0 20000 100.0 Eoon. 0

Input transitioning tine S

Figure 21.19 Verifying the results in Ex. 21.5
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Class-AB Stage: Floating Current Mirror @

VDD

Ideally at Vif_;hgl Viast ——

VDD
Idﬂﬂll}" H_T_E/E:iﬂsl Vbias2 =8
____________} )
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|
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5 4 14 | +—————— Out
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— MFEFCN :
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V-!Jr'aﬁ ‘ |
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= ] o s
Stage 2
beﬂ£4 ‘
<
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Bias voltages come from Fig. 20 47 (short-channel parameters in Table 9.2).
Unlabeled WMOS are 50/2, while unlabeled PMOS are 100/2.

Figure 20.49 Biasing with a floating current source.
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Two-Stage Opamp —Telescopic with Class- @
AB Stage

Parameters from Table 9.2.

VDD
VDD VDD VDD Unlabeled PMOS are 100/2.
Viias1 \IST Unlabeled NMOS are 50/2.
L — T | Bias circuit from Fig. 20.47.
M3T | ] )| M9T
- — | VDD
: M4B
M3B 3*‘5{ [ Vbias2_ | M9B T
M5B _| ® j "“:MOP, 1000/2
MFCP

| | Voeas 57 | ] 502
MIT j . M2T 7 @ v

| | ”‘f‘”—{ ES;“Q C s out
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10/10 l y 240 iF
Vin [‘ MIB F MCM M2B Vp * % MON, 500/2
—e \
VbiasS — 150/2, M6T .
MST Note compensation
] capacitor connection
Vbiasa 150/2, M6B MSB for good PSRR.

=]

Figure 24.29 A CMOS op-amp with output buffer.
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Folded Cascode OTA

Biasing from Fig. 20.47. VDD VDD VDD VDD
Sizes given in Table 9.2. | \_‘ M5R |
MﬁLTp ”b- ql— Al Mé6R
‘ . + M6L &—— |
| | 1 ?
VP‘_ M1 M2 ‘ Fm M7 l - me.s? S MS
| . I vc:-uf
+_ : b S
|
[ ; — C
M3LT Vbias3 M10 %7 L
B . M3RT B M9 -
[ Vbias4 T
M3LB | VI3RB | M12
Ml11
‘%7 N ‘%7 N

Folded-cascode stack
Figure 24.42 A folded-cascode OTA.
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Two-Stage Opamp —Folded-Cascode with
Class-AB Stage

Biasing from Fig. 20.47. VDD VDD VDD VDD

Sizes given in Table 9.2. L J
S S—
| 1

+ Vour
| 25/2 @
® I rMON
Vbias?n M9 MI10 L ~
B l 240 {F
Vbiass _ M11 | M2

Il -l I <)

Figure 24.44 Folded-cascode op-amp with class AB output buffer.

Vishal Saxena <vishalsaxena@boisestate edy>



Two-Stage Opamp —Folded-Cascode + @
Class-AB Stage, Full-rail input CMR

VDD VDD VDD VDD VDD VDD
| | B i
Vbias1 ' s ] F) I~ 0
I )\ - O
! VDD
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I - 7
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Biasing from Fig. 20.47.
Unlabeled NMOS are 50/1.
Unlabeled PMOS are 100/1.

Figure 24.48 An op-amp with an input common-mode range that extends
beyond the power supply rails and that can drive heavy loads.
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Two-Stage Opamp —Gain Enhancement @

Biasmng using Fig. 20 47.
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Figure 24.51 Folded-cascode op-amp with class AB output buffer and gain-enhancement.
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Two-Stage Opamp —AC Response

vom‘

100 MEG

DC bias 7 j; T 10uF

N

Figure 24.9 Circuit configuration used to simulate open-loop frequency response.

dB

&0.0

|A0£(f)| 40.0

Caveat:

A Gain margin

-z0.0

@ Don t use th IS method. o 010"3 1074 10 10%6 07 108 103
legress —— philwout )

« Use STB analyS|S Wlth |pr0be Zdou(f) 200.0 \

:
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C.=24pF
S R. = 6.5k
Figure 24.13 Adding a zero nulling resistor to the op-amp in Fig. 24.8.
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Two-Stage Opamp —-Step Response

Cc — 24PF 040 0n.s0 n..su 0.70 T;;D 0. 90 1.00
R. =65k

Figure 24.14 Good step response of the op-amp with the zero absent.
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Spectre STB Analysis

« The STB analysis linearizes the circuit about the DC operating point and

computes the loop-gain, gain and phase margins (if the sweep variable is
frequency), for a feedback loop or a gain device [1].

« Refer to the Spectre Simulation Refrence [1] and [2] for detalls.
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Example Single-ended Opamp Schematic
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@ STB Analysis Test Bench
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DC Annotation
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Simulation Setup
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Bode Plot Setup
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Open Loop Response Bode Plots
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* Here, f,,=152.5 MHz, PM=41.8°

* Try to use the stb analysis while the circuit is In the
desired feedback configuration

* Break the loop with realistic DC operation points
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Transient Step Response Test Bench \
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Small Step Response

Transient Response .

— fwin — out
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* Observe the ringing (PM was 41°)

« Compensate more
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Large Step Response
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* Note the slewing in the output
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Miller Compensation

VDD VDD

M8T

Unlabeled NMOS are 10/2.
Unlabeled PMOS are 22/2.

VDD
M7
CH:zzo/z :
: |
C |
\[]*‘--"Vout !
Clhot@ 1 |G
::: 30pF
|
100/2 :V
|

Compensation capacitor (C.) between
the output of the gain stages causes
pole-splitting and achieves dominant

pole compensation.
- gm2
1

An RHP zero exists at C.

* Due to feed-forward component of

the compensation current (ic). g,
The second pole is located at Ci+G,
. . . gml
The unity-gain frequency is =
y-9 q y fion 27C.

A benign undershoot in step-
response due to the RHP zero

“*All the op-amps presented have been designed in AMI C5N 0.5um CMOS process with scale=0.3 ym and L,;,=2.
The op-amps drive a 30pF off-chip load offered by the test-setup.
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Drawbacks of Direct (Miller) Compensation

M6TL

MBE—O‘ L Qg

::| M6TR
M6BL Vbias4

VDD,
M7
[220/2 :
|
C. !
L Vow
10pF | @ | C,
—— 30pF
|
|
100/2 :V
|

M8T

\;;\/IGBR

Unlabeled NMOS are 10/2.
Unlabeled PMOS are 22/2.

Saxena

100/2

The RHP zero decreases phase
margin

* Requires large C. for
compensation (10pF here for a
30pF load!).

Slow-speed for a given load, C,

Poor PSRR

 Supply noise feeds to the
output through C..

Large layout size.

Vishal Saxena <vishalsaxena@boisestate edy>



Indirect (or Ahuja) Compensation

VDD VDD VDD « The RHP zero can be eliminated by
= blocking the feed-forward

@ g compensation current component

by using

|
| |
v N
= m M2 e Co l
Lo x. + Acommon gate stage
|
|
|
|
|

—— 30pF °

worT]| Vbiaiieﬁ'J _ Lo 1] A voltage buffer,
MeBL || Vbissa | gi' M 10002 « Common gate “embedded” in the

| M@@ ME@ e cascode diff-amp, or
Unlabeled NMOS are 10/2. )
Unlabeled PMOS are 22/2. x10 A current mirror buffer.

An indirect-compensated op-amp  Now, the compensation current is

using a common-gate stage. fed-back from the output to node-1

Indirectly through a low-Z node-A.

« Since node-1is not loaded by C,
this results in higher unity-gain

Saxena frequency (f,,).
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Indirect Compensation in a Cascoded Op-

amp

M4T

M3T b—o—q
M4B |

M3B VbiasZ d i

V .
M6TL Ib bias3 |
|
I

[ \;| M6TR MmsTI
Vbias4 4 J

M6BL —]
M6BR M8B

Unlabeled NMOS are 10/2.
Unlabeled PMOS are 44/2.

Indirect-compensation using
cascoded current mirror load.

VDD
VDD

\Y ias
bb#% ) ma VDD

M3

Vout i
' T
h{ M1B 10/1OFQ @
i 30pF

Vbias3 ‘ ’J?’O/Z ‘ 100/2 i

M5T! maT!

Vbiasa | [ 30/2 |

\ !
M5B M8B

100/2

Unlabeled NMOS are 10/2.
Unlabeled PMOS are 22/2.

Indirect-compensation using
cascoded diff-pair.

Employing the common gate device “embedded” in the cascode structure for
Indirect compensation avoids a separate buffer stage.

v Lower power consumption.

S ax‘e/:n Also voltage buffer reduces the swing which is avoided here.
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Analytical Modeling of Indirect Compensation

| Vout The compensation
current (i) Is indirectly
D)\ffﬁ{,ﬁﬁgf' Gain Stage fed-back to node-1.
Block Diagram
~__out out
@ 'c 1/sC,+R, @
+ ’/ C. +
T R is the resistance
gleSCD Ric G gm2v1Q> R: . G2 Veu  attached to node-A.

Small signal analytical model

Saxena
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Analytical Results for Indirect Compensation @

Pole-zero plot

Pole p, is much farther away from f..
v" Can use smaller g,=>less power!

LHP zero improves phase margin.

Vo _ —Av[ | +bl§ J
Vs |l +as+tays +ass
IR - 1
1™ R.C. LHPzero
1 1

al gm2R2R 1 Cc

- _(ﬂ _ ngRICc N _gmch
= da C2(RCCC T Rl Cl) | CLC'I

: a
Much faster op-amp with lower power p,~--2 = _[ S }
i a3 RCCC RICI
and smaller C. o
. A g
Better slew rate as C is smaller. - PPy oml
C fi;,!ﬂ 27[ 2TCCC

Saxena
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Indirect Compensation Using Split-Length Devices

« As VDD scales down, cascoding is becoming tough. Then how
to realize indirect compensation as we have no low-Z node
available?

« Solution: Employ split-length devices to create a low-Z node.

 Creates a pseudo-cascode stack but its really a single device.

* In the NMOS case, the lower device is always in triode hence
node-A is alow-Z node. Similarly for the PMOS, node-A is low-Z.

Low-Z

VDD Triod Low-Z node
| WL, ML M1T 4/”0 € VDD -
Mn; 4{ Wi(Li+L2) W/LElquivaIent M1
WIL, > WI(L1+Lo)
Low-Z WIL,
A node M1B
Split-length 44/4(=22/2)
NMOS PMOS PMOS layout

Saxena
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Split-Length Current Mirror Load (SLCL) Op-amp

70dB Y[wvoui]

60dB
50dB—{-----
40dB-
30dB-
20dB
10dB
0dB
-10dB
-20dB]
-30dB
-40dB
50dB]
-60dB
FOdB-—r—rrrsm— - 2408
100Hz 1KHz 10KHz 100KHz 1MHz 10MHz 100MHz 1GHz

Frequency Response

3 .
2 GOV ¥[vout] V[vin]

2,59y m{“

Unlabeled NMOS are 10/2. 2.58Y e >
Unlabeled PMOS are 22/2. 2.5V ts

2.h6Y—
2.5hhY—
2.54vY—

The current mirror load devices are 2 53y

2.2V

split-length to create low-Z node-A. 251V h

2.00v
T

Here, f,,=20MHz, PM=75° and 2 a8~

0.0ps I].2||.ls I].4I|.ls I].I:"|||.ls I].Blus
t.=60ns.

Small step-input settling in follower
configuration

Saxena
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SLCL Op-amp Analysis

. Em1l
Jun = 2n(2C,)

1
Pi= _ngZRZRl C.,

_ Em2 gmpCL
|Re(p2,3)| - Cy /\/g »Cy

4gmp _ 4ﬁgml ~8A/§(D

~

3(C.+C,)  3(C,+C,H) 3w

le

Here f,,=3.77f

v LHP zero appears at a higher
frequency than f.

Saxena
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Split-Length Diff-Pair (SLDP) Op-amp

VY[vouf]

h0dB—+
30dB—

10084

-10dB—
-30dB—
-50dB—

-f0dB—

@ DB HH— AR
100Hz 1KHz 10KHz 1MHz 100MHz

Frequency Response

10GHz

Vvout] V[win]

2.66Y
2.64Y+
Unlabeled NMOS are 10/2. 262V
Unlabeled PMOS are 22/2. 2 GOV 'f:
2.58V+ V‘

2.56Y—

The diff-pair devices are split-length to 254/
create low-Z node-A. 2529~

2.50v b
i

Here, f,,=35MHz, PM=62°, t.=75ns. ook odwe  ods  0ows 0w

Better PSRR due to isolation of node-A Small Step'cr;%‘;fgsjgt'lr;?"“ follower
from the supply rails.
Saxena
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SLDP Op-amp Analysis

f _ 2gml
un o Cc

T :
. out p ~ —
iza ' gmRR C,
A o Em2 /gMpCL
g2 = Gmn Re(p ) =

b) ~7 | 23 | C; g Cy

Ge R — 4gmn = — 4ﬁg’m ~2ﬁm
S 2 L7 3(C.+Cp  3(C,+Cy 3 um
EIE WIS VN ] JC o ] L, Here f,,=0.94f
Ca T 1] Snn l b Gm 2|7 v" LHP zero appears slightly before f, and
< @2 ARV VAl flattens the magnitude response.
@ ® v This may degrade the phase margin.
. o |t Not as good as SLCL, but is of
mrus — (1) DL o great utility in multi-stage op-amp
: design due to higher PSRR.
NSNS v N

. out
ic = T, T
C¢ 9mn
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Test Chip 1. Two-stage Op-amps

AMI C5N 0.5um CMOS, 1.5mmX1.5mm die size.

Saxena
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.Test Results and Performance Comparison

&

Performance comparison of the op-amps for C, =30pF.
Vm\ / Op-amp Apc fun Cc PM t, Power Layout
5 . Topology (dB) | MHz) | (pF) (ns) (mW) area
/ (mmz)
Miller 57 2.5 10 74° |1 270 1.2 0.031
Miller with Rz (t,=250ns) Miller 57 2.7 10 85° | 250 1.2 0.034
with RZ
i SLCL 66 20 2 75° 60 0.7 0.015
: (this work)
Vin\faw—_ SLDP 60 35 2 62° 75 0.7 0.015
A\ N (this work)

I::/_::\llohtllllllll

SLCL Indirect (t,=60ns)

10X gain bandwidth ().

4X faster settling time.
55% smaller layout area.
40% less power consumption.

Vin\ (
!

}: Vout

SLDP Indirect (t,=75ns)
Saxena
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Effect of LHP-zero on Settling

In certain cases with indirect o
compensation, the LHP-zero (o, | 4p)
shows up near f.
v" Causes gain flattening and degrades PM o
v" Hard to push out due to topology restrictions

Ringing in closed-loop step response

v" This ringing is uncharacteristic of the 2" order ok . r . .
system. 10 Frequer,i:ey Regp)owse 10

v" Used to be a benign undershoot with the RHP
zero, here it can be pesky _—

v"Is this settling behavior acceptable? /
Watch out for the w,  ,» for clean settling . IA/
behavior! 5
Caveat:

20 ~

Magnitude (dB)

-20 —

90 —

Phase (deg)

45—

Amplitude
o o

 When using indirect

compensation be aware of the | e
LHP-zero induced transient Small step-input settling in follower
Saxena Settling issues configuration

Vishal Saxena <vishalsaxena@boisestate edy>



References

[1] Spectre User Simulation Guide, pages 160-165

http://www.designers-guide.org/Forum/YaBB.pl?num=1170321868

[2] M. Tian, V. Viswanathan, J. Hangtan, K. Kundert, “Striving for Small-Signal Stability: Loop-
based and Device-based Algorithms for Stability Analysis of Linear Analog Circuits in the
Frequency Domain,” Circuits and Devices, Jan 2001.

http://www.kenkundert.com/docs/cd2001-01.pdf

|3] https://secure.engr.oregonstate.edu/wiki/ams/index.php/Spectre/STB

Vishal Saxena <vishalsaxena@boisestate edy>


http://www.designers-guide.org/Forum/YaBB.pl?num=1170321868
http://www.designers-guide.org/Forum/YaBB.pl?num=1170321868
http://www.designers-guide.org/Forum/YaBB.pl?num=1170321868
http://www.designers-guide.org/Forum/YaBB.pl?num=1170321868
http://www.kenkundert.com/docs/cd2001-01.pdf
http://www.kenkundert.com/docs/cd2001-01.pdf
http://www.kenkundert.com/docs/cd2001-01.pdf
https://secure.engr.oregonstate.edu/wiki/ams/index.php/Spectre/STB

