Lecture 160 — MOSFET Op Amp Design (12/11/01)

LECTURE 160 - MOSFET OP AMP DESIGN
(READING: GHLM -472-480, AH - 269-286)

INTRODUCTION

Objective

The objective of this presentation is:

1.) Develop the design equations for a two-stage CMOS op amp

2.) Illustrate the design of a two-stage CMOS op amp

Outline

* Design relationships

* Design of Two Stage CMOS Op Amp

* Summary
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OP AMP DESIGN
Unbuffered, Two-Stage CMOS Op Amp
45)5)
= [ mo
M3 M4 C,
) I J_ O Vout
Vin
+o -
+ }"J[ :l:M7
VBias I_’l M5
) Vss Fig. 160-01
Notation:
Wi

Si= L = W/L of the ith transistor
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Design Relationships for the Two-Stage Op Amp

I5
Slew rate SR = a(Assuming I7>>I5and Cp > C,)

8ml 28m1
8ds2 + &dsa ~ I5(A2 + A4)
) 8m6 8m6
Second-stage gain A, = 2ds6 + 8ds7 =~ lo(he + A7)

) ) 8ml
Gain-bandwidth GB = ¢ -

C
—8mb6
Output pole p; = C.

8m6

RHP zero z1 = C.

First-stage gain A, =

60° phase margin requires that g,,6 = 2.2g,2(Cr/C,) if all other roots are = 10GB.
o, . 15
Positive ICMR Vin(max) =Vpp - \/[3’7_3 - |VTO3|(max) + VTl(min))
. Is
Negative ICMR Vip(min) = Vss + \/;T + VT1(max) + Vpss(sat)

- 2Ips
Saturation voltageVps(sat) = \| g~ (all transistors are saturated)
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Op Amp Specifications

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 Ldors Vo D
3. Phase margin (or settling time) Y Ve Vs
4. Input common-mode range, ICMR jM|3__|1\E —i|_ Mo  smeor
. C, roper Mirroring
5. Load Capacitance, Cy, Y bis Vecu=Vsce
6. Slew-rate, SR o] S o
: 4 [57 rtl - ~02C L
7. Output voltage swing Vin Ml M};‘ T
8.

+to
Power dissipation, P
ower dissipation, Fgiss |_l15 [j7

Vss Fig. 160-02
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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
(Pgiss) 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 Cg, i.e. for a 60° phase
margin we use the following relationship. This assumes that z = 10GB.

C.>0.22Cy,
2. Determine the minimum value for the “tail current” (I5) from the largest of the two

values.
Is=SR -C I 10(—VDD - |VSS|)
5= s or 5= 2 'TS
3. Design for S5 from the maximum input voltage specification.

I5
53 = K'5[Vpp - Vi(max) - [Vros(max) + Vi (min)J2 - |
4. Verify that the pole of M3 due to C,e3 and Cyg4 (= 0.67W3L3C,,) will not be dominant by
assuming it to be greater than 10 GB

zgc”;; > 10GB.
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Unbuffered Op Amp Design Procedure - Continued
5. Design for S (5,) to achieve the desired GB.

2
8m2
8ml = GB ‘ CC g SZ = K’zls
6. Design for S5 from the minimum input voltage. First calculate Vpgs(sat) then find Ss.

' I5 215
Vpss5(sat) = Vip(min) - Vgs— \/ﬁ:l -Vri(max) = 100 mV — S5 = K's[Vpss(sat)]2

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

8mb
gm6 = 2.28m2(CL/Ce) — S6=S4¢ 4

8. Calculate /¢ from

gm62
Io =2 K¢ Se

Check to make sure that Sq satisfies the V,,,(max) requirement and adjust as necessary.

9. Design §7 to achieve the desired current ratios between /5 and .
S7 = (Ig/15)S5 (Check the minimum output voltage requirements)
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Unbuffered Op Amp Design Procedure - Continued
10. Check gain and power dissipation specifications.

28m28m6
Av=T500 + a)le(he + A7) Piss = (Is + I6)(Vpp + |Vss))

11. If the gain specification is not met, then the currents, /s and /s, 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 Is 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 1um.

Ay >3000V/V  Vpp=2.5V Vgs =-2.5V 60° phase margin
GB =5MHz Cr = 10pF SR > 10V/us
Vour Tange = £2V ICMR = -1 to 2V P s < 2mW

Solution

1.) The first step is to calculate the minimum value of the compensation capacitor Ce,
Ce > (2.2/10)(10 pF) = 2.2 pF

2.) Choose C, as 3pF. Using the slew-rate specification and C. calculate /.
Is = (3x10-12)(10x106) = 30 uA

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

30x10-6
(WIL)3 = (50x106)[25 -2 - 85 + 0.5512= 13 = [(WiL)3 = (W4 = 15
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Example 1 - Continued
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 5313 9
p3 = 2Cgs3 = 2(0667)W3L3C0x =2.81x10 (rads/sec)

or 448 MHz. Thus, p3, is not of concern in this design because p3 >> 10GB.
5.) The next step in the design is to calculate g, to get

gm1 = (5x100)(2m)(3x10-12) = 94.25uS
Therefore, (W/L); is

gm1®  (94.25)2
(W/L)| = (WIL)2 = 357, I, =3.110-15 = 279=3.0 = [(WL); = (WL); =3

6.) Next calculate Vpgs,

30x10-6
Vpss = (-1) - (-2.5) -\/170x10-6.3 - -85 =0.35V

Using Vpgs calculate (W/L)5 from the saturation relationship.

2(30x10-6)

(W/L)s = (TT0x10-6)(0.35)2 =449~45 - (W/L)s = 4.5
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Example 1 - Continued
7.) For 60° phase margin, we know that

gme6 = 10g,,,1 = 942.5uS
Assuming that g,,6 = 942.5uS and knowing that g,,4 = 150uS, we calculate (W/L)¢ as

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

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

(942.5x10-6)2
I6 = (2)(50x10-6)(94.25) = 94-51A =~ 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 I = 95pA.

With I = 95uA the power dissipation is
P jiss = SV-(30uA+95pA) = 0.625mW.
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Example 1 - Continued
9.) Finally, calculate (W/L)7

95x10-6
(W/L)7; =4.5 (m) =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
Vou(min) = Vpe(sat) ="\ /77035 = 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) = 1:097V/V

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 2 would multiply the above gain by a factor of 20.
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Incorporating the Nulling Resistor into the Miller Compensated Two-Stage Op Am
Circuit:

M1l M3 I——|['_J‘M4 Vs

Va I[:M6

M10 |:| Cy—=—< M8 C. Vout

Ve i = Vint
vo—| Ml M2_ o T g
L
lIBias 1 -
Mi2 || Il'—_WMg ||'__7M5 |[_3M7
Vss Fig. 160-03
We saw earlier that the roots were:
8m?2 8ml 8m6
p1=_AvCC=_AvCC p2=_CL
1 -1
pa=- RZCI <1 = chc - Cc/gm6

where Av = gmlgm6RIRII'
(Note that p, 1s 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 + Cc Cc"'CL 1
R, - 8m6 Ce Ce A\ /2K’pS6I6

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

IVDs8 1
Re=3ipg Vpsg=0 K 'PS8(Vsgs-1Vrpl)
The bias circuit is designed so that voltage Vj is equal to Vp.

Winy (L) (We
VGsiol - Vil =1Vgss| - [Vii=  Vsci1=Vses = |T;1]=\Ts || Ie

In the saturation region

2(130)
IVGsiol - VT ="\ K p(W1o/L10) = [VGssl - Vi
1

K'pS10 1 S10
R:=KpSs \| 2I;0 =Ss \[2K pl1g

, , , Wg Ce S1056/6
Equating the two expressions for R, gives Is|= |CL+C, o
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Example 2 - RHP Zero Compensation

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 p>. Use device data given

in Ex. 1.
Solution

The task at hand is the design of transistors M8, M9, M10, M11, and bias current /1.
The first step in this design is to establish the bias components. In order to set V4 equal to
VB, thenVgG11 must equal Vgie. Therefore,

S11=U11/16)S6
Choose 111 =119 = I9 = 15pA which gives S11 = (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 Vsg11, Vsgio, and Vpso.
The ratio of 11¢/I5 determines the (W/L) of M9. This ratio is

(WIL)g = (I10/I5)(W/L)5 = (15/30)(4.5) =2.25 =2
Now (W/L)g is determined to be

3pF 1-94-95uA
(W/L)g = (3pF+10pF] [5uA =9.63~6
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Example 2 - Continued
It is worthwhile to check that the RHP zero has been moved on top of ps. To do this,
first calculate the value of R,. Vsgg must first be determined. It is equal to Vg1, which is

2119 2-15
VsG10="\| K pSyo * V1Pl ="\/30.1 + 0.7=1.474V

Next determine R,.

1 106
R: = K p8s(VsGioVrpl) = 50-5.63(1.474-.7) = 4.590kQ

The location of zj 1s calculated as

-1
71 = Ix10-12 = -94.46x106 rads/sec

(4.590 x 103)(3x10-12) - 945 54106
The output pole, p», is

942.5x10-6
P2="10x10-12_ = -94.25x1006 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 =6 um Wo=2pum Wig=1pum Wiy =15 pum
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SUMMARY
Programmability of the Two-Stage Op Amp:

The following relationships depend on the bias
current, /,,,,, in the following manner and allow for

—|[:JM6

programmability after fabrication.
1 )} —
A0) = R.R, x v
A0) =88R Ry * T Bias o M1 o
g ml Vin
GB = C x IBias to l
|IBias . K>IBias
P s = (VppH V) (1+K +K) ;g < 1, Y KilBias
K IBia_s I I IGM7
B ~ M5 !
SR - Cc x IBias }_1
% Fig. 160-04
. 1 1 »
= o 103
out 2}\’I(ZIBias IBias Piss and SR Ip1l
1 IBias2 102 /
Ip| = 2, iRR,C.~ N/ o Igi!> 101 =
mIFMEMT ¢ Bias GB and 2
100
| | gm]] I
zZl = o . 10-1
Cc Bias 5 Ao and Ry
Illustration of the I,,,, dependence — '
10-3
1 10 100
IBias Fig. 160-05
IBias(ref)

ECE 6412 - Analog Integrated Circuit Design - II © P.E. Allen - 2002




