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Example 23-1 - Continued

10.) Now check to see that the gain specification has been met
(94.25x10-6)(942.5x10-6) B
v=T15x10-6(.06 + .08)95x10-6(.06 + .08) _ >180V/V
which barely exceeds the specifications. Since we are at 2xL,,;;, it won’t do any good to
increase the channel lengths. Decreasing the currents or increasing We/Lg will help.

A

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.

Vpp=2.5V
M4 M6
15pum (¢ 15pm [~ 85um
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C¢) Ml M2 ) I O V()I/{r
S oy 15um Lsym= J_ Cj=
Vin O.S,um 0.5]411’1 ‘ 95ﬂAl I IOpF
+o N =
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RIGHT-HALF PLANE ZERO
Controlling the Right-Half Plane Zero
Why is the RHP zero a problem?
Because it boosts the magnitude but lags the phase - the worst possible combination for

stability.
j(D A
jo3h Loop
Gain RHP Zero Boost
| 4 |
102k \180 > 6; > 67 > 63 0dB N o8109
180t :
. 03 Loop :
ol o2 Phase
D »> G Shift :
z] 0Y ' » log;ow
150129-013 RHP Zero Lag —»

Solution of the problem:

The compensation comes from the feedback path through C., but the RHP zero
comes from the feedforward path through C. so eliminate the feedforward path!
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Elimination of the Feedforward Path through the Miller Capacitor

Feedback Only
—

1.) Removing the feedforward path.

Roots: Dominant pole and output pole.

2.) Controlling the RHP zero location using a
nulling resistor.

Roots:
a.) Dominant pole (Miller pole)

b.) Output pole

: -1
c.) Pole due to R, and first stage output capacitance, py = R—CI
Z

1
Ce(l/gmir - Rz)
Note that z; can be placed anywhere on the real axis.

d.) Controllable zero, z| =

¥ W.J. Parrish, “An lon Implanted CMOS Amplifier for High Performance Active Filters”, Ph.D. Dissertation, 1976, Univ. of CA, Santa Barbara.
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A Design Procedure that Allows the RHP Zero to Cancel the Output Pole, p

We desire that z; = pp in terms of the previous notation.

Therefore,

1 B N

Ce(l/gmir-R:) ~ Cu

N S N ™) »O
N\ O N\ | \_ '
The value of R can be found as 74 P2 Pl <l Fig. 430-06

C.+Cgt
RZ:( CCC )(l/gmﬂ)

With ps canceled, the remaining roots are p1 and p4(the pole due to R;) . For unity-gain
stability, all that is required is that

AV(O) Eml
4| > A, (0)|p1]| = amRIRIC. = C, and (1/R;Cy) > (gmi/C;) = GB

Substituting R, into the above inequality and assuming Cj; >> C, results in

Eml
Ce> \| &mil CiCn

This procedure gives excellent stability for a fixed value of Cj; (= Cy).

Unfortunately, as Cy, changes, py changes and the zero must be readjusted to cancel p>.
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Using the Nulling Resistor in the Miller Compensated Two-Stage Op Amp
Circuit: V'bp

Mil M3’\:l|——|l‘_J‘M4
V4 B V‘B Ir__

M10 I:I Cr== Mg e Vou
.+ /1

lIBias

M12 ||

Il%w

We saw earlier that the roots were: Fig. 160-03
_ 8m2  &ml _ 8mb
pl_-AVCC__Ach p2=- CL
_ ) 1
P4 =- RZC] Z] _RZCC _ Cc/gm6

where 4, = g,,1€16RR -

(Note that p4 is the pole resulting from the nulling resistor compensation technique.)
Design of the Nulling Resistor (M8)
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For the zero to be on top of the second pole (p,), the following relationship must hold

R 1 (CL + Cc) B (CC‘FCL) 1
Z_gm6 Ce a Cc \/ZK’PS6]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

VDS8 _ 1
ipg Vgg=0 K’pSs(Vsgs-|Vrpl)

=
The bias circuit is designed so that voltage V4 is equal to V.

Vasiol- Vi = Vassl - Wri=  Vsoii=Vsos = (@)_(@)(%)
GS10 =V GS8 SG11 SG6 Lll = ]6 L6

In the saturation region
Vasiol - 1Vl = \/ = 2o -
P(W10/L10)
. R 1 K’pS10 _ 1 S10
©R= s\ 26y Ss \ 2K plhg
: : . Wy Ce 15105616
Equating the two expressions for R, gives (L_g) = (m) ?
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Example 23-2 - RHP Zero Compensation

Use results of Ex. 23-1 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 p,. Use device

data given in Ex. 23-1.
Solution

The task at hand is the design of transistors M8, M9, M10, M11, and bias current
I10. The first step in this design is to establish the bias components. In order to set V4

equal to Vg, then Vgi11 must equal VgiGg. Therefore,
S11=U11/16)S6

Choose 111 =119 = I9 = 15pA which gives S11 = (15pA/951A)190 = 30.

VDD

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 Vpsg. The

ratio of /1¢/I5 determines the (W/L) of M9. This ratio is

(WIL)9 = (110/Is)(W/L)s = (15/30)(6) = 3 Vs m
Now (W/L)g 1s determined to be M2 M9 —IMS

3pF 119095”A . Vs === 100327-03
(W/L)8:[3PF+10pF]\/ 15uA
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Example 23-2 - Continued

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,. Vggg must first be determined. It is equal to Vsg10, which is

| 210 [2-15
VsGio = K—’PSm + |Vrp| = 251" 0.5=1.595V

Next determine R,.

1 106
= = = 4.564kQ
Z K'pSs(Vsgro-lVre))  25-8(1.595-.7)
The location of zj is calculated as
-1
z] = 1002 = -94.91x100 rads/sec

(4.564 x 103)(3x10-12) - 950x106

The output pole, p», 1s

10-6
pr= _% = -95x106 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 where L = 0.5um.
Wg=4um Wo=15um Wip=0.5um and Wji1=15pum
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An Alternate Form of Nulling Resistor

To cancel p», Vbp
C+C 1
z1=p,—~> R.= CL - L:“__ll:J Ml l__”‘—JMlO
Emealc  &meB M3 M4
Which gives 1 Ir—_M6
! Vou
- C, - o[ M1 M| M6B |-—1 ) | t
8mos — Emea| +C, Vin C, I CL
¢ + J§
In the previous example, ° + ;"I M8 MO
. _ VBias }_’l M> }_’l }_’l
8mea — 95()”87 Cc o 3pF -

Vs Fig. 6.3-4A

and C, = 10pF.
Choose Iz = 10pA to get

_ 8m6ACc N 2]<PVV6B[6B _ Cc 2KPW6A]D6
Eneb = €.+ Cy L CAC; Loa

or

13

%_[3]21&@_(1
“13) Iy Ly 13

95
L., ]2 {I—OJ(I%) =96.12 > W, =48um
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Increasing the Magnitude of the Output Pole’

P2, can be increased by introducing ---

| M7 M7
gain in the Miller capacitor feedback I §ur H vour
path as shown where, ng|_o V ias
'l__. M6

The magnitude of the output pole, |<J |<J VoD "J "J Vpp
Mill1 | M12CC |l‘7J Mill1 | M12 |[‘7J

A = gus(rassllrasollrasal|rasa)- '

M10 I%MQ
The roots become, Ves
120523-03
1.) The dominant pole increased slightly because R; (output of ﬁrst stage) is decreased.
VpD Vbp
2.) The output pole is increased by a %m ] o
-Ag6 i . Vout
factor of 4 to get new p, = Cm — o oo .
1 M8 GB-C, M6
= i —p Crn
3.) The pole at the source of M8 (-g,,8/C,) b M6I :_I:
becomes a zero on the negative real axis. 1L 1 120523-04
Roots: Tj ®
-Agme -8m8 -1 8m6
Cy C. 2meras2C. Cods 12052305

* B.K. Ahuja, “An Improved Frequency Compensation Technique for CMOS Operational Amplifiers,” IEEE J. of Solid-State Circuits, Vol. SC-18,
No. 6 (Dec. 1983) pp. 629-633.
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Issues with the Previous Method’

The previous technique assumed that the gate-source capacitance of M8 could be
neglected. Unfortunately, this assumption ignores a pair of complex poles near the unity
gain frequency. Below is the small signal model with the capacitance that causes this

that includes Cgss. G T
\

¥ ¥ I )¢ 2
1 J_CgSS l
Iin Ri1<I ams Vg s ¢ Vour
-8m8Vs8 - Tgm6 " T 5

160311-01

The solution proposed in the reference below is to decrease the impedance at the source
of M8 by using a negative feedback loop. Below is a possible solution that will have

better phase margin. 4%

M12 | M16

___IEMll It A IE II:M7

13
y S A vourt

I\
M8 | C.

———— A A IE M6

M10_|FH[ Mo M1Fj||—-||:M15

160311-02 VSS

t Uday Dasgupta, “Issues with ‘Ahuja’ Frequency Compensation Technique,” Proc. of IEEE Inter. Symposium on Radio Frequency Integration
Technology, Jan. 9, 2009, pp. 326-329.
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POWER SUPPLY REJECTION RATIO OF THE TWO-STAGE OP AMP
What is PSRR?

Ay(Vag=0)
Agd(Vin=0)

PSRR =

How do vou calculate PSRR?

You could calculate 4,, and 4,4 and divide, however / Fig.180-01
Vdd
Vo L. _— VDD Ay(V1- VZ)
V] + + =
= VSS "'AddVdd
—_ +
U Flg 180-02

Vout = AddVaa + AVV1-V2) = AdgaVid - AvVour — Vout(1+Av) =AgaVad

Vout: Ada NAdd: 1
Vaa 1+A4," A, PSRR*

(Good for frequencies up to GB)
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Approximate Model for PSRR™

-1

~1L=

<
5
o
&
&

Other sources
of PSRR+
besides C,

Fig. 180-05
1.) The M7 current sink causes Vsgeto act like a battery.

2.) Therefore, V4, 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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Approximate Model for PSRR-

|——|l__J‘ T”:J M6 — Vpp
M4

M3

/1 — = Fds7

. Vout
f Ml M2, }1 == :I:CH L) v
N out
= - = i -
|
[T

M35 i |l: ” ds7 = =
| s

VBiasé )_.| M7 =_:_; Vss -Path t?ml;i;il Cear
-T i - is negligible
VBiqs connected to Vgg \% Vss
= Fig. 180-11
_ E _ _ gmiVt
Zout = I = 1t=8miV1 = 8ml GrtsCrtsC, Ce CurtCan i
+ I - T +
Thus V4 = GI+S(CI+CC) gmiVi @CI %R[%Vl gmHV14> A+dS6H d7% Vout <>Vt
> T gmigmI -
= 150131-01
n rds7
' Vour Zout 8 (CctCp + Grgmigmirdsi Pole at -G
Ve ] S(Ce+Cp + Gy RO

The negative PSRR is much better than the positive PSRR.
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SUMMARY
 The output of the design of an op amp is
- Schematic
- DC currents
- W/L ratios
- Component values

* Design procedures provide an organized approach to creating the dc currents, W/L
ratios, and the component values

* The right-half plane zero causes the Miller compensation to deteriorate
» Methods for eliminating the influence of the RHP zero are:

- Nulling resistor

- Increasing the magnitude of the output pole

» The PSRR of the two-stage op amp is poor because of the Miller capacitance, however,
methods exist to eliminate this problem

* The two-stage op amp is a very general and flexible op amp
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