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CHAPTER 7 - HIGH-PERFORMANCE CMOS OPERATIONAL
AMPLIFIERS

Chapter Outline
7.1 Buffered Op Amps

7.2 High-Speed/Frequency Op Amps
7.3 Differential Output Op Amps

7.4 Micropower Op Amp

7.5 Low-Noise Op Amps

7.6 Low Voltage Op Amps

7.7 Summary

Goal Buffered
To illustrate the degrees of freedom Differential
and choices of different circuit Output

architectures that can enhance the
performance of a given op amp.

High Frequency

Low Power Low Noise
Low Voltage Fig. 7.0-1
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SECTION 7.1 - BUFFERED OP AMPS

Objective

The objective of this presentation is:

1.) Illustrate the method of lowering the output resistance of simple op amps
2.) Show examples

Outline

* Open-loop MOSFET buffered op amps

* Closed-loop MOSFET buffered op amps

* BJT output op amps

* Summary
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What is a Buffered Op Amp?
A buffered op amp is an op amp with a low value of output resistance, R,,.
Typically, 1022 <R, < 10002
Requirements
Generally the same as for the output amplifier:
e Low output resistance
» Large output signal swing
* Low distortion
 High efficiency
Types of Buffered Op Amps
» Buffered op amps using MOSFETSs

With and without negative feedback
 Buffered op amps using BJTs
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Source-Follower, Push-Pull Output Op Amp

Vbp
M6Lsy
|
<+ Iigs M5 I
M8
Ry _ ‘¢|E—Vss
Vout
ICL
+o—| M1 M2 X o
Vin \_|E_VDD
-o
M4FA_T—|—1[_3M3
Fig. 7.1-1

1
Rout =g >T4g.55 < 10002, A(0) = 65dB (IBiqg=50pA), and GB = 60MHz for Cf = 1pF

Output bias current?
M18-M19-M21-M22 loop = Vsg18+VGs19=Vsg21+VGs22

L 2113 219 2D 21,
which gives KpS1sT \VKnS19= \VKpSo1t \/ KnS22
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Crossover-Inverter, Buffer Stage Op Amp

Principle: If the buffer has high output resistance and voltage gain (common source), this
is okay if when loaded by a small Rj, the gain of this stage is approximately unity.

i Voo i
240 =¥ H‘J 1[:J 240 E
14 ! =144 ! 14 ' M6
! M7 | M3| 14 M4 - [<_—
: 100uA :
E C1=8pF| C=5pF :
L Ml M2 L Ms
- 0—- , Vin | 360 Lo
+Vm + i I 460 IK‘ 75 ! K‘
Input . 1.5 : !
stage  toooooo- Cross overstage_ Vss _____ \Qutput Stage

Fig. 7.1-2

This op amp is capable of delivering 160mW to a 100€2 load while only dissipating 7mW

of quiescent power!
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Crossover-Inverter, Buffer Stage Op Amp - Continued

How does the output buffer work?

The two inverters, M1-M3 and M2-M4 are designed to work over different regions of the

buffer input voltage, v;;,’.

Consider the idealized voltage transfer characteristic of the crossover inverters:

Vbop
240 l 1?‘" 1[‘3 240
14 I =144 I 14 M6
M7 | M3| 14 M4 [4_—
C1=8pF C2=5pF
100uA '
" = Ml M2 M7
in = I 360
'Hl 460 '[% 7.5 HE
7.5 =
Vss

Crossover voltage = Vo=Vp-V4 =0

A
Vbp Vour  va-
MI-M3 <7 M2-M4
v Inverter » Inverter
o M1 Satprate
RL Ml A*ctiv'e.’

0 = > Vip'

Vss Vbp

Fig. 7.1-3

Vi 1s designed to be small and positive for worst case variations in processing

(Maximum value of Vo= 110mV)
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Crossover-Inverter, Buffer Stage Op Amp - Continued
Performance Results for the Crossover-Inverter, Buffer Stage CMOS Op Amp

Specification Performance
Supply Voltage +6V
Quiescent Power 7 mW
Output Swing (100L2 8.1 Vpp
Load)

Open-Loop Gain (100€2 78.1 dB
Load)

Unity Gainbandwidth 260kHz

Voltage Spectral Noise 1.7 ,v/A/Hz
Density at 1kHz "

PSRR at 1kHz 55dB

CMRR at 1kHz 42 dB

Input Offset Voltage 10 mV

(Typical)
CMOS Analog Circuit Design © P.E. Allen - 2003
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Compensation of Op Amps with Output Amplifiers
Compensation of a three-stage amplifier:

This op amp introduces a third pole, p’3 (what Poles Pole p3'
” pr' and p)
about zeros?) /
. . + 7 " ¥
With no compensation, vinz:‘ 2 I » . 0 Vour
Vour(s) -Ayo i Unbatfered CL= RpE
Vin(s) = (s KRN r(l)puan?;e 225 D S »
. - > - . - ° " Fig.7.1-4
P12 \P3 N
Ilustration of compensation choices:
AjOJ Aj(l)
P2 O Compensated poles
X Uncompensated poles
P2
~ N, /, | : : > O “E_E'HP’E"'_’ (¢}
p3 \p2 P1 Pl p3=p3 p2 p1 Pl
pP3
Miller compensation applied around Miller compensation applied around
both the second and the third stage. the second stage only. Fig. 7.1-5

CMOS Analog Circuit Design © P.E. Allen - 2003




Chapter 7 — Section 1 (2/25/03) Page 7.1-8

Low Output Resistance Op Amp
To get low output resistance using MOSFETsS, negative feedback must be used.
Ideal implementation:

Vbbp
Gain Error M2

Amplifier Amplifier

Lout
.. - —>
Viin O 4 OVour
+
Error
Cr R
1 I

Amplifier
M
Ves = — Fig. 7.1-5A
Comments:

» The output resistance will be equal to rg,1llrggr divided by the loop gain

e If the error amplifiers are not perfectly matched, the bias current in M1 and M2 is not
defined
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Low Output Resistance Op Amp - Continued
Offset correction circuitry:

M10

i ot

E Unbuffered E
! op amp :

1 ! I

1 b 1 M6A

: +—EMI7 s [+ M12 [%Mll

Vss Fig. 7.1-6
The feedback circuitry of the two error amplifiers tries to insure that the voltages in

the loop sum to zero. Without the M9-M12 feedback circuit, there is no way to adjust the
output for any error in the loop. The circuit works as follows:

When Vs is positive, M6 tries to turn off and so does M6A. Iy9 reduces thus
reducing Ipm12. A reduction in Iy12 reduces Imsa thus decreasing Vgssa. VGssa
ideally decreases by an amount equal to Vps. A similar result holds for negative
offsets and offsets in EA2.
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Low Output Resistance Op Amp - Continued
Error amplifiers:

if M
Cey
\|
11
Vout
O
i—a.
M6A _ li---
haall
Fig. 7.1-7
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Low Output Resistance Op Amp - Complete Schematic

Vbp
+
|_, |I‘J |I‘J |_.“ VBiasP
M6 ' = ! '
+ M3H]| M4 MP4 MP3A MS5A
v -
m
F H[” MP4A

Ce IE I[M6 I M9

VP MRTLTAF*'EM&? 1,
- Cal FIMR2U M10
- N M '

— M1 M2 || — A M1
MO6A |}
|:1[:M8 2 ]
MNSA
+ — 5 = N ailla, W , | hsta
VJ%IaSN }_1 ’_1 }_.l }_.l MN4A M4HAr—l

V.

- 0 Vour Fig. 7.1-8
Compensation:

Uses nulling Miller compensation.
Short circuit protection:

MP3-MN3-MN4-MP4-MP5

MN3A-MP3A-MP4A-MN4A-MNS5SA
(max. output +60mA)
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Low Output Resistance Op Amp - Continued

Table 7.1-2 Performance Characteristics of the Low Output Resistance Op Amp:

Specification Simulated Results Measured Results
Power Dissipation 7.0 mW 5.0 mW
Open Loop Voltage Gain 82 dB 83 dB
Unity Gainbandwidth 500kHz 420 kHz
Input Offset Voltage 0.4 mV 1 mV
PSRR*(0)/PSRR-(0) 85 dB/104 dB 86 dB/106 dB
PSRR*(1kHz)/PSRR-(1kHz) 81 dB/98 dB 80 dB/98 dB
THD (Vin = 3.3Vpp)
RL, =300Q2 0.03% 0.13%(1 kHz)
CL = 1000pF 0.08% 0.32%(4 kHz)
THD (Vin =4.0Vpp)
RL = 15KQ 0.05% 0.13%(1 kHz)
CL = 200pF 0.16% 0.20%(4 kHz)
Settling Time (0.1%) 3us <5 us
Slew Rate 0.8 V/us 0.6 V/us
1/f Noise at 1kHz - 130 nVAHz
Broadband Noise - 49 nVAHz
rds6llrdse4  S0kQ
Rout = Loop Gain = 5000 = 10
CMOS Analog Circuit Design © P.E. Allen - 2003
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Low-Output Resistance Op Amp - Continued
Component sizes for the low-resistance op amp:
Transistor/Capacitor um/um or pF  Transistor/Capacitor ~ um/um or pF
M16 184/9 MSA 481/6
M17 66/12 M13 66/12
M8 184/6 M9 2716
M1, M2 36/10 MI10 6/22
M3, M4 194/6 MI1 14/6
M3H, M4H 16/12 MI12 140/6
M5 145/12 MP3 8/6
M6 2647/6 MN3 244/6
MRC 48/10 MP4 43/12
Cc 11.0 MN4 12/6
MI1A, M2A 88/12 MP5 6/6
M3A, M4A 196/6 MN3A 6/6
M3HA, M4HA 10/12 MP3A 337/6
MS5A 229/12 MN4A 24/12
M6A 2420/6 MP4A 20/12
Cr 10.0 MNSA 6/6
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Simpler Implementation of Negative Feedback to Achieve Low Output Resistance

Vbp

@ M8 |——|[lJM3 MAIEI|——|EM6

200uA [10/1 1/1 1/1110/]

O Vout
J_ Cr Output Resistance:

T .

= Rour =T+1G
where

MI10 10/1 1

l:|M7 Ro = 8ds6t8ds7
and

Fig. 7.1-9
Em2
ILGl = 28m4 (gm6+gm7)R0

Therefore, the output resistance is

1

Royr = gm> .
(8ass+8ds |1 +(2g,.4|(8m6+EmDR,
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Example 7.1-1 - Low Output Resistance Using the Simple Shunt Negative Feedback
Buffer

Find the output resistance of above op amp using the model parameters of Table 3.1-2.
Solution
The current flowing in the output transistors, M6 and M7, is ImA which gives R, of

1 1000
Ro=(n+2p)ImA = 0.09 = 11.11ke2

To calculate the loop gain, we find that
gm2 =\2Ky -10-100pA = 469uS
gma =~2Kp’-1-100pA = 100pS

and

gm6 =~]2Kp’-10-1000pA = 1mS
Therefore, the loop gain is
469
ILGl =1pp 12:11.11 =104.2

Solving for the output resistance, R,,;, gives

11.11k<Q2 .
Rour=T+ 10472 = 10682 (Assumes that Ry is large)
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BJTSs Available in CMOS Technology
[lustration of an NPN substrate BJT available in a p-well CMOS technology:

Emitter Base Collector
Vv
T T T( pD) Collector (Vpp)
— Base
p- well (Base) -_
n- substrate (Collector)
Fig.7.1-10  mitter

Comments:
* g, of the BJT is larger than the FET so that the output resistance w/o feedback is lower

* Can use the lateral or substrate BJT but since the collector is on ac ground, the
substrate BJT is preferred

 Current is required to drive the BJT

CMOS Analog Circuit Design © P.E. Allen - 2003
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Two-Stage Op Amp with a Class-A BJT Output Buffer Stage

Purpose of the M8-M9 source Voo e :

follower: MnE’]I .|<J S M7I|"_J '[‘,st

1.) Reduce the output resistance o . 010!
(includes whatever is seen from vin ' A I Y
the base to ground divided by ML‘_’“—

Vout

L+F) D | ?
2.) Reduces the output load at the M3‘—_]}J_{[_—’M4 L”_—' SR

drains of M6 and M7 MBF-]' ] ) Mol | FMH:I
Small-signal output resistance : Vss Qgt_pp_t_ligtfgr__i Fig. 7.1-11
ra10+ (1/gm9) 1 1
Rou= 1+fF = &m10 "+ gmo(145p)

=51.6Q+6.7Q = 58.3Q where 1,;=500pA, Iz=100uA, Wo/Lg=100 and /35 is 100
Maximum output voltage:

| 2Ky’ I10
vour(max) = Vpp - Vipg(sat) - vegio = Vpp - "\ To(We/Lg) - Vi In m]
Voltage gain:

Vout 8mi 8m6 8m9 gmlORL

Vin = (8ds2+8ds4) 8ds6T8ds7)\8mot8mbsotasst8x10) 1 +&m1oRL

Compensation will be more complex because of the additional stages.
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Example 7.1-2 - Designing the Class-A, Buffered Op Amp

Use the parameters of Table 3.1-2 along with the BJT parameters of I, = 10-14A and
Sr =100 to design the class-A, buffered op amp to give the following specifications.
Assume the channel length is to be Tum.

Vop=2.5V Vg¢=-25V  GB=5MHz A,,0)=5000V/V Slew rate = 10V/us
R; =500  R,,;=<100Q2 C;=100pF ICMR=-1Vto2V

Solution

Because the specifications above are similar to the two-stage design of Ex. 6.3-1, we
can use these results for the first two stages of our design. However, we must convert the
results of Ex. 6.3-1 to a PMOS input stage. The results of doing this give W= W, =

6um, W3 = Wy = 7um, W5 = 11um, Wg = 43um, and W7 = 34um.
BJT follower:
SR = 10V/us and 100pF capacitor give /71 = ImA.
If W13 = 44um, then W = 44um(1000pA/30pA) = 1467um.
1 =1ImA = 1/g;u10= 0.0258V/ImA =25.8Q
MOS follower:

To source ImA, the BJT must provide 2mA which requires 20uA from the MOS follower.
Therefore, select a bias current of 100uA for M8.
If Wi, = 44pm, then Wg = 44um(100pA/30pA) = 146um.

CMOS Analog Circuit Design © P.E. Allen - 2003
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Example 7.1-2 - Continued
If 1/g,,,10 1s 25.892, then design g,,,9 as

1 1
gmg:(Rout = (g m10)(14B#) = (100-25.8)(101) = 133.4uS g9 and I9 = W/L =0.809

Let us select W/L = 10 for M9 in order to make sure that the contribution of M9 to the
output resistance is sufficiently small and to increase the gain closer to unity. This gives a
transconductance of M9 of 300uS.

To calculate the voltage gain of the MOS follower we need to find g,,,59.
8m9YN 300-0.4

Embs) = 0\ 29 + Vgso ~ 20/0.7+2

where we have assumed that the value of Vgpg is approximately 2V.

300uS
Amos = 300pS+36.5pS+4uS+5pS = 0-8683 V/V.

The voltage gain of the BJT follower is

500
ABJT= 25.84500 = 0.951 V/IV

Thus, the gain of the op amp is
A,q(0) = (7777)(0.8683)(0.951) = 6422 V/V

The power dissipation of this amplifier is, P ;s = SV(1255uA) = 6.27mW

=36.5uS
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Two-Stage Op Amp with a Class-AB BJT Output Buffer Stage
This amplifier can reduce the quiescent power dissipation.

Vbb .
L:]' ,'J M5 M7|[1J :
M10 |} | I |
o | Q8 |
Yin 95uA|| N
oML MRS oY) ssua)|
\ | : ! Vout
<¢ IBlas }J_{ /1 E E
M4 1= —[ M9 ==<CL SRy
Mo I
VSS Output - -
. Buffer ' Fig 7112
Slew Rate:
+
Iour (1 + Bpl; Bo(Vpp — 1V + |Vis| — V)2
R+ = CL = CL and SR- = 2CL

If B =100, C, = 1000pF and 77 = 95pA then SR = 8.59V/ps.

Assuming a Wo/Lg = 60 (Ig = 133pA), £2.5V power supplies and C;, = 1000pF gives SR-
=35.9V/ps.
(The current is not limited by /7 as it is for the positive slew rate.)

CMOS Analog Circuit Design © P.E. Allen - 2003
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Two-Stage Op Amp with a Class-AB BJT Output Buffer Stage
Small-signal characteristics: cc cn

gmiVin Vi Ry v Vour
gmH 2 ngVn: g&m9V1

Nodal equations: Fig. 7.1- T
gmiVin = (G1 + sC)V1 = sC:Vo + OV

0= (gmir = sC)V1 + (Gpp + g+ sCe + sCr) Vo = (g + 5Cr) Vour

0=gmoV1 - (gm13 + sCV2 + (gm13 + SC)Vour where g5 > G3
The approximate voltage transfer function is:

Vo(s) ((s/z1) = 1y ((s/z2) = 1)

Vin(s) ~ A0 (slp1) = 1) ((5lp2) - 1)

T~

where
—8mI8mlIl 1 8ml13  8mlil gm9
Avo = GiGn = Ce Cr 8m9 2= _C—J'c t Ce ngI
gmii~ gmi3|* T 8 11}
-GGy gm9  Cn( GIGi \I- —8m138mil
P1= guiiCe |1 * Brgmu * Cc [gm13ngIH P2= (g, + gmo)Cr
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Two-Stage Op Amp with a Class-AB BJT Output Buffer Stage - Continued
Output stage current, I¢g:

9 60
Icg =1p9 =5 Ip6 = 73 95UA = 133pA

Small-signal output resistance:
rr+ Ry 19.668k2 + 116.96kQ
Fout= 1 + /3F = 101 =1353Q2

if Ig =17 = 95uA, and B = 100.

Loading effect of Ry, on the voltage 2
transfer curve (increasing Wo/Lg will -
improve the negative part at the cost 1 s
of power dissipation): ~ | RLE 10000
=0 ==
" Aii<._ | Rp=100Q
| ‘/ A Ry #5092
= . N
S I N AERRR
o \ R R
] N s e
2 -15 -1 -05 0 05 1 1.5 2
vy (Volts) Fig. 7.1-14A
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Example 7.1-3 - Performance of the Two-Stage, Class AB Output Buffer

Using the transistor currents given above for the output stages (output stage of the
two-stage op amp and the buffer stage), find the small-signal output resistance and the
maximum output voltage when R; = 50Q. Use the W/L values of Example 7.1-2 and

assume that the NPN BJT has the parameters of = 100 and I5 = 10fA.

Solution
It was shown on the previous slide that the small-signal output resistance is

Fe+rasellrass  19.668kQ + 116.96kQ
Fout = 1+6F = 101 = 1353Q

Obviously, the MOS buffer of Fig. 7.1-11 would decrease this value.

The maximum output voltage is given above is only valid if the load current is small.
If this is not the case, then a better approach is to assume that all of the current in M7
becomes base current for Q8. This base current is multiplied by 1+ to give the sourcing

current. If M9 is off, then all this current flows through the load resistor to give an output
voltage of

vour(max) = (1+8p) 7R,
If the value of vpy(max) is close to Vpp, then the source-drain voltage across M7 may
be too small to be in saturation causing /7 to decrease. Using the above equation, we
calculate vppr(max) as (101)-95uA-50€2 or 0.48V which is close to the simulation results
shown using the parameters of Table 3.1-2.
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SUMMARY
A buffered op amp requires an output resistance between 1022 < R, = 100022

Output resistance using MOSFETSs only can be reduced by,
- Source follower output (1/g,,)
- Negative shunt feedback (frequency is a problem in this approach)

Use of substrate (or lateral) BJT s can reduce the output resistance because g, is
larger than the g, of a MOSFET

Adding a buffer stage to lower the output resistance will most like complicate the
compensation of the op amp

CMOS Analog Circuit Design © P.E. Allen - 2003
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SECTION 7.2 — HIGH SPEED/FREQUENCY OP AMPS
Objective
The objective of this presentation is:
1.) Explore op amps having high frequency response and/or high slew rate
2.) Give examples
Outline
* Extending the GB of conventional op amps
Switched op amps
Current feedback op amps
Programmable gain amplifiers
Parallel path op amps
* Summary
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What is the Influence of GB on the Frequency Response?

The op amp is primarily designed to be used with negative feedback. When the product
of the op amp gain and feedback gain (loss) is not greater than unity, negative feedback
does not work satisfactorily.

Example of a gain of -10 voltage amplifier:

Magnitude
A
l[Ayg(0)l dB [===-=» N

/Amplifier with a gain of -10
20dB————= \
0dB 1 | » logio(w)

WA 0-3dB GIN Fig. 7.2-1

What causes the GB?
We know that

Em
GB="7C

where g, 1s the transconductance that converts the input voltage to current and C is the
capacitor that causes the dominant pole.

This relationship assumes that all higher-order poles are greater than GB.

CMOS Analog Circuit Design © P.E. Allen - 2003
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What is the Limit of GB?
The following illustrates what

. . Magnitud

happens when the next higher pole 1s i -

not greater than GB: lAya(0)l dB ===~ DN
AN Op amp frequency response
NG
E 7 Amplifier with a gain of -10

20dB .« . -40dB/dec
Next higher pole E :\(%\

! 4 S\

) 0dB - » logjo(w)
For a two-stage op amp, the poles o w3 dB\GB .

and zeros are: e T
. -8ml
1.) Dominant pole P1 =A,(0)C,
-8m6
2.) Output pole P2 = Cg
' -8m3
3.) Mirror pole P3 = Cgg3+Cgs4
4.) Nulling pole p4 = R_Z—C[
. -1
5.) Nulling zero 21 = R,C(Cilgme)
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A Procedure to Increase the GB of a Two-Stage Op Amp
1.) Use the nulling zero to cancel the closest pole beyond the dominant pole.

2.) The maximum GB would be equal to the magnitude of the second closest pole beyond
the dominant pole.

3.) Adjust the dominant pole so that 2.2GB = (second closest pole beyond the dominant
pole)

[lustration which assumes that p; is the next closest pole beyond the dominant pole:

Jjo
N AV4 .Y \/f_\\/ T »
XX \"aY 25 25 >0
-P3 P4 -P2=171 Pl P1 |
Magnitude New Old
A
|Ayd(0)I dB | . Old New
LGB GB GB |, sl
q Increase ">~ ’ l»/ Y logo(w)
0dBI™61d New N
U 7 N Before cancelling
-40dB/dec p2 by z1 and
. -60dB/dec }\\ increasing p1
Fig.7.2-3 -80dB/dec ~
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Example 7.2-1 - Increasing the GB of the Op Amp Designed in Ex. 6.3-1

Use the two-stage op amp designed Vop =25V
in Example 6.3-1 and apply the above s M3 M4 M6
approach to increase the gainbandwidth nam T T 4”'391‘3;‘}1
as much as possible. () E— R, Cc=3pF

. /\N\, ) I O Vout
75011/‘”0” 30uA ) o_|M1 3um  3um M2 J_ CL=
1.) First find the values of p,, p3, and p4. py  lem o lum F‘ 95uA | I 10pF

(a.) From Ex. 6.3-2, we see that

. | 30uA
pa = -94.25x106 rads/sec. ﬁ'iiﬁmf—“ I'_v4,5ptm IH 111%?
. M8 Ms| | M7
(b.) p3 was found in Ex. 6.3-1 as Vi:lz S5V Fig. 7.2:3A

p3 = -2.81x109 rads/sec.

(c.) To find p4, we must find C; which is the output capacitance of the first stage of the op
amp. Cjconsists of the following capacitors,
Cr=Cpar + Cpaa + Cgs6 + Comp + Coaa

For Cpp the width is 3um = LI1+L2+L3 =3um = AS/AD=9um?2 and PS/PD = 12um.
For Cp4 the width is 15um = L1+L2+L3 = 3um = AS/AD=45um?2 and PS/PD = 36um.
From Table 3.2-1:

Chr = (Qum2)(770x10-6F/m2) + (12um)(380x10-12F/m) = 6.93fF+4.56fF = 11.5fF

Chds = (45um2)(560x10-6F/m2) + (36um)(350x10-12F/m) = 25.2fF+12.6F ~ 37.8{F

CMOS Analog Circuit Design © P.E. Allen - 2003
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Example 7.2-1 - Continued
Cys6 18 given by Eq. (10b) of Sec. 3.2 and is

Cys6 = CGDO-W+0.67(C o Welg)=(220x10-12)(94x10-6)+(0.67)(24.7x10-4)(94x10-12)
= 20.7fF + 154.8fF = 175.5(F
Codz = 220x10-12x3um = 0.66fF  and Cggs = 220x10-12x15um = 3.3(F

Therefore, C; = 11.5fF + 37.8fF + 175.5fF + 0.66fF + 3.3fF = 228.8fF. Although Cj and
Cpas Will be reduced with a reverse bias, let us use these values to provide a margin. In

fact, we probably ought to double the whole capacitance to make sure that other layout
parasitics are included. Thus let C; be 300fF.

In Ex. 6.3-2, R, was 4.591kQ which gives py = - 0.726x109 rads/sec.
2.) Using the nulling zero, z;, to cancel p,, gives p4 as the next smallest pole.
For 60° phase margin GB = Ip4l/2.2 if the next smallest pole is more than 10GB.

GB =0.726x109/2.2 = 0.330x109 rads/sec. or 52.5MHz.
This value of GB is designed from the relationship that GB = g,,,;/C.. Assuming g;,1 is
constant, then C, = g,,1/GB = (94.25x10-6)/(0.330x109) = 286fF. It might be useful to

increase g1 in order to keep C. above the surrounding parasitic capacitors (Cggs =

20.7fF). The success of this method assumes that there are no other roots with a
magnitude smaller than 10GB.

CMOS Analog Circuit Design © P.E. Allen - 2003
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Example 7.2-2 - Increasing the GB of the Folded Cascode Op Amp of Ex. 6.5-3
Use the folded-cascode op amp designed

v,
in Example 6.5-3 and apply the above O "JD &
approach to increase the gainbandwidth as I h—ll’ I lls
much as possible. Assume that the MWM M4 A4 M5 4

drain/source areas are equal to 2um times the
width of the transistor and that all voltage
dependent capacitors are at zero voltage.

Solution
The poles of the folded cascode op amp are:

-1
pa~R,C, (the pole at the source of M6 )

-1
PB~RyzCy (the pole at the source of M7)

-1
P6=~(Ry+1/g10)Ce (the pole at the drain of M6)

8 8m9
pg =~ C—n; (the pole at the source of M8 ) Do~ C—n; (the pole at the source of M9)

-8m10
and pjp= CLlo (the pole at the gates of M10 and M11)

CMOS Analog Circuit Design © P.E. Allen - 2003
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Example 7.2-2 - Continued
Let us evaluate each of these poles.

1,) For py, the resistance Ry is approximately equal to g,, and C4 is given as
Ca = Cgg6 + Cpa1 + Coat + Cpas + Cpge+ Cous

From Ex. 6.5-3, g,,6 = 744.6uS and capacitors giving C4 are found using the parameters
of Table 3.2-1 as,

Cgs6 = (220x10-12.80x10-6) + (0.67)(80x10-6-10-6-24.7x10-4) = 149{F

Cpa1 = (770x10-6)(35.9x10-6-2x10-6) + (380x10-12)(2-37.9x10-6) = 84fF

Coa1 = (220x10-12-35.9x10-6) = 8fF

Cpas = Cpge= (560x10-6)(80x10-6-2x10-6) + (350x10-12)(2-82x10-6) = 147fF
and

Coas = (220x10-12)(80x10-6) = 17.6fF

Therefore,
C4 = 1491F + 84fF + 8fF + 147fF + 17.6fF + 147fF = 0.553pF

Thus,

-744.6x10-6
PA=0553x10-12 = -1.346x109 rads/sec.

2.) For the pole, pg, the capacitance connected to this node is
Cp=Copp+ Cppp + Cog7 + Cous + Cpas + Cps7

CMOS Analog Circuit Design © P.E. Allen - 2003
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Example 7.2-2 - Continued
The various capacitors above are found as
Coar = (220x10-12-35.9x10-6) = 8fF
Cpar = (770x10-6)(35.9x10-6-2x10-6) + (380x10-12)(2-37.9x10-6) = 84fF
Cos7 = (220x10-12-80x10-6) + (0.67)(80x10-6-10-6-24.7x10-4) = 149{F
Coas = (220x10-12)(80x10-6) = 17.6fF
and
Cpas = Cpg7 = (560x10-6)(80x10-6-2x10-6) + (350x10-12)(2-82x10-6) = 147fF

The value of Cp is the same as C4 and g,,6 1s assumed to be the same as g,,,7 giving pp =
pa = -1.346x109 rads/sec.

3.) For the pole, pg, the capacitance connected to this node is
Co= Cpas + Coap+ Cogg + Cogo
The various capacitors above are found as
Cpas = (560x10-6)(80x10-6:2x10-6) + (350x10-12)(2-82x10-6) = 147fF

Cyss = (220x10-12.36.4x10-6) + (0.67)(36.4x10-6-10-6-24.7x10-4) = 67.9fF
and
Cy50 = Cg8 = 67.91F Coi6 = Cyqs5 = 17.61F

Therefore,
Co = 147fF + 17.6fF + 67.91F + 67.9fF= 0.300pF

CMOS Analog Circuit Design © P.E. Allen - 2003
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Example 7.2-2 - Continued
From Ex. 6.5-3, R, = 2kQ and g, = 744.6x10-6. Therefore, p¢, can be expressed as

1

"P6 = (2x103 + (106/744.6))0.300x 10-12 = 0-966x10? rads/sec.
4.) Next, we consider the pole, pg. The capacitance connected to this node is

Cs= Cpa10 + Cga10+ Coss + Cpsg

These capacitors are given as,
Chss = Cparo = (770x10-6)(36.4x10-6-2x10-6) + (380x10-12)(2-38.4x10-6) = 85.2fF
Cos = (220x10-12.36.4x10-6) + (0.67)(36.4x10-6-10-6-24.7x10-4) = 67.9fF

and
Coa10 = (220x10-12)(36.4x10-6) = 8fF

The capacitance Cys is equal to
Cg = 67.91F + 8fF + 85.2fF + 85.2fF = 0.246pF
Using the g,,8 of Ex. 6.5-3 of 774.6uS, the pole pg is found as, -pg = 3.149x109 rads/sec.
5.) The capacitance for the pole at pg is identical with Cg. Therefore, since g;,9 is also
774.6u8S, the pole p9 is equal to pg and found to be -pg = 3.149x109 rads/sec.
6.) Finally, the capacitance associated with pg is given as
Ci0=Cys10 + Cgs11 + Chag

These capacitors are given as
CMOS Analog Circuit Design © P.E. Allen - 2003
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Example 7.2-2 - Continued

Cys10 = Cygs11 = (220x10-12.36.4x10-6) + (0.67)(36.4x10-6-10-6-24.7x10-4) = 67 .9fF
and
Cpas = (770x10-6)(36.4x10-6-2x10-6) + (380x10-12)(2-38.4x10-6) = 85.2fF

Therefore,
Ci0=6791F + 67.9fF + 85.2fF =0.221pF
which gives the pole pjq as -744.6x10-6/0.246x10-12 = -3.505x109 rads/sec.
The poles are summarized below:
pa =-1.346x109 rads/sec  pp = -1.346x109 rads/sec pg = -0.966x109 rads/sec

pg = -3.149x109 rads/sec ~ pg = -3.149x109 rads/sec pjg = -3.505x109 rads/sec

The smallest of these poles is pg. Since p4 and ppg are not much larger than pg, we
will find the new GB by dividing pg by 5 (rather than 2.2) to get 200x106 rads/sec. Thus
the new GB will be 200/2x or 32MHz. The magnitude of the dominant pole is given as

GB  200x100
Pdominant = A, (0) =~ 7464 = 26,795 rads/sec.

The value of load capacitor that will give this pole is

I
CL= D tominant Rom = 26.795x103-19.4Mg ~ 1-9PF

Therefore, the new GB = 32MHz compared with the old GB = 10MHz.
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Conclusion for Increasing the GB of Op Amps

Maximum GB depends on the input transconductance and the capacitance that causes
the dominant pole.

Quantity MOSFET Op BJT Op Amp
Amp
gm dependence W Ic Ic
K[TIp | ®g=v,
Maximum gy, ~ 1 mA/V ~ 20 mA/V
GB for 10pF 15 MHz 300 MHz
GB for 1pF 150 MHz 3 GHz

Note that the power dissipation will be large for large GB because current is needed for
large gm.
Assumption:
All higher-order roots are above GB.
The larger GB, the more difficult this becomes.
Conclusion:
* The best CMOS op amps have a GB of 10-50MHz
e The best BJT op amps have a GB of 100-200MHz
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Switched Amplifiers

Switched amplifiers are time varying circuits that yield circuits with smaller parasitic

capacitors and therefore higher frequency response. Such circuits are called dynamically
biased.

» Switched amplifiers require a nonoverlapping clock
» Switched amplifiers only work during a portion of a clock period

* Bias conditions are setup on one clock phase and then maintained by capacitance on the
active phase

» Switched amplifiers use switches and capacitors resulting in feedthrough problems
» Simplified circuits on the active phase minimize the parasitics

Typical clock:
d1
A
T T T X:t
l l l l T
b2 | | | |
A | | | |
: : : N
T
0 0.5 1 15 2 Fig. 7.2-3B
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Dynamically Biased Inverting Amplifier

CB/

Fig.7.2-4 = Vs
During phase 1 the offset and bias of the inverter is sampled and applied to Cpg and Cp.

During phase 2 Cpg is connected in series with the input and provides offset canceling
plus bias for M1. Cpg provides the bias for M2.

(This circuit illustrates the concept of switched amplifiers but is too simple to illustrate
the reduction of bias parasitics.)

CMOS Analog Circuit Design © P.E. Allen - 2003
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Dynamically Biased, Push-Pull, Cascode Op Am

VDD

5 i -

1 v
Vin~ Vm out
B (§) —

h@ T M2

MS_'I b1 ) =y

[ 1

Az H
vV Fig.7.2-5

Push-pull, cascode amplifier: M1-M2 and M3-M4

Bias circuitry: M5-M6-Cy and M7-M8-C}

Parasitics can be further reduced by using a double-poly process to eliminate bulk-drain

and bulk-source capacitances at the drain of M1-source of M2 and drain of M4-source of
M3 (see Fig. 6.5-5).
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Dynamically Biased, Push-Pull, Cascode Op Am

- Continued

Operation:

V
TDD

L

+
C1 =<Vbp-VB2-vin*
B ()
Cr ==Vin*-Vss-VBi1
l\ﬂzh__,\_‘.”f -

‘e

—int

i Vss

Equivalent circuit during the ¢ clock period

CMOS Analog Circuit Design

VoD-VB2-(Vint-Vin )~

Vss+VB1-int-vin)

VDD

A

I

- —]

|
Q

+
VbbD-VB2-vint =<
Vin~ -~
o—®
+
Vint-Vss-Vp1=<C»

- —

11

Vss

M4

<
®

Vout

l

<
)

Equivalent circuit during the ¢; clock period.

Fig. 7.2-6
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Dynamically Biased, Push-Pull, Cascode Op Amp - Continued

This circuit will operate on both clock phases’ .

Vv
TDD

Vout

‘ Vg

Fig. 7.2-7

Performance (1.5um CMOS):

* 1.6mW dissipation
* GB =~ 130MHz (C;=2.2pF)
* Settling time of 10ns (C;=10pF)

This amplifier was used with a
28.6MHz clock to realize a Sth-
order switched capacitor filter
having a cutoff frequency of

3.5MHz.

¥ S. Masuda, et. al., “CMOS Sampled Differential Push-Pull Cascode Op Amp,” Proc. of 1984 International Symposium on Circuits and Systems,

Montreal, Canada, May 1984, pp. 1211-12-14.
CMOS Analog Circuit Design
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Current Feedback Op Amps

Why current feedback:

e Higher GB

* Less voltage swing = more dynamic range
What is a current amplifier?

Amplifier: iz 7284

Requirements:
io = Ai(i1-i2)
Ri1 =Rjp =0Q
RO =

Ideal source and load requirements:

Rsource =

Rjoad = 0Q
CMOS Analog Circuit Design © P.E. Allen - 2003
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Bandwidth Advantage of a Current Feedback Amplifier

Consider the inverting voltage amplifier
shown using a current amplifier with

[ <o
negative current feedback: ; W\’R
. Ry lin | § 2,
The output current, i,, of the current . s L —» _?. iy Vout

. . . - O
1 —»|Vout
amplifier can be written as \

iy = Als) (i) = -Al($) iy + i) [ Wren Voltage
The closed-loop current gain, i,/i;,, can be Fig. 7.2-9 © Amplifier Buffer
found as

i -ALS)
Iin— 1+A,(s)

However, v,,, = i,R, and v;, = i;,R;. Solving for the voltage gain, v,,/v;, gives
Vout i0R2 'R2 Ai(s)
Vin = IinR1 T [R1 1+Ai(5))

Ao
If Aj(s) = , then

wgt 1
Vout 'R2 Ao
Vin = [R] (1+A0

CMOS Analog Circuit Design © P.E. Allen - 2003
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Bandwidth Advantage of a Current Feedback Amplifier - Continued
The unity-gainbandwidth is,
RA, R Ry
GB=1A,0)l w3gdB = Ri(1+A,) - wq(1+A,) = R_le'wA =R GB;
where GB; is the unity-gainbandwidth of the current amplifier.
Note that if GB; is constant, then increasing Ry/R1 (the voltage gain) increases GB.

Illustration:
Magnitude dB Voltage Amplifi Ry g
>
RZGAo)d A v oltage Amplifier, g
RiM+Ao Voltage Amplifier, §2=K>1§
AO b/ 1 1
K 144 dB 0
+io Current Amplifier
/ '
A, dB > . :
\ (1 +A o)A
0dB - : .l
OGN

Note that GB» > GB| > GB;

The above illustration assumes that the GB of the voltage amplifier realizing the voltage
buffer is greater than the GB achieved from the above method.
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A Simple Current Mirror Implementation of a High Frequency Amplifier

Since the gain of the current amplifier does not need to be large, consider a unity-gain
current mirror implementation:

V
f DD
|<JM5 |<J M6
V| [
Vin Ry
M3
Vout
IBias M1 M9
¥ Vs Fig. 7.2-11

An inverting amplifier with a gain of 10 is achieved if Ry = 20R assuming the gain of the
current mirror is unity.

What is the GB of this amplifier?
RyAo | Ao 1
GB =1A\(0le-3dB =R{(1+4,) ' R,C, = (1+A,)R|C, = 2RC,
where C,, is the capacitance seen at the output of the current mirror.
If Ry = 10kQ and C, = 250fF, then GB =31.83MHz.

Limitations:

Ry
R1>Rjy=1/gy1 and Ry <rgpllrgse = R << gm1(rds2llrdse)

CMOS Analog Circuit Design © P.E. Allen - 2003
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A Wide-Swing, Cascode Current Mirror Implementation of a High Frequency
Amplifier

The current mirror shown below increases the value of Ry by increasing the output
resistance of the current mirror.

18 {[:Mlz
Rl R2 VOMI

= M4
E]/I}lj MI |—HEM2 MIIST—W_{[:‘M“

Vg Fig. 7.2-12

New limitations:

1 R
Ry > g 1 and R < gmardsards2llgmerdserds8 = Ry << &m1(8mdrdsards2/l8m6r ds6ds8)
CMOS Analog Circuit Design © P.E. Allen - 2003
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Example 7.2-3 - Design of a High GB Voltage Amplifier using Current Feedback

Design the wide-swing, cascode voltage amplifier to achieve a gain of -10V/V and a
GB of 500MHz which corresponds to a -3dB frequency of 5S0MHz.

Solution

Since we know what the gain is to be, let us begin by assuming that C, will be
100fF. Thus to get a GB of 500MHz, R| must be 3.2kQ and R, = 32kQ. Therefore,
1/g,,1 must be less than 3200€2 (say 300€2). Therefore we can write

1 W W
gml =\2KI'(W/L) =300 — 5.56x100=K"1F7 - 0.0505=IF

At this point we have a problem because if W/L is small to minimize C,, the current will
be too high. If we select W/L = 200um/Ium we will get a current of 0.25mA. However,
using this W/L for M4 and M6 will give a value of C, that is greater than 100fF.

Therefore, select W/L = 200 for M1, M3, M5 and M7 and W/L = 20um/1um for M2, M4,
M6, and M8 which gives a current in these transistors of 25uA.

Since R»/R; is multiplied by 1/11 let R, be 110 times R; or 352k€Q.

Now select a W/L for M12 of 20um/1um which will now permit us to calculate C,.
We will assume zero-bias on all voltage dependent capacitors. Furthermore, we will
assume the diffusion area as 2um times the W. C, can be written as

Co = Coas + Cpas + Coge + Cpgs + Cys12
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Example 7.2-3 - Design of a High GB Voltage Amplifier using Current Feedback -
Cont’d

The information required to calculate these capacitors is found from Table 3.2-1. The
various capacitors are,

Coas = Cggs = CGDOXx10um = (220x10-12)(20x10-6) = 4.4fF
Cpas = CIXAD4+CJISWxPD, = (770x10-6)(20x10-12)+(380x10-12)(44x10-6)
= 15.4fF+16.7fF = 32.1fF
Cpas = (560x10-6)(20x10-12)+(350x10-12)(44x10-6) = 26.6fF
Cys12 = (220x10-12)(20x10-6) + (0.67)(20x10-6-10-6-24.7x10-4) = 37.3fF
Therefore,
C, = 4. 4F+32.1fF+4.4fF+26.6fF+37 .3fF = 105fF

Note that if we had not reduced the W/L of M2, M4, M6, and M8 that C, would have
easily exceeded 100fF. Since 105fF is close to our original guess of 100fF, let us keep the
values of R; and R,. If this value was significantly different, then we would adjust the
values of Ry and R, so that the GB is 500MHz. One must also check to make sure that
the input pole is greater than SOOMHz.

The design is completed by assuming that Ip;,; = 100pA and that the current in M9
through M12 be 100pA. Thus Wys/Li3 = Wi4/L14 = 20um,/1um and Wo/Lg through
W12/L12 are 20um/1pm.
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Example 7.2-3 - Continued

30 [ T T TTTTIT T T TTTTIT T T TTTTIT T T TTTTTT
S T~ Ry =1kQ
20 E ¥
T TR0, Y \-20dB/dec
m 10 [ AN ]
o C R =32kQ"| AN ]
£of 1 N ]
E C 1 N ]
= 0k | |\ /1-40dB/ded]
C | i \\A‘\ .
L : ) v\ i
20 F 1 ‘ S
: f34B] ' GB \\\\ ]
_30 C 1 1111111 1 1111111 I\4:IIIIII I1'4IIII 1 II\IIIT
10° 10° 10’ 108 10° 10
Frequency (Hz) Fig. 7.2-13

Simulation Results:
f-3dB = 38MHz GB =300MHz  Closed-loop gain = 18dB
(Loss of -2dB is attributed to source follower and Rj)

Note second pole at about 1GHz. To get these results, it was necessary to bias the input
at -1.7VDC using +3V power supplies.

If Ry is decreased to 1k€2 results in:
Gain of 26.4dB, f.34gB = 32MHz, and GB = 630MHz
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A 71 MHz Programmable Gain Amplifier using a Current Amplifier
The following circuit has been submitted for fabrication in 0.25um CMOS:

5§ 50 , 906 1
A oV M2 s

Ry Ry
»—@—o + Vout - O—@—«

:]| | Lh A= | = |[:

.o o | k <_|I k r__:l II_, <_|I I:] ) Il_’ ) | oo o
S st B Sl o A
N s S e I
x4 x2 x1 Vss x1 x2 x4
=1/8 =1/4 =1/2 =1/2 =1/4 “ =71/28135A

ig. 7.2-
R and the current mirrors are used for gain variation. R; is fixed.
Can cascade this amplifier for higher gains
BW = BWA/21/n-1 forn=2, BW=0.64 BW;
CMOS Analog Circuit Design © P.E. Allen - 2003
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Implementation of a 60dB Gain, 500MHz -3dB Frequency PGA
O--G0d8 R-Z2R typa attenuator
-
A é g R
T e N S S ——
0.41R 0.32R Q0 2TR 0.41A 0.32R 0.27H
AT AT AT N
jl } JI|| JI||| -------- ! f j } 3 cascoda 0-20dE current op—amp
odB -2dB —-ddB GdB
\ \ \ N e \ \ \ \ T T

R R N
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Simulation Results

Output voltage swing is 1.26V for a 2.5V power supply.
Voltage gain is 0 to 60dB in 2dB steps (gain error = +0.17dB)
Maximum GB is 1.5GHz

Total current: 3.6mA

L EEEME

=&

a8

1 W0 EET ]
| Fr )
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A 71 MHz CMOS Programmable Gain Amplifier’
Uses 3 ac-coupled stages.
First stage (0-20dB, common gate for matching and NF):

Vbp
o o Vap o L
| A - — A I
"8 o | Mo Vay o——] P e
TG el S oo
o9 b 5 b b =
| | VB1 e Vg1
Magp ! Moag [+ :vm vmz M1 Magp
® © ® ® O ® ©
- Fig. 7.2-137A

R;,, = 330€2 to match source driving requiremTent

All current sinks are identical for the differential switches.
Dominant pole at 150MHz.

 P. Orsatti, F. Piazza, and Q. Huang, “A 71 MHz CMOS IF-Basdband Strip for GSM, IEEE JSSC, vol. 35, No. 1, Jan. 2000, pp. 104-108.
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A 71 MHz PGA - Continued
Second stage (-10dB to 20dB):

M6

Vout Vout

PO © G ®

Dominant pole is also at 150MHz
For Vpp = 2.5V, at 60dB gain, the total current is 2.6mA

1IP3 =~ +1dBm
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Parallel Path Op Amps

This type of op amp combines a high-gain, low-frequency path with a low-gain, high-
frequency path.

dB
A
A,41(0l) dB }------- m
AN 1A [
: \\\\‘/ le(s)
+ !
Vin |A,42(01) dB ‘: W% lAya2(s)!
= ! i \\\ |p3|
0dB ' . S >
Ip1! Ip2! \GB\
Fig. 7.2-14 log10() N
Comments:

* Op amp will be conditionally stable
* Compensation will be challenging
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Multipath Nested Miller Compensation’

\ [ Cm2
/1
\ (Gl
/1
Vout
Vin Em3 w —O
8m4
Fig. 7.2-15

Comments:

» All Miller capacitances must be around inverting stages

* Ensure that the RHP zeros generated by the Miller compensation are canceled
e Avoid pole-zero doublets which can introduce a slow time constant

*R.G.H. Eschauzier and J.H.Huijsing, Frequency Compensation Techniques for Low-Power Operational Amplifiers, Kluwer Academic publishers,
1995, Chapter 6.
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Illustration of Hybrid Nested Miller Compensation®

(Note that this example is not
multipath.) \| Cm3

Compensating Results:
1) C,,1 pushes py to higher

frequenc.ies and p3 down to lower - w pi{ 5 1??2|_gm3 p3{% P4 Vour
frequencies ’ | |
2) C, pushes p, to higher Rl% Rz% R3% RL%CLI

frequencies and p; down to lower  Fig.7.2-16 1 1 il I
frequencies

3) C,,3 pushes pj3 to higher frequencies (feedback path) & pulls p; further to lower
frequencies

Equations:

GB=~gmi/Cmz  P2=~8m2/C3z P3=~8m3Cm3/ (CniCn2)  Pa=~8gmd/CL
Design:

GB < p3, p3, P4

"R.G. H. Eschauzier et. al., “A Programmable 1.5V CMOS Class-AB Operational Amplifier with Hybrid Nested Miller Compensation for 120dB Gain and 6MHz UGT,” IEEE J.
of Solid State Circuits, vol. 29, No. 12, pp. 1497-1504, Dec. 1994.
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Illustration of the Hybrid Nested Miller Compensation Technique

A ](1)
Py D3 1) D1
% > % * >0
h \ 1 1
! \ i i
N !
\ .
Cm] / \ H H 4 JO
; - :
/P4 \ P31 P> 1 P
% % X X > O
i i / \
i | \
! 1 \ .
CIII2 i /’l} ‘\\ 4 O
1 1\ \
1 P4 Py 1P3 WAl
= %% % > O
i i / \
1 1/ \
H \
i /1 \ .
Cm3 ! ,': \\\ A ](D
7/
1 Y] 1 \
$P4 e L1
X H— X » O
Fig. 7.2-17
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SUMMARY

e Normal op amps limited by g;,,/C

* Typical limit for CMOS op amp is GB = 5S0MHz
* Other approaches to high frequency CMOS op amps:
Current amplifiers (Transimpedance amplifiers)
Switched amplifier (simplifies the circuit = reduce capacitances)
Parallel path op amps (compensation becomes more complex)
* What does the future hold?
Reduction of channel lengths mean:
Reduced capacitances = Higher GB’s
* Higher transconductances (larger values of K’) = Higher GB’s
* Increased channel conductance = Lower gains (more stages required)
* Reduction of power supply = Increased capacitances

In otherwords, there should be some improvement in op amp GB’s but it won’t be
inversely proportional to the decrease in channel length. I.e. maybe GB’s ~ I00MHz
for 0.2um CMOS.

*
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SECTION 7.3 - DIFFERENTIAL OUTPUT OP AMPS

Objective

The objective of this presentation is:

1.) Design and analysis of differential output op amps

2.) Examine the problem of common mode stabilization
Outline

* Advantages and disadvantages of fully differential operation
* Six different differential output op amps

* Techniques of stabilizing the common mode output voltage

* Summary
CMOS Analog Circuit Design © P.E. Allen - 2003
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Why Differential Output Op Amps?

* Cancellation of common mode signals including clock feedthrough

* Increased signal swing

V2, _:‘ D
s IRV V.

¢ (Cancellation of even-order harmonics

Symbol:
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Common Mode Output Voltage Stabilization

If the common mode gain not small, it may cause the common mode output voltage to
be poorly defined.

Illustration:
Vod
VoDl o ___ _/Z\_\ ______
T
Vss t -------------- -
CM output voltage = 0
Vod
vopt
A
0 / >t
______ \/____\/
Vesh-----------------—--.
CM output voltage =0.5Vpp
Vod
Voot
0 >t
/S
Vss A N A _
CM output voltage =0.5Vss  Fig. 7.3-2
CMOS Analog Circuit Design © P.E. Allen - 2003
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Two-Stage, Miller, Differential-In, Differential-Out Op Amp

Note that the
upper ICMR is M8

Vpp - Vsgp + VTN

Volo—4

M9’:]} . %w M3 {[:‘M7

Vss Fig. 7.3-3

Output common mode range (OCMR) = Vpp+ [Vssl - Vgpp(sat) - Vpgpn(sat)

The maximum peak-to-peak output voltage < 2-OCMR
Conversion between differential outputs and single-ended outputs:
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Differential-Output, Folded-Cascode, Class-A Op Amp

Vbp

M15 Ml14
M s
’ M3

M6:|I A N ) _|l‘_‘M7

R1

Vo2 Vil vi2 Vol
o— o—[ M1 M2 ||—o e

R>
Mio | M3 ——Imi
MS I A _.\ + A I M9
I:: —VBias
F I A ~ — A Mil1

M10
M17

Vss Fig. 7.3-5
OCMR = Vpp + Vgsl - 2Vgpp(sat) -2V pgn(sat)
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Two-Stage, Miller, Differential-In, Differential-Out Op Amp with Push-Pull Qutput

Vbp

o

M3 |—[ M4

13— 0 (G

v 1:/17:|ICC A —[ M4

o

0_0_| { Vil Vi2 : |_0_0
o—| Ml M2 |o

M9r—_l|——| M10 V;;—| M5 Mlzr—_ll——ﬂ__,IMs

Vss Fig. 7.3-6
Comments:
* Able to actively source and sink output current
* Output quiescent current poorly defined
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Two-Stage, Differential Qutput, Folded-Cascode Op Amp

M20
| L"I I'I'_JMS [ M13
oMo
M14__’II— A ) _|l<_-M7 —||:M15
l—
R1 —| M1
M2 I—QZ R ¢
Vo2 z G 1 Vol
M18
| A — | = = )
mi6 ] M8« M3|<—l' L SV a7
— as
Vss Fig. 7.3-7A

Note that the followers M11-M13 and M10-M12 are necessary for level translation to the
output stage.
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Unfolded Cascode Op Amp with Differential-Outputs

Vbp
M7I:l| 0\ MSL_’"I | I['_f‘m M4|| | II"_JM6 :['_JMs
MzT_’II 0 [ M20
Mg‘_’ll I} A A A | |r__M10
vilo—| M1 M2 |—ovin 9
Vol 0— RoShvmo Ry —O0 Vo2
Mmis_|| - 0 0 M6
M23 VBiaSC—It Y I M18
VIEDH | T T M2
Mlll:ll A A Il__’|M14

Vs Fig. 7.3-8
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Cross-Coupled Differential Amplifier Stage

One of the problems with some of the previous stages, is that the quiescent output current
was not well defined.

The following input stage solves this problem.

+| + + |+
VGs1 =vgsi VGS2 = Viso
v .1 - - - v .
! + + + + i2
VsG3 —-V5G3 VSG4 = V5G4

iliz ilil Fig. 7.3-9
Operation:
Voltage loop vj1 - vi2 =-VGs1+ vGs1 + vsG4 - Vsca = VsGs - vsG3 - vGs2 + Vas2
Using the notation for ac, dc, and total variables gives,
Vi2 - Vil =Vid= (ngl + Vgs4) = '(ngS + Vgs2)

If M1 = M2 = M3 = M4, then half of the differential input is applied across each transistor
with the correct polarity.

. E8m1Vid  8m4Vid . 8m2Vid 8m3Vid

i1="»> =" and h=-"795 =-"7
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Class AB, Differential Output Op Amp using a Cross-Coupled Differential Input
Stage

Vbp
Mlg‘_’“ J\ J\ Ilj/” M'g_’l: ) J\ Il‘_JMlO
M2
M26_:|I )\ ) ) 5"|=
M13j= M v1 P\ A A M vz I M24
l l
O—l%l M1M2 H—O
M21 M22 | Ri l‘_‘
|—| M14
A%
81— —O Vo2
M15:||_| §R2 MIS]HH M3 M JH[M20
N A M\ |EM16
Mz7 |‘C —=M17 =M18 'D\’m
Vg + P | |
M1l ] "Bias | | | 1 M
| ) M5| IM6 |
Vss Fig. 7.3-10

Quiescent output currents are defined by the current in the input cross-coupled
differential amplifier.
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Common-Mode Output Voltage Stabilization

Vbp

—|EM1 Common-mode M2|j|—

feedback circuit

Ro2 *
Vol © 0 * O Vo2
ip1(sink) Ro3 %04 ii,z(sink)

Vss

Model of output of differential
output op amp

Operation:
M1 and M2 sense the common-mode output voltage.
If this voltage rises, the currents in M1 and M2 decrease.

This decreased current flowing through R,3 and R,4 cause the common-mode output
voltage to decrease with respect to Vgg.
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Two-Stage, Miller, Differential-In, Differential-Out Op Amp with Common-Mode
Stabilization

Vbbp

], |
R s e B

R z CC V02

oo W~ AW
vito—{[ . M1 M2, |Fovi2

M9r—_ll T II_.I M Il__,lMs

Vss Fig. 7.3-12

Comments:
e Simple
e Unreferenced
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A Referenced Common-Mode Output Voltage Stabilization Scheme

VD
Vol Vo2 M Mﬂ
M1 M2 |}—o
¥ ]
Voem —
I 51 o - Iocml To correction
— 161 circuitry
Msjl II:M6
Vss Fig. 7.3-13

Operation:
1.) The desired common-mode output voltage, V., creates I,cp;.

2.) The actual common-mode output voltage creates current /5 which is mirrored to /g .

3.) If M1 through M4 are matched and the current mirror is ideal, then when /1,5, = I¢

the actual common-mode output voltage should be equal to the desired common-
mode output voltage.

4.) The above steps assume that a correction circuitry exists that changes the common-
mode output voltage in the correct manner.
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Common Mode Feedback Circuits
Implementation of common mode feedback circuit:
VoD

M3 M4|
| A | |
* IBias MC3_I II— |

‘ |:| MC4 % Iz I4)| v

Common- l] c3 r__ l Ica g—ﬂl : 410—04

mode feed- =2 Self-

back circuit L -5 S resistances
—|:| MC1 MC2A | ,;::.' - il of M1-M4
+ r_ ! V] V2

Vem = o—[ M1 wm2 [o
-_T_ MC2B
= MC5 5
MB E“ I“I |

This scheme can be applied to any differential output amplifier.
Caution:

Be sure to check the stability of common-mode feedback loops, particularly those that
are connected to op amps that have a cascode output. The gain of the common-mode
feedback loop can easily reach that of a two-stage amplifier.
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Common Mode Feedback Circuits — Continued

The previous circuit suffers when the input common mode voltage is low because the
transistors MC2A and MC2B have a poor negative input common mode voltage.

The following circuit alleviates this disadvantage:

Vbbp

M3 M4
A [ |
d}IBias MC3:|= II— Ir—_
Common- l Ies | lr__l\illcct Vo_ 113 I4l

mode feed-
back circuit

- Remi | Reme
M MC2 AAA —]
tlj l:‘ F—'I' Vi V2

Vem = o—[ M1 M2 |o
1 —
MC

v £ I

Fig. 7.3-15New

Vss
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External Common-Mode Output Voltage Stabilization Scheme for Discrete-Time
Applications

] b2 91
J:/ - I/ 1
= v L =
Vid S T

o) _ Vocm

Ccm -
J:{)l__@j:ﬂl

L Rig.73-14

Operation:

1.) During the ¢ phase, both C,, are charged to the desired value of V,,;, and CMbias
= Yocm-

2.) During the ¢» phase, the C;, capacitors are connected between the differential
outputs and the CMbias node. The average value applied to the CMbias node will be

VOCWI'
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SUMMARY
Advantages of differential output op amps:

- 6 dB increase in signal amplitude
- Cancellation of even harmonics

- Cancellation of common mode signals including clock feedthrough
Disadvantages of differential output op amps:

- Need for common mode output voltage stabilization
- Compensation of common mode feedback loop

- Difficult to interface with single-ended circuits
Most differential output op amps are truly balanced

For push-pull outputs, the quiescent current should be well defined
* Common mode feedback schemes include,

- Unreferenced

- Referenced
CMOS Analog Circuit Design © P.E. Allen - 2003
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SECTION 7.4 - LOW POWER OP AMPS

Objective

The objective of this presentation is:

1.) Examine op amps that have minimum static power
- Minimize power dissipation
- Work at low values of power supply
- Tradeoff speed for less power

QOutline

e Weak inversion

* Methods of creating an overdrive

e Examples

* Summary
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Subthreshold Operation
Most micropower op amps use transistors in the subthreshold region.
Subthreshold characteristics:

ip iD
A A
Square Law

o )

¢/ Strong Inversion

\ wition vGs=Vr
100nA f----»"----=

TVGS <Vr

- Weak Inverswn

0 Y —»vGs 04 L Ly vpg
0 Vr 0 v 2V Fig 7.4-0A
w qvVGS qIp
ip =T Ipo exp| kT |(1+AvDs) = 8m=nkT and ggg = Alp

Operation with channel length = L,,;,, also will normally be in weak inversion.
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Two-Stage, Miller Op Amp Operating in Weak Inversion

B
5
3

I
VBias

Vs Fig.7.4-1

Low frequency response:

1 1
= 1ong(kT1q)2(A; + A3)(Ag + A7) (No longer N )

Vo6l o7
To6 + Fo7

T'o2Fo4
To2 + Vo4

Avo Em28m6

GB and SR:

i Ips 1
GB=Gitfloc ~ and  SR="¢ =2 =2GBn ;) 2GBn,V,
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Example 7.4-1 Gain and GB Calculations for Subthreshold Op Amp.
Calculate the gain, GB, and SR of the op amp shown above. The currents are Ips5 =
200 nA and Ip7 = 500 nA. The device lengths are 1 um. Values for n are 1.5 and 2.5 for

p-channel and n-channel transistors respectively. The compensation capacitor is 5 pF.
Use Table 3.1-2 as required. Assume that the temperature is 27 °C. If Vpp = 1.5V and

Vgs =-1.5V, what is the power dissipation of this op amp?
Solution

The low-frequency small-signal gain is,

1
Ay =(1.5)(2.5)(0.026)2(0.04 + 0.05)(0.04 + 0.05) = 43,701 VIV

The gain bandwidth is

100 x 109
GB =7350.026)(5 x 10-12) = 307690 tps = 49.0 kHz

The slew rate is
SR = (2)(307690)(2.5)(0.026) = 0.04 V/us

The power dissipation is,
Pjiss = 3(0.7uA) =2.1uW
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Push-Pull Output Op Amp in Weak Inversion

: . VbD
First stage gain is,
gm2  IponaVi  Ipony M3 [ M4
Avo:g =TpaaV, = Ipany = 1 }—I |
m4 ~ Ipana Vi~ Ipany
M8:|I Ir__M6
Total gain is, Vi2 liv[ ! M3 J—o
8m1(Se/S4) (Se/S4) 0 Vou
Avo = (gds6 + gds7) - ()"6 + )\,7)711‘/, O_Il:MS I Ce
At room temperature (V; = 0.0259V) and VB-'i-as —
for typical device lengths, gains of 60dB M9,—_|I Il__,M7
can be obtained. -
The GB is, Vss Fig. 7.4-2
Eml % gmlb
GB="C [54] = C
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Increasing the Gain of the Previous Op Amp

1.) Can reduce the currents in M3 feiiiiiiiiio.o, Vbb
and M4 and introduce gain in the

current mirrors. MgL:l '

2.) Use a cascode output stage

VT+2Voni

(can’t use self-biased cascode, §_']|—H%{Ml 7 I:MIO
currents are too low). Vi
E T Vout
_ (8m1+8m2 [:M12M15:] Hn=
v= 2 out i Vr+2Von!
g&ml M9F4_]| ; I[_Rw
~ 8ds68ds10  8ds78ds11 e Fi:g 74-3A

gm0 T gmll

I5
2n, Vi [ I5 ( 1 )
17222 17222 = \27)\n, V2 (0, A2 41y 22)
I T I
Can easily achieve gains greater than 80dB with power dissipation of less than 1uW.
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Increasing the OQutput Current for Weak Inversion Operation

A significant disadvantage of the weak inversion is that very small currents are available
to drive output capacitance so the slew rate becomes very small.

Dynamically biased differential amplifier input stage:

I

m20—" M1 !

lil lilvé')z_|

Aliz-in)|

M22_|L M24 M28
M26

Note that the sinking current for M1 and M2 1s

Lsink =15 + A(ip-11) + A(i1-1p) where (i-i1) and (i1-ip) are only positive or zero.
If v;1>v;2, then ip>i] and the sinking current is increased by A(ip-i1).
If vjp>v;1, then i1>ip and the sinking current is increased by A(i1-i2).
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Dynamically Biased Differential Amplifier - Continued

How much output current is available from this circuit if there is no current gain from the
input to output stage?

Assume transistors M 18 through M21 are equal to M3 and M4 and that transistors M22
through M27 are all equal.

Wosg [W26 Waog [W27

Let Ty =AlTys) 24T =417

The output current available can be found by assuming that v;;,, = v;1-vip > 0.
i1 +ip =15+ A(ir-i1)

The ratio of iy to i1 can be expressed as
2 Vin.
i] = €Xp I’th

Defining the output current as i1 = b(ip-i1) and combining the above two equations
gives,

Vin

bls nvy -

exp 1

b
ioUT= - = ipyr = when A=2.16 and y;= 1

mn
I’lVl

where b corresponds to any current gain through current mirrors (M6-M4 and M8-M3).

(1+A) - (A-1)exp

CMOS Analog Circuit Design © P.E. Allen - 2003

Chapter 7 — Section 4 (2/25/03) Page 7.4-9

Overdrive of the Dynamically Biased Differential Amplifier
2 1 1 1

The enhanced output current is
accomplished by the use of positive
feedback (M28-M2-M19-M28).

The loop gain is, _ i

8m28 8m19)_ 8m19 3

8m4a \8m?26 8m4 =A A=1.5

Note that as the output current Iour |

increases, the transistors leave the weak Is B
inversion region and the above analysis A=03
1s no longer valid.

10|

vIN nV; Fig. 7.4-5
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Increasing the Output Current for Strong Inversion Operation

An interesting technique is to bias the output transistor of a current mirror in the active
region and then during large overdrive cause the output transistor to become saturated
causing a significant current gain.

Illustration:
A
531pAf--- - ,
| | < |
l A l 5) = AN |
g ip for Wo/Lp =5.31(W{/Ly)
M1 | M2|, D a , |
i .
jl——l l__,Vdsz N
100UA}f---—-———oooee L S
T - : :
- ' — Volts
0.1V 51(sat) Vs1(sat)
Fig. 7.4-6
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Example 7.4-2 Current Mirror with M2 operating in the Active Region
Assume that M2 has a voltage across the drain-source of 0.1V (sat). Design the
W,/L, ratio so that I} = I, = 100pA if W/L; = 10. Find the value of I, if M2 is saturated.

Solution
Using the parameters of Table 3.1-2, we find that the saturation voltage of M2 is

214 200
Vasi(sat) = \/KN’ (Wo/Ly) = N TI0-10 = 04264V
Now using the active equation of M2, we set I, = 100pA and solve for W,/L,.
100pA = Ky’ (Wo/Ly)[ V1 (sat)- Vg - 0.5V 4402]
= 110pA/V2(W,/L;)[0.426-0.0426 - 0.5-0.04262]V2 = 1.883x106(W>/L5)

Thus,

W,
100 =1.883(W,/L,) — L_2:53.12

Now if M2 should become saturated, the value of the output current of the mirror with
100pA input would be 531pA or a boosting of 5.31 times ;.

CMOS Analog Circuit Design © P.E. Allen - 2003




Chapter 7 — Section 4 (2/25/03) Page 7.4-12

Implementation of the Current Mirror Boosting Concept

Vbp
8
Ml\ﬁ% A IM: A A .\_lthlo
M7 — |

7

MO —n A A | ) A {[:MIS
Mi3 ™21 |} MZZETI‘T_MM
Vi2
kill M30 lkiz
Vool— li 1 [:MZS li 1 llz —‘::;) 2

M2s || ,[: M26

(o,
S |
M15 |—'\—|—EM23 Viias MZEL‘—”wa

M5
N\ M\ . Il_‘ S\ LT\ -
MI1 {— | e —{[,M20
MlTj N A . II | A\ N /\_'E‘Mlz
- (s
Vss Fig.7.4-7
k = overdrive factor of the current mirror
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A Better Way to Achieve the Current Mirror Boostin

It was found that when the current mirror boosting idea illustrated on the previous slide
was used that when the current increased through the cascode device (M16) that Vgsi6

increased limiting the increase of Vpg12. This can be overcome by the following circuit.

Vbp

M5 [M4
1 JHH[G
M1 M2
1/1r__]: N Il:l 210/1

Fig. 7.4-7TA
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SUMMARY
 Operation of transistors is generally in weak inversion

* Boosting techniques are needed to get output sourcing and sinking currents that are
larger than that available during quiescent operation

* Be careful about using circuits at weak inversion, i.e. the self-biased cascode will cause
the resistor to be too large
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SECTION 7.5 - LOW NOISE OP AMPS

Objective

The objective of this presentation is:

1.) Review the principles of low noise design

2.) Show how to reduce the noise of op amps

Outline

* Review of noise analysis

* Low noise op amps

* Low noise op amps using lateral BJTs

* Low noise op amps using doubly correlated sampling
* Summary
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Introduction . -
Why do we need low noise op amps? T Vb
Dynamic range:

Signal-to-noise ratio (SNR) Dynamic Range = 6dBx(Number. of bits)

Maximum RMS Signal l
= Noise N Noise + Distortion

, ) ) , Fig. 7.5-0B
(SNDR includes both noise and distortion)

Consider a 14 bit digital-to-analog converter with a 1V reference with a bandwidth of
IMHz.

0.5V
Maximum RMS signal is W =0.3535 Vrms
A 14 bit D/A converter requires 14x6dB dynamic range or 84 dB or 16,400.

3
The value of the least significant bit (LSB) =g 400 = 21.6uVrms

If the equivalent input noise of the op amp is not less than this value, then the LSB
cannot be resolved and the D/A converter will be in error. An op amp with an equivalent
input-noise spectral density of 10nV/A/Hz will have an rms noise voltage of approximately

(10nV/A/Hz)(1000n/Hz) = 10uVrms in a IMHz bandwidth.
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Transistor Noise Sources (Low-Frequency)

Drain current model:

D D
o
M1 M1
co— m oo )i
Ml is Ml is é
noisy S noiseless S Fig. 7.5-0A
2 [SkTgm (KF)ID] 2 [SkTgm(l‘”]) (KF)Ip o 0
inp = + or i = + if vgg =
L3 TRl " 3 et T
8mb
Recall that n = st
Gate voltage model assuming common source operation:
D D
Ml g
Go— [» Go—@——(
Ml is Ml is
noisy § noiseless g Fig. 7.5.0C
-2
2 LN [8kT KF 2 [8kT(14m) KF ,
n=g 2= 3gm* 2fc0xWLK’} or ey =\"3g ~ +27C, WLK'| fvBs=0
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Minimization of Noise in Op Amps

1.) Maximize the signal gain as close to the input as possible. (As a consequence, only
the input stage will contribute to the noise of the op amp.)

2.) To minimize the 1/f noise:

a.) Use PMOS input transistors with appropriately selected dc currents and W and L
values.

b.) Use lateral BJTs to eliminate the 1/f noise.
c.) Use chopper stabilization to reduce the low-frequency noise.

Noise Analysis

1.) Insert a noise generator for each transistor that contributes to the noise. (Generally
ignore the current source transistor of source-coupled pairs.)

2.) Find the output noise voltage across an open-circuit or output noise current into a
short circuit.

3.) Reflect the total output noise back to the input resulting in the equivalent input noise
voltage.

CMOS Analog Circuit Design © P.E. Allen - 2003
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A Low-Noise, Two-Stage, Miller Op Amp

Vbp
o Vsors
MIOL:]I = Il:JM7 Is SG7
M5 M7
? r@" ’_@1 2
Vin - - Go
o—| Ml M2 Ce Vout D o M8 M9 & —o
i1 o LOHE IHGoOm.
3_ II_, VBias = 2 =VBias
VBias |K/l‘8 M9 I i 2 2 e ;_
" M6 ; a3 | G4 - [:M6
2 Mgbm#m i =2 ©
Vss Fig. 7.5-1

2
The total output-noise voltage spectral density, e, 1s as follows where g;,,8(eff) = 1/ryq1,

2 2 2 2 2 2 2 2 2
eio = gm62R112[6n6+en7 +R12(gm126n1+gmzzen2+gmszen3+gm426n4 + (ens/rg512) + (end/ rdszz)ﬂ

=]

CMOS Analog Circuit Design © P.E. Allen - 2003

2
Divide by (g,,1R1gm6R1)? to get the eq. input-noise voltage spectral density, ecq, as

2 2

&m3)y| €n3 €ns

gm)z 5|+ 5 ~2€n11
enl)  gm2rgsienl

2 2
Ceq = (gmlgm6RlRI])2 = gm12R2 + Zenl| 1+

8mi

[8 m3 |2

2 2 2 2 2 2 2 2 :
where en6 = en7, en3 = en4, en1 = en2 and ens = eny and g, Ry 1s large.
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1/f Noise of a Two-Stage, Miller Op Amp
Consider the 1/f noise:
Therefore the noise generators are replaced by,

2 B »  2BK’I;
eni = WL, (V2/Hz) and ini="f72 (A2/Hz)
Therefore, the approximate equivalent input-noise voltage spectral density is,
2 2 KN’ Bn\(L1),
eeq=2enl |1 +|KpBp | I3 (V2/Hz)
Comments;

2
» Because we have selected PMOS input transistors, e;1 has been minimized if we
choose W1Li (WyLy) large.

* Make Li<<Lj3 to remove the influence of the second term in the brackets.

CMOS Analog Circuit Design © P.E. Allen - 2003
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Thermal Noise of a Two-Stage, Miller Op Am
Let us focus next on the thermal noise:
The noise generators are replaced by,

2 SkT »  8kTg
eni=3g  (V2/Hz) and  ini=—73 (AYHz)

where the influence of the bulk has been ignored.
The approximate equivalent input-noise voltage spectral density is,

2
2 21 (&m3)|en3 2 IKNW3L|
eeq = 2enl 1+[gm 2[—2] =2en1 |1+ m] (V2/Hz)
€énl
Comments:

* The choices that reduce the 1/f noise also reduce the thermal noise.

Noise Corner:

Equating the equivalent input-noise voltage spectral density for the 1/f noise and the
thermal noise gives the noise corner, f,, as

3gmB
Je=8RTWL

CMOS Analog Circuit Design © P.E. Allen - 2003
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Example 7.5-1 Design of A Two-Stage, Miller Op Amp for Low 1/f Noise

Use the parameters of Table 3.1-2 along with the value of KF = 4x10-28 F-A for
NMOS and 0.5x10-28 F-A for PMOS and design the previous op amp to minimize the 1/f
noise. Calculate the corresponding thermal noise and solve for the noise corner
frequency. From this information, estimate the rms noise in a frequency range of 1Hz to
100kHz. What is the dynamic range of this op amp if the maximum signal is a 1V peak-
to-peak sinusoid?

Solution

1.) The 1/f noise constants, By and Bp are calculated as follows.
KF 4x1028F-A ’ )
By=2C, Ky = 2:24.7x10*F/m2110x10-6A2/V = 7-36x10°°2 (V-m)
and

KF 0.5x10-28F-A - ,
Br=2C,Kp = 2:24.7x10-*F/m2-50x 10-6A2/V = 2-02x10°22(V-m)

2.) Now select the geometry of the various transistors that influence the noise
performance.

2
To keep en1 small, let W; = 100um and L; = 1ym. Select W3 = 100um and L3 =
20um and letWg and Lg be the same as W and L; since they little influence on the noise.

CMOS Analog Circuit Design © P.E. Allen - 2003
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Example 7.5-1 - Continued
Of course, M1 is matched with M2, M3 with M4, and M8 with M9.

2 Bp 2.02x1022  2.02x10-12

enl = fWLy = f-100um-Iym = f (V2/Hz)
2 2.02x10-12 110-7.36y5( 1 5] 4.04x10-12 4.689x10-12 )
Ceq = 2xf[l + (mj (@) ] == f L1606 ="7""(V4/Hz)

Note at 100Hz, the voltage noise in a 1Hz band is = 4.7x10-14V2(rms) or 0.216uV (rms).
3.) The thermal noise at room temperature is

> 8kT 8-1.38x10-23.300
enl =3¢ =" 3707x106 = 1.562x10-17 (V2/Hz)

which gives

2 17 110-100-1 17 17 o
eeq =2-1.562x10-'11 + "\ /35070020 | = 3-124x10-1/-1.33=4.164x10-1/ (V=/Hz)

: : : . 2
4.) The noise corner frequency is found by equating the two expressions for e.q to get

4.689x10-12
fe= 4164x10-17 = 112.6kHz

This noise corner is indicative of the fact that the thermal noise is much less than the 1/f
noise.
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Chapter 7 — Section 5 (2/25/03) Page 7.5-10

Example 7.5-1 - Continued

5.) To estimate the rms noise in the bandwidth from 1Hz to 100,000Hz, we will ignore
the thermal noise and consider only the 1/f noise. Performing the integration gives

105
4.689x10-12
Veg(rms)? = fdf = 4.689x1012[In(100,000) - In(1)]
1

=0.540x10-10 Vrms2 = 7.34 uVrms

The maximum signal in rms is 0.353V. Dividing this by 7.34uV gives 48,044 or 93.6dB
which is equivalent to about 15 bits of resolution.

6.) Note that the design of the remainder of the op amp will have little influence on the
noise and is not included in this example.

CMOS Analog Circuit Design © P.E. Allen - 2003
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Lateral BJT

Since the 1/f noise is associated with current flowing at the surface of the channel, the
lateral BJT offers a lower 1/f noise input device because the majority of current flows
beneath the surface.

Vertical Lateral Vertical Collector (Vpp)
Collector Base Emitter Collector

v $ $ Lateral
(DD)T T Base ¢ Collector

) TS| B

p-well

n-substrate Emitter

Cross-section of a NPN lateral BJT. Symbol.  Fig 753

Comments:
e Base of the BJT is the well
* Two collectors-one horizontal (desired) and one vertical (undesired)

. , , Lateral collector current .
* Collector efficiency is defined as Tgal collector current . and is 60-70%

* Reverse biased collector-base acts like a photodetector and is often used for light-
sensing purposes

CMOS Analog Circuit Design © P.E. Allen - 2003
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Field-Aided Lateral BJT

Polysilicon gates are used to ensure that the region beneath the gate does not invert
forcing all current flow away from the surface and further eliminating the 1/f noise.

Vertical Emitter Lateral
Gates ¢
Collector Base N 3 Col%)ector Vertical Coll v
(Vpp) ertical Collector (Vpp)
Gat Lateral
ate o——|
Base Collector
Emitter
Cross-section of a field-aided NPN lateral BJT. Symbol. Fig. 7.5-4
CMOS Analog Circuit Design © P.E. Allen - 2003
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Physical Lavout of a Lateral PNP Transistor

Experimental Results for

a x40 PNP lateral BJT:
. Characteristic Value
L Transistor area | () 006mm?2
Lateral 3 90
p-well e Lateral 70%
1% efficiency
ndson ° . Base resistance | 150Q
o epat S Hz 2.46nV/Hz
p-diffusion oo e, at midband 1_92;“]/@
2o z f(en) 32Hz
Polysilicon 9 -
] . - in at 5 Hz 3.53pAAHz
Meal  Collocor - Collector | Fe7s7a [ipatmidband [ o,61pAAHzZ
fe(in) 162 Hz
Generally, the above structure is made as small as |fr 85 MHz
possible and then paralleled with identical geomet-
ries to achieve the desired BJT. Early voltage 16V

1.2um CMOS with n-well
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Lo

Experimental noise
performance:

w-Noise Op Amp using Lateral BJT’s at the Input

] 81.6 270
3.6 1.2
M13[M14{ 3.6 M10M11
R, =300Q|C. = IpF| ,,
out
\—' F«—o
MI15M1
58.2
52 JHH ' ~ I
M8 | M9 Mi12
13043.8 45.6
fDl 3.6 6.6 [:‘ 3.6
Fig. 7.5-6
10
8 N i
@ :\ Eq, input noise voltage of lownoise op amp
S \\ ]
g t ]
24 ]
E L Voltage noise of lateral BJT at 170pA
P e L aabiainii o -
10 100 1000 10* 10°
Frequency (Hz) Fig. 7.5-7
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S

ummary of Experimental Performance for the Low-Noise Op Am

Experimental Performance Value
Circuit area (1.2um) 0.211 mm?2
Supply Voltages +25V
Quiescent Current 2.1 mA
-3dB frequency (at a gain of 20.8 dB) 11.1 MHz
en at 1Hz 23.8 nVAHz
ey, (midband) 3.2 nVAA/Hz
fe(ey) 55 Hz
i,, at 1Hz 5.2 pAAHz
I,, (midband) 0.73 pAAHz
Je(in) 50 Hz
Input bias current 1.68 uA
Input offset current 14.0 nA
Input offset voltage 1.0 mV
CMRR(DC) 99.6 dB
PSRR+(DC) 67.6 dB
PSRR-(DC) 73.9 dB
Positive slew rate (60 pF, 10 k€2 load) 39.0 V/uS
Negative slew rate (60 pF, 10 k€2 load) 42.5 V/uS

CMOS Analog Circuit Design
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Chopper-Stabilized Op Amps - Doubly Correlated Sampling (DCS

Ilustration of the use of chopper stabilization to remove the undesired signal, v,,, form the
desired signal, vj,.

Vu(H Clock
4
|\ -
Vin(f) >t
-1 - - -
| >
W ] 7]
— b
f v VB v
in o Q) o) e Ao | 4>
Va(h4
0 /fV\ .,
VE()A c c c
VC(f) “0 fC 2fc 3fC
/\ j:\ ! /|\\ ;f .
0 Je 2fe 3f. Fig. 7.5-8
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Chopper-Stabilized Amplifier
Chopper-stabilized Amplifier: Vpp Vbp

I—{ M3 M4 }—I I—{ M7M }—I
I L
o A A _—
i~ <o
Vi M1 M 2 M5 M
) J 2 J $2
° o1 o1 -
IBias IBias
V. V.
Circuit equivalent during ¢ phase: 85 85
Vul Vu2
- 4*“@; -
A1 Ar
+ - -
Vu2
Vueq = Vul + Ay
Circuit equivalent during the ¢; plillase: Vo
+ - + -
+ + - ¥ - -
Vueq Aq Ao
- -+ |- +f—--
Vu2
Viueqg = -Vul + VAMT , Vueq(aver) :121 Fig. 7.5-10
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Experimental Noise Response of the Chopper-Stabilized Amplifier
1000

\ Without clljopper

e | |

\ I . I
[\ ! With chopper :
F |\ yfe=16kHz ]

Withichopper f, = 128kHz |

X I

nV//Hz
S
K//
III
/
\
-

10

0 10 20 30 40 50
Frequency (kHz) Fig. 7.5-11

Comments:

* The switches in the chopper-stabilized op amp introduce a thermal noise equal to k7/C
where k 1s Boltzmann’s constant, 7 is absolute temperature and C are capacitors
charged by the switches (parasitics in the case of the chopper-stabilized amplifier).

* Requires two-phase, non-overlapping clocks.
* Trade-off between the lowering of 1/f noise and the introduction of the k7/C noise.
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SUMMARY
Primary sources of noise for CMOS circuits is thermal and 1/f
Noise analysis:

1.) Insert a noise generator for each transistor that contributes to the noise.
(Generally ignore the current source transistor of source-coupled pairs.)

2.) Find the output noise voltage across an open-circuit or output noise current into a
short circuit.

3.) Reflect the total output noise back to the input resulting in the equivalent input
noise voltage.

Noise is reduced in op amps by making the input stage gain as large as possible and
reducing the noise of this stage as much as possible.

The input stage noise can be reduced by using lateral BJTs (particularily the 1/f noise)

Doubly correlated sampling can transfer the noise at low frequencies to the clock
frequency (this technique is used to achieve low input offset voltage op amps).
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SECTION 7.6 - LOW VOLTAGE OP AMPS

Objective

The objective of this presentation is:

1.) How to design standard circuit blocks with reduced power supply voltage
2.) Introduce new methods of designing low voltage circuits

Outline

* Low voltage input stages

Low voltage bias circuits
Low voltage op amps
Examples

* Summary

CMOS Analog Circuit Design © P.E. Allen - 2003
Chapter 7 — Section 6 (2/25/03) Page 7.6-2
Introduction

While low voltage op amps can be easily designed in weak inversion, strong
inversion leads to higher performance and is the focus of this section.

Semiconductor Industry Associates Roadmap for Power Supplies:

Feature Size —»
0.35um 0.25um 0.18wm 0.13wm 0.10um 0.07um

o
g
S
>
=
<y
=
wn
o)
3
S
~

cov b N L I~ Single

. < — Cell
P‘ortable Sy‘stems Voltage

1995 1998 2001 2004 2007 2010
Year —» Fig. 7.6-2

Threshold voltages will remain about 0.5 to 0.7V in order to allow the MOSFET to be
turned off.
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Implications of Low-Voltage, Strong-Inversion Operation

» Reduced power supply means decreased dynamic range

* Nonlinearity will increase because the transistor is working close to Vpg(sat)

 Large values of A because the transistor is working close to Vpg(sat)

* Increased drain-bulk and source-bulk capacitances because they are less reverse biased.
 Large values of currents and W/L ratios to get high transconductance

* Small values of currents and large values of W/L will give smallVpg(sat)

* Severely reduced input common mode range

e Switches will require charge pumps

Approach
* Low voltage input stages with reasonable ICMR

* Low voltage bias and load circuits
» Low voltage op amps

CMOS Analog Circuit Design © P.E. Allen - 2003
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Differential Amplifier with Current Source Loads

Vbp

Minimum power supply /CMR = 0): 1 L’I V];ias
Vpp(min) = Vgps(sat)-Vr+Vesi+Vpss(sat) Vsps(sat) I ——-
= Vips(sat)+Vpsi(sat)+Vpgs(sat) ; M3 M4
-Vr1 o
Input common-mode range: Viem _i_o__| M M2:|
Viem(upper) = Vpp - Vapa(sat) + Vi VG*SI }_‘
Vien(lower) = Vigs(sat) + Vg )
M5

Bias

VDlSS(sat) +—]

= Fig. 7.6-3
Example:

If the threshold magnitudes are 0.7V, Vpp = 1.5V and the saturation voltages are
0.3V, then

Viem(upper) =1.5-03+0.7=19V  and Viem(ower) =03 + 1.0 =1.3V
giving an ICMR of 0.6V.
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Increasing ICMR using Parallel Input Stages
Turn-on voltage for the n-channel input:

Vonn = VDsn5(sat) + VGsni
Turn-on voltage for the p-channel input:

Vonp = VDD - Vspps(sat) - VsGpi
The sum of Vjy, and Vypyp, equals the minimum
power supply.

Mﬁ'

Ry
3

Regions of operation: Fig. 7.64
Vop> Viem > Vonp: (n-channel on and p-channel off) gm(eq) = gmn
Vonp = Viem = Voun: (n-channel on and p-channel on) 2n(€q) = Emv + Zmp
Voun> Viem > 0 : (n-channel off and p-channel on) gn(eq) = gmup

where g (eq) is the equivalent input transconductance of the above input stage, g,n is
the input transconductance for the n-channel input and g,,p is the input transconduct-
ance for the p-channel

. gm(eth)
mput. EmN+EmPF-------——==--
SmP == - channel off | Vonn n-channelon  V,,, 1 n-channel on;"_gmN
p-channel on !/~ p-channel on \{' p-channel off’ v
»Viem
0 Vspps(sat)+VGsni Vpp-Vspps(sa)+Vgsyt VoD Fig. 7.6-5
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Removing the Nonlinearity in Transconductances as a Function of ICMR

Increase the bias current in the different- Vpp --- - ---
»
T
Vicm Vicm

1al amplifier that is on when the other
differential amplifier is off.
E MPI[——MP2 |
MNI1 ['__:7‘:__’] MN2

Inn

Three regions of operation depending on ,

v
the value of Vjg;: [~ mB2 MBI_] o

1.) Viem < Vonn: n-channel diff. amp.
off and p-channel on with I, = 41p:

Ipp l

Kp'Wp
ame® =\~ \Ip FM# @
2.) Vonn < Viem < Vonp: both on with L3 - e 766
Iy=1,=1Iy

Kp’Wp

Ky Wy
gt =\["Tr I+ \/~Ip I

3.) Viem > Vonp: p-channel diff. amp. off and n-channel on with 7, = 41:
KN'Wy
gm(eth =\~ 2\Ip
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How Does the Current Compensation Work?
Set Vp1 = Vonn and Vo = Vopp.

Vbp

If Viem <Vonp then I, = I and 1,;,=0

. -
Vzcm Viem MBI If viem >V0np then I, = 0 and Iy,=Ip
MNl MN2 1+ Vnn (A

= Vonn MP1 MP2
o o I [ MB2 o] "
N * I Viem >V, then I, = I and I,,=0 Vonp*';
If Viem <V, then I, = 0 and Lpp=Ip -l ‘
_e = Fig. 7.6-6A
Result:
gm(eft)
A
EmN=8mP JT\ /E;.
0 : : . Viem
0 Vonn Vonp Vpp Fig. 7.6-7

The above techniques and many similar ones are good for power supply values down to
about 1.5V. Below than, different techniques must be used or the technology must be
modified (natural devices).
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Bulk-Driven MOSFET

A depletion device would permit large ICMR even with very small power supply voltages
because V(g is zero or negative.

When a MOSFET is driven from the bulk with the gate held constant, it acts like a
depletion transistor.
55 S — 1T =

Cross-section of an n-channel
— Ves= Vpp —=
bulk-driven MOSFET: ves( ) VpsE Vos = DD

Bulk i Source Substrate

_____ ___.|

.Depletlon P- ~well[ 23X L X
Résion ™ RTIEEEES L---m QV

Fig. 7.6-8

Large signal equation:
- KyWw
ip =57 [Vas - Vio - W21 - vis + W21gA)
Small-signal transconductance:
y\JCKy WIDI,

Embs = 2\ Igppl - Vs
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Bulk-Driven MOSFET - Continued

Transconductance characteristics: 2000 s
Bulk-source driven
[ \
2 1500
el I
z i
i ; 5 1000
Saturation: Vpg> Vpg— Vp gives, < :
Vg S = Vp + VON a i
VBs)» A A S — ]
in=1 1 -~ — - Gate-source
ID = IpSS Vp i Y driven ]
Comments: ol dmeer e L A L
) -3 2 -1 0 1 2 3
* 9m (bulk) > gm(gate) if VBS >0 Gate-Source or Bulk-Source Voltage (Volts) Fig. 7.6-9
(forward biased )

* Noise of both configurations are the same (any differences comes from the gate versus
bulk noise)

* Bulk-driven MOSFET tends to be more linear at lower currents than the gate-driven
MOSFET

* Very useful for generation of Ipgg floating current sources.
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Bulk-Driven, n-channel Differential Amplifier
What is the ICMR?

Viem(min) = Vgg + Vpgs(sat) + Vps1 = Vss + Vpgs(sat) - IVpil + Vpgi(sat)
Note that Vj.,, can be less than Vgg if IVpil > Vpgs(sat) + Vpgi(sat)
Viem(max) = ?

As V., increases, the current through Vbp .
M1 and M2 is constant so the source M3 M4
increases. However, the gate voltage stays M7:|| IE — -
constant so that Vg1 decreases. Since ) LI
the current must remain constant through .
M1 and M2 because of M5, the bulk- In: Vil | vi2
source voltage becomes less negative ~Bids * O_E||_+_|*_S’_
causing Vrn1 to decrease and maintain {7351 MVGS M2V Bs2
the currents through M1 and M2 constant.

If Viem 1s increased sufficiently, the bulk- M6 I:MS
source voltage will become positive.

However, current does not start to flow —--
until Vgg is greater than 0.3 volts so the Vss Fig. 7.6-10

effective V;.,(max) is

Viem(max) = Vpp - Vgp3(sat) - Vpgj(sat) + Vggj.
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Illustration of the ICMR of the Bulk-Driven, Differential Amplifier
122010 V- i o e s e s e s e e s e e e

T T T
—t——

200nA

150nA

100nA

50nA / 1

_SOnAIIIIIIIIIIIIIIII
-0.50V  -0.25V  0.00V  0.25v  0.50V

Input Common-Mode Voltage  Fig. 7.6-10A

Bulk-Source Current
\

\

Comments:
* Effective ICMR is from Vggto Vpp -0.3V

* The transconductance of the input stage can vary as much as 100% over the ICMR
which makes it very difficult to compensate
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Low-Voltage Current Mirrors using the Bulk-Driven MOSFET

The biggest problem with current mirrors is the large minimum input voltage required for
previously examined current mirrors.

If the bulk-driven MOSFET is biased with a current that exceeds Ipgg then it is
enhancement and can be used as a current mirror.

Cascode Current Mirror
All W/L's = 200um/4pum

6 107 oo o

2um CMOS ]

5107 / ;Iin:SOpA
5 1.

_ 410 e | lin=40pA

/¢ -
=3 10° 3 Tin=30pA

2 ]
2 10-5 - = [in=20pA
110° e : Iin=10pA

] = ] = ) ol . 1 o 1 T T :

Simple bulkjdrlven Cascodebulk-driven 0 02 04 06 08 1
current mirror current mirror.  Fig.7.6-11 Vout (V) Fig. 7.6-12

The cascode current mirror gives a minimum input voltage of less than 0.5V for currents
less than 100pA
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Simple Current Mirror with Level Shiftin

Since the drain can be V7 less than the gate, the drain could be biased to reduce the
minimum input voltage as illustrated.

45)2)
lin d} @Bias
1
oo,
Vs, * : l fout
- K Q 3
Mf_ll— M2
= Fig. 7.6-13
CMOS Analog Circuit Design © P.E. Allen - 2003
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A Low-Voltage Current Mirror with Wide Input and OQutput Swings

The current mirror below requires a power supply of V7+3Vopy and has a V;,(min) =
Von and a V,,,/(min) = 2V (less for the regulated cascode output mirror).

KOO0 OBIOE O OROEO)
w3 - v FP[IW N EE]H[ZW i, W
—::] M6 M6:]|——|[:’M5

M :]} A {[:MZ M :“ A
Ms5_ |H I H[:‘MZ
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Bandgap Topologies Compatible with L.ow Voltage Power Suppl

Vbbp  Vop Vpp

VoD
A
Vbp Vbp Vbp
IpTAT ;
Vier VaE INL IpTAT
+
VprAT O VRef
+
VBE
Voltage-mode bandgap topology. Current-mode bandgap topology. Voltage-current mode baTldgap topology.

Fig. 7.6-14
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Method of Generating Currents with VBE and PTAT Temperature Coefficients

Vbp
I‘J IyBE

- A A Buss | Mo

M7 [ M8 IpAT I
I L < Buss M5 lVBE

VBEl f T i .

M4
M6:| M3 +
— lIPTAT l’PTAT
R4§V0ut2
+

V
BER3% R %Voutl
- - o

Figure 7.6-15A

Ql j _ Q2
o
+
%VPTAT R
£

Vprar R,
Vourt = IpratRo = | 7R, |R2 = VeraT R,

Ve R,
Vourr = lypeRs = | Ry R4 = Ve R,
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Technique for Canceling the Bandgap Curvature

450))
LK L:]liKs A M2 activ% - M2 sat. N
Ml M2 M3 M4 M3 off 7" M3 on
= :
l[ NL l K3lny, g |
O l
Ivee\Y JK1IPTAT 1 R
1 1 Temperature
Circuit to generate nonlinear correction term, Iyy. llustration of the various currents.
Fig. 7.6-16
0, Kolype > Kilprar

INL - I KIIPTAT - K2IVBE’ K2IVBE < KIIPTAT

The combination of the above concept with the previous slide yielded a curvature-
corrected bandgap reference of 0.596V with a TC of 20ppm/C° from -15C° to 90C° using
a 1.1V power supply.” In addition, the line regulation was 408 ppm/V for 1.2<Vpp=<10V

and 2000 ppm/V for 1.1=Vpp=<10V. The quiescent current was 14uA.

¥ G.A. Rincon-Mora and P.E. Allen, “A 1.1-V Current-Mode and Piecewise-Linear Curvature-Corrected Bandgap Reference,” J. of Solid-State
Circuits, vol. 33, no. 10, October 1998, pp. 1551-1554.
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Low-Voltage Op Amp using Classical Techniques (Vpp 22V7)

145)5)
M3 M4| +
Mi5 || | " Von
A —
Vr+Von
IBiasC*) 9—| M1 M2 Mo | - Hl OVout
1
+ A CL
— M JHH T

MmE“ :L‘,l

Clever use of classical techniques.
Balanced inputs.

.||_<

Fig. 7.6-17
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Example 7.6-1 - Design of a Low-Voltage Op Amp using the Previous Topology

Use the parameters of Table 3.1-2 to design the op amp above to meet the
specifications given below.

Vpp =2V Viem(max) = 2.5V Viem(min) = 1V
Vour(max) = 1.75V  V,,(min) = 0.5V GB = 10MHz

Slew rate = +10V/us Phase margin = 60° for C; = 10pF
Solution

Assuming the conditions for a two-stage op amp necessary to achieve 60° phase
margin and that the RHP zero is at least 10GB gives

C.=0.2Cy=2pF

The slew rate is directly related to the current in M5 and gives
Is = C.-SR = 2x10-12.107 = 20pA

We also know the input transconductances from GB and C,.. They are given as
gm1 = &ma = GB-C,. = 20mx100-2x10-12 = 125.67uS

Knowing the current flow in M1 and M2 gives the W/L ratios as

Wi Wy gw®  (125.67x1062
L, =L, =2Kyx' (I/2)= 2-110x10-6-10x10-6 = /-18

CMOS Analog Circuit Design © P.E. Allen - 2003
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Example 7.6-1 - Continued
Next, we find the W/L of M5 that will satisty V;,,(min) specification.
Viem(min) = Vpgs(sat) + Vg1 (10pA) = 1V
This gives

210
Vpss(sat) = 1 - \[TT07 15 - 0.75 = 1-0.159-0.75 = 0.0909V
3T Ws 2.20
Vpss(sat) = 0.0909 =\ |k *(Ws/Ls)  — Ls = 110-0.0909)2 = 4

The design of M3 and M4 is accomplished from the upper input common mode voltage:
Viem(max) = Vpp-Vsps(sat)+Vry = 2-Vgps(sat)+0.75 = 2.5V

Solving for Vgps(sat) gives 0.25V. Assume that the currents in M6 and M7 are 20pA.
This gives a current of 30pA in M3 and M4. Knowing the current in M3 (M4) gives

2-30 Ws Wy 2-30
Vsp3($a) =\[50-(W3/Ls) ~ — L3 = Ly = (025250 — 192

Next, using the Vgp(sat) = V gn of M3 and M4, design M10 through M12. Let us
assume that /1o = Is = 20pA which gives Wig/L1o=44. R, is designed as R| =
0.25V/20pA = 12.5kQ. The W/L ratios of M11 and M12 can be expressed as

Wi Wi 21y, 220
Ly = Ly TKp- 27 50. 7 =128
11 12 = Kp’-Vgpii(sat)?2 = 50-(0.25)

CMOS Analog Circuit Design © P.E. Allen - 2003
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Example 7.6-1 - Continued

Since the source-gate voltages and currents of M6 and M7 are the same as M11 and M12
then the W/L values are equal. Thus

We/Lg = W7/L7 = 12.8
MS8 and M9 should be as small as possible to reduce the parasitic (mirror) pole.
However, the voltage drop across M4, M6 and M8 must be less than the power supply.
Using this to design the gate-source voltage of M8 gives
Vass = Vpp-2Von=2V -2:025=1.5V
Thus,
Wg Wy 2-1g 2-30
Ly = Ly = Ky’-Vpgs(sat)2 ~ 110-(0.75
Because M8 and M9 are small, the mirror pole will be insignificant. The next poles of

interest would be those at the sources of M6 and M7. Assuming the channel length is
1um, these poles are given as

gme  \2Kp (WelLe)-ls  ~[250-12.8-20 x10-6 o
P6=TCghse = (23)WeLeCox = (2/3)-12.8-1-2.47x10-15 = 7.59x107 rads/sec
which is about 100 times greater than GB.

Finally, the W/L ratios of the second stage must be designed. We can either use the
relationship for 60° phase margin of gn,14 = 10g,,1 = 1256.7uS or consider proper

mirroring between M9 and M14.

CMOS Analog Circuit Design © P.E. Allen - 2003
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Example 7.6-1 - Continued

Substituting 1256.7uS for g,,14 and 0.5V for Vpg14 in W/L = g,,/(KN' Vpg(sat)) gives
Wi4/L14 = 22.85 which gives I14=314pA. The W/L of M13 is designed by the
necessary current ratio desired between the two transistors and is

Wiz I3 314
T3 =1 112=72012.8=201

Now, check to make sure that the V,,,(max) is satisfied. The saturation voltage of M13 is

2-I13 2-314
Vspi3(sat) = \/ Kp (Wis/L3) = \50.201 = 0.25V
which exactly meets the specification. For proper mirroring, the W/L ratio of M14 is,
Wo Iy Wiy
To =Tia Lig = 1.46
Since Wy/Lg was selected as 1, this is close enough.

The parameters are g7 = 1uS, g4 = 0.8uS, g4513 = 15.7uS and g 4414 = 12.56pS.
Therefore small signal voltage gain is (R; = rj59 because M7 is part of a cascode conf.)

Vour (8ml 8ml4 125.6\ (1256.7
Vin \&ds9) \8ds13+8&ds14 ( 1.8 ](28-26)=69'78'44‘47=3’103VN

The power dissipation, including /p;,, of 20uA, is 708uW.
The minimum power supply voltage is Vy+ 3AV = 1.5V if V7 =0.7V and AV = 0.25V.
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A 1-Volt, Two-Stage Op Amp

Page 7.6-23

Uses a bulk-driven differential input amplifier.

Vpp=1V

|___6|000/|§J
| |

! =

IBias C‘)

6000/|§J 3000/6|‘J 6000/6
| | [ M12

CMOS Analog Circuit Design

M8 | M9
C=30pF Vout
BTl
) 1
Q5 Q6 CrL
400/2”—_»'1\/[7 -
= Fig. 7.6-18
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Performance of the 1-Volt, Two-Stage Op Amp

Specification (Vpp=0.5V, Vge=-0.5V)

Measured Performance (Cy, = 22pF)

DC open-loop gain

49dB (V¢ mid range)

Power supply current

300pA

Unity-gainbandwidth (GB)

1.3MHz (V;.;, mid range)

Phase margin

57° (Ve mid range)

Input offset voltage +3mV

Input common mode voltage range -0.475V to 0.450V
Output swing -0.475V to 0.491V
Positive slew rate +0.7V/usec
Negative slew rate -1.6V/usec

THD, closed loop gain of -1V/V

-60dB (0.75Vp-p, 1kHz sinewave)
-59dB (0.75Vp-p, 10kHz sinewave)

THD, closed loop gain of +1V/V

-59dB (0.75Vp-p, 1kHz sinewave)
-57dB (0.75Vp-p, 10kHz sinewave)

Spectral noise voltage density

367nVA[Hz @ 1kHz

181nV/A/Hz @ 10kHz,
81nV/A/Hz @ 100kHz
444nV/A[Hz @ 1MHz

Positive Power Supply Rejection

61dB at 10kHz, 55dB at 100kHz, 22dB at IMHz

Negative Power Supply Rejection

45dB at 10kHz, 27dB at 100kHz, 5dB at IMHz

CMOS Analog Circuit Design
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Further Considerations of the using the Bulk - Current Driven Bulk’

The bulk can be used to reduce the threshold sufficiently to permit low voltage
applications. The key is to keep the substrate current confined.

One possible technique is:

S Gate

p+ :o p+
R e
nt L o

D bl

Sourcele [Drain|
I p_|
BB n-well
- p- substrate
Reduced Threshold MOSFET Parasitic BJT Layout Fig. 7.6-19

Problem:
Want to limit the BJT current to some value called, I,y

Therefore,
I max

IBB=Bcs+ Bep + 1

*T. Lehmann and M. Cassia, “1V Power Supply CMOS Cascode Amplifier,” IEEE J. of Solid-State Circuits, Vol. 36, No. 7, 2001
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Current-Driven Bulk Technique - Continued

V,
Bias circuit for keeping the I,y defined . =
independent of BJT betas. VBiasI= !
_T II“ M7 : NV
= lIS,E I
M6 :

Note: ILE— o
Ip,c=Icp+1Ip , ;
Isp=Ip+Ig+IR - : :

wg| M5 [

e

. . il .
The circuit feedback causes a bulk bias current ' Vs Fig. 7.6-2(
Ipp and hence a bias voltage Vpjas such that

VBias2

Is g=1Ip + Ipg(1+Pcs + Pcp) + Ir  regardless of the actual values of the f’s.

Use VBijus1 and Vpjgo to setIp ¢ = 1.11p , Is g = 1.31p and IR = 0.11p which sets I,
at 0.11p.

For the circuit to work,
VBE < V7N +IRR and [V7pl + Vps(sat) < VTN + IRR
If IVrpl > V1, then the level shifter /RR can be eliminated.
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A 1-Volt, Folded-Cascode OTA using the Current-Driven Bulk Technique

. Ml11
\gBlasP %V‘J f l_|— M12

|
1
M6 M13 [‘_— X
}

€

C M9 M10
T~ X 17 T ] —
+o—f MO H o e e
Vin Ml Vout
c T\ )Y A\ ,\_' -
-l ™ CL
| N N N N B S o I
M\ T\ M\ Y —
M\ M\
o= = = =ML Mie
l;_,l l;_,l l;_,l l;_,l I_7

Vss Fig. 7.6-21
Transistors with forward-biased bulks are in a shaded box.
For large common mode input changes, Cy, is necessary to avoid slewing in the input
stage.

To get more voltage headroom at the output, the transistors of the cascode mirror have
their bulks current driven.
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A 1-Volt, Folded-Cascode OTA using the Current-Driven Bulk Technique -

Continued
Experimental results:
0.5um CMOS, 40uA total bias current (Cy = 10pF)

Supply Voltage 1.0V 0.8V 0.7V
Common-mode |0.0V-0.65V| 0.0V-0.4V | 0.0V-0.3V
input range
High gain output 0.35V-  [0.25V-0.5V| 0.2V-0.4V
range 0.75V
Output saturation | 0.1V-0.9V 0.15vV- | 0.1V-0.6V
limits 0.65V
DC gain 62dB-69dB | 46dB-53dB | 33dB-36dB
Gain-Bandwidth 2.0MHz 0.8MHz 1.3MHz
Slew-Rate 0.5V/us 0.4V/us 0.1V/us
(Cr=20pF)
Phase margin 57° 54° 48°
(Cr=20pF)

The nominal value of bulk current is 10nA gives a 10% increase in differential pair
quiescent current assuming a BJT S of 100.
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SUMMARY
* Integrated circuit power supplies are rapidly decreasing (today 2-3Volts)
 Classical analog circuit design techniques begin to deteriorate at 1.5-2 Volts
» Approaches for lower voltage circuits:

Use natural NMOS transistors (V= 0.1V)

Drive the bulk terminal
Forward bias the bulk

Use depeletion devices
* The dynamic range will be compressed if the noise is not also reduced

 Fortunately, the threshold reduction continues to allow the techniques of this section to
be used in today’s technology
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CHAPTER 7 - SUMMARY

This chapter has considered improved op amp performance in the areas of:
* Op amps that can drive low output load resistances and large output capacitances
* Op amps with improved bandwidth
* Op amps with differential output
* Op amps having low power dissipation
* Op amps having low noise
* Op amps that can work at low voltages

The objective of this chapter has been to show how to improve the performance of an op
amp.
* We found that improvements are always possible
* The key is to balance the tradeoffs against the particular performance improvement
 This chapter is an excellent example of the degrees of freedom and choices that
different circuit architectures can offer.
We also illustrated further the approaches to designing op amps

The next chapter begins the transition from analog to digital with the introduction of the
comparator.
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