CMOS Operational Amplifier (2)
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Increasing the magnitude of the output pole

The magnitude of the output pole , pj, can be increased by introducing gain in the Miller
capacitor feedback path. For example,
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The resistors R; and R, are defined as

1
= 8452+ 8dsa + 8ds9

R,

= + 8ds7

where transistors M2 and M4 are the output transistors of the first stage.

Nodal equations:

Iin = G1V1-8msVss = G1 V- (m] Vou and 0=g,cV i+ [G2+ch+m
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Increasing the magnitude of the output pole
Solving for the transfer function V,,,/I;, gives,

L)
Vour (-8mé6 [l = 8 mﬁ]
Ly = [GIGE} Cc O C gmCe C.Cr
1 +‘“{ gms TGt Gyt GGy +32(§»:an)-

Using the approximate method of solving for the roots of the denominator gives
-1 -6
Pr= & Ej_c C2  8m6Cc = gmeras’Ce
gms T 2T G2 T GGy

and
Em6rds*Ce
) 6 gmsrds>G2 (8ms 8m8Tds)
B~ C; - B CzH 3 e
gmsG2

where all the various channel resistance have been assumed to equal r,, and p,’ is the
output pole for normal Miller compensation.

Result:
Dominant pole is approximately the same and the output pole is increased by ~ EmT ds-
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Increasing the magnitude of the output pole

In addition there 1s a LHP zero at -g,,8/sC. and a RHP zero due to Cgg6 (shown dashed
in the model ) at g,,6/Ced6.

Roots are:
i
> O ¥ | W »O
-8m68m8Tds -&m8 -1 Emé6
3C2 Ce 8m6TdsCe Ceds
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Concept behind the increasing of magnitude of the

output pole
Vop Vop
rds7 EBm8Tds8 < ruq
c 3
OV out ‘ - === CVYour
1
“ M8 il ¥ s N R | ™ .
' II
_I,: M6 i Ch
|
3 ﬁ 3

Rout = rds7ll

Em68m8Tds8) = 8m6Em8Tds8
Therefore, the output pole is approximately,

Em68m8Tds8
Ip2l =3¢y
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|dentification of poles from a schematic

1.) Most poles are equal to the reciprocal product of the resistance from a node to ground
and the capacitance connected to that node.

2.) Exceptions (generally due to feedback):

a.) Negative feedback:
C2
d T
b.) Positive feedback (A<1):
C3
*1
2 3 Clz
1 A il {}‘
T T I
Ry 7 Cy A Ry C—I-F:'J{LAIT
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ldentification of zeros from a schematic
1.) Zeros arise from poles in

the feedback path. F(s) |
§
1 Vo AG) R Th
I Fs)="5g . then V.~ = TEA(9)F(s) = [ =%
TR HAGS) 5 5r +1+AG)
EI--H

2.) Zeros are also created by two paths
from the input to the output and one of
more of the paths is frequency dependent.
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Feedforward compensation
Use two parallel paths to achieve a LHP zero for lead compensation purposes.

RHP Zero C: LHPZero . C, LHP Zero using Follower
1A_>—1 | { A >—1 C
_ | ~ . I
| | i
V. ' V V [t v, V
_F__ I { - + 5 .:’I_:,w _I__ 1 { . 8 & - |jM ll-'rj--- m— :'?Ht
Inverting *| P Inverting _~| e I.//
High Gain C.-_,:'-:':.'Ru_'._'-: High Gain Ch :,:;RH:-::'
Amplifier ki Amplifier 4’ ki
| Ce
O | A > | T o]
+ [ i .
Vi gmiVi (v ) € —RU= Vi
1 L Fig430-09
Vuur(s) ACL‘ ST gmﬂ}ACc

Via(s) = Cc + Cy s + VIRIAC. + Cp)]

To use the LHP zero for compensation, a compromise must be observed.

» Placing the zero below GB will lead to boosting of the loop gain that could deteriorate
the phase margin.

* Placing the zero above GB will have less influence on the leading phase caused by the
Zero.

Note that a source follower is a good candidate for the use of feedforward compensation.
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Self-compensated Op Amp

Self compensation occurs when the load capacitor is the compensation capacitor (can
never be unstable for resistive feedback)

IdB

&

R ou{must be large) A(0) dB

Voltage gain:

Vout

Yin AW0) = GmRowut
Dominant pole:

-1

P1= RowCr,

Unity-gainbandwidth:
Gm

GB =A0)ylp1l =7,

Stability:

Large load capacitors simply reduce GB but the phase is still 90° at GB.
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Slew Rate of a two-stage CMOS Op Amp

Remember that slew rate occurs when currents flowing in a capacitor become limited and
IS given as

dvc
ljim = C gy where v is the voltage across the capacitor C.
Voo Vop
T -——IHm =11 _,_||:J M6
M3 G b Vs Ic M3 G Is, Iﬁd}r_‘:,

. " ] '—-I:ﬂ Your +- 11 ‘1& Ve
= Q._! Ml ) \ﬁl::ﬂl:]ca 'C.L = 0,_1 M1 ﬁiﬂll‘l\ﬂﬁ CL
. = ¥i ;
Nl ground PT T :T{ﬂ ih T
M7 M7
V;ius_‘g M5 [rj "f';ias M5 ]El

Vg Vs
Positive Slew Rate Negative Slew Raie
lg-Is-I7) Is Is Ir-ls) Is
SR = mm[ C; |=C, because Ie>>I5 SR~ = min{ e Cr |”C: if I1>>1s.

Therefore, if Cy, is not too large and if /7 is significantly greater than /s, then the slew rate
of the two-stage op amp should be,

I5
SR=E‘E
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Two stage op amp design

Vbbp
L o
M3 M4 L.
} { < O Yout
- o[, M Mz | = Cy
Vin
+c o ¥ —
VBias %) MS N
Vss
Notation:
Wi

S; =Ty = W/L of the ith transistor
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DC Balance conditions for the two stage op amp

For best performance, keep all transistors in
saturation. Vbp

" + +
M4 is the only transistor that cannot be forced :II_V”. jﬁ“‘_J ‘e
into saturation by internal connections or M3 | M| ¢ s
external voltages. i '
Therefore, we develop conditions to force M4 to

be in saturation. y Gy
1) First assume that VsG4 = Vsge. This will
cause “proper mirroring” in the M3-M4 mirror.
Also, the gate and drain of M4 are at the same

potential so that M4 is “guaranteed” to be in
saturation.

S6
2.) If VsGa = VsGe. then Ig = [3",;]14
S7 87
3.) However, I7 = [‘375' g == {g:i‘] (214)

S¢ 287
4.) For balance, Ig must equal /7 = Si=55 called the “balance conditions”

5.) So if the balance conditions are satisfied, then Vpg4q = 0 and M4 is saturated.
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Design relationships for the two stage op amp

I5
Slew rate SR = & (Assuming I7 >>I5 and Cf, > C)

8Eml 2gm1
8ds2 + 8dsa = I5(A2 + Aq)
: Emb Emb
Second-stage gain Ay = 7 227 = Ies + A7)

i
Gain-bandwidth GB = ggf;

Output pole pr = :%m

RHP zero z| = %L—ﬁ

60° phase margin requires that gy = 2.22,,2(Cr/C,) if all other roots are = 10GB.
. Is
Positive ICMR Vin(max) = Vpp - .\j% - |V7103|(max) + V71(min))

. Is
Negative ICMR Vin(min) = Vss + \/B_I_"' VT1(max) + Vbss(sat)

First-stage gain Ay =

: 2ips
Saturation voltageVpg(sat) = \/T (all transistors are saturated)
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Op Amp specification

The following design procedure assumes that specifications for the following parameters
are given.

1. Gain at dc, A,(0) / Max. ICMR
2. Gain-bandwidth, GB @fﬁ) Vg .
3. Phase margin (or settling time) & ek Vsae | -
4. Input common-mode range, ICMR | E [CMs  gugor

] M3 | C; | Ig| Proper Mirroring
5. Load Capacitance, C;. e Bl )| 3 W
6. Slew-rate, SR HI:/\_% s SRS i C” Vout

’ - L
7. Output voltage swing Vin M1 HEF‘ f.'.@ T
S *o——n =
8. Power dissipation, Pgiss (Min. fcma s+ (15 =SRC.)
+ : | rl vﬂ"_____.l"mmj
VBias M5 "I'IE

Vss
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Unbuffered Op Amp Design Procedure

This design procedure assumes that the gain at dc (A,), unity gain bandwidth (GB), input
common mode range (V;,(min) and V,,(max)), load capacitance (C;), slew rate (SR),
settling time (7), output voltage swing (V,,(max) and V,,(min)), and power dissipation
(Paiss) are given. Choose the smallest device length which will keep the channel
modulation parameter constant and give good matching for current mirrors.

1. From the desired phase margin, choose the minimum value for C, i.e. for a 60° phase
margin we use the following relationship. This assumes that z = 10GB.

Cf_* = UQZCL

2. Determine the minimum value for the “tail current” (/5) from the largest of the two
values.

Vbp + |V551}
I5 =5R -C, or / -IO(
3 C 5 2 'T;
3. Design for S from the maximum input voltage specification.

Is
53 = K3V - Via(max) - [Vyga|(max) + V3 (min) ]2
4. Verify that the pole of M3 due to C,3 and Cyyq (= 0.67W3L3C,,) will not be dominant by
assuming it to be greater than 10 GB

S5 10GB.
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Unbuffered Op Amp Design Procedure

5. Design for S, (S>) to achieve the desired GB.

2
gmi
gmi =GB - Cc = 82 = e

6. Design for S5 from the minimum input voltage. First calculate Vpss(sat) then find Ss.

_ I5 2s
VDss(sat) = Vip(min) - Vss-"\/ gy ~Vri(max) = 100 mV — S5 = By ranp

7. Find S by letting the second pole (p,) be equal to 2.2 times GB and assuming that

VsGa = Vsae.
gm6 \2KPSels Sele 3{-
gm6 = 2.28m2(CL/C,) and Tk — m Sals = - Sg= m
8. Calculate Ig from
: 8m6>
6= 2K6356

Check to make sure that Sg¢ satisfies the V,,{max) requirement and adjust as necessary.

9. Design §7 to achieve the desired current ratios between Is and Ig.
S7 = (Ig/l5)Ss (Check the minimum output voltage requirements)
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Unbuffered Op Amp Design Procedure

10. Check gain and power dissipation specifications.
28m28mé6
Ay = T3z + 23)le(A6 + A7) Pgiss = (Is + Is)(VDp + |Vss)
11. I the gain specification is not met, then the currents, /s and Is, can be decreased or
the W/L ratios of M2 and/or M6 increased. The previous calculations must be rechecked
to insure that they are satisfied. If the power dissipation is too high, then one can only
reduce the currents /s and Is. Reduction of currents will probably necessitate increase of

some of the W/L ratios in order to satisfy input and output swings.
12. Simulate the circuit to check to see that all specifications are met.
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Example 1 Design of a two-stage op amp

Using the material and device parameters given in Tables 3.1-1 and 3.1-2, design an
amplifier similar to that shown in Fig. 6.3-1 that meets the following specifications.
Assume the channel length is to be 1pm and the load capacitor is C; = 10pF.

Ay > 3000V/IV Vpp =25V Vgo =-2.5V
GB = 5SMHz SR > 10V/ps 60° phase margin
Vous range = £2V ICMR=-1t02V P jiss < 2mW
Solution
1.) The first step is to calculate the minimum value of the compensation capacitor C,,
Ce>(2.2/10)(10 pF) = 2.2 pF

2.) Choose C, as 3pF. Using the slew-rate specification and C, calculate 5.
Is = (3x10-12)(10x106) = 30 pA
3.) Next calculate (W/L)3 using ICMR requirements.

30x10-6 .
(WIL)3 = (50x106)[25 - 2 - 85+ 0.5512 = 15 il ) o i Tl
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Example 1

4.) Now we can check the value of the mirror pole, p3, to make sure that it is in fact
greater than 10GB. Assume the C,, = 0.4fF/um2. The mirror pole can be found as

-8m3 2K ,S313
P3=2C;p0 = 200.66TYW;LsC,y = 2-81x109(rads/sec)
or 448 MHz. Thus, p3, is not of concern in this design because p; >> 10GB.
5.) The next step in the design is to calculate g, to get
gm1 = (5x106)(2x)(3x10-12) = 94.25u8
Therefore, (W/L), is

gmi2 (9425
(W/L)| = (w;L)z--u’r’fN;l =§-uu-1)§=2-79-3-0 = [(W/L){= (W/L); =3

6.) Next calculate Vpgs,

30x10-6
Vpss =(-1) - (=2.5) - 110x106.3 - 85 =035V

Using Vpss calculate (W/L)s from the saturation relationship.

30x10-6
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Example 1

7.) For 60° phase margin, we know that
8me = 10g,m1 = 942.5uS
Assuming that g,,¢ = 942.5uS and knowing that g,,4 = 150uS, we calculate (W/L)g as

942.5x10-6
(W/L)g = 15 (150x106) = 94.25 ~ 94

8.) Calculate I¢ using the small-signal g, expression:

(942.5x10-6)2
Is = (2)(50x10-6)(94.25) = 94.54A ~ 95pA

If we calculate (W/L)g based on V,,,,(max), the value is approximately 15. Since 94
exceeds the specification and maintains better phase margin, we will stay with (W/L)g =
94 and Ie = 95pA.

With /g = 95pA the power dissipation is
P giss = SV-(30pA+95pA) = 0.625mW.
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Example 1

9.) Finally, calculate (W/L);

5x1
(W/IL); - 4.5 @ﬁ'ﬁ% =1425~14 - (W/L)7 =14
Let us check the V,,,(min) specification although the W/L of M7 is so large that this is
probably not necessary. The value of V,,,(min) is

. 295
Voumin) = Vpgy(sat) =\ /T7p.14 = 0.351V
which is less than required. At this point, the first-cut design is complete.

10.) Now check to see that the gain specification has been met

(92.45x10-6)(942.5x10-6) |
Ay = T5x10-6(.04 + .05)95x10-6(.04 + .05) = 1697TVIV |

which exceeds the specifications by a factor of two. .An easy way to achieve more gain
would be to increase the W and L values by a factor of two which because of the
decreased value of A would multiply the above gain by a factor of 20,

11.) The final step in the hand design is to establish true electrical widths and lengths
based upon AL and AW variations. In this example AL will be due to lateral diffusion only.
Unless otherwise noted, AW will not be taken into account. All dimensions will be
rounded to integer values. Assume that AL = 0.2um. Therefore, we have

06/05/2004 D. De Venuto

21



Example 1

Wi=Wz2=3(1 -04) = 1.8 pm = 2um

W3 = Wi =15(1 - 0.4) = 9um

Ws=4.5(1 - 0.4) = 2.7um = 3um

We =94(1 - 0.4) = 56.4pum = 56um

W7 =14(1-04)=8.4 ~ 8um
The figure below shows the results of the first-cut design. The W/L ratios shown do not
account for the lateral diffusion discussed above. The next phase requires simulation.

Vpop=2.5V
15 M3 M4 5 M6
Jum 1opm 94
T T ”"‘"‘"—’3 ; T
= Jp
GD \| 5
ol e
e wm  Tum l—l 95uA | 10pF
+ o 3
‘i;zﬁ.um:]; ;:l {[_'.J 14pm
m 4.5um |
M8 M5 _l_pnui_ Mmr|
Ves= 25V Fig. 6.3-3
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Incorporating the nulling resistor into the Miller
compensated two-stage op amp

Circuit:
Vo
Mil 1+ M'3:I M4
s ! M6
MIg_jH CHT M8 ﬁ Vour
Ve Vin® Vin* [ 11 i
"_||: M1 M2 :]'— CT
L
,fﬂl'u.r — '_I L
Mi2, - %}fl M HMS 1[:j|m
o
We saw earlier that the roots were:
Em?2 gml_ g_“}ﬁ
pl=_Av(-"C=_AvCC P?=-CL
! -1
P RG 2 = ReCe - Cleme

where A, = g, 8msRiR1r-
(Note that p, is the pole resulting from the nulling resistor compensation technique.)
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Design of the nulling resistor (M8)

In order to place the zero on top of the second pole (p,), the following relationship must
hold

1 (CL+Co) (CetCy gl
Re=gme| Cc )=\ C: ]1,'21{'996:6

The resistor, R, is realized by the transistor M8 which is operating in the active region
because the dc current through it is zero. Therefore, R,, can be written as

oS 1
Rz =5ips Vpse=0_ K PSs(Vsgs-1Vrel)
The bias circuit is designed so that voltage V4 is equal to V.
Wiy (fio) (Wse
Vosiol - IVii = Vassl - Vil Vsoni=Vses = (T37]- (1) (Te
In the saturation region

2(1o)
Vesiol - V1l = \| K p(Wio/L1o) = [VGssl - 1Vl

o - 1 ,ﬂK'PSm_L | Siwo
:=K’pSg \| 2o =33 \|2K'plp

W3
Equating the two expressions for R, gives [ Is| =

8 1,\/m
CrL+C) Lo
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Example 2

Use results of Ex. 1 and design compensation circuitry so that the RHP zero is
moved from the RHP to the LHP and placed on top of the output pole p7. Use device data
given in Ex. 1.

Solution

The task at hand is the design of transistors M8, M9, M10, M11, and bias current /9.
The first step in this design is to establish the bias components. In order to set V4 equal to
VB, thenVgG11 must equal Vgge. Therefore,

S11=U11/6)S6
Choose 111 = I1g = Ig = 15pA which gives §11 = (15uA/951A)94 = 14.8 ~ 15.

The aspect ratio of M10 is essentially a free parameter, and will be set equal to 1.
There must be sufficient supply voltage to support the sum of Vsgi1, Vsgio, and Vpso.
The ratio of [;¢/Is determines the (W/L) of M9. This ratio is

(WIL)g = (I1o/Is)(WIL)s = (15/30)(4.5) = 2.25 ~ 2
Now (W/L)g is determined to be

\f L 9145'31”'0‘ =5.63~6

(WiL)g = 31) +]
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Example 2

It is worthwhile to check that the RHP zero has been moved on top of p». To do this,
first calculate the value of R,. Vsgg must first be determined. It is equal to VsG10, which is

210 2-15
VsGio = & T WVrpl="\/30.T +0.7 = 1474V

Next determine R,.
I 106
R: =K pS3(VsG10VrA) = 50-5.63(1.474-.7) = 4590k
The location of z; is calculated as
-1

- Ix10-12 = -94.46x106 rads/sec
(4.590 x 103)(3x10-12) - 535 55106
942.5x10-6

P2="10x10-12_ = -94.25x106 rads/sec

Thus, we see that for all practical purposes, the output pole is canceled by the zero
that has been moved from the RHP to the LHP.

The results of this design are summarized below.
Wg=6pum  Wo-2pm Wio=1lpm Wi1=15pum
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An alternate form of nulling resistor

To cancel p,, Vrﬂ
Cc""CL 1 | i - o
3 7 = = MIL [ M10
Z, =P Rz-g“ﬁﬁcc_gﬂﬁg j]l:ﬂ ;ME ]
Which gives : & _._ﬂo_}i
t : M1 M M6B |
Bmed = Bméa|C+C, vin ol j:r i
s i e i — M8 MO
Buca = 942,518, C, = 3pF ey e Y
and CL = l'DpF_ [ Vs

Choose I = IOuA to get

, ’ EKPWEBIEE 2KPW&JDG
EméB = + L L!..n.

or
Wep [ 3

Le =\13

06/05/2004 D. De Venuto 27



Programmability of the two-stage op amp
The following relationships depend on the bias

V,
current, [,,., in the following manner and allow for i
programmability after fabrication. —H’_JM:&
1 M3 | M4

AJ0) = 8pi8mlR Ry = ; )
GB:%& T ":-1 Ml M ’_1 —o
P, =(V,HVD(+K+K),. < .. *o y

diss REJ:: SSI){ 1 1) Rias biax lfﬂm lj{lfﬂwxyﬂ&”l
SR = C = T | =

1
] 1 Mk o T
Vss

Rﬁﬂ = ikszﬂm - !Bﬁﬂi

103

| 1 Iy oo P and SR | VL
= DD s XL 0 ! o
P = 2 RRLC, < Iy Vs ok I "
gmﬂ B and £

Izl = ﬁ ot Al 100
[lustration of the [, dependence — E: Ao anfl Rous

103

I Jo 100
It
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Simulation of the electrical design

Area of source or drain = AS = AD = W[L1 + L2 + L3]
where
L1 = Minimum allowable distance between the contact in the S/D and the
polysilicon (Sum)
L2 = Width of a minimum size contact (S5um)
L3 = Minimum allowable distance from contact in S/D to edge of S/D (5um)
o AS = AD = Wx15um
Perimeter of the source or drain = PD = PS = 2W + 2(L1+L.2+L3)
s PD=PS =2W + 30um

Hlustration:
L3; 12 L1 o L1; 1213
X | X e
Diffusion Diffusion l
FESBE———
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5-to-1 Current Mirror with different physical
performances

N S . - W

Input

Output

Poly
[ | Diffusion
[X] Contacts

III OIS I IIITID
W\W&\\W\WN\\EH

W\MH%\KMV\MWWEW_

W\YWM%\WV&WYWWL
SIS IIIIIIIIIIND)

| CIIIIIIIIIIIIS,

[t e =

Input
Output

d

Groun

< d
._
L7

“d
._

“d
._
d

I PP III IS SIS

PISII TSI GIITIS,

FHTTII I TSI,

PIITTIIIIIIIIID,

T —

Ground

CAELALEILE LIPS

PIIIIIIIIIIIERY|

The layout of a 5-to-1 current mirror. (a) Layout which minimizes

area at the sacrifice of matching. (b) Layout which optimizes matching.
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1-to-1.5 Transistor Matching

i

A A d L L LA S A ]

oo
)

mEE o
(R

LN P T

s 0 smi. 5
- - R

-]
-1
L]
o
<]
-]

e EpnEeEnRBe

R - ]

‘LR
-

G
TS T

W .
N X

Metal 2 Metal 1 Poly Diffusion Contacts
Figure 6.3-7 The layout of two transistors with a 1.5 to 1 matching using
centroid geometry to improve matching.

D. De Venuto 31



Reduction of Parasitics

Reducti £ Parasiti
The major objective of good layout is to minimize the parasitics that influence the design.
Typical parasitics include:

Capacitors to ac ground

Series resistance

Capacitive parasitics is minimized by minimizing area and maximizing the distance
between the conductor and ac ground.

Resistance parasitics are minimized by using wide busses and keeping the bus length
short.

For example:
At 2mQ/square, a metal run of 1000um and 2pm wide will have 1Q of resistance.

At 1 mA this amounts to a 1 mV drop which could easily be greater than the least
significant bit of an analog-digital converter. (For example, a 10 bit ADC with Vgpgr =

1V has an LSB of 1mV)
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Technigque for reducing the overlap capacitance

Square Donut Transistor:

Source B Metal 1

\N Poly
Diffusion
Contacts

Source

Reduction of Cgq by a donut shaped transistor.
Note: Can get more W/L in less area with the above geometry.
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Chip voltage bias distribution scheme

1_..I-.:-i S |

“t*ViBias2

1™ Vvstiast

'r I-. ]
Taly Al o s o i | o
== T e

«———— Location of reference voltage ——= < Remote portion of chip —
Generation of a reference voltage which is distributed on the chip
as a current to slave bias circuits.
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PSRR of the two-stage op amp

What is PSRR? Vid
OF
AWV aa=0) . I: =y
PSRR = : & - "
Agd(Vin=0) 5 p b >—0 Vowr H—
in 1 4+ ] -_I- d
9 ¥ e - Vis ;_ Veg
How do you calculate PSRR? N T
You could calculate A, and A4 and divide, /
however
Vda
L
V> = Vob AVi-Va)
, L Visia ‘3 Vi o—
1
-\ T‘
o

Vout = AddVdd + A( Vi-V2) = AgaVdd - AvVour— Vout(1+Ay) = AdqVad

Vout Add Add
Vdd ~ 1+Ay~ Ay = pSRR+

(Good for frequencies up to GB)
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Positive PSRR of the two-stage op amp

I

[, M1 M2 |
— L
VBias
The nodal equations are:

(8ds1 + 8dsa)Vdd = (8ds2 + gdsa + SCe + SCPV1 = (gm1 + SC)Vour

(8m6 + ds6)Vdd = (€me6 — SC)V1 + (8ds6 + as7 + 5Ce + SC)Vour
Using the generic notation the nodal equations are:
GiViaa = (Gp + 5Ce + sCPVy = (gmit + SC)Vour
(8mit + 8ds6)Vdd = (@mit — sCV1 + (Gt + sC¢ + sCi)Vour
whereGy = gds1 + 8ds4 = 8ds2 + Bdsa» Gl = £ds6 + 8ds7» &ml = Em1 = Em2 AN gmil = Em6
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Positive PSRR of the two-stage op amp

Using Cramers rule to solve for the transfer function, V,,,/V,4, and inverting the transfer
function gives the following result.

Vida S2[C.CrCiCr+ CyCel sSIGKC+Chr) + GIKC+Cy) + Clgmii — gmi)] + GiGir+gmigmir

Vo™ S[CgmirrGrgdse) + CHgmir + £4s6)] + G1g4ds6
We may solve for the approximate roots of numerator as
E , S(CCCiCi+C.Chp)
Vad  (8migmii\ | \&mr * gmit Ce *
PSRR+ = Vour = [ Gigdse 5gmliCc
4 Gigass * | ]

where g7 > gmyr and that all transconductances are larger than the channel
conductances.

sCe . \[Cu s (s
Vad  (8migmit) |\&mt * ' | @mir * || (GrAvo [GB i l)[lpz} +1
oA =™ [ Gigass ) sgmi1Ce ‘{ 8ds6 | (SG1Avw
Grgase * ! 8d560B * 1]
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Positive PSRR of the two-stage op amp

GnAw) 4

Eds6

IPSRR+(jw)| dB

e . W
e GB Ip2

At approximately the dominant pole, the PSRR falls off with a -20dB/decade slope and
degrades the higher frequency PSRR * of the two-stage op amp.
Using the values of Example 1 we get:

PSRR*(0) = 68.8dB,

06/05/2004

z1 =-5MHz, zp=-15MHz and p) =-906Hz
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Concept of the PSRR* for the two-stage op amp

01

Vﬂﬂ
M3 M4 =
;}u *
L, MI M2 |+ C}: m Vdd Ii
| L—" Other sources
: e -~ ... N o et of PSRR+
M5 besides C.

L Vs
&

1.) The M7 current sink causes Vsgeto act like a battery.
2.) Therefore, V. couples from the source to gate of M6.
3.) The path to the output is through any capacitance from gate to drain of M6.

Conclusion:
The Miller capacitor C, couples the positive power supply ripple directly to the output.

Must reduce or eliminate C,.
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Negative PSRR of the two-stage op amp with V.,
grounded

VBH.L‘? gmu nded

Fig. 180-06
Nodal equations for Vg;,s grounded:

0= (Gr+ sCA+sCpPV] - (gmsCoVy
8m7Vss = @MIFFSC)V1 + (GsCetsCrpV,
Solving for V,,/V;s and inverting gives

Vis ~ S2[C.CrCIC+CpCel+s| G CACip)+ G Cer C+Col gmil —8mi) 1+ GIGH+EmIgmI
Vour = [S ( CE+CI )"‘Gl' ]g m7
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Negative PSRR of the two-stage op amp with V.

grounded
Again using techniques described previously, we mﬁy- solve for the approximate roots as
[ (sC: | ((CLLrCICH+CeCh) 1'
Vs (8migmii) | \8mi i gmil Cc *
PSRR- = Vour © [ Gigm J S(Ce+Cp)
] G * 1
This equation can be rewritten approximately as
[ (sC, sCir )| [(s_ ]il-
Vss  (8migmi [gmf Y lgmr Y| Gy [GB i ['PEI * ]
PSRR- = Vour = [ Gfgm'?/] ﬂ e [ Em7 J _S_g_mi
Gy + 1 ] GB G, +1
Comments:

PSRR- zeros = PSRR T zeros
DC gain = Second-stage gain,
PSRR- pole = (Second-stage gain) x (PSRR™ pole)

Assuming the values of Ex. 6.3-1 gives a gain of 23.7 dB and a pole -147 kHz. The dc

value of PSRR- is very poor for this case, however, this case can be avoided by correctly
implementing Vg, which we consider next.

06/05/2004
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Negative PSRR of the two-stage op amp with V.
connected to V¢q

T't‘ M6 Yoo
t VMI’
r )I_f'._ I =
| f .
~ H Ci i Tfﬂ' N c. Couy = Fds?
. |/ L" Vs | < rds r I ¢ 7 ] L s
HE, M7 0 SO R A ST - .
v, e - Pl ¥,
Vitige I\ _ £x !g"uvm . I 1 Bmii¥1 -|r i pLis

" — | ¥ . - -
VRigs connected o Vg 1= Vss

If the value of Vpi,, is independent of V;, then the model shown results. The nodal
equations for this model are
and
(8ds7 + 5Coq1)Vss = (@mut - SC)V| + (G + 5C + 5Cpp + 5Coq7) Vot
Again, solving for V,,/V,; and inverting gives

Vss  ACLHCCH CrCACLlaart CoCodrl 4| GACACIrt CognW Gl CA CrR CAgumitr=8mt) |+ GG ir+ Emimi
Vou = (CoartgaaXs(CHCHG)
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Negative PSRR of the two-stage op amp with V.
connected to V¢q

Assuming that g,,;7 > g7 and solving for the approximate roots of both the numerator
and denominator gives

(SC c S(CeCrCiCr+CeChp) ]
V Y C +1
ss  (8mi€mil| | \Eml Emil Le
PSRR- - Vour ® Gfgd.?'}' J chd'}" } T(Cf'" Cc)
gas7 1 [ S 1]

This equation can be rewritten as

FEp AR

V‘F.‘i‘ GHAI-ﬂ [GB L 1] [IPEI +]]
PSRR- = Vour = | 8dsT ] [jﬁgd? 1] [SC-‘: ]]

|| gas7 Y1)\ Gp +1))

Comments:

» DC gain has been increased by the ratio of G to g,
* Two poles instead of one, however the pole at -g457/Cgg7 is large and can be ignored.
Using the values of Ex. | and assume that Cjy7 = 10fF, gives,

PSRR-(0)=76.7dB and Poles at -71.2kHz and -149MHz
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Frequency response of the negative PSRR of the two-
stage op amp with Vg, connected to V¢q

Bias

IPSRR-(jo)l dB

0

—— (1)
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Approximate model for negative PSRR with V
connected to ground

Bias

Path through the input stage is not important ‘:f."“‘
as long as the CMRR is high. Y
Path through the output stage: 20to |
Vout = Lssout = 8mToutVss -
Vout |
Ves = Em1Zout = 8mTRout SRoutCourt]
0dB > o

RourCour
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Approximate model for negative PSRR with V
connected to V¢q

Bias

= Lour
What is Zys? Path through Cypy
v, is negligible
ZJHT = I ¢
mIVt
It=8mIV1 = gmi mﬁcﬂ
Thus, Zout="g rermmr
|, Fas7
Vs *Zowt Zouwt S(CHCD+ GHEmIBmIITdsT -Gy
Vowr= 1 = S(Ce+Cp + Gy = Polea T iC;

The two-stage op amp will never have good PSRR because of the Miller compensation.
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