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Op Amp Definition

* We loosely define an op amp as a “high-gain
differential amplifier.”

* Usually employed in a feedback system when
precision is a requirement.

* Applications ranging from DC generation, high-
speed amplification or filtering.

A4

Vi, —1+ v .
out b2
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Op Amp Design Challenge

Three decades ago

*General-purpose blocks as an “ideal” op amp
*Design effort is to satisfy an ideal op amp

- infinite gain

- infinite input impedance

- zero output impedance

Today

*Design effort is to make trade-offs for a specific
application, often sacrificing the unimportant
aspects to improve the critical ones.

*E.g., gain error vs speed, open loop gain vs VDD
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Performance Parameter

* Gain(Precision), Bandwidth(Speed): 3-dB/fu
Output Swing, Power dissipation

* Noise, Linearity, Supply Rejection, offset
* Input CM Range, Input/Output Impedance
* Large-Signal behavior (e.g. slew rate)

20log|A, |

i
fa-aB fy f (log axis)
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Example 9.1

The circuit has a nominal gain of 10. i.e.,1+R1/R2=10.
Determine the minimal value of Al for a gain error 1%:

Aj
Vin o————+ V t
ou
Wy
R4
RZ
Solution: =
Vuacﬂ *‘41 \"'!f;xuﬂ ( Rl) ( J~LL)'1 + R‘? | )
_ ~ |1 1 —
Vin 1+ 1 A \'m i R‘E h)'z ‘41
Ri+ Ry !
- Atk 4 Thus, A1>1000. Open-loop gain
T TR TN determines precision.
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Example 9.2

Assume the op amp is a single-pole voltage amplifier.
For a small step input, calculate the time required for the
output to reach within 1% and its unity-gain bandwidth

If 1+R1/R2=10 and its settling time is less than 5ns.

Als)

] |
o
Lo 3

Solution: Speed vs. Bandwidth

a0 -
~ B> ) Agwo 7 =~ 1.09 ns

—119%

1 — exp —0.99 Aowo = (1 + R/ R>)/7=9.21 Grad/s (1.47 GHz)

T
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Example 9.3

Explain the circuit behavior if we swap the inverting and
non-inverting inputs of the op amp.

Al(s)

Solution: Positive feedback destabilizes the circuit.
Output grows exponentially to non-linearity range.

Ao
KA
1 — - A
"'ﬂ'ztc s N : iLL) {
- I(.ss_) = £, +.5,Rz Vou(l) = a (l + —1) (exp — — l) w(l)
Vin 1 — B ' iLL)Q T
1 2 Ap)w
(1+ TR 0)wo
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One-Stage Op Amps

* Low-frequency gain: g.x(roxlror

* Bandwidth: usually proportional to 1/(CL*Rout)

* Output Swing (single-side): VDD-3Overdrive

* Mirror pole in single-ended circuit

* Power and noise: good, with four devices -> input noise

I °Vour  Vours 1 b Vout2
°—||:|M1 le:.||-| ICL % vin1°_||.:|M1 M2|:||—o Vi II;L
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Example 9.4

Calculate the input common-mode voltage range and the
closed-loop output impedance of the unity-gain buffer.

in ] +
_ ° Vout

Vpp=1V

M,

IVOLIT

Solution:
Viss + Vosi QYIS Vinawae = Voo = [Vass|+ Vrm
OUtpLIt impedanCE: (I!'OPH'!'O-'\'T\.)/[.(fm_"\-v( "('OPH;’(’O_"\-T‘_)} — l/,(]m;_-\-?

The closed-loop pole is independent of open-loop
output impedance.
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Telescopic Cascode Op Amps

* Low-frequency gain: ¢~llo.vrovllig.rrop)

* Speed: Additional poles

* Output Swing (single-side): VDD-50verdrive

* Mirror pole in single-ended

* Difficult to short telescopic op amp output to input

* Power and noise: good, input noise mainly has four devices

contribution
VDD VDD
M, M
M7|:||“—||:JM3 Vb3 e h':J ’ 8II:I
X
M5:II—‘4II:M6 Vb2e It M MB'I:
'_ovout Ovoutc
= , M4=|: Vor—s , M4“:
v oM, M, v oM, Mol

?’ss ?’ss

(a) (b)
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Example 9.5

For this unity-gain buffer configuration, explain in which
region each transistor operates as Vin varies from

below V.-Visi+ Ve to above Vi - Vi

Vi
Ms J—E M, “V _v
‘ Gsa4~ VTH2
V

1= 1 - Vra
Vpe—i 1

Py, My .

v, =V
fno—om, m, b~ VTH4
Iss

Solution: Remedy in switched-capacitor circuit

When V.. < Vi -Vvrazs , M4 is In triode, others are saturated;
Vi = Vrue < Vi < Vi = (Vass = Vo) M2, M4 are saturated;

Vie > Vi = (Vase = Vrma) M2, M1 in triode,M4 is in saturation.
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Example 9.6

Assuming that the op amp has a high open-loop gain,
determine the maximum allowable output swing.

(@)

Vem - Vo= Vrusa
Mi;and M,
in Triode
Region .t; -T
(d)

(c)

Solution: ¥(one threshold-one overdrive)
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Telescopic Cascode Op Amps Design

* Generally, power budget determines branch current

* Gain and Output voltage swing T
 Deal with ip.Ves—Vra. W/L. g, andro Mb2'|:|= U= IFJ

. IrerF2y ST Ms Mﬁ:
Design Procedure (Example 9.7) S
Xe—oV,,o—2eY
-Define drain current Vor =
M, M,
: : - I ReF1
-Distribute overdrive voltage s AR
-Calculate the aspect ratio M i =

Ip = (1/2)pCo(W/L)(Vas — Vrr)?
-Calculate the gain with Lmin
-Iteration by increasing W,L until  ¢..r0 = V2uCo(W/L)Ip/(MDp)

achieving gain criterion PMOS>Cascode_N>Input_N
-Finally, DC bias voltage setup

and exam residual goals
- CMFB is necessary
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Linear Scaling

* How to modify design if power budget is different while all
the other specifications are the same?

* Only scale the widths of all the transistors while keeping
the lengths constant.

Example 9.6

Explain what aspects of the performance degrade for a low-
power op amp desigh when we scale down the transistor
width.

Solution:

(1)The speed of the op amp in driving a capacitive load
(2)The input-referred noise voltage rises by a square root
factor of scale constant. (for input device)

14
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Gate Bias Voltage Generation

* Ensure bias voltage to track the input CM level
* Choose Mb1 to be a narrow, long, “weak” device

Vii = Vp 4+ Vasi

Vaspt = (Vasi2 — Vo) + Vassa
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Folded Cascode Op Amps

Recall Folded Cascode

*Not “stack” the cascode transistor on the input device
*Consume higher power

*Output Voltage Swing: VDD-4overdrive

*Output and input could short together
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Folded Cascode Voltage Gain

‘ A v ‘ — (—'Fm R'cxuﬂ

.Since (gm3 + .‘-7;1:;[:3\_)_1“;"'03 <L 7‘01”]‘05’ thus G & G
g ‘*‘41" ~ .(fm;l{[(.‘-rfmj + .(fnﬂﬁ\_);‘r'oh%( ""'OIH;"'OZ—.‘\_)M[(gm? + .(fnﬂ:?\_)7'07;"'09}}

*Two or three times lower than a telescopic topology

V,
DD
hJM 7 VDD
Vbze—] Mg Vs ? 10“‘—]
Vbz'_“: M v Mz Mg
b2 5 I
VOUt "SS o vouto_n
M3
M M2 Vige l"I:M MII':
3 4
Vol
X Y
ros||ro Vs
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CITCCL Capaditarndcce oOrn uwic nonaoimninartitc

* At “folding point”, a large capacitance due to a
large current device M5 would be added to the total
capacitance.
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NMOS vs. PMOS input

* Greater mobility from NMOS input leads to higher gain
* Lowering the pole at folding point
* PMOS input is less sensitive to flicker noise(wider WL)

M7 MS [ | 1
e 1= I x 1 1
I v 4
ss —o Vg o— My M,
Vi I Irer2
M1 M2 V..e = |
X Y MM, My
= I “{M“ _L:II —H——I M3
I-:I_-M5 L = = My Mm-.l:-l =
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Folded Cascode Properties

* Slighter Higher Output Swing than telescopic

* Higher Power dissipation, lower voltage gain, lower pole
frequency and higher noise

* Input and output can be shorted: 2overdrive from bound
* A better input CM range

| T
>

R3 R4 v

M, M, Wy 1
R1 RZ M5 MGII:
T T II:.I.
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Example 9.9

Design a folded- cascode op amp with an NMOS pair.
Specifications: VDD = 3V, differential output swing = 3V,
Power dissipation = 10mW, voltage gain = 2000.

Solution:
(1)Current allocation

i ] Vin°_||::M1 M,
(2)Overdrive voltage allocation H-L
(3)Aspect ratio calculation Rl

(4)Small-signal gain with minimal length
(5)iteration by increase M5/M1/M4 in turns

Note that the folding point capacitance may limit here.
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Low Voltage Single-ended Output

* M7 is biased at the edge of triode
Could M5 always in saturation?
* Left implementation wastes one threshold voltage

* Still, single-ended output is unfavorable due to half
output swing and a mirror pole

* Note that almost all the differential output circuits need

a CMFB
Voo Voo
M7|:||“_|I:JM8 M7I:||'_|I:JM3
M5 H— Mg VbZ’;’_:ll“lt Mg
X t— Vout : X +— Vou
Yb '—Hm“: Vo5 W, M [,
Vino_l 1 M2 I—| Vino_l " M2 I—|
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Two-Stage Op Amps

* Voltage headroom in today’s design is constrained with
low supply voltage and large output swing

e Gain: ¢n1.2(r012llro3.4) 9ns.elross||lror.s)
* Output Swing: Vdd-20verdrive

High Gain High Swing

—
Vin, | Stage 1 | | Stage2 Vout
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IWO-otla(c UpP AITNIPS WIiLll CasLodc

* Voltage headroom in today’s design is constrained with
low supply voltage and large output swing

e Gain: 4. = {9n1.20(9u3.4+ gn13.4)70327012)||[(9m5.6 + Guvs.e)ros.6707.8]}
X [gm9,10(709.10/|TO11,12)]-

* Can we have more stages? Feedback stability limits

YR Voo
Vb3
Vbz’—l'r_M|
[/ | X Y 7
Vout1 ™1 Voie =|.I: W, | +— Vour2

m,
V, II':IM1 M2 |_|
Vba °—||._1M11 in + M, <] Vba
= lss =
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Two-Stage Op Amps Design

Example

Bes-kﬂ the two-stage op amp for VDD =1V, P =1mW, a
differential output swing of 1 Vpp, and a gain of 100.

Solution:
(1)Current allocation
(2)Voltage allocation:
300mV to M7, 200mV to M5,
400mV to M3, 100mV to M1
(noise and gm consideration)
(3)Calculate aspect ratio
(4)Calculate gain > 2000
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Gain Boosting

* Increase the output impedance without adding more
cascode devices. But how?

* A transistor preceded by an ideal voltage amplifier exhibits
a transconductance of gmA1 and a output resistance of ro.
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Gain Boosting

* Increase the output impedance without adding more
cascade devices. But how?

* First Perspective:
A degenerated transistor preceded by an ideal voltage
amplifier

1, Arqg,, ;
oul 1Y \ H‘Ulﬁf =ro+ (}ll —+ l)‘{]m‘f'o RQ + RQ

""!én. B I+ (*‘41 + 1 ).ng'.S"I

In fact, the output resistance is “boosted. The headroom
Is similar to a simple degenerated transistor

Copyright © 2017 McGraw-Hill Education. All rights reserved. No reproduction or distribution without the prior written consent of McGraw-Hill Education. 27



Example 9.11

Determine the resistance seen at the source of M2 without
considering body effect.

Solution:
IxRp —Vx L L B o Rp + 1o
o + (_*"_ll ‘X - ‘\ _).{fm; + 1\ =0 R\ - 1+ (*‘41 + .l\),(]m"'O
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Basic gain-boosted stage

* Current-Voltage feedback increase the output
iImpedance by a factor of A1+1, while the real gm
raised by Al is reduced by Al1+1 when feedback is

applied. Voo
Super Transistor
i Vout

- Rout: £.u=ro+{A1+ Dg.roRs + Rs. Vb'_§—||:m
- Gm: gm1A1/(A1+1)~gm1 > ]
- Rp:(look above P, see example 9.11) v nc__“:-l:,w1

ro2/[1+ (A1 + 1)gnaro2] = [(A1 + 1)g,.2] ™" A

(<<rol, can be neglected)
- ‘*‘la‘ ~ .(fm;l[;‘r'02 + (*‘41 + .l\_).(]m;27'02;"'01 + ""'Ol}

X GuiGnarorro2(A; + 1).
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Regulated Cascode

Second Perspective

*Loosely view the voltage change divided by Rs and
gmroRs.

*Drain current response can be suppressed as
- Vp is constant
- Current through Rs is constant

*Vp is “pinned” to Vb by feedback regulation.
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Example 9.12

Determine the small-signal values of 'r.Vs.lo,and 1. .
Assume (41 + )gurolis s large.

Ix
~
A1 | Q Vx
Solution: Current circulates M2 . 1 MaY o L
ro )
_ \ = Ve
Vx = [ro + (A1 + DgnroRs + Rs]lx |
P II'O
Ve = IxKEs Rs
Rs v =
= - "X
ro+ (A1 + lgnroRs + Rs
lﬁ e —441 ‘P
_ —%llfi,{; Vi Iy ~—Vy / ro
ro+ (A1 + gproRs + RBs -~
1, = Q

Ve = Ve = —Vx/(gwro). o ‘ ,

/(gmro) B ro+ (A1 + DgnroRs  Vx

~ ro+ (A + Dgurols + Rs o
Vx

.{-O '
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Gain boosting Key

* The amplifier boosts the gm of the cascode device

* The amplifier regulates the output current by monitoring
and pinning the source voltage
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Jadiil DUYUOoLITIy Lircuit

* Simplest a common-source stage
“"'I:JMX\'"!E;@.‘ X Gn1T01902702(9n3703 + l)
* Avoid headroom limitation, PMOS common-source stage
Is better, but M3 could go in triode
* Folded-cascode inserts one more stage
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Example 9.13

Determine the allowable range for Vb.

Solution:

l"}fl,mén- = Vosa+Vn

"'J!Il,m;:t.;f_: = ""!G".S"z + "P + "'J!TH4
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Jdill DUYUOoLITIy Wikl a wiilicicliuial
+

* One threshold higher than a simple differential circuit

* Merge two gain boosting blocks to differential one

N I'IlfM3 M“::"_I Miﬁﬂfa - M4EI M
Nl

X
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ITICIClitial mrojJdcdu LdolLuodcCc udiii
* The minimal allowable Vx,Vy is VOD12+VISS1
* The output impedance of the circuit (Example 9.14)

Row1 = [gn7ror(roollros)|||(gma1ronro13)

h)'uacﬂ ~ 370370 lgm',SR-uufl

Iss2

M,
<
Vie—] I_M_"X | Y'M_GI —V

= —|I_:|,v‘|/l,| . M2|:||— =
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Gain Boosting in Signal Path and Load

* Gain boosting can be utilized in the load current source
* To allow maximum swings, A2 employs NMOS-input.

VDD
M, M |-—| M, MBLI
| — Y% | F— Vb

LII: Vs MG:IIJ L||: Ms Me:"J

—oV

ks My vm:_":I_,_IM1 el |"|:M3 medh

| 2]

I':IIM1 2 I_l Vb2 I._:L
C ’ -Mg M10 L

(a) (b)
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Gain Boosting Frequency Response

; .
A1 (S) l 0 VOUt ("/u(-—“‘) = Gml1 N OI‘I'Qz
V,o—+ (o} | TS A+ Dgnaron

My T z

- il , ‘ !
| p out Zow = [ro1+ (A1 + D)gnarozror + ro2l|

(s’
vin O I M1 Vo

-1 .
—guaron[(1+ ,(]/7L2"'O2)K + (Ao + Dgyoror + 1]

() = _ .
Vi ro1 + ro2)C N2 N ‘ ' 1
M[l + gun2rozllron)]s™ + [(ro1 + ro2)CL 4+ (Ao + 1)gy2ro2ro1Cr + —Js + 1

@ o0

~ (Ao + Dwo

W

o Zero:

- l
* Dominant pole: [l =

. . 1
[ro1 4+ (Ao + Dgnororor + ro2]Cr + wo
1

Aogp2ro2ro1Cr

%

* Non-dominant pole: Above the original-3dB bandwidth

‘ |
[ro14 (Ao + 1)g,2ro02ro1 + r02]CL + —
wo

|°“'P2

(ro1+ r02)CL [
“0

1+ g.2iroil|ro2)]
1
Gmar02ronC'r’

~ (Ao+ Dwo+

Copyright © 2017 McGraw-Hill Education. All rights reserved. No reproduction or distribution without the prior written consent of McGraw-Hill Education. 38



Frequency Response Bode Plot

* Gain boosting frequency response bode plot
* Two poles, nhon-dominant is below the original 3dB pole

Vout
Vin | |
(log scale)

AgGm1ro1 Imalo2

Im1T01 Imzl 02

Regulated
Cascode

Original a
Cascode

0dB

_—

1

H ®
log scale
AoImifo19mafo2CL (log )
Im2T02 Fo1CL ;
+ Ay,
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Example 9.15

Is the dominant-pole approximation valid here.

Solution:
“p2 . \ 1 ‘ : , |
~ [(Ao+ Lwo + —| [(Ao+ )gnororroCp + —
“pl n2ro2ronC'r w0

1
gmaro2ro1CLwo

~ (Ao + 1)gu0r00ro1Cwe + 2(Ag + 1) +

The second term is typically much greater than unity and the
approximation is valid.
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Comparison

: Output Power .
Gain Swing Speed Dissipation Noise
Telescopic Medium Medium Highest Low Low
Folded=Cascode Medium Medium High Medium Medium
Two-Stage High Highest Low Medium Low
Gain—-Boosted High Medium Medium High Medium
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Output Swing Calculation

* Be careful about distortion and gain error

* The maximum output amplitude that yields an acceptable
distortion or gain error

* Apply a growing sinusoid wave, monitor the resulting output,
and calculate the maximum allowable gain

Vv

out

(a) (b)
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Common-Mode Feed Back

Iss

Voo
Rp Rp
VOUT
—LM, M,
vin 1
| ?

(a)

* Vem(in) and Vecm(out): Vpp — Isskp/2
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Basic Concepts

* In fully-differential op amps, the output CM level is usually
not well defined.

- Case 1: /ps4 < Iss/2, VX,Vy decreases, Iss triode;
- Case 2: Inreverse, VX,Vy increases, M3,M4 triode.

VDD VDD
V,.e 'I'JM:S M4 'I:J w Il_w.bz IPJM3 M4 |I<_J
hay | = 1 — | = 1
L w w
L L
X Y

X Y
VOUT VDUt
il-_—IM1 le:-li il—:|M1 le:-li
élss M4 »” QWI%MS *t'ss
= L
(a)
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Basic Concepts

* In high-gain amplifiers, CMFB balances the PMOS and
NMOS current mismatches, thus avoid driving one of them
Into triode region.

* Differential feedback cannot define CM level

* In simulation, CM may be well-defined around half VDD, yet
in real world, random mismatches and device variations
would degrade CM easily without CMFB.

Vop
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Example 9.16

Consider the telescopic op amp below. Suppose M9 suffers
from a 1% current mismatch with respect to M10, producing
Iss = 2.97 mA rather than 3 mA. Assuming perfect matching
for the others. Explain what happens in the circuit.

Solution:
Output voltage error:  (/r — I¥)(Rr|Ex)=3,99V
VX, Vy must rise so much that
M5, M6, M7, M8 go to triode, Yol
yielding ID7 = 1.485 mA. 300 1A
RiZE
Current mismatch is largely
depended on different drain-
source voltage. Moo ol e fes 297 ma
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Conceptual topology

* Measure output CM level;
* Compare with a reference;
* Apply the error to correct the level.

Voo
T Yeaf [
outt Circuit
HLm, M, Ak
+
—— VRrer
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CM Sensing Techniques

* Resistive sensing Vouront = (B1Vou + BaVount) /(R + Ra)
- large R1,R2 to avoid loading effect
- large chip area and parasitic capacitance

- reduce frequency performance ij L.

* Source follower sensing PR O I 2
- lose one Vth in swing | I " Yo
- large R1, 11 to avoid “starved” »}u o

Voo
J\jL Ly,
I I
_
» n—l
Elw m,]| R Ra
T Vour1 o — Vourz 8 ’_'\'W—l
4
f1 * Il" I 12 >
V
M3 M4 Out,CM
' g '
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CM Sensing Techniques

* Capacitive sensing
- Switched-capacitor

L
L

* Deep triode sensing

[ 1
- Rtot ~ vout1+vout2 1

Vout1
- Rtot has no relationship - " L gl_Ellj
with differential voltage " | .

- may go to saturation region >

Rﬂuﬂ — RUIJ.T’HRUHS
1 1

- P vout2
W ] W i
fltn('utlrf(‘uull - 1TH) fl‘zn‘c‘u&ff(vuui'_’ - [TH) M7 MB
1
= W - = Vout1 ‘+_|
fltn('futlrf(l"uul? + Pullll - 2ITH)
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Example 9.17

A student simulates the step response of a closed-loop op
amp circuit and observes the output waveforms shown in
below. Explain why Voutl and Vout2 do not change
symmetrically.

Solution:

As evident from waveforms, the output CM levels change
from tl to t2, indicating CM sensing mechanism is
nonlinear. For example, if M7 or M8 In last slide does not in

deep triode at t2, the CM level would change because now it
Is a function of differential output.
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CM Sensing Techniques

* Differential pair sensing
- e x Vo +Vow by small signal analysis
- Under Large swings situation, sensing is not valid due to

Iargn meare liaAaawvibs

To Current Sources
in Op Amp

I'em
Vb

A
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CM Feedback Techniques

 Control cascade current source

Vv,
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CM Feedback Techniques

* Deep triode sensing feedback
- Limited headroom
- Large C
- Device variation

* Deep triode folded-cascade sensing feedback

2In |

VDD L= ol L 78 VDD
M M
|:IM9 Maol,, I:" 3 4 L|=
I I l_|
| 1
7 I, IIt II:]M 6
Ms
Vout1
Vv 1 Vv 2 ou vOUt2
II— out Dl.llt V I M1 M2 I—|
) I o i 1= My
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Example 9.18

Determine the sensitivity of Vout,CM to Vb, i.e, dVout,CM/dVbh.

Solution:
CMFB small signal analysis

— (QHJ —|_.GHLS_)(Rwe.?’Hsz-S_)

W

1

= —2 1 -:[u-z: T ‘:Ir";‘ 87 ) : |
‘LLIIC ) (L )7,8 bors 2}‘&;3-(-'[;;;1:(I'I"/L.)?'S(‘

Vbs7s
Vas7s — Vrars'

_Vasrs — Vrmrs
VDs7.8

dVoui.oM
dVy

closed

Maximize Vds7,8 for Sensitivity

‘578 — VTH7.8)

]
I}’osufm

|||—|

n—[ m,+m,

M5+ Mg

° voutCM

E roa I
iRonTHRons I outCM %gmﬁ 012 T'o1o

lg= (ng +9ms ) Vout,CM

Feedback Network
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CM Feedback Techniques

* Modification of deep triode sensing feedback
(W/L)is = (W/L)o (W/L)g= (W/L);+ (W/L)g

* The output level is relatively independent of device
parameters and lowers sensitivity of Vb

s Ml

= l_ll'_:I_M16 mt:E_:jH .EI

M
VrRer = = 8
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CM Feedback Techniques

* Modification of deep triode sensing feedback
(W/L)s = (W/L)o (W/L)ig = (W/L); +(W/L)g

* M17, M18 reproduces the drain of M15 a voltage equal to the
source voltage of M1 and M2

VDD
._J My, M,
o h_1 I
je
|_

.IE'Fl Ly 2 v, ST
= M5 Vo

| e | |
l_l Mg — — -f’lwm """11-=|:-II
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CM Feedback Techniques

* Another type of CM feedback topology

* Diode-connected loads’ output CM level is well-defined
» Differential small signal gain 9:2(ro12llros.4| £F)

« Common-mode work as a diode-connected #r > ro12llrosa
* Low supply voltage design 7i&#/2 = Vrusd

Voo Voo Voo
P
M, |—| |—| M, M, M, M, M,

Re | Re

vout ’1
v | NP M, v’ | NP =

inC T inc T

(a) (b) (c)
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Example 9.19

Determine the maximum allowable output swings.

Solution:

Each output can fall to two overdrive voltages above ground if
Vin,CM is chosen to place Iss at the edge of the triode region.
The highest level allowed at the output is equal to the output
CM level at P plus |Vth3,4] (by selecting suitable RF). Thus,
output swing is VDD-3Vov.

(RF Is small, not like previous setup)
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Example 9.20

Facing voltage headroom limitations, a student constructs the
circuits below. Determine the small-sighal gain from the input
CM level to the output CM level.

SOIUtion . Gms + Gm6 — 21“3;3. C-:fu;t:( IIT/L)'36I'P
Rigit = 2000 Cos(W/ L)s 6(Vour.oar — Vrms.e) ™!

V. wt, C'M 1
e . (A poor CMRR)
e Tifit + Gotait Riait + (gm12703.4) 7"

VDD

)
—Em.+m,
— Vout,CI’v‘I
Vin,.cm o—f M,+M,
Vin,CM O—I p remees ’_:_ ____________________________________ -
Mi+M, v+_
M5+ MG M5+ M 6; Rtail gm,tailvout,CM _Out,CM E
v ®) (©
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CMFB in Two-Stage Op Amps

* CMFB around second stage (nhot good)

- May establish a current beyond nominal value
* CMFB from second stage to first stage

- Global loop control of both stages

/ i <\_q
v v

out1 + out2

VRer*—]-

CM Sense ]
+

Ae
- Vrer

=
-
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CMFB from Second to First Stage

* CMFB from second stage to first stage limitation
- 3 or 4 poles, which makes it difficult for the loop stable

CM Sense M1+M2 ' i
| A
+ e
—* VREF Error Amp.

Copyright © 2017 McGraw-Hill Education. All rights reserved. No reproduction or distribution without the prior written consent of McGraw-Hill Education. 61



CMFB at both Stages

* All the drain currents are copied from Iss
* The differential voltage gain is equal to

9ot (ro1703]| R1)Gms(ros||m07] | R3)

R,Y
o—I M2
- '
o
Vout1o—2 les —o V_ 2
R3 R4

- Wy
m, 3 I|:_II_M8
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Example 9.21

For the below design explain why the output CM level is
inevitably well below VDD/2 and hence the output swings
are limited. Devise a solution.

Solution:

The output CM is equal to VG7,8, which is only slightly
greater than one threshold. The issue can be resolved by
drawing a small current from node Q. It can be upwards to
desired output and the device is still in saturation.

| N
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CMFB for Cascode First Stage

* First stage use deep triode feedback loop to avoid loading.
* Achieving high gain while not precise

Vout2
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Input Range Limitations

* Input common-mode level may need to vary over a wide
range, e.g. ADC input comparator.

* Input swing limits the total range sometimes.

* In the below single-end unity-gain buffer the input CM
minimal voltage is VGS1,2+VISS, which is one threshold
greater than 2Vov in the output CM.

Y
My M,
= I
V. o +
" >~_o Vo o Vo
In |
| M, Mﬁll.:
o
I-:l_- M; Mg <
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Extension of Input Range

* Incorporate both NMOS and PMOS differential pair to keep a
necessary transconductance

* The transconductance variation should be concerned

* Gain, speed and noise may vary
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Slew Rate

* In a linear circuit, the slope of the step depends on final
output value

Vo Vo -t
dt 7 P T

* The observation applies to linear feedback system

Linear Op Amp

. , A —1 ‘
Vour = Vo I 1 —exp IR ()
1+ A = S .
i R+ R 14+ ARy /(R + R»)
R4
o Wy l o Vin vin
Vin T ¢, Vout
o >) Vout _//— Vout
- - -
t ' t
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Slew Rate

* In a realistic case, with large input steps, the output
displays a linear ramp having a constant slope. The slope of
ramp is the “slew rate”.

* It seems that the maximum current to charge the load
capacitance is limited.

* Nonlinear behavior. Reduce speed and increase distortion.
* Increase SR would consume power and wider device

Actual Op Amp

Exponential

~Y
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Slew Rate Example

* A small step rises Vout by s..Av and hence adjusts through
R1, R2 negative feedback circuit.

* When M1 experiences a large step, M2 turns off. Thus, CL is
charged by a constant current ISS.

* Feedback is broken but after M2 turns on, the circuit returns
to a linear operation.
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Example 9.22

(a)Determine the small-signal step response of the circuit.
(b)Calculate the positive and negative slew rates.

Solution:

"'!uzd ( q‘) . 5_11'
l o — . (,Fl C}fl(afz
v I+ A, Boues .
+ C1+ Ch i O+ o Ve

‘ , O :
;—lt./ (l + :ll(rl-l—('z) (a) (b)
("rl("rz

' )
B.ous/ [ 1+ A,
Ch+Ch is/ ( N '+

I+

"I'!ult(( [) — jg:&/[(flcrz/( (.»rl + (fz)}[ (©) (d)

""cxaci — _1.9'5/[(.;1(.;2/((.‘rl + (r2”[
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Slew Rate of Telescopic Op Amp

« Each side appears a ramp with slope equal to */ss/(2C1)

* The total slew rate for Voutl- Vout2 equal to Iss/Cr

S 5 S 5
TR L TR L
Ms Mg Iss Ms Mg
2 I
V ] SS _.l
c J' [ ] °”"°I J'C" (o |_> 2 I—b c
I M, M, I "I AL ms I
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S ICTVUVV NAlCT VUl FT'JVidcCcu“vadolLuvucT vp

- Amp

* Yield a slew rate of /ss/Cc if Ir = iss

* Otherwise, M3 turns off and tail current source enters the
triode region. The settling time increases.

] —
Ss X[ My My, Mg My,
Y Y
My M, My M,
I:*’P Ies 1= | PP"SS
.’P "SS jlp

f:' C ’Ilj—j C
IE | L 1= | L
? I'ss Mg Mg I I'ss IM, Mg ;
- 0 R
=M; Mg < I-:I=-M7 Mg =
(a) (b)
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Clamp transistor

* Limit VX,Vy to produce large different voltage
* More aggressive design, Vx,Vy higher than VDD-VTHN

Voo Voo
Mgy Mo Mg Mo
M | = [ =
-—l |——n
X' M4 My | Y X1 My My | Y
[ 9
| mn M M4| e M M4|
= 1 = 'I:I
(a) (b)
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Example 9.23

As Vout rises, so does VX, eventually turning M2 on. As ID2
Increases from zero, the plot becomes linear. Considering M1
and M2 becomes linear if difference between their drain current
IS less than «/ss (e.g.., &« = 0.1),

Calculate the time to linear.

Solution:
1 R . 4{gg . L,
alss = 5.‘“11‘(‘:;:»’?( Viol — "'5:12)J (’be_r — (Vi1 — Vi )=,
){tfi‘ toa _L
Iss
W
fn ( ox T
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High-Slew-Rate Op Amp

* Slew rate is limited by power consumption

* The trade-off could be mitigated if the capacitor could
be charged to a desired value quickly. And the voltage
falls back to original value.

* Complementary topology jumps fast but suffer from
poor power supply rejection

Voo Voo
Vool ¥ /o —m,
M2 _T_ ° Vout Vino—o l ° vout
CL CL
VoM, L -
(a) (b)
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Push-Pull Stages

* Use current-mirror. E.g. If Vin+ jumps down, and Vin- jumps
up then

- M5 draws less current, lowering ID4;
- M3, M6 draws more current;

- M7 draws more current, raising ID2;
- M1 draws less current, charging CL.

VDD
Tl ol nchrie | ek
X >< !
M1|;,_'|'ICL cLJI-_F_IWVi;

1
1
lsss ? ss1
(d)

Y
X . Vi-r';
Vi:‘}_}%“:}-j- (o1} CLJ___L:I Vi;
Ms_M1_I I_M3_Ms

(©)
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Push-Pull Stages

* Improve the input common-mode rejection by adding tail
current sources to build differential circuits

* The differential slew rate is [Iss1 + Lss:(W,/Ws)]/Cp
* SR increases with a around twofold power penalty
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1+ Vout1 Yourzo—¢ Y

X

M1|;'_-L¥ c, c?—l-_“jﬁ—o% - Vin
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Example 9.24

Calculate the small-signal voltage gain of the class-AB op amp
shown below.

Solution:
Al = gualros||roa) + (Wa/Ws)g..s(ros||roa) |:| |1J |:| |1J oo
i - | o qu" M, M, I_iLMB
~ (G + (Wy/W3)g,.5](ros|ros). X t— Vourt Voutzo— y
>< 3
+ _
Vi, m, MF‘_'L; c. CL{EWM"
)
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I TCYUCIIVY NRTOopPUINIoC dilvu mMiinirvr

* It is not possible to equate zero and pole

* Raise SR would decrease mirror pole frequency
gns/Cy Cy = 2(Wy+ W) LC,,

. W 1 1 M|:| |1JM M|:| |1JM
-[I.ruir.r'('s) 74,(}115 7()1“7()-1 5 2 Yij-l z ! I_lL s

][8 l_|_ 1 4+ - X —o Vout1 Vout20—4

Wy X Woul ><
_'LIC,_ c,_JI'_ EH‘I—OV;

©CpX R s/ Cy and wou = [(103]ro4)Cr] ™!

My | Mg

)
?1351

II{Q((SJ — IImme( )+Ijmuf( )

rosl|ros | Wi gus

- . & We - S + G
1+ Vs 1 4
“oul (-'-"p X
:rmHim (Wa/W8)gums + Gm 1 + ¢S/ wp x | = (”_4(]”-\ . 1) o
N ) Szl T I j,
I+ 1+ Ws g1
“oul w}r)_;il
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Two-Stage Op Amp with High SR

* Voltage Gain:
Aul = gmolroollron)gmt + (Wa/Ws)g,5](roillros)
* Slew Rate
- If P is low capacitance, it is “agile” enough to go upon
to VDD, thus providing a large SR.
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Power Supply Rejection

* Power line contains noise
* PSRR(power supply rejection ration):
- Gain from input to output divided by the gain from
supply to the output
* At low frequency PSRR = g, n(rop||ron)
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Example 9.25

Calculate the low-frequency PSRR of the feedback circuit
shown below

Voul 1 N '

SR T , . PSRR ~ (14 Z2)(gparos—— 41
Solution: Voo guarois CJ.:([ o (_.1) q OV e o )
1 42

Q

R Gm2T04.

Feedback reduce ¢V.../0Vop and 9V.../0V:, the same and PSRR is
relatively constant.
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Noise In Telescopic Op Amp

* At low frequency the cascode devices contribute
negligible noise

- - 2
Y478 K Kp 9578
+2 +2 12
(]”1') qnlE) (I[L)lg(ﬂf I[L}Tg(”f(}nl?

V2 = 4kT (

Vb3 @

Vb2 L
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Noise In Folded-Cascode Op Amp

* At low frequency the cascode devices contribute
negligible noise

1, erel 2 2

3 Gm7.8 419,10
V2, = 8ET | 44 2078 o I,
m1.2 91,2 91,2

Vv, Voo

DD
M7z Mg N
Mg
Ms; Mg
Y Y o = [ " " Voo o
1 2 1 2

°—| —0 Vout°_‘ O—I J-.
Vin I-|V —J= |I_: Vin I-|V —J=
A b1 15 M, M, L b1 T

T T

= Mg M10-=E-I =
(a) (b)
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Noise Iin two-stage Op Amp

* The noise in the second stage contributes negligible

noise
- 1 G5 + Gmi7
1”2 ol — S.ILT‘) P Gl + 43 + — ' '
Lot 92 [ 95.5(ro1l[ro3)?
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Example 9.26

A simple amplifier is constructed below. Note that the first
stage incorporates diode-connected - rather than current-
source loads. Assuming all the transistors In saturation.
(WIL)1=50/0.6 (W/L)3=10/0.6 (WI/L)5=20/0.6 (WIL)7=56/0.6

Solution:

A = Joid (SILT/L%)((}”LB + gml._]/,(}iil = 1.10 x 10_1? \72;’sz'
Gm3 | | i
4RT(2/3)(Gus + gu7)/ 97,5 ATy = 2.29 x 10718 V3/Hz
~ [50% 75
Y 10x 30
V,
~ 3.54. MIEW |‘“:“M oo
3 4
2 18 17 ms | |
o = 2(229x 1077+ L10x 1077)
; ] V_o—l M, M, |—|
= 2.66x 10717 V?/Hz, r
Vour1 =1 0.5 mA ? lss +— Vourz
Ve - :
b M7I-:|=' MBI-_j:-
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