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Op Amp Characteristics

Non-ideal model for an op amp
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Boundary Conditions Requirement

Process Specification See Tables 3.1-1 and

3.1-2
Supply Voltage +5V +10%
Supply Current 100 uA

Temperature Range Oto 70°C

Typical Specifications

Gain >80 dB
Gainbandwidth > 10 MHz

Settling Time < 0.1 usec

Slew Rate > 2 V/usec

Input CMR >+2V

CMRR > 60 dB

PSRR > 60 dB

Output Swing >2 VP-P

Output Resistance Capacitive load only
Offset <+ mVv

Noise < 50nV/AJHz at 1KHz

Layout Area < 10,000 square um
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Frequency Response
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Power supply rejection ratio (PSRR):

M(v =0)
_AVpDQ _Avd(S) _ vin VP
PSRR = vourd *Avd(®) = Aps(S) — Vout

V—pS(Vin=0)
Common-mode input range (ICMR).
Maximum common mode signal range over which the differential

voltage gain of the op amp remains constant.

Maximum and minimum output voltage swing.

Slew rate:
Slew rate = max%
10V
5|
ov [
-5V|
-10\

Ops 2Us 4us 6uS 8us 10us
Time
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Settling Time
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Design Approach

Design
[ Specifications j @ [ cpralysis j

Modify

Specifications:

 Gain » Bandwidth

» Output voltage swing * PSRR

o Settling time « CMRR

» Power dissipation * Noise

* Supply voltage e Common-mode input range

e Silicon area
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Design Strategy

The design process involves two distinct activities:
Architecture Design

* Find an architecture aready available and adapt it to present

requirements

» Create a new architecture that can meet requirements
Component Design

» Design transistor sizes

» Design compensation network
If available architectures do not meet requirements, then an existing
architecture must be modified, or a new one designed. Once a satisfactory
architecture has been obtained, then devices and the compensation network

must be designed.
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Op Amp Architecture
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Compensation

In virtually all op amp applications, feedback will be applied around the
amplifier. Therefore, stable performance requires that the amplifier be
compensated. Essentially we desire that the loop gain be less than unity
when the phase shift around the loop is greater than 135°

IN A ouT

ouT A
IN  1+Ag

Goa:1+AB>0
Rule of thumb: arg[AB] < 135" at mag[AR] =1
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Graphical lllustration of Stability Requirements
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Step Response of Two-Pole System
Impact of placing w, at different locations:

stability
Date/Time run: 04/08/97 19:45:36 Temperature: 27.0
I A/\3
1.0V - ———— —o—
w1 = 1000 rps
| Case1: wp=1x 106 rps
0.5V -
Case2: wp=0.5x106rps
| Case3: wp=0.25x 106 rps
ov‘ 77777777777777777777777777777777777777777777777777777777777777777777777 1
5us 10us 15us 20us
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Types of Compensation

1. Miller - Use of a capacitor feeding back around a high-gain, inverting
stage.
» Miller capacitor only
» Miller capacitor with an unity-gain buffer to block the forward
path through the compensation capacitor. Can eliminate the RHP
zero.
* Miller with a nulling resistor. Similar to Miller but with an added
series resistance to gain control over the RHP zero.
2. Self compensating - Load capacitor compensates the op amp (later).
3. Feedforward - Bypassing a positive gain amplifier resulting in phase

lead. Gain can be less than unity.
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Miller Compensation

VbD
—
o
M3 M4 }lt
Cop— c M6
v M g M2 0
- HE ﬂ|_°+ | ! °Vout
IBiasl T Cl
YJ M7 T CL
J H I,
Small-signal model
1 1
T4 90 ds4 Ce Tds6 Vds? ds
1Vin CMJ_ + ImaV 1 1 I( / 1 +
2 (st T _1 glﬁ m2V|n T-C1 SmeVo T ¢ Vout
Simplified small-signal model
1 1
gdsZ:Fg\ds4 Ce 9467 9ds7 9ds7
|
+ +\ |( +

5
o)
2
<
5

<
N
\ |

i . — C —
1
) i Ime"2 %
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Analysis

Vo(9) (@m)(@miD(RD(RiD(L - sCc/Imir)

Vin(® ~ 1+ §R(C1 + Co + Ri|(CL + Co + gmIIRIRCd + 2RIR|[C1CL + Co(C1+ CL)]

g—-—1
PLEgm R Ry Ce

. -Oml1Cc
P25€C + CC.+ CiC,

“Omll

P20C
_ Ol
Zl = C_c
where
9ml = 9m1 = Im2 Imil = 9m6
1 1

R Rj|

~ Ods2* Ydsa " 94s6 Yds7
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Miller Compensation
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Conditions for _Stability

* Unity-gainbandwith is given as:

1 O_ 9ml
GB = Av(0)[p1l = (ImigmiIRIRI) - EgmuRlRIICcD (r:nc

» The requirement for 45° phase margin is:

Arg[AR] = +180° - tan1HH - tan-1iw D tan- 1%5 45°

pllm P2l
Let w = GB and assume that z > 10GB, therefore we get,

GBQ [GBD GBO
+ o _ -1 - '1 = ©
+180° - tan H_Dpllm tan-1 H_DIO2| tan EI—DDZ 0 45
or

135° = tan-1(Ay(0)) + tan- 15—5 + tan-1(0.1) = 90° + tan- 1§G—BB +5.7°

393 =~ tanlPon 0 2o = 0,818 0 [|p,| = 1.22GB
dpala ~ Ipol

* The requirement for 60° phase margin:

| p,| = 2.2GB if z 2 10GB
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* |f 60° phase margin is required, then the following relationships apply:

Omil _ 10gmi
énc > Ccm O | 9mit > 10gm
Furthermore,
Oml| >2-29ml
Co Ce

which after substitution gives:

Cc > 0.22C2

Note;
Ol = 9m1= 9m2 @d Imi| = Ime
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stability
Date/Time run: 03/21/99 17:35:40 Temperature: 27.0

Phase margin = 45 degrees’

Phase margin = 60 degrees

stability
*vin 1 0 de 0 ac 1

vin 1 0 pwl(0 0 In 1 1 1)

rfix 1 0 1k

*el 2 001 31.62

el 2 015 31.62

rl 2 3 1k

cl 3 0 0.5u

*cl1 3 0 1.05u

e2 4 03 0.31.62

xr2 4 5 1k

c2 5 0 0.0007u

*.ac dec 10 10 100meg

.tran 0.1n 10u 0 10n

.probe .

* C2=.0007u and Cl=.5u gives 45 deg phase margin

* C2=.0007u and Cl=1.05u gives 60 deg phase margin
.end

Parasitic pole, w,, held constant
while dominant pole, w;, is moved.
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Eliminating RHP Zero

M3 j}_ li M4

Vout

M1 M2 Cc
—k — —
Rz Vout
— C||
Vb
= [ w7
M5
N
Rz Ce
- | £
+ + —WW I\ +
Vi i e gy
n Iml Vin V2 R G Gmil Vo Ry Ci

sC

Vi 0 SCe O
Vin+ o5 +sC\V, + V|-V, =0
OmiVin* R+ SOV + B R SCchE( 1 = Vo)

sCe

Vo 0 ]
V] + 52+ SCp Vg + Vo -
ImiVi+ R+ SCVor e SCch%( o

These equations can be solved to give

Vo(S) {1 -9(Co/gmi) — RLCcl}
Vin(® 1+ bs+cs2+ds3

where

a=0mamIRRy

Vi)=0

b=(Cy +CR +(C + CHR + g RR 1 Ce + R,
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c=[RR(CC) + CLC + CCy)) + RCA(RC + R Cyy)]

d=RRRLCCC,

If R, isassumed to belessthan R, or R;; and the poles widely spaced, then the roots are

-1 -1
Ul ]
P1 (1+gmR)RC.  ImiRIRCe
—_ C —_
0, 00 Omi1Cc R Omil
C| C|| + CCC| + CCC” C||
3 -1
P3 = RC
and
1
Zl =
Ce(Mgmi - Ry
By setting
R, = 10

The RHP zero movesto infinity
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| mplementing Compensation Resistor

M3 j}— [ M4 M6
-
M1 M2 Mz Ccl
. — 3
T VOUT
T Qi
R [, M7
M5
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Two-Stage Operational Amplifier Design

VbD
[ o 8 [Cme
M3 | M4 Ce
)I o Vout
- o—||: M1 M;—_II—‘ J‘CL
Vin :I:
+ 6 -
VI;ias Iﬁ M5 IlIM?
i e

Important relationships:
Im1 = 9m2 = 9mi» 96 = Imit> 9ds2 + 9asa = Gy, ad dyss + 9gs7 = G-

Is

SlewrateSR:C—C

Om1 _ 20m1
Jas2 * Odsa  15(A2 + Ay)

First-stage gain A, =

Im6 _ Im6
Jase * Jds7  le(A6 + A7)

Second-stage gain A, =

Gain-bandwicth GB = 71
C

Output pole py = Cg—:ﬁ

RHP zero z; = gcﬁ
C

. 5
Positive CMR Vinmax) = Vbp ~ \/B:B = V103l(max) + VT1(min)

(1)

(2)

3)

(4)

(5)

(6)

(7)



Allen and Holberg - CMOS Analog Circuit Design

. 5
Negative CMR Vipmin) = Vss + \//3:1 +VTy(max) + Vpgs(sat) (8
. 2lps
Saturation voltageVpgsat) = T 9

All transistors arein saturation for the above relationships.

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

Gain at dc, A(0)

Gain-bandwidth, GB

Input common-mode range, ICMR
L oad Capacitance, C

Slew-rate, R

Output voltage swing

Power dissipation, Pgjss

Noo h~wdF

Choose a device length to establish of the channel-length modulation parameter A.

Design the compensation capacitor C... It was shown that placing the loading pole p, 2.2

times higher than the GB permitted a 60° phase margin (assuming that the RHP zero z; is

placed a or beyond ten times GB). This results in the following requirement for the
minimum value for C..

C. > (2.2/10)C,

Next, determine the minimum value for the tal current |5, based upon Sew-rate
requirements. Using Eq. (1), the value for |5 is determined to be

5= SR(Cy)

If the dew-rate specification is not given, then one can choose a value based upon settling-
time requirements. Determine avalue that is roughly ten times faster than the settling-time
specification, assuming that the output slews approximately one-half of the supply rail. The
value of |5 resulting from this calculation can be changed later if need be.

The aspect ratio of M3 can now be determined by using the requirement for positive input
common-mode range. The following design equation for (W/L)3 was derived from

Eq. (7).
S3= (WIL) =
= 3 = ; -
(K'3) [Vpp ~ Vin(max) = [Vrozl(max) + Vr1(min)]2
If the value determined for (W/L)3 is less than one, then it should be increased to a value
that minimizes the product of W and L. This minimizes the area of the gate region, which
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in turn reduces the gate capacitance. This gate capacitance will affect a pole-zero pair which
causes asmall degradation in phase margin.

Requirements for the transconductance of the input transistors can be determined from
knowledge of C; and GB. The transconductance g, can be caculated using the following

equation

gm1 = GB(C)
The aspect ratio (W/L); is directly obtainable from g,,;; as shown below
2

91
1= Wb = )9

Enough information is now available to calcul ate the saturation voltage of transistor
MS5. Using the negative ICMR equation, calculate Vg using the following relationship

derived from Eg. (8).

ds 2

Vpss = Vip(min) = Vgs - %D = Vr1(max)

If the value for Vpg5 isless than about 100 mV then the possibility of a rather large (WI/L)5
may result. This may not be acceptable. If the value for Vpg; is less than zero, then the
ICMR specification may be too stringent. To solve this problem, Ig can be reduced or
(WIL)1 increased. The effects of these changes must be accounted for in previous design
steps. One must iterate until the desired result is achieved. With Vpg; determined, (W/L)g
can be extracted using Eq. (9) in the following way

S5 = (WiL)s = %

For a phase margin of 60°, the location of the loading pole was assumed to be
placed at 2.2 times GB. Based upon this assumption and the relationship for [py| in Eq. (5),
the transconductance gy, can be determined using the following relationship

Ime = 2-2(9m) (CL/Cp)

Since S isknown as well as gg and gz, assuming balanced conditions,

lg can be calculated from the consideration of the “proper mirroring” of first-stage the
current mirror load of Fig. 6.3-1. For accurate current mirroring, we want Vg, to be equal
to Vg, Thiswill occur if Vg, isequa to Vg Vg, Will be equa to Vg if
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(WL)e, _ [$eO
lg = (W/L)4I1 = @%'1

Choose the larger of these two values for Ig (Eq. 19 or Eq. 20). If the larger value is found
in Eq (19), then (W/L)g must be increased to satisfy Eq. (20). If the larger valueis found in
Eg. (20), then no other adjustments must be made. One also should check the power
dissipation requirements since | will most likely determine the majority of the power
dissipation.

The device size of M7 can be determined from the balance equation given below

el .. e
S7= (WIL)7 = (WIL)5 [ 2= Ss [0

The first-cut design of al W/L ratios are now complete. Fig. 6.3-2 illustrates the above
design procedure showing the various design relationships and where they apply in the
two-stage CMOS op amp.

Vss
Figure 6.3-2 lllustration of the design relationships and the circuit for
atwo-stage CMOS op amp.

At thispoint in the design procedure, the tota amplifier gain must be checked against the
specifications.
__ (2O
' I5(A2 + A)le(A6 + A7)

If the gain istoo low, a number of things can be adjusted. The best way to do thisis to use
the table below, which shows the effects of various device sizes and currents on the
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different parameters generaly specified. Each adjustment may require another pass
through this design procedure in order to insure that all specifications have been met. Table
6.3-2 summarizes the above design procedure.

Dependencies of device performance on various parameters

Drain M1 and M3 and Inverter Inverter Comp.
Current M2 M4 L oad Cap..
|5 |7 WI/L L w L W6/L6 W7 L7 CC
Increase DC (l)1/2 (l)1/2 (T)1/2 1 1 (T)J./Z 1
Gain
Increase GB ()12 ()12 l
Increase RHP (T)llz (T)1/2 !
Zero
Increase  Slew 1 |
Rate

Increase C_ !
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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 (Ty), output voltage swing (Vgyt(max) and Vg(min)), and power dissipation

(Pgiss) are given.
1. Choosethe smallest device length which will keep the channel modulation parameter
constant and give good matching for current mirrors.
2. 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.
C.>0.22C_
3. Determine the minimum value for the “tail current” (Ig) from the largest of the two
values.
Vpp + [Vd
o n1op2et Vsdo
0O 2Ts O
4. Design for S3 from the maximum input voltage specification.
I
=— > —>1
K'a[Vbp ~ Vin(Mmax) = [Vygal(max) + Vry(min)]2
5. Veify that the pole of M3 due to Cygz and Cggy (=0.67W3L3Cqy) will not be
dominant by assuming it to be greater than 10 GB
9m3
> 10GB.
2Cys3
6. Designfor S, (S)) to achieve the desired GB.
gz
m2
9m =GB - Ccl S =1
7. Design for S from the minimum input voltage. First calculate Vpg(sat) then find Ss.

VD$(Sat) = Vin(mi n) - VSS_ ‘\/Z_S:L - V-|—1(max) =100 mV

2
= K's[Vpss(sat)]2
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10.

11.

12.

13.

Find gmg and S by the relationship relating to phase margin, load, and compensation
capacitors, and the balance condition.

Ome = 2.20m2(CL/Cp)

Cdculatelg:
l6 = (Se/S)la = (S/SY(15/2)

Design S; to achieve the desired current ratios between I and | g.
S7=(le/15)5
Check gain and power dissipation specifications.

A = 29n 296
Y I5(A2 + A3)le(A + A7)

Paiss=(Is +16)(Vpp *+ [Vsd)

If the gain specification is not met, then the currents, |5 and |, can be decreased or the
WIL ratios of M2 and/or M6 increased. The previous calculations must be rechecked
to insure that they have been satisfied. If the power dissipation is too high, then one
can only reduce the currents |5 and I . Reduction of currents will probably necessitate
increase of some of the W/L ratiosin order to satisfy input and output swings.
Simulate the circuit to check to see that all specifications are met.
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Example: Design of a Two-Stage Op Amp

Using the material and device parameters givenin 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 isto be 1um.

A, > 3000V/V Vpp = 2.5V Vg =-25V

GB = 5MHz C, = 10pF SR> 10V/us

Vot range = £2V ICMR =-1to 2V Paiss < 2MmW
Solution

Calculate the minimum value of the compensation capacitor C,
Cc > (2.2/10)(10 pF) = 2.2 pF

Choose C,, as 3pF. Using the slew-rate specification and C; calculate Is.
5 = (3 x 10'12)(10 x 106) = 30 pA

Next calculate (W/L)3 using ICMR requirements.

30 x 10
6 7= 15
(50 x 106)[2.5 — 2 - .85 + 0.55]

(WIL)3 =

O = /2 % 50x10°6 x15x10°6 x 15 = 1504S
Therefore
(WIL)3 = (WIL)4 =15
Check the value of the mirror pole, p;, to make sure that it isin fact greater than
10GB. Assumethe C, = 0.4fF/um?2. The mirror pole can be found as

O VK Sl

P3=2C s~ 2(0667)WaLsCoy

= 15.75x10%(rads/sec)
or 2.98 GHz. Thus, ps, isnot of concern in this design because p; >> 10GB.
The next step in the design isto calculate gy
Oy = (5 % 108)(2m)(3 x 10'12) = 94.25uS
Therefore, (WIL)q is

2
It 94.25)2
(WIL); = (WIL), = ZKn,“Nll = 2.110_15 =279=30

Next calculate Vp g
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Vs = (=1) = (<2.5) =\ /M 85=0.35V
D% ' 110% 1063 '

Using Vpg calculate (W/L)g from Eq. (16)
2(30 x 10-6)
(50 x 10-6)(0.35)2
From Eq. (20) of Sec. 6.2, we know that
O = 109, = 942.5US

(WIL)g = =4.49=45

Assuming that g, = 942.5uS

942.5 x 10-6
(WiL)g= 15 ————=94.25
150 x 10-6

Using the equations for proper mirroring, | g is determined to be
lg = (15 x 10-6)(94.25/15) = 94.25 pA
Finally, calculate (WIL)7

4.25 x 10-6
(WIL); =45 paclat i SIPYPYA

030x106 O
Check the V ,(min) specification although the W/L of M7 is so large that thisis

probably not necessary. The value of V,(min) is

Vo (0U) = Viso(sal) =\ |22 __ 348y
min CbSATE T N 110x 1414

which is much less than required. At this point, the first-cut design is complete.
Examining the results shows that the large value of M7 is due to the large value of
M5 which in turn is due to a tight specification on the negative input common
mode range. To reduce these values the specification should be loosened or a
different architecture (i.e. p-channel input pair) examined.

Now check to see that the gain specification has been met
B (2)(94.25 x 10-6)(942.5 x 10-6)
V30 x 10-6(.04 + .05)38 x 10-6(.04 + .05)
which meets specifications.

=19,240



