1.0 CMOS OPAMP

1.1. General Opamp Block Diagram

Vin —1 A1 Vo

Differential  Inverter Buffer
stage gain stage gain stage gain
Figure 1. Opamp General Block Diagram
Note the second stage needs to have a negative gain because of the feedback capacitor. With a positive
gain an oscillator or unstable system will be implemented instead. The last stage is a buffer to convert the

high output impedance of the inverter stage to a low output impedance. This is needed in developing a
good opamp. Ideal opamp requires r;, =0 and r,=0.

Figure 2. The Effect of Compensation Capacitance Cc.

At the input side,
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This is known as the miller capacitance. The feedback capacitance value appears at the input side of the
gain stage with a value magnified by (1+A).

At the output side,

= . = = : = = ! ; when A >> 1




Due to Miller effect, the load of the first stage is effectively the compensation capacitance Cc magnified by
(1+Ay)

Vin V4
Cc(1+A2)=C
=A2Cc

eq

Figure 3. The Miller Ca;acitance Loading the First Stage.

The gain

where:
1 1 1
sC.. s(1+A2)C. ~ sA2C,

€q

d2//d4//{1}
Z,, =rds2//rds =
° sC
eq

The voltage gain of the opamp, assuming the output buffer has unity gain (A3=1),

V,
AV(s)= —> = A3A2A1= A3A2 —Sm2_ |- p38m _ Sw
v S c sCc  sCc

in

The unity gain bandwidth, wgg is the radian frequency when the gain is 1. That is,

AV(s)| = |AV(w )| = ‘g# ~1

wzCc

Solving for wgg,

1.2. Slew Rate Determination
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Figure 4. The Differential Gain Stage of the Opamp.

Slew rate is the maximum rate at which the output changes when input signals are large. When
vin+ >>0 (vin-<<0) is large positive (negative), M1 is on and M2 is off. Hence Isp;=Isps, since Isp,;=0. The
current flows through M3 which is then mirrored to M4, therefore Isp;=Ips;=Ipss=Isps. The current in the
compensation capacitor can only flows through M4, since M2 is off and the input impedance of the second
Stage A2 is . That is ICc:IDS4:ISD5.

On the other hand, when vin+<<0 (vin->>0) is large negative (positive), M1 is off and M2 is on. Hence,
Isp1=0 which flows through M3 and mirrored to M4, therefore Ipg3=Ips4=0. That is, current source Igps
flows through M2, then to Cc directly, since M4 is off.

In both cases, the maximum current that flows through Cc is Igps,
The output voltage of the opamp is approximately equal to v2, since A3=1.

1)
SR = d(V,) _ Ce _ Lsps _ gy,
0 dt dt Cc Cc

1.3. OpAmp First Order Model

The objective of compensation is to make the opamp to behave as a single pole in the frequency
of interest. That is, at least within the unity gain bandwidth frequency, wgg. The desired transfer function is



A
Av(s) = Vo
S
1+—
P,
where:
Avo is the dc gain of the opamp, and p is the real axis dominant pole.
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Figure 5. Bode Plot of Opamp First Order Model

The relation between the unity gain bandwidth, wgg, and the dominant pole p, can be obtained by the
finding the radian frequency when the magnitude of the voltage gain is equal to 1. That is,

s
|AV0WGB)|‘ \\;? = WVO =1
1+j GB ‘_] GB
b, P

Was = Ayoby
At midband frequency, the gain is approximately given by :

A Avo  AvoPi W

Av(s) = V(; =~ . =
1+ 5 s s s
o Pi

1.4. An Opamp with Feedback



Figure 6. Ideal Feedback Configuration.

Vo =AyVi, = BAV,
Vo(l+Ay) = AV,

Hence, the closed loop response is given by:

Ag (s)=

1+ 5AVGS) 1+ pwels |\ B

AV(S) | Wy (1] 1
B, S

GB
where: (1/B) is the dc gain of the closed loop system. LG(s)=BA,(s) is the loop gain. The frequency when
the closed gain is 3 Db down occurs when the LG becomes unity. That is,

|LG(s)| = ‘ ﬂ&

IW 34

=1

That is,
W = PWap = Wep 3 f=1
1.5. Settling Time Determination

Opamps are compensated to behave as a simple pole system up to a radian frequency of wgg. This
is the case whenever the PM of the Opamp is designed for at least 60°. The settling time is the time needed
for the output of the opamp to reach a final value to within a predetermined tolerance. This can be
determined using the first order model of the opamp given by:

A
Ay(s) = VZ
(1+—)
P

The unity feedback (B=1) closed loop gain is given by:



T+ AV(s) 1+i+AVO 1+ 1 )+ a
1 vo  AvoD
1
1+ L (1+ L)’1
_ VO ~ Avo
1+ s 0 -
Ayop, (1+—) AP,
Avo
The step response is obtained as follows:
(1+ 71 )_1
Vo (5) = A (8)U(s) = ——*—
s(1+ )
voP1

Taking the inverse Laplace Transform, one gets,

Vo () = (14— (1= e u(t)
VO
1 |
Vo(oo):(1+ ) =1- =1l-c¢
VO AVO
For large Avyo,

Vo(§)=(1=e " )u()
Vo(t,) = (=) = V() =1-¢

Solve for t, in term of €

1 1

t. (&)= ln(l) = ln(l) = rln(l)
& & &

WaB voPi

For a step input the output initially slews, then slowly settles toward its final value, determined by the gain
bandwidth product.

€ t; (settling time)
<1% 4.6t =51
<.5% 53t=61




1.6. Opamp Second Order Model

For compensation of an Opamp, we need at least a second order model

Av(s) = Avo
(1+s/p,)(1+s/p,)
DB 4
Avo
-20db/dec
I I W
P1 WGB\ P2
-40db/dec

Figure 7. Bode Plot of Opamp Second Order Model.

For frequency w>>p;, the model reduces to:

v(s) = Avo _ AvoP; __ W
~ (slp)(A+s/p,)  s(l+s/p,)  s(1+s/p,)

The loop gain for this second order model is given by:

LG(s) = SAV(s) = —S(ﬁ”;; )

The radian frequency at 3db down is obtained by setting the magnitude of LG(s) to 1.



| PW

LG(Gw = | =1
| 0 -3db)| ‘jW-Sdb (I+ jW-Bdb/pz)‘
When p,>>Ww 34, then
w W
Wen :%\/1+(W—3db /pz)2 = Z,db =W s 8=1

Phase margin is the phase angle between the loop gain phase angle and -180 degree. It is a measure of
stability. First let us determine the loop gain phase angle:

PV g
Gw)(L+ jw/p, )

LGGw) =

O(LG(jw)) = -90° —tan™ (w/p, )

The phase margin is computed as follows:
PM = O(LG(W 4 )) - (-180) = 90" — tan™ (W ,,/P,)
W 54 = P,tan(90° — PM)

The closed loop gain is given by:

Av(s) _ A
1+ BAV(s) 1+(1/p1+1/p2)s+ 1 $
1+ A (I+ BAvo)(PP,)

Ac(s)=

where:
A
Ay =T l; Ay >>1
1+pAy, B

N

Comparing with general second order transfer function:

AVO

H,(s)=

1+ 2

s+ 5S
woQ (W)
where:
W, is the resonant frequency, and Q is the Q factor. We obtain,

Wo =/(1+ BA)(P.P,) = /AW sP,



w,Q= 1+ A,
(1/p, +1/p,)

Q= \/(1+ﬂAVO)/(p1p2) - \/(l+ﬂAvo)(p1pz)
(I/p, +1/p,) (P, +P,)

N+ BAGo )P, E\/,BA\/opl :\/ﬂ‘NGB
(P=tip) VP P2
o VP

The step response overshoot is a function of Q,

-

%overshoot = 100¢e V431

That is, when Q=0.5 there is no overshoot (%overshoot=0). In addition,
Wo = W.dp and PM=~65°

PM W/ WGB Q %overshoot
55° 1.4285 0.925 13.3%

60° 1.733 0.817 8.7%

65° 2.1459 0.717 4.7%

70° 2.748 0.622 1.4%

75° 3.733 0.527 0.008%

For no overshoot, select PM=75°. Note that Q is proportional to . That is the worst case PM occurs when
=1. Thus for opamp compensation where 0<((s)<=1 is frequency dependent , if the opamp is
compensated for =1, it is guaranteed to be stable for all other f3.

1.7. Small Signal Equivalent Circuit
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Figure 8a. Schematic Diagram of Unbuffered Opamp Circuit.
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Figure 8. Opamp Small Signal Equivalent Circuit of the First Two Stages.

In Figure 8(a) each amplifier stage is replaced by its equivalent circuit. C1 and C2 are the parasitic
capacitances of the Opamp at node 6 and 9 respectively. The second stage of an opamp is an inverter stage.
The overall gain of the opamp can be made positive, by switching the positive and negative inputs of the
differential gain stage. That is the positive input is now the gate of M2. Figure 8(b) shows this by reversing
the polarity of the first controlled current source and replacing g.,; by gmp to indicate M2 gate is the
positive input. Figure 8(c) simplify the equivalent circuit by combining the resistances and
capacitances.That is,
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]K1 = ! = !
oo TCas (A + A4,

1 1
R2 = =
Zass T a7 (Ag T A4 g

From Figure 8(c), the port current equations are derived to obtain the Y parameters:

I[,=0
I, =gV, +Y,V, + Y5(V, -V ) = (Y, + Y5V, + (g6 - Y3)V.

X

Atnode V,

L+, Vi +Y5(V, -V,) =0
I,=YV,

Substitute I, and solve for V_,
YV, 48V +Y5(V, -V,)=0
(Y, +Y;)V, +g.,V,-Y,V, =0

Y
V,=-Em oy Dy,

Y +Y, Y, +Y,
Substituting V, to I,

ng Vl + 3 V2
Y, +Y, Y, +Y,

_ (Y3 -8,06)8 2 vV o+ Y Y, +Y, Y;+Y, Y, +g,,Y

L=(Y,+Y,)V, +(g,6 - Y3)| -

1 3 V2
Y, +Y,; Y, +Y,
The resulting Y-parameter matrix is
0 0

Y=|(Y;-806)8m A+8.Ys

Y, +Y, Y, +Y,
where A=Y,Y, +Y,Y, +Y,Y,
The voltage gain is
A =L_ “Ya (86 =~ Y3)8mo

v

Vi ynptY, A+g.6Y;

12



Casel: Y; =0,0orC_ =0

Y, =G, +sC,
Y, =G, +sC,
A=YYY,

Solving for the voltage gain,

A :ﬁz “Yu o _ (8ms = Y3)8m2 _ 8m8ms _ Em28me _ Em28me
TV yptY, A+g.Y; Y)Y, (G, +sC))(G, +sC,) G ,G,(1+sR,C))(1+5sR,C,)

_ gm&mR iR, _ Ay
" (I+R,Cs)(1+R,C,9) (l-i)(l- S)
b p,
where:
Ayy =2m8mR R,
-1
b, R,C,
-1
p, R,C,

Case2: Y, =sC; =sC,.

A=Y, Y, +Y,Y, +Y,Y; =(G, +sC, )G, +sC,) +(G, +sC,)(sC,) + (G, +sC,)(sC;)
=G,G, +[G,(C, +C;)+G,(C, +C,)]s+A.s’
whereA. =C,C, +C,C; +C,C,

Solving for the voltage gain,

A — (gm6 -Y3)gm2 — (gm6 _SC3)gm2
' A+g..Y; G,G, +[G,(C, +C,) +G,(C, "‘(:3)]5"‘Acs2 +52,.,6C5

C
EmEmeR IR, (1-5 2 )

moé

" 1+s[(C, +C,)R, +(C, +C,)R, +g. R R,C,]+5°R R, A,

Compare the denominator with,

D(s)=(1-2y(1-S) = 1os( s a2 mgog Ly !
P, P> Pi P> pib> Py pib>

13
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Figure 9. Bode Plot of Second Order System with RHP zero

For good stability a phase margin of at least 60° is desirable This can be achieved as follows:

Wep = AyPs Ay ¥
z2>210w g,
Then

14



p, =22wqg
or
C
gm() = 22C_Lgm2

C
This is shown below:

That is, the transfer function has two poles and one RHP zero. The RHP zero contributes a negative phase
angle.

S
Avo (1 _*)
V4

AV(S) =
A+ ya+2
P,

P,
The phase angle at the unity gain radian frequency (wgg) is

LA (Wag)=—tan (Wgs /2) —tan™ (W /py) —tan ™ (Wgp / p,)
The phase margin PM is given by:
PM =180+ /A, (W) =180+[—tan ' (W, /z)—tan"' (W, /P,) —tan" (W, /p,)] =
60° =180 +[-tan™(0.1)—tan "' (A,) —tan (W s /P,)] =180 +[-5.7° —=90° —tan " (W o, /P,)]
tan~' (W /p,) = 24.3°

p, =22wqg
gm6 — 22 gm2
L Ce
C
gm6 = 2'2_Lgm2
OF
To achieve the assumption z=10wgg , the compensation capacitance Cc must be selected properly.
ZZIOWGB; gm6 =10gm2 :>gm6 :10gm2
Ce Cec
C
Py > 22w om 5 008m o Sop>Lg
C, Ce Cec
Combining
C. >0.22C,
- gm() gm()
In addition, p, <z = == <= = C, <, . Hence,
L c

0.22C, <C.<C,

Case 3: Z3:R3+L:L+ 1 = ! + ! ;Y3:&
sC, G; sC; G, sC. G, +sC,
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A=Y,Y, +Y,Y,+Y,Y,

G.C G.C
= (G, +5C,)(G, +5C,)+(G, +5C,)| =233 | 4(G, +5C,)| 373
, +sC, G, +sC,
_ G,G,G, +(A4C, +G,G,C, +G,G,C))s +(GA. +G,C,C; +G,C,C;)s* + C,C,C,s’
G, +5sC,
where :
A; =G,G, +G,G; +G,G,
A.=C,C,+C,C,+C,C,
sG.,C
(gmé _¥)gml
A = (&me = Y3)8mi _ G, +sC,
v A+g Y, 5G,C;4
A48
G, +5sC,
_ (€165 +(8mCs - G;C5)s]g
G,G,G, +(A,C, +G,G,C, +G,G,C, +¢g,,G,C,)s+(GA. +G,C,C, +G1C2C3)s2 +C1C2C3s3
C,-G.C
gmlgm()G{l"'gmﬁS“)S}
_ 21603
G1G2G3{l+cs+bs2 +as3}
where :

c=[(R, +R, +R3)C3 +R,C, +R,C, +g,,RR,C;]
b=[R,R,A. +R,R,C,C, +R,R,C,C,]
a=R R,R,C,C,C,

C
gmlgm6R3|:1+(R3C3 - ]S}
gm6

l+c¢'s+b's? +a's’

Ay =

where :

c'=[(C,+C,)R, +(C, +C,)R, +g R,R,C, +R,C,
b'=R,R,A. +R,R;C,C; +R,R,C,C,

a'=R R,R.,C,C,C,

2.00pamp Design Specification
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®) Vpp

M10
w=300u
1=6.6u ) ‘
(8)
| | M5 M7 | Mo |
o 00 w=90u w=300u
1=6.6u 1=6.6u =6 6u
Vo
l_ (®) _l (10) ¢——
<+ >
V- V+
(1) M1 M2 @) ‘
w=36.6u w=36.6u Cc -
* IB=100uA |=6.6u 1=6.6u ® . ©) |
] |
M8
}_‘P—{ | w=873.6u
— | o 16.6u
M6
M3 M4
w=5.4u w=5.4u Yzé3§.4u
I-6.6u |-6.6u =6.6u
_‘ PA . .
(4) Vss
Figure 10

Vdd =+5V, Vss=-5V, Ao>=15,000, GB=2n(5MHz), SR = 10V/uS, Ro < 1.46k
-4.5 <=CMR<=3, PM>60°

SPICE Parameters: Kn=40uA/V2 , Kp=15uA/V2, A=0.02

(1) Determine Ips from the SR specification.

Let Cc=1pF
SR = ISDS
C

Ips = (SR)(CC) =(10E-6)(1E-12) =10uA
VSDS(SAT) = Vscs - | VTPO ’: Vb - Vbias - | VTPO |: 5-3.5- ‘ -1 ’: 0.5

W y) I 2(10E - 6)
—| === = -=5.333
L 5 KPVSDS(SAT) (15E - 6)(0-5)
| 10uA
Iyp) = Igpy = S;)S = 5 =5uA

(2) Determine (W/L); from the wgp and positive CMR specifications

17



From wgg specification,

Em _ 1
= C_cl = C—C\/ZKP(W/L)1ISD1

g, =Cowey = (IE-12)(275E6) = 31.4umho

[Ej _ (gn)' _ [BL4E-6)
L), 2K,y 2(15E-6)5E-6)

Wia

From the positive CMR specification,

VGl(max) =Vpp — VSDS(SAT) - Vsar

Vsa1 = Vo - VSD5(SAT) - VGl(max)

From the gate bias, Vs, Vsps can be determined.

VSGI = VDD - VSDS(SAT) - VGl(max) =5-05-3=15
VSDI(SAT) = Vs~ | Vipo =1.5-]-1[=0.5

(Ej _ 21, _ 2(5E-6) _
L), KpVSZDl(SAT) (15E - 6)(0-5)2

To satisfy both specifications select the higher (W/L) ratio. For matching and symmetry, we also choose
(W/L), = (W/L)=6.57

(3) Determine (W/L);=(W/L), ratio from negative CMR

[Ej ~ 21 s B 2(5E - 6) _1_(E]
L)y Ky(Vemm-Vss)? (40E-6)(-4.5-(-3)> (L),

(4) Determine (W/L)6 from the PM>60 specification.

PM =90-tan" (W /2)-tan (W, /p,)

_8m ., _8me.  __ Bms
C.’ = C.? C+C,

A pessimistic estimate of PM is obtained by assuming z = p, . That is,

W g ;Z<p,;sinceC. >C, +C,

18



/C
PM < 90 - 2tan” (g“ﬁ—CJ = 90— 2tan" (g—mzj
gm6 CC gm6

tan.l[gmz j _90-PM
gm() 2

gm6 2

gm2

>—
Bums (90—PM]
tan ?

To achieve PM>60,

314E-6
gm6 >
tan((90 - 60)/2)

=117.122E-6 = 120E -6

From step 4 VDSG(SAT) :VDS3(SAT) =0.5V

[Wj Eoe 120E - 6
6

L)y KyVpsesan, (40E-6)(0.5)

The current through M6 is given by

2 2
Lo B (20B-6
2K (W/L), 2(40E -6)(6)

For balance condition the current through M6 must be properly ratioed with the current through M3,

(W/L) 6
DS6 — WID& = T(SUA) =30uA

(5) Determine (W/L); from the balance condition and that Igp;=Ipgs

I
(W/L), =L (W/L), = 30uA (5.333) =15.999 ~ 16
DS 10uA

(6) DC gain Ay is computed and compared with the specification:
_ m28ms _ m28ms
(8uo T 8asa)(8ass T 8as)  (Ay + Ay (A + A7) s
_ (31.4E-6)(120E -6)
(.02 +.02)(5E - 6)(.02 +.02)(30E - 6)

Ayy = 8m8mR IR,

=15,700 = 15,000
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(7) From the output resistance specification Ro < 1.46k, (W/L)g can be determined. The output resistance
is given by:

oo L \/ 1 \/ 1
© Ems 2Bl 2K, (W/L)g I

Solving for (W/L)g , assuming Isps = 100uA and Pspice parameter Kp=15 uA/V>
(W), =+ = S 156
2K, R, T,  2(15E-6)(1.46E +3)>(100E - 6)

(8) Determine the (W/L) of the current mirrors. First set up the current source M10 to 100uA using the
biasing current source IB. The Vggg is set up to guarantee it operates at saturation by adding -0.5v beyond
its threshold voltage of V,=-1v . That is Vgg19 = 1.5v. (W/L),o can now be determined as follows:

WLy, = p) B 2100B-6)  _ 4, 4

Ky (Vago— |V D? (ISE-6)(1.5-(-1))°

The rest of current sources are determined by proportionality as follows:

Ispo= 100uA => (W/L)s = (W/L)1o(Ispe/Ispio) = (53.33)(100uA/100uA)=53.33

This complete the design. The results is summarized in the following table:

PAR M1 M2 M3 M4 M5 M6 M7 M8 M9 M10
1(Ua) 5 5 5 5 10 30 30 100 100 100

T P P N N P N P P P P
WI/L 6.57 6.57 1 1 5333 [ 6 16 156 5333 [53.33
W(u) 36.792 | 36.792 | 5.6 5.6 29.865 | 33.6 89.6 873.6 [ 298.65 | 298.65
L(u) 6.6 6.6 6.6 6.6 6.6 6.6 6.6 6.6 6.6 6.6
Leff(u) | 5.6 5.6 5.6 5.6 5.6 5.6 5.6 5.6 5.6 5.6

Finding the W, L to the nearest multiple of A=0.6 length.

PAR | Ml M2 M3 M4 M35 M6 M7 M8 M9 M10
1(Ua) |5 5 5 5 10 30 30 100 100 100
T P P N N P N P P P P
WL 657 |657 |1 1 5333 |6 16 156 53.33 | 53.33
Wu) |366 |366 |54 5.4% | 30% 32.4* | 90* 873.6 | 300 300
Lu |66 6.6 6.6 6.6 6.6 6.6 6.6 6.6 6.6 6.6
Leff(u) | 5.6 5.6 5.6 5.6 5.6 5.6 5.6 5.6 5.6 5.6
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* Adjusted to satisfy the balance condition to minimize the input offset voltage, Vos:

(WL, _, (WL),

(WL), ~(WIL),

324 _,9
54 730
6=6

3.0 Opamp Simulation

3.1. DC Offset Voltage and Differential Gain Determination

* Filename="opamp11.cir"
* MOS Diff Amp with PMOS Input and Current Mirror Load

* Input Signals

VID 11 0 DC 0V
E-112110-0.5
E+2121100.5
VIC 12 0 DC 0V

* Power Supplies
VDD 3 0 DC 5VOLT
VSS 40DC-5VOLT

* Netlist for OpAmp Offset Measurement
M17155 PMOS1 W=36.6U  L=6.6U
M26255 PMOS1 W=36.6U  L=6.6U
M3 7744 NMOS1 W=54U L=6.6U
M4 6744 NMOS1 W=5.4U L=6.6U
M55833 PMOS1 W=30U L=6.6U
M69 644 NMOS1 W=324U L=6.6U
M79 833 PMOS1 W=90U L=6.6U
M8 4910 10 PMOS1 W=873.6U L=6.6U
M9 10 8 3 3 PMOS1 W=300U  L=6.6U
M10 8 8 33 PMOS1 W=300U  L=6.6U
Cc 9 6 1pF

*Bias current
1B 8 4 100UA

* SPICE Parameters
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.MODEL NMOS1 NMOS VTO=1 KP=40U

+ GAMMA=1.0 LAMBDA=0.02 PHI=0.6

+ TOX=0.05U LD=0.5U CJ=5E-4 CJSW=10E-10

+ U0=550 MJ=0.5 MJSW=0.5 CGSO=0.4E-9 CGDO=0.4E-9
.MODEL PMOS1 PMOS VTO=-1 KP=15U

+ GAMMA=0.6 LAMBDA=0.02 PHI=0.6

+ TOX=0.05U LD=0.5U CJ=5E-4 CJSW=10E-10

+ U0=200 MJ=0.5 MJSW=0.5 CGSO=0.4E-9 CGDO=0.4E-9

* Analysis

.OP

.DC VID -300uV 300uV .1uV
.TF V(10) VID

.PROBE

.END

NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE

1) 0.0000 ( 2) 0.0000 ( 3) 5.0000 ( 4y -
5.0000

( 5) 1.3115 ( 6) -3.4878 ( 7)  -3.4878 ( 8)
3.5084
( 9) -1.1378 ( 10) .1495 ¢ 11) 0.0000 ¢ 12)
0.0000
B oo S T |
i Wog=—8 24340, i
o |
(~169 4u,-2 8356)
S S S S S S +
-380uU -2086ul —186ul au 180uU 2080ul 3080ul
o U(18) « 8

The output voltage Vo=V (10) is 0.145V at quiescent operating point. This
non-zero output voltage can be corrected or reduced by applying an input

offset voltage, Vos. This offset is determined by finding the value of VID that makes the output
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voltage Vo=V(10)=0. From the above graph, this is equal to —8.2484uV. The resulting output
voltage from simulation is —2.753E-6V, as shown below:

Modify the VID line in the netlist as follow:

VID 11 0 DC -8.2484uV

NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE
( 1) 4.124E-06 ( 2)-4.124E-06 ( 3) 5.0000 ( 4y -
5.0000

( 5) 1.3115 ¢ 6) -3.4864 ( 7)  -3.4878 ( 8)

3.5084

( 9) -1.2881 ( 10)-2.753E-06 ( 11)-8.248E-06 ( 12)

0.0000

The differential gain can be obtained from the DC transfer
characteristic by locating two points centered about the bias point of
Vid=Vos=-8.2484uV. For accuracy, the two points must be far apart. From
the graph:

4.4048 — (-2.8356)

= =1.833E+4
(225.5E - 6) - (-169.4E - 6)

This is very closed to the value obtained using TF analysis of 1.810E+4,
as shown below:

*xkk SMALL-SIGNAL CHARACTERISTICS

V(10)/VID = 1.810E+04
INPUT RESISTANCE AT VID = 1.000E+20

OUTPUT RESISTANCE AT V(10) = 1.342E+03

3.2. Common-mode Voltage Range Determination

* Filename="opamp24.cir"
* MOS Diff Amp with PMOS Input and Current Mirror Load

* Input Signals

VID 11 0 DC —8.2484uv
E- 1 12 11 0 -0.5

E+ 2 12 11 0 0.5

VIC 12 0 DC 0V

* Power Supplies
VDD 3 0 DC 5VOLT
VSsS 4 0 DC -5VOLT

* Netlist for Measuring Input CMR

M1 7155 PMOS1 W=36.6U L=6.6U
M2 6 2 55 PMOS1 W=36.6U L=6.6U
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M3
M4
M5
M6
M7
M8
M9
M1
Cc

*

IB

*

7 7 4 4 NMOS1 W=5.4U L=6.6U
6 7 4 4 NMOS1 W=5.4U L=6.6U
5 8 3 3 PMOS1 W=30U L=6.6U
9 6 4 4 NMOS1 W=32.4U L=6.6U
9 8 3 3 PMOS1 W=90U L=6.6U
4 9 10 10 PMOS1 wW=873.6U L=6.6U
10 8 3 3 PMOS1 W=300U L=6.6U

0 8 8 3 3 PMOS1 W=300U L=6.6U
9 6 lpF

Bias current
8 4 100UA

SPICE Parameter

.MODEL NMOS1 NMOS VTO=1 KP=40U

+
+
+

GAMMA=1.0 LAMBDA=0.02 PHI=0.6
TOX=0.05U LD=0.5U CJ=5E-4 CJSW=10E-10
U0=550 MJ=0.5 MJSW=0.5 CGSO=0.4E-9 CGDO=0.4E-9

.MODEL PMOS1 PMOS VTO=-1 KP=15U

+
+
+

*

.D
.T
.P
B

GAMMA=0.6 LAMBDA=0.02 PHI=0.6

TOX=0.05U LD=0.5U CJ=5E-4 CJSW=10E-10
U0=200 MJ=0.5 MJsw=0.5 CGS0O=0.4E-9 CGDO=0.4E-9
Analysis
C VIC -5V 5V .05V
F V(10) VIC
ROBE
ND
Bl oo o o ;
| VGI(max)=3_1915V\\\$
i (31915, 1 6406) i
w% i
| Y61 (min)=—4. 3192y
: Z |
L a
; -4 3192, -2 0677)
-5 uUJ:r ——————————— mmmmmm e A Tmmmmm e P oo A pmm e R R 4:
-5.8U -4 .8y -3.80 -2.8Y -1.8y au 1.8 .oy .80 .au c.ay
o u{1@)
uIic
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The common-mode input range is determined when the output cease to follow the input linearly. At the
low end, it determines Vg;(min)=-4.4255, and at the high end, it determines Vg;(max)=3.1383. These are
very closed to the corresponding design specifications of Vg(min=-4.5 and Vg;(max)=3.

The common-mode gain is obtained by locating two points as far apart in the linear range about the
operating point. This is shown in the graph above, and computed as follows:

_ 1.6406 — (-2.0677)
31915 (—4.3192)

=0.49373

This is very closed to the value obtained using the TF analysis of 0.4984, as shown below:

**%k% SMALL-SIGNAL CHARACTERISTICS

V(10)/VIC = 4.984E-01
INPUT RESISTANCE AT VIC = 1.000E+20

OUTPUT RESISTANCE AT V(10) = 1.342E+03

The common mode reject ration CMRR is calculated as follows:

CMRR = 2 _ 183344 o0 s

A 0.49373

cm

3.3. Opamp Frequency Response

* Filename="opamp33.cir"
* MOS Diff Amp with PMOS Input and Current Mirror Load

* Input Signals

VID 11 0 DC —8.2484uv AC 1V
E- 1 12 11 0 -0.5

E+ 2 12 11 0 0.5

VIC 12 0 DC 0OV

* Power Supplies
VDD 3 0 DC 5VOLT
VSS 4 0 DC -5VOLT

* Netlist for Frequency Response Measurement

M1 7155 PMOS1 W=36.6U L=6.6U
M2 6 2 55 PMOS1 W=36.6U L=6.6U
M3 7 7 4 4 NMOS1 W=5.4U L=6.6U
M4 6 7 4 4 NMOS1 W=5.4U L=6.6U
M5 5 8 3 3 PMOS1 W=30U L=6.6U
M6 9 6 4 4 NMOS1 W=32.4U L=6.6U
M7 9 8 3 3 PMOS1 W=90U L=6.6U
M8 4 9 10 10 PMOS1 W=873.6U L=6.6U
M9 10 8 3 3 PMOS1 WwW=300U L=6.6U
M10 8 8 3 3 PMOS1 W=300U L=6.6U
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Cc 9 6 1pF
CL 10 0 2pF

*Bias current
IB 8 4 100UA

* SPICE Parameters

.MODEL NMOS1 NMOS VTO=1 KP=40U

+ GAMMA=1.0 LAMBDA=0.02 PHI=0.6

+ TOX=0.05U LD=0.5U CJ=5E-4 CJSW=10E-10

+ U0=550 MJ=0.5 MJSW=0.5 CGSO=0.4E-9 CGDO=0.4E-9
.MODEL PMOS1 PMOS VTO=-1 KP=15U

+ GAMMA=0.6 LAMBDA=0.02 PHI=0.6

+ TOX=0.05U LD=0.5U CJ=5E-4 CJSW=10E-10

+ U0=200 MJ=0.5 MJSW=0.5 CGSO=0.4E-9 CGDO=0.4E-9

* Analysis
.AC DEC 10 0.1HZ 10000MegHz
.TF V(10) VID

.PROBE
.END
o \ """""""""""""""""""""""""""""""""""""""" !
I -
P 1M=63deq

1N\

SEL>>

(18) - -188

xnxf\\\x\\\x\\k\ f(GB)=5 . 16MHz R

-, s i -hiaii R .- il i Bl i.——e—esettttv hi_siiiiipi)piin8iiétroz 1
100nHz 16Hz 1.0KHz 100KHZ 10HHz 1.0GHz 100GHz
oivdb(18) + @8 v 82.155

/

Frequency

Pspice simulation results:
Ay, =1.810E+4; PM =63";f,, =5.16M

**%k%  SMALL-SIGNAL CHARACTERISTICS

V(10)/VID = 1.810E+04

INPUT RESISTANCE AT VID = 1.000E+20
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OUTPUT RESISTANCE AT V(10) = 1.342E+03

The theoretical bandwidth and gain bandwidth are calculated as follows:

g, = 31.4umho
2. = 140umho
1 1

R, = = =5M
(4, + )L, (02+.02)(5E-6)
1 1
R, = - = 714M
(e + )L, (02+.02)(35E-6)
1 1
p, = - = 2000
g R,R,C. (I40E-6)(5E6)(.714E6)(1E-12)
g o P 2000 5pep,
2r 2r&

fop = Ay f, = (15700)(318) = 5M
_ 8 _ (140E-6)

- 40E6
C. (IE-12)

p =2 _140B6 )M
2 2

Simulation results are : f; =258Hz, f;5=5.16M, f, and f, are difficult to obtain accurately from bode plot.

3.4. Slew Rate Measurement

* Filename="opamp44.cir"
* MOS Diff Amp with PMOS Input and Current Mirror Load

* Input Signal
VIN 2 0 PWL(0,-5V 10us,-5V 10.01lus,5V 30us, 5V 30.0lus,-5V 1ls, -5V)

*Power Supplies
VDD 3 0 DC 5VOLT
VSS 4 0 DC -5VOLT

* Netlist for Slew Rate Measurement

ML 7 155 PMOSL W=36.6U L=6.6U
M2 6 2 55 PMOSl W=36.6U L=6.6U
M3 7 7 4 4 NMOS1 W=5.4U L=6.6U
M4 6 7 4 4 NMOS1 W=5.4U L=6.6U
M5 5 8 3 3 PMOS1 W=30U L=6.6U
M6 9 6 4 4 NMOS1 W=32.4U L=6.6U
M7 9 8 3 3 PMOS1 W=90U L=6.6U
M8 4 9 10 10 PMOS1 W=873.6U L=6.6U
M9 10 8 3 3 PMOS1 W=300U L=6.6U
M10 8 8 3 3 PMOS1 W=300U L=6.6U
Cc 9 6 1pF

* Bias current
IB 8 4 100UA

27



* External Component for Slew Rate Measurement
VSH 1 10 DC 0V

* SPICE Parameters

.MODEL NMOS1 NMOS VTO=1 KP=40U

+ GAMMA=1.0 LAMBDA=0.02 PHI=0.6

+ TOX=0.05U LD=0.5U CJ=5E-4 CJSW=10E-10

+ U0=550 MJ=0.5 MJSW=0.5 CGSO=0.4E-9 CGDO=0.4E-9
.MODEL PMOS1 PMOS VTO=-1 KP=15U

+ GAMMA=0.6 LAMBDA=0.02 PHI=0.6

+ TOX=0.05U LD=0.5U CJ=5E-4 CJSW=10E-10

+ U0=200 MJ=0.5 MJSW=0.5 CGSO=0.4E-9 CGDO=0.4E-9

*Analysis

.TRAN .1lns 40us
.PROBE

.END

BLOUm——---m--oommomommmoomeo e

Fe

{10 931y, 3.4386) (30.014u, 3.5491)

30.613u, -2.7368)
(10, 085u, -3.2935)

=

-5.0U ! T T e Rt = mmmmmmm oo !
s Sus 10us 15us 28us 25us 30us 35us Libus
o U(2) + U{18)

The positive slew rate is the slope of the rising edge of the output. This is computed from the two points on
the rising edge. That is,

R* = 3.4386 —(—3.2985)
10.931-10.085

=7.96 V/us

Similarly, the new slew rate is computed as follows:
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R - —2.7368 -3.6491 1055 V/us

30.619-30.014

4.0 Op Amp Design Specification

Vdd =+5V, Vss=-5V, A0>=30,000, GB=2n(5MHz), SR = 10V/uS, Ro < 1.46k
-4.5 <=CMR<=3

SPICE Parameters: Kn=40uA/V2 , Kp=15uA/V2, A=0.02

Increasing Overall DC Gain

DC gain Ay is computed and compared with the specification:

g Em
Ay =Ay Ay, =[guR 1gR, 1= { 2 }{ ° }
(84 T 8ast) || (8ass + Luss)

_ [ Em2 }{ Eme }
(A, + A g, || (Ag + A7) g6

_|_ (314E-6) (120E - 6) 15700 < 30.000
(.02 +.02)(5E-6) || (.02+.02)(30E - 6) T

Pspice simulation results:
Ay, =1810E+4; PM=63";f,; =5.16M

Increasing Overall Gain By Increasing A

_ gw _APK(W)lg, 2K, [(WID),
v (/12 + /14)ISD2 (/12 + /14 )ISDZ (/12 + /14) ISD2

The current I, is half the bias current I and is independent of (W/L), . That is, the gain can be

adjusted by simply adjusting (W/L), while I, remains constant. The gain A ;, is proportional to
v/ (W/L), . For example to increase the overall gain by 2, one needs to increase (W/L),,(W/L), by a

factor of 4.

PAR M1 M2 M3 M4 M5 M6 M7 M8 M9 MI10
I(Ua) 5 5 5 5 10 30 30 100 100 100
T P P N N P N P P P P
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W/L 6.57 6.57 1 1 5333 [ 6 16 156 5333 [ 53.33
W(u) 4*36.6 | 4*36.6 | 54 54 30 32.4 90 873.6 [ 300 300
L(u) 6.6 6.6 6.6 6.6 6.6 6.6 6.6 6.6 6.6 6.6
Leff(u) | 5.6 5.6 5.6 5.6 5.6 5.6 5.6 5.6 5.6 5.6

Increasing Avl

—n

* Filename="opamp331.cir"

* MOS Diff Amp with PMOS Input and Current Mirror Load
* Increasing Overall Gain By Increasing W/L of M1 & M2

* Input Signals

VID 11 0 DC —8.2484uV AC 1V

E-112110-0.5

E+2121100.5

VIC 12 0 DC 0V

* Power Supplies
VDD 3 0 DC 5VOLT
VSS 4 0DC -5VOLT

* Netlist for Frequency Response Measurement

M17155 PMOSI1 W={4*36.6U} L=6.6U
M26255 PMOSI1 W={4*36.6U} L=6.6U
M3 7744 NMOSI1 W=5.4U L=6.6U
M4 6744 NMOSI1 W=5.4U L=6.6U
M5 5833 PMOSI W=30U L=6.6U
M6 9 644 NMOSI1 W={32.4U} L=6.6U
M79 833 PMOSI W={90U} L=6.6U
M8 4910 10 PMOSI1 W=873.6U L=6.6U
M9 10 8 3 3 PMOS1 W=300U L=6.6U
M10 8 8 3 3 PMOS1 W=300U L=6.6U
Cc9 6 1pF

*Bias current
1B 8 4 100UA

* SPICE Parameters

.MODEL NMOS1 NMOS VTO=1 KP=40U

+ GAMMA=1.0 LAMBDA=0.02 PHI=0.6

+ TOX=0.05U LD=0.5U CJ=5E-4 CISW=10E-10

+ U0=550 MJ=0.5 MISW=0.5 CGSO=0.4E-9 CGDO=0.4E-9
.MODEL PMOS1 PMOS VTO=-1 KP=15U

+ GAMMA=0.6 LAMBDA=0.02 PHI=0.6

+ TOX=0.05U LD=0.5U CJ=5E-4 CISW=10E-10

+ U0=200 MJ=0.5 MISW=0.5 CGSO=0.4E-9 CGDO=0.4E-9

* Analysis
.AC DEC 10 0.1HZ 10000MegHz
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.TF V(10) VID
PROBE
END

Before increasing (W/L) of M1 and M2

**%k%  SMALL-SIGNAL CHARACTERISTICS

V(10)/VID = 1.810E+04
INPUT RESISTANCE AT VID = 1.000E+20

OUTPUT RESISTANCE AT V(10) = 1.342E+03

After Increasing (W/L) of M1 and M2 by 4

**%k%  SMALL-SIGNAL CHARACTERISTICS

V(10)/VID = 3.590E+04
INPUT RESISTANCE AT VID = 1.000E+20

OUTPUT RESISTANCE AT V(10) = 1.342E+03

-2808-

SEL>>

D L~

alup(18) + -180

A o o

\ 1 f(GB)=10 596N -

L L it e GRS ~----
100nHz 1BHz 1. 8KHz 100KHz

cg- . . . . . . . ~.

Tiudb(108) - ©

Frequency

Although the DC gain increases the PM decreases.
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AV0=3.590E+4; PM=29°; {55=10.596M

The Overall Gain Is Independent of A,

The second stage gain can not be used to increase the overall gain but is used to adjust the phase margin as
shown below:

A = g6 :\/2KN(W/L)61DSG _ \/2KN (W/L)e
Y Qe Ass (At Al (At A) | Lo

Since I ¢, is determined by current mirror, increasing (W/L), increases ¢, proportionately as shown

below:

LWL, (WD), (W),
DS6 DS4 =
(WIL),
That is, increasing I,g, or (W/L), does not increase the overall gain, but g is increased by
N(W/L) 1 - Thatis, g . is doubled by increasing (W/L), by a factor of 2, and by current mirror

I 156 is also increase by a factor of 2. Similarly, (W/L), must be doubled, since I,,3,=1,y; . The phase

= constant

IDS() IDS4

margin, which deteriorates when increasing (W/L), or g ,, can be compensated by increasing €6 -

PAR M1 M2 M3 M4 M5 M6 M7 M8 M9 M10
1(Ua) 5 5 5 5 10 2*30 2*30 100 100 100
T P P N N P N P P P P
WI/L 6.57 6.57 1 1 5333 [ 6 16 156 5333 [53.33
W(u) 4*36.6 | 4*36.6 | 54 54 30 2%32.4 | 2*90 873.6 [ 300 300
L(u) 6.6 6.6 6.6 6.6 6.6 6.6 6.6 6.6 6.6 6.6
Leff(u) | 5.6 5.6 5.6 5.6 5.6 5.6 5.6 5.6 5.6 5.6

Pspice simulation results:
Ay =3.590E+4; PM =51.3";f,, =9.7M

*xkk SMALL-SIGNAL CHARACTERISTICS

V(10)/VID = 3.590E+04
INPUT RESISTANCE AT VID = 1.000E+20

OUTPUT RESISTANCE AT V(10) = 1.342E+03
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PM=51 3deq

-288-

BT e
oiup(1@8) + -180
R B et R L e

50+

0

SEL>>
L R R EE e e GRS e T 1
108nHz 18Hz 1. 8KHz 186KHz 18z 1.8GHz 1066Hz

T udb(18) + B
Frequency

The phase margin can be increased further by increasing both (W/L), and (W/L),. The desired phase
margin of 65° is approached when (W/L), and (W/L), are increased by a factor of 4

PAR Ml M2 M3 M4 M35 M6 M7 M3 M9 M10
1(Ua) 5 5 5 5 10 4*30 4*30 100 100 100
T P P N N P N P P P P
W/L 6.57 6.57 1 1 5.333 6 16 156 53.33 53.33
W(u) 4*36.6 | 4*36.6 | 54 54 30 4*32.4 | 4*90 873.6 300 300
L(u) 6.6 6.6 6.6 6.6 6.6 6.6 6.6 6.6 6.6 6.6
Leff(u) | 5.6 5.6 5.6 5.6 5.6 5.6 5.6 5.6 5.6 5.6

The Overall Gain Is Independent of A, But Adjust Phase Margin

* Filename="opamp331.cir"

* MOS Diff Amp with PMOS Input and Current Mirror Load
* Increasing Overall Gain By Increasing W/L of M1 & M2

* Input Signals

VID 11 0 DC —8.2484uV AC 1V

E-112110-0.5

E+2121100.5

VIC 12 0 DC 0V

* Power Supplies
VDD 3 0 DC 5VOLT
VSS 4 0DC -5VOLT
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* Netlist for Frequency Response Measurement

M17155 PMOSI1 W={4*36.6U} L=6.6U
M26255 PMOSI1 W={4*36.6U} L=6.6U
M3 7744 NMOSI1 W=5.4U L=6.6U
M4 6744 NMOSI1 W=5.4U L=6.6U
M5 5833 PMOSI W=30U L=6.6U
M69 644 NMOSI1 W={4*32.4U} L=6.6U
M79 833 PMOSI W={4*90U} L=6.6U
M8 4910 10 PMOSI1 W=873.6U L=6.6U
M9 10 8 3 3 PMOS1 W=300U L=6.6U
M10 8 8 3 3 PMOS1 W=300U L=6.6U
Cc9 6 1pF

*Bias current
1B 8 4 100UA

* SPICE Parameters

.MODEL NMOS1 NMOS VTO=1 KP=40U

+ GAMMA=1.0 LAMBDA=0.02 PHI=0.6

+ TOX=0.05U LD=0.5U CJ=5E-4 CISW=10E-10

+ U0=550 MJ=0.5 MISW=0.5 CGSO=0.4E-9 CGDO=0.4E-9
.MODEL PMOS1 PMOS VTO=-1 KP=15U

+ GAMMA=0.6 LAMBDA=0.02 PHI=0.6

+ TOX=0.05U LD=0.5U CJ=5E-4 CISW=10E-10

+ U0=200 MJ=0.5 MISW=0.5 CGSO=0.4E-9 CGDO=0.4E-9

* Analysis
.AC DEC 10 0.1HZ 10000MegHz
.TF V(10) VID

.PROBE
.END

Pspice simulation results:
Ayo =3.590E +4; PM =61.5";f,, =9.17M

**%k%  SMALL-SIGNAL CHARACTERISTICS

V(10)/VID = 3.590E+04
INPUT RESISTANCE AT VID = 1.000E+20

OUTPUT RESISTANCE AT V(10) = 1.342E+03
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PM=61.5deg i

-288-

BT e
oiup(1@8) + -180
R B et R L e

LR
[
SEL>>

T e  CEEEEEEEEEEE mmmm e qmmmmmm e T 1

1880z 181z 1.0KHz 188KHz 18HHZ 1.86Hz 18606Hz

T udb(18) + B
Frequency

5.0 Phase Margin Correction By Moving the Zero from RHP to
LHP

The location of zero is given by:

1

The zero can be moved from the RHP to the LHP by selecting R >>—— with this choice the zero
mé6

is approximately given by:

-1
R Cc

7~

A zero in the LHP increase the phase margin rather decrease as in the case of RHP zero. The transfer
function of an op amp compensated by resistor R . and capacitor C. connected in series is given by:
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Avo[l -Sj
Ay(s) = z

P P,
LA (Wgy) = tan [Mj - tan'l(WGB J — tan'l(WGB J
z P, 0,

PM =180° + ZA (W) =180° + tan'l(wGB ) —tan” (MJ —tan” [Mj
z P P

;since p, <<p, << P,

With extra phase margin introduced by the LHP zero, the phase margin can be increased without
increasing the sizes of M6 and M7. To make sure that the op amp behaves as single order system within the

gain bandwidth, W ;. One positions the zero 20% (z = 1.2w ;) over the gain bandwidth. In the
previous example, the non-dominant pole was position at p, = 1.1W o5 = 2.2W ;. Where W is the

original gain bandwidth prior to doubling g, which double the gain bandwidth. The new phase margin
gain be calculated as follows:

PM = 180° + LA, (W) = 180° +tan'l(hj—tan'l(WGBJ—tan'l(Mj
z Py P>

—180° + tan| —GB_ | _ tan"! AvoPr —tan”| G
1.2w 5 P, L.Iw g

~180° + tan™(.833)—tan"' (A, ) — tan(0.909) ~ 87.53
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The value of R . to place the zero is calculated as follows:

1
z= = 12w, =1.25m
RCCC CC
1 1
= = =13.25k
1.2g , 1.2(2x31.4E-6)
PAR M1 M2 M3 M4 M5 M6 M7 M8 M9 M10
I(Ua) 5 5 5 5 10 35 35 100 100 100
T P P N N P N P P P P
W/L 6.57 6.57 1 1 5.333 7 18.665 | 156 53.33 53.33
W(u) 4*36.6 | 4%¥36.6 | 5.4 5.4 30 37.8 105 873.6 300 300
L(u) 6.6 6.6 6.6 6.6 6.6 6.6 6.6 6.6 6.6 6.6
Leff(u) | 5.6 5.6 5.6 5.6 5.6 5.6 5.6 5.6 5.6 5.6
R. =13.25k,C. =1pF
() Vbp
M10
w=300u
1=6.6u
Ml | ’—‘ i ’—‘ M
| ®) | M5 wr | o
w=30u w=90u w=300u
1=6.6u 1=6.6u 1=6.6u
(5) (10) 0—\/0
- >
V- V+
(1) M1 M2 @)
w=4"36.6u  w=4*36.6u Rc  Cc -
1=6.6u 66y ] (6a 6b) | | (9) |
@ | |
IB=100uA M8
| | W=873.6u
- 7) — | — 1=6.6u
M6
M3 M4
w=5.4u w=5.4u VX=32'4U
66U 16.6u 1=6.6u
—e . o °
4) Vss
Fig 10a

* Filename="opamp33z.cir"
* MOS Diff Amp with PMOS Input and Current Mirror Load

* Input Signals
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VID 11 0 DC -8.2484uV AC 1V
E-112110-0.5
E+2121100.5
VIC 12 0 DC 0V

* Power Supplies
VDD 3 0 DC 5VOLT
VSS 40DC-5VOLT

* Netlist for Frequency Response Measurement

M17155 PMOSI W={4%36.6U} L=6.6U
M26a255  PMOSI W={4*36.6U} L=6.6U
M37744 NMOS| W=5.4U L=6.6U
M4 6a744  NMOSI W=5.4U L=6.6U
M55833 PMOSI W=30U L=6.6U
M696a44  NMOSI W={324U}  L=6.6U
M79833 PMOSI W={90U} L=6.6U
M8491010  PMOSI W=873.6U L=6.6U
M910833  PMOSI W=300U L=6.6U
M108833  PMOSI W=300U L=6.6U
Cc 9 6b 1pF

Rc 6a 6b {13.25k}

*Bias current
IB 8 4 100UA

* SPICE Parameters

.MODEL NMOS1 NMOS VTO=1 KP=40U

+ GAMMA=1.0 LAMBDA=0.02 PHI=0.6

+ TOX=0.05U LD=0.5U CJ=5E-4 CJISW=10E-10

+ U0=550 MJ=0.5 MISW=0.5 CGSO=0.4E-9 CGDO=0.4E-9
.MODEL PMOS1 PMOS VTO=-1 KP=15U

+ GAMMA=0.6 LAMBDA=0.02 PHI=0.6

+ TOX=0.05U LD=0.5U CJ=5E-4 CJISW=10E-10

+ U0=200 MJ=0.5 MISW=0.5 CGSO=0.4E-9 CGDO=0.4E-9

* Analysis

.AC DEC 10 0.1HZ 10000MegHz
.TF V(10) VID

.PROBE

.END

Pspice simulation results:

Ay =3.590E+4; PM =855 ;f,, =10.294M

wakk SMALL-SIGNAL CHARACTERISTICS

V(10)/VID = 3.590E+04
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INPUT RESISTANCE AT VID = 1.000E+20

OUTPUT RESISTANCE AT V(10) = 1.342E+03

NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE

( 1)4.124E-06 ( 2)-4.124E-06 ( 3) 5.0000 ( 4) -5.0000
( 5) 1.1562 ( 7) -3.4870 ( 8) 3.5084 ( 9) -1.5153
( 10) -2260 ( 11)-8.248E-06 ( 12) 0.0000 ( 6a) -3.4842

( 6b) -3.4842

)

-288-

o
L L ity e GRS R GRETTEEEEEE e -
108nHz 18Hz 1. 8KHz 186KHz

T udb(18) + B
Frequency

PM=85 5deg

f(GB) =10 2941

18HHz 1.8GHz 188GHz

6.0 Implementation of Rc with NMOS Transistor

Transistor M11 has VDS11=0 since no dc bias current flows through its because of capacitor Cc.

Therefore, it is operating at the ohmic or triode region. That is,
Iy =K (W/L)[Vgs - Vix - Vips/2] Vs

The resistance value implemented by this transistor is givcen by
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Vin = Vio +7l\/2¢+VSB _\/2¢FJ
—1+1[4/2(0.6) + (-3.4836 — (—5) —/2(0.6) | = 1.65

o, ) I
Re =14 = =
OV s K (W/L)(Vis— Viy)

(W/L) = ! - ! —0276=4
K R.(Vas— Vi)  40E-6(13.25E +3)(5- (-3.4842) - 1.65) 27u
o3 VDD o -~
| s Ewr |
(5)
® (10)——

M1 M2 ‘7\/-'-
(1) @ v,

M3 M4 I M6

M8

* Filename="opamp33m.cir"

* MOS Diff Amp with PMOS Input and Current Mirror Load
* Input Signals

VID 11 0 DC -8.2484uV AC 1V

E-112110-0.5
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E+2121100.5
VIC 12 0 DC 0V

* Power Supplies
VDD 3 0 DC 5VOLT
VSS 4 0DC-5VOLT

* Netlist for Frequency Response Measurement

M17155 PMOSI1 W={4*36.6U} L=6.6U
M26a255 PMOSI1 W={4*36.6U} L=6.6U
M37744 NMOS1 W=5.4U L=6.6U
M4 6a744 NMOS1 W=5.4U L=6.6U
M55833 PMOSI1 W=30U L=6.6U
M6 9 6a 44 NMOS1 W={32.4U} L=6.6U
M79833 PMOSI1 W={90U} L=6.6U
M8491010  PMOSI W=873.6U L=6.6U
M910833 PMOS1 W=300U L=6.6U
M108833 PMOSI1 W=300U L=6.6U
Ml116b3 6a4 NMOSI W=6U L=27U
Cc 9 6b 1pF

*Rc 6a 6b {13.25k}

*Bias current
1B 8 4 100UA

* SPICE Parameters

.MODEL NMOSI1 NMOS VTO=1 KP=40U

+ GAMMA=1.0 LAMBDA=0.02 PHI=0.6

+ TOX=0.05U LD=0.5U CJ=5E-4 CISW=10E-10

+ U0=550 MJ=0.5 MISW=0.5 CGSO=0.4E-9 CGDO=0.4E-9
.MODEL PMOS1 PMOS VTO=-1 KP=15U

+ GAMMA=0.6 LAMBDA=0.02 PHI=0.6

+ TOX=0.05U LD=0.5U CJ=5E-4 CISW=10E-10

+ U0=200 MJ=0.5 MISW=0.5 CGSO=0.4E-9 CGDO=0.4E-9

* Analysis

.PROBE

.AC DEC 10 0.1HZ 10000MegHz
.TF V(10) VID

.END

Pspice simulation results:

Ay, =3.590E +4; PM =87.7";f,, =11.9M

**%k%  SMALL-SIGNAL CHARACTERISTICS

V(10)/VID = 3.590E+04
INPUT RESISTANCE AT VID = 1.000E+20

OUTPUT RESISTANCE AT V(10) = 1.342E+03
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NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE

( 1)4.124E-06 ( 2)-4.124E-06 ( 3) 5.0000 ( 4) -5.0000
( 5) 11562 ( 7) -3.4870 ( 8) 3.5084 ( 9) -1.5137
( 10) -2244 ( 11)-8.248E-06 ( 12) 0.0000 ( Ga) -3.4843

( 6b) -3.4843

PM=87 TFdeq

-2008-

SEL>>
L
Hiup(10) - -180

A T m oo o e

584

L L ity e GRS R GRETTEEEEEE e -
100nHz 1BHz
Tiudb(168) - ©

Frequency
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7.0 Opamp with ClassAB Output Buffer

o o3 VDD o -

T
T I
e |

M10 ||
(WiL)p
(14)
(5) —
® M13 M9
' (W/L)n B i*(W/L)n
4‘ M M2 ‘—VJ' (13) (10) ¢———
C* M @ vpp (WL)p | <
1B M12 — M8
Mt e — —1 k*(W/L)p
® (6a) y (6b) | | ®
I |
M3 M4 I M6
(7) (W/L)n
L L L *—
(4) Vss
Figure 12b
k=3
* Filename="op33zab2.cir"

* MOS Diff Amp with PMOS Input and Current Mirror Load
* Input Signals

VID 11 0 DC -8.2484uV AC 1V

E-112110-0.5

E+2121100.5

VIC 12 0 DC 0V

* Power Supplies
VDD 3 0 DC 5VOLT
VSS40DC-5VOLT

* Netlist for Frequency Response Measurement

MI7155 PMOSI W={4*36.6U} L=6.6U
M26a255  PMOSI W={4*36.6U} L=6.6U
M37744 NMOSI W=5.4U L=6.6U
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M4 6a744 NMOSI W=5.4U L=6.6U

M55833 PMOSI1 W=30U L=6.6U
M6 9 6a 4 4 NMOS1 W={32.4U} L=6.6U
M714833 PMOSI1 W={90U} L=6.6U
M8491010 PMOSI W={3*90U} L=6.6U
M9314104  NMOSI1 W={3*32.4U} L=6.6U
M108833 PMOSI1 W=300U L=6.6U
Ml116b3 6a4 NMOSI W=6U L=27U
M12991313 PMOSI W=90U L=6.6U
M13 14 14134 NMOSI1 W=32.4U L=6.6U
Cc 9 6b 1pF

*Bias current

IB 8 4 100UA

* SPICE Parameters

.MODEL NMOS1 NMOS VTO=1 KP=40U

+ GAMMA=1.0 LAMBDA=0.02 PHI=0.6

+ TOX=0.05U LD=0.5U CJ=5E-4 CJISW=10E-10

+ U0=550 MJ=0.5 MISW=0.5 CGSO=0.4E-9 CGDO=0.4E-9
.MODEL PMOS1 PMOS VTO=-1 KP=15U

+ GAMMA=1.0 LAMBDA=0.02 PHI=0.6

+ TOX=0.05U LD=0.5U CJ=5E-4 CJISW=10E-10

+ U0=200 MJ=0.5 MISW=0.5 CGSO=0.4E-9 CGDO=0.4E-9
* Analysis

.PROBE

.DC VID -5V 5V .1V

.AC DEC 10 0.1HZ 10000MegHz

.TF V(10) VID

.END

Pspice simulation results:
Ay, =3.065E+4;PM =86.1°;f;, =10.9M;R, =1.113E+3

wakk SMALL-SIGNAL CHARACTERISTICS

V(10)/VID = 3.065E+04
INPUT RESISTANCE AT VID = 1.000E+20

OUTPUT RESISTANCE AT V(10) = 1.113E+03

NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE

( 1)4.124B-06 ( 2)-4.124E-06 ( 3) 5.0000 ( 4) -5.0000
( 5) 11562 ( 7) -3.4870 ( 8) 3.5084 ( 9) -3.5234

( 10) -2.0125 ( 11)-8.248E-06 ( 12) 0.0000 ( 13) -2.0182
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( 14) 6098 ( Ga) -3.4843 ( 6b) -3.4843

SEL>>
L EGREE TR e e GRS R GREETEEEEEE e R aGRREEEEE R GRECTEEEEE s e 1
108nHz 18Hz 1. 8KHz 186KHz 18HHz 1.8GHz 1086Hz

T udb(18) + B
Frequency
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8.0 Process and Temperature Independent Opamp Design Using Widlar
Current Source

3) Vbp

e

(W/L)p (WiL)p

| ()
Vv
Msrc2 | |— Msrc3 4 Ve

2(W/L)p .3(W/L)p
(2)

I

(15)

® ®
¢ ! |¢ ¢2| ¢3| .

MBs \’m | I | Vsnk
(16) 4(W/L)n| MB3 ™ MSMW'MSHKZ ! - CD y
Rb (Wikin Wihn  |2Win | 3win =
¥ | |

(4) Vss
Figure 12
Iy =Ip, =1

Vass = Vess TR,
Subtracting the threshold voltage Vi, (neglecting body effect) from both sides, one obtains:

VGS3 - VTNO = VGS3 - VTNO + IRb

21 21
= +1IR,
\/ K (W/L), \/ K (W/L),
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Solve for Rb,

2 R CZON N
LK WiDLI| Ywo), | P

2{1 v, }
VW),

R,

gm3 =
g .= RL; If (W/L), =4(W/L),

b

Thus g, is determined by geometric ratio only. It is independent of power supply voltage, process

parameter, and temperature. This is only true to the first order of approximation, since the body effect is
neglected. In addition all other transconductance are also stabilized since all transistor currents are derived
from the same biasing network. That is,

W/L). 1,
g . = wgnﬁ;forn - channel transistor
| (W/L), I,
K L).I,.
g, = Mg .35 for p - channel transistor
| K (W/L); I

Design a 10uA widlar current source with the minimum transistor sizes for biasing an opamp circuit.
Assuming all transistors are of the same length L=6.6u. The minimum width corresponding to (W/L)=1

and A = 0.6 is obtained as follows:

v W W 1
L., L-2LD 6.6u-2(0.5)
W =~ 5.4u

The minimum W for the widlar current source is 2(5.4u)=10.8u, since the differential amplifier input stage
load current is half of the widlar design current value. The minimum pmos transistor (W/L) is calculated to
achieve the same transconductance. That is,

Leff P KP Leff N

K
W, = w, =20 16 8u) = 28.8u ~ 30u
K, 15u

The widlar cu
* Filename="op33zab4.cir"
* Widlar Source = Supply Independent
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* Input Signals

* Power Supplies
VDD 3 0 DC 5VOLT
VSS40DC-5VOLT

VSNK 5 0 DC OVOLT
VSRC 2 0DC OVOLT

* Netlist for Frequency Response Measurement

MBI 15833 PMOS1 W=30U L=6.6U
MB28833  PMOSI W=30U L=6.6U
MB3 151544 NMOSI W={10.8U}  L=6.6U
MB48 15164 NMOSI W={4*10.8U} L=6.6U
Msrc1 2833  PMOS1 W=30U L=6.6U
Msrc22833  PMOSI W={2*30U}  L=6.6U
Msrc32833  PMOSI W={3*30U}  L=6.6U
Msnkl 51544 NMOSI W=10.8U L=6.6U
Msnk2 51544 NMOSI W={2*10.8U} L=6.6U
Msnk3 51544 NMOSI W={3*10.8U} L=6.6U
Rb 16 4 20K

* SPICE Parameters

.MODEL NMOS1 NMOS VTO=1 KP=40U

+ GAMMA=1.0 LAMBDA=0.02 PHI=0.6

+ TOX=0.05U LD=0.5U CJ=5E-4 CJISW=10E-10

+ U0=550 MJ=0.5 MISW=0.5 CGSO=0.4E-9 CGDO=0.4E-9
.MODEL PMOS1 PMOS VTO=-1 KP=15U

+ GAMMA=1.0 LAMBDA=0.02 PHI=0.6

+ TOX=0.05U LD=0.5U CJ=5E-4 CJISW=10E-10

+ U0=200 MJ=0.5 MISW=0.5 CGSO=0.4E-9 CGDO=0.4E-9

* Analysis

.PROBE

.OP

.DC VSNK -5V 5V .1V
*DC VSRC -5V 5V .1V
.END
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5.

-au 3.8U 4@y

1.6U

T

)

ID(Msnk2
-8.8u

ID(F’ISHKS)\\A

-1.80

-2.80

-3.8U
(tisnk1) o ID(MSNKZ) w ID(HsNk3)

-4._@u

1D

-5.8U
o

-8y

-y

-y

1

1D (MSre3) ey
-a.8v

-1.60

-5.ou

USRC
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NAME
MODEL
ID

VGS
VDS
VBS
VTH
VDSAT

NAME
MODEL
ID

VGS
VDS
VBS
VTH
VDSAT

9.0 Inferred Biasing

MB1
PMOSI1
-9.89E-06
-1.46E+00
-8.50E+00
0.00E+00
-1.00E+00
-4.59E-01

Msrc2
PMOSI1
-1.86E-05
-1.46E+00
-5.00E+00
0.00E+00
-1.00E+00
-4.59E-01

MB2
PMOSI1
-8.70E-06
-1.46E+00
-1.46E+00
0.00E+00
-1.00E+00
-4.59E-01

Msrc3
PMOSI1
-2.79E-05
-1.46E+00
-5.00E+00
0.00E+00
-1.00E+00
-4.59E-01

MB3
NMOSI
9.89E-06
1.50E+00
1.50E+00
0.00E+00
1.00E+00
4.99E-01

Msnk1
NMOSI1
1.06E-05
1.50E+00
5.00E+00
0.00E+00
1.00E+00
4.99E-01

50

MB4
NMOSI
8.70E-06
1.33E+00
8.37E+00
-1.74E-01
1.11E+00
2.20E-01

Msnk2
NMOSI1
2.11E-05
1.50E+00
5.00E+00
0.00E+00
1.00E+00
4.99E-01

Msrcl
PMOS1
-9.30E-06
-1.46E+00
-5.00E+00
0.00E+00
-1.00E+00
-4.59E-01

Msnk3
NMOSI1
3.17E-05
1.50E+00
5.00E+00
0.00E+00
1.00E+00
4.99E-01



(3) VbbD

—@ @ @
MB2
(W/L)p ¢ | ‘ '
8) |
I— MB1 l Msrc1
(W/L)p (WIiL)p
NOTE: V(5)=V(15)
(15)

(6)
¢ | | |
(5) N
MB4 <> Vsnk
MB3 Msnk
W/L)n
(16) | 4(W/L)n WiLn MsnkA (WiL)
f Rb (W/L)n =
@ @ @
(4) Vss
Figure 12a
* Filename="op33zab5.cir"
* Widlar Source = Supply Independent
* Input Signals
* Power Supplies
VDD 3 0 DC 5VOLT
VSS40DC-5VOLT
VSNK 6 0 DC OVOLT
* Netlist for Frequency Response Measurement
MB115833 PMOS1 W=30U L=6.6U
MB28833 PMOS1 W=30U L=6.6U
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MB3 151544 NMOSI W={10.8U}  L=6.6U
MB4815164 NMOSI W={4*10.8U} L=6.6U

Msrel 5833  PMOS1 W=30U L=6.6U

Msnkl 5544 NMOS1 W=10.8U L=6.6U
Msnk 6 54 4 NMOS1 W=10.8U L=6.6U

Rb 16 4 20K

* SPICE Parameters

.MODEL NMOS1 NMOS VTO=1 KP=40U

+ GAMMA=1.0 LAMBDA=0.02 PHI=0.6

+ TOX=0.05U LD=0.5U CJ=5E-4 CISW=10E-10

+ U0=550 MJ=0.5 MISW=0.5 CGSO=0.4E-9 CGDO=0.4E-9
.MODEL PMOS1 PMOS VTO=-1 KP=15U

+ GAMMA=1.0 LAMBDA=0.02 PHI=0.6

+ TOX=0.05U LD=0.5U CJ=5E-4 CISW=10E-10

+ U0=200 MJ=0.5 MISW=0.5 CGS0O=0.4E-9 CGDO=0.4E-9

* Analysis

.PROBE

.OP

.DC VSNK -5V 5V .1V
*DC VSRC -5V 5V .1V
.END

NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE

( 3) 5.0000 ( 4) -5.0000 ( 5) -3.5010 ( 6) 0.0000

( 8) 3.5413 ( 15) -3.5010 ( 16) -4.8260

52



-3.80 -2.80 -1.80 au 1.80 -au -au

—4.0U

+ ID{MB3)

USHK

53

i

i

i

i

i

i

i

i

I

I

I

I

|

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

I

I

I

I

|

i

i

i

i

i

i

i

i

i

i

i

| /

i

1 L T
I _/
I .

! =
i )
i .o
i =
! =
i 7 =

¢

| ! -
| I

| e~

| =

I oy

i =

| =

! f]

! —

I

I

I

, /

i .

i

! .

i

| /

| .

i

i .

i

i

i

i

i

i

i

I

I

I

I

|

i

i

i

i

i

i

i

i

i

i

i

i

i

i

I

I

I

I

I

|

i — .
! —
| —
I ——
||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| o=
b T r r ) 3

<L < as < k=3 < <]

i F] E S E] S L:

ol = o -] =t ]

- -

o ID(Hsnk)




(WIL

MB2

)P

5

MB2a
(W/L)p

I

MB1
(WL)p

(13)

MB1a
(W/.L)p

(2)

(15a) N
j(wa)”; MB3a II: I\C\?/nl_kb <> venk
MB4a (W/k)n .

(14) (W/L)n (12) =
|
MB4 |’_ ‘ (15b) | Msnka
y 5b)|}, Es | (W/L)n
(16) | 4(W/L)n (W/L)n
be
L L
(4) VSS

10.0 Cascode Widlar Current Sink
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Figure 12b

* Filename="op33zab6.cir"
* Widlar Source = Supply Independent

* Input Signals

* Power Supplies
VDD 3 0 DC 5VOLT
VSS40DC-5VOLT

VSNK 2 0 DC OVOLT

* Netlist for Frequency Response Measurement

MBI 13 8b3 3 PMOS1 W=30U
MBla 1528213 13 PMOS1 W=30u
MB2 8b 8b 3 3 PMOS1 W=30U
MB2a 8a 8a 8b 8b PMOS1 W=30U
MBS3 15b 15b 4 4 NMOS1 W={10.8U}
MB3a 15a 15a 1564  NMOS1 W=10.8U
MB4 14 15b 16 4 NMOS1 W={4*10.8U}
MB4a 8a 15a 14 4 NMOS1 W=10.8U
Msnka 12 15b 4 4 NMOS1 W=10.8U
Msnkb 2 15a 12 4 NMOS1 W=10.8U
Rb 16 4 15.5K

* SPICE Parameters

.MODEL NMOS1 NMOS VTO=1 KP=40U

+ GAMMA=1.0 LAMBDA=0.02 PHI=0.6

+ TOX=0.05U LD=0.5U CJ=5E-4 CISW=10E-10

L=6.6U
L=6.6U
L=6.6U
L=6.6U
L=6.6U

L=6.6U

L=6.6U

L=6.6U
L=6.6U
L=6.6U

+ U0=550 MJ=0.5 MJSW=0.5 CGSO=0.4E-9 CGDO=0.4E-9

.MODEL PMOS1 PMOS VTO=-1 KP=15U
+ GAMMA=1.0 LAMBDA=0.02 PHI=0.6
+ TOX=0.05U LD=0.5U CJ=5E-4 CJSW=10E-10

+ U0=200 MJ=0.5 MJSW=0.5 CGSO=0.4E-9 CGDO=0.4E-9

* Analysis

.PROBE

.OP

.DC VSNK -5V 5V .1V
.TF V(2) VSNK

.END

*xkk SMALL-SIGNAL CHARACTERISTICS

V(2)/VSNK = 1.000E+00

INPUT RESISTANCE AT VSNK = 1.489E+09

OUTPUT RESISTANCE AT V(2) = 0.000E+00
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NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE

( 2) 0.0000 ( 3) 5.0000 ( 4) -5.0000 ( 12) -3.4910
( 13) 3.4907 ( 14) -3.4842 ( 16) -4.8434 ( 8a) 2.0117

( 8b) 3.5058 ( 15a) -1.3184 ( 15b) -3.4956

10uA - Lj_'_,_,__,-—'—'—— . - - - - - - - - - - . T . T . T .= - - - - -
oo :
1 IJ |
v |
: )L ‘
suni /A
L LD (Msnkb)

o ID{Msnkb) « ID{MB3)
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11.0 Opamp Design with Process and Temperature Independent
Implementation 1

. o3 VDD o -
MB2 ¢ | ¢ k*|
(WiL)p
}}j (8) I}’j I M7
MB1 M5 (W/L)p
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Figure 12¢

* Filename="op33zab3.cir"

* MOS Diff Amp with PMOS Input and Current Mirror Load
* Input Signals

VID 11 0 DC -8.2484uV AC 1V

E-112110-0.5

E+2121100.5

VIC 12 0 DC 0V

* Power Supplies
VDD 3 0 DC 5VOLT
VSS40DC-5VOLT

* Netlist for Frequency Response Measurement
M17155 PMOSI1 W={4*36.6U} L=6.6U
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M26a255  PMOSI W={4%36.6U} L=6.6U

M3 7744 NMOS!1 W=5.4U L=6.6U
M4 6a744  NMOSI W=5.4U L=6.6U
M55833 PMOS1 W=30U L=6.6U
M696a44  NMOSI W={324U}  L=6.6U
M714833  PMOSI W={90U} L=6.6U
M8491010 PMOSI W={3*90U}  L=6.6U
M9314104 NMOSI W={3%324U} L=6.6U
Ml116b36ad4 NMOSI W=6U L=27U
M12991313 PMOSI W=90U L=6.6U
MI3 14 14 134 NMOSI W=32.4U L=6.6U
MBI1 15833 PMOSI W=30U L=6.6U
MB28833  PMOSI W=30U L=6.6U
MB3 151544 NMOSI W={10.8U}  L=6.6U
MB48 15164 NMOSI W={4*10.8U} L=6.6U
Rb 16 4 19K

Cc 9 6b 1pF

* SPICE Parameters

.MODEL NMOS1 NMOS VTO=1 KP=40U

+ GAMMA=1.0 LAMBDA=0.02 PHI=0.6

+ TOX=0.05U LD=0.5U CJ=5E-4 CJSW=10E-10

+ U0=550 MJ=0.5 MISW=0.5 CGSO=0.4E-9 CGDO=0.4E-9
.MODEL PMOS1 PMOS VTO=-1 KP=15U

+ GAMMA=1.0 LAMBDA=0.02 PHI=0.6

+ TOX=0.05U LD=0.5U CJ=5E-4 CJSW=10E-10

+ U0=200 MJ=0.5 MISW=0.5 CGSO=0.4E-9 CGDO=0.4E-9

* Analysis

.PROBE

.DC VID -5V 5V .1V

.AC DEC 10 0.1HZ 10000MegHz

.TF V(10) VID
END

Pspice simulation results:
Ay, =3.180E+4;PM =88.5°;f,; =9.43M;R, =1.113E+3

wakk SMALL-SIGNAL CHARACTERISTICS

V(10)/VID = 3.180E+04
INPUT RESISTANCE AT VID = 1.000E+20
OUTPUT RESISTANCE AT V(10) = 1.133E+03

NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE

( 1)4.124E-06 ( 2)-4.124E-06 ( 3) 5.0000 ( 4) -5.0000
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( 10)
( 14)

( 6b)

SEL>>

-400-

1007

584

—5g+

11533 ( 7) -3.4964 ( 8) 3.5174 ( 9) -3.5295

-2.0277 ( 11)-8.248E-06 ( 12) 0.0000 ( 13) -2.0334

5814 ( 15) -3.4753 ( 16) -4.8170 ( 6a) -3.4936

-3.4936

alup(18) + -180

1088mHz

Tiudb(108) - ©

********************************************************************************

PIi=88 Sdeg | ™\

x\xx\axxx\\x‘“\: f(GB)=9 43N
k,/’

18Hz 1.08KHz 1808KHz 18HHz 1.06GHz

Frequency
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12.0 Opamp Design with Process and Temperature Independent
Implementation 2
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Figure 12a
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* Filename="opamp33b.cir"
* MOS Diff Amp with PMOS Input and Current Mirror Load

* Input Signals

VID 11 0 DC -8.2484uV AC 1V

E-112110-0.5
E+2121100.5
VIC 12 0 DC 0V

* Power Supplies
VDD 3 0 DC 5VOLT
VSS40DC-5VOLT

* Netlist for Frequency Response Measurement

MI17155
M26a255
M37744
M4 6a744
M55833

W={4*36.6U}
W={4*36.6U}
W=5.4U
W=5.4U
W=30U
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M696a44  NMOSI W={324U}  L=6.6U

M79833 PMOS1 W={90U} L=6.6U
M8491010 PMOSI W=873.6U L=6.6U
M910833  PMOSI W=300U L=6.6U
M116b 13 6a4 NMOSI W={204U}  L=6.6U
MBI 13833  PMOSI W=30U L=6.6U
MB28833  PMOSI W=30U L=6.6U
MB3a 13 13 14 4 NMOS|1 W=10.8U L=6.6U
MB3 14 1444 NMOSI W=10.8U L=6.6U
MB4a 8 13 154 NMOSI W=10.8U L=6.6U
MB4 15 14 16 4 NMOSI W=43.2U L=6.6U
Cc 9 6b 1pF

*External Bias Resistor
Rb 164 {17.5K}

* SPICE Parameters

.MODEL NMOS1 NMOS VTO=1 KP=40U

+ GAMMA=1.0 LAMBDA=0.02 PHI=0.6

+ TOX=0.05U LD=0.5U CJ=5E-4 CISW=10E-10

+ U0=550 MJ=0.5 MISW=0.5 CGSO=0.4E-9 CGDO=0.4E-9
.MODEL PMOS1 PMOS VTO=-1 KP=15U

+ GAMMA=1.0 LAMBDA=0.02 PHI=0.6

+ TOX=0.05U LD=0.5U CJ=5E-4 CISW=10E-10

+ U0=200 MJ=0.5 MISW=0.5 CGSO=0.4E-9 CGDO=0.4E-9

* Analysis

.DC VID -5V 5V .1V

.AC DEC 10 0.1HZ 10000MegHz
.TF V(10) VID

.PROBE

.END

Pspice simulation results:

Ay, =3.790E +4;PM =83°;f,, =8.65M; R, =1.379E +3

*xkk SMALL-SIGNAL CHARACTERISTICS

V(10)/VID = 3.790E+04
INPUT RESISTANCE AT VID = 1.000E+20
OUTPUT RESISTANCE AT V(10) = 1.379E+03

NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE

( 1)4.155E-06 ( 2)-4.155E-06 ( 3) 5.0000 ( 4) -5.0000

( 5) 1.1520 ( 7) -3.5007 ( 8) 3.5216 ( 9) -1.5420

61



( 10) -2603 ( 11)-8.310E-06 ( 12) 0.0000 ( 13) -1.3042
( 14) -3.4895 ( 15) -3.4575 ( 16) -4.8343 ( 6a) -3.4979

( 6b) -3.4979

Vin = Vio + 7420 + Vg =26 |= Vi + 7|y 26+ V(62) - VSS — 24 |
—1+1[4/2(0.6) + (-3.4979 — (=5) —/2(0.6) | = 1.64

o, ) 1 1
Re =14 = = =
Vs Ky (W/L)(Vgs— Vi) KG(W/L)(V(3)-V(6a) - V)

~ 1 ~ 1 34 204
K R (V(13)=V(6a)— V. ) 40E-6(13.25E +3)(-1.3042-(-3.4979)-1.64)  6.6u

(W/L)

PM=83deg |

—-2008-

SEL>> !
D L~ o
Glup(108) - -180

. . . |
i
BT T e T e 1

100nHz 1BHz 1. 8KHz 100KHz 10HHz 1.8GHz 1066Hz
Tiudb(108) - ©

Frequency
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