ECE 6412 - Spring 2004

Problem 1 - (10 points)

This problem deals
with the op amp
shown in Fig.
P6.5-15. All
device lengths are
1um, the slew rate
is £10V/us, the GB
is 10MHz, the
maximum output
voltage is +2V, the
minimum output
voltage is -2V, and
the input common
mode range is from
-1V to +2V.
Design all W values
of all transistors in
this op amp. Your

design must meet or
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Figure P6.5-15

exceed the specifications. When calculating the maximum or minimum output voltages,
divide the voltage drop across series transistors equally. Ignore bulk effects in this
problem. When you have completed your design, find the value of the small signal
differential voltage gain, Ayq = Vout/Vid, Where viq = vi-v2 and the small signal output

resistance, Ryyt.

Solution

1.) The slew rate will specify 1.

2.) Use GB to define W and W,.

I[=C-SR =10"11.107 = 104 = 100pA.

8m1
GB="¢( —  gu =GB-C=2mx107-10""1 = 6288
m1” (628)2
- W1=2Ky(05D) =2-110-50 =358 = W;=Wp=36um

3.) Design W5 to give V42V bias for M6 and M7. V= 0.5V will meet the desired
maximum output voltage specification. Therefore,

VSG]S = VONIS + IVTI = 2(05V) + |VT|

21

2-100

wWis=

KpVonis

2 =502~

21
= Vonis = IV =\|K, W5

=

Wis=4um

4.) Design W3, Wy Wgand W5 to have a saturation voltage of 0.5V with 1.51 current.

W3 =Wy =W¢

2(1.51)

2-150

KpVon

2 7 50.0.

W3 =W, =We =W
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Problem 6.5-15 — Continued

5.) Next design Wg, Wg Wjgand Wy to meet the minimum output voltage specification.

Note that we have not taken advantage of smallest minimum output voltage because a
normal cascode current mirror is used which has a minimum voltage across it of Vp +

2Vopn- Therefore, setting Vy+ 2V =1V gives Vo = 0.15V. Using worst case
current, we choose 1.51. Therefore,

2(1.51) 2-150
= = = = = =121 = = = =
Wg=Wo=Wjo =Wy, KNV0N2 110-0.152 Hm = ngii:vvi:‘ygz

121pym

6.) Check the maximum ICM voltage.
Vi((max) = Vpp + Vgps(sat) + Vpy =3V - 0.5 + 0.7 = 3.2V which exceeds spec.

7.) Use the minimum ICM voltage to design Ws.

/ 2-50
Vie(min) = Vgg + Vpgs(sat) + Vg1 = -3 + Vpgs(sat) + ( m+0.7) =-1V
21

KN VDS5(sat)2
AISO, let le =W13 =W5 = Kﬁﬂﬁﬂﬁ = 14Hm

Vpss(sat) = 1.141 — Ws = = 1.39um = 1.4pm

8.) W4 is designed as

I14 1
Wig=W;3 T, =24um 757 = 16um = Wj4=16um

Now, calculate the op amp small-signal performance.
Rous = 1ds118m9" asol\ 8 as7(ras2Irasa)

25V
8m9 =N2KyIWo = 1632018, r450 =111 = Toopa = 0-25M,

20V 25V
8m1 =\2Kp I Wy = 4900S. ry7 = To0pA = 02M, 7= 30A = 0.5MQ
20V
Tds4 =T50pA = 0.1333M€Q .. Rour= 102MQ|[10.31MQ = 9.3682MQ

24k 12MQ
Avd = (ﬂ) gmlRout, k= (rdszllrds4)gm7rds7 =9.888, g1 = \IKNIWI = 629uS

A,y = (0.5459)(629uS)(9.3682MQ) = 3217V/V =  A,;=3217V/V




¢ees OPERATING POINT INFORMATION THOM= 27.000 TEMP= £5.000

RODE =VOLTAGE NODE =VOLTAGE HODE =VOLTAGE
+0:3 = 4.739E-01 0:4 =-2.498E-02 0:5 =-5.9602-01
+0:6 =-6.1278-02 0:100 = 1.000B+01 0:200 =-1.000E+01
++¢¢ BIPOLAR JUNCTION TRAMSISTORS
SUBCKT
ELEMENT 0:Q2 0:Q3 0:04
MODEL 0:NPN 0:NPN 0:PNP

IB 7.693E-07 1.205E-06 -5.933E-06
IC 1.923E-04 3.014E-04 -2.9662-04
VBE 5.7102-01 5.352E-01 -5.347E-01
VCE 1.069E+00 1.006E+01 -9.938E+00
BETAD 2.500E+02 2.500E+02 5.000E+01

m™HOM= 27.000 TEMP= 105.000
NODE sVOLTAGE

see* OPERATING POINT INPORMATION
ROIE =VOLTAGE NODE =VOLTAGE

+0:3 = 4.113B-01 0:4 =-6.037E-02 0:5 =-5.960E-01
+0:6 =-9,259E-02 0:100 = 1.000E+01 0:200 =-1.0008+01
*#¢+ BTPOLAR JUNCTION TRANSISTORS

SUBCKT

ELEMENT 0:02 0:Q3 0:04

MODEL 0:MPN 0:NFN 0:PNP

po:} 7.657E-07 1.454E-06 -7.158E-06

Ic 1.924E-04 3.636E-04 -3.579E-04

VBE 5.3568-01 5.039E-01 -5.034E-01

VCB 1.007E+00 1.009E+01 -9.907B+00

BETAD 2.500K+02 2.500E+02 5.000B+01

THOM= 27.000 TEMP= 125.000
NODE =VOLTAGE

#ees  OPERATING POINT INFORMATION
RODE sVOLTAGE WO =VOLTAGE

+0:3 = 3.482E-01 0:4 =-9.6048-02 0:5 =-5.960B-01
+0:6 °~  =-1.242B-01 0:100 = 1.000E+01 0:200 =-1.000E+01
+22+ BIPOLAR JUNCTION TRANSISTORS
BUBCKT
ELEMENT 0:Q2 0:03 0:04
WODEL  O:NPN 0:NPN 0:PNP
B 7.6998-07 1.723E-06 -8.480E-06
c 1.925B-04 4.308E-04 -4.240B-04
VER 5.000E-01 4.724E-01 -4.718E-01
veE 9.442E-01 1.012E+01 -9.875E+00
BETAD  2.500E+02 2.500E+02 5.000E+01
TEC (DEG C) IC3 = IBIAS (A) TP IC3 = IBIAS (A)
-55 3.253E-05 45 1.935E-04
-35 5.215E-05 65 2.446E-04
-15 7.790E-05 85 3.0148-04
5 1.100E-04 105 3.636E-04
25 1.486E-04 125 4.308E-04
- Ieias (A
———40000E-04 /

o

6 37

6-28
— ‘
If the bias current (evel of 14|
input stage Is doubled, then

from (6.134),

27 K

From (6.138)
Rot = Kwr!% ” Rou'rlas
= 2 gl Tog (14 gm, (1k2) )
Using 7,.,.= leo—fnrn; sxiot

and [Ic|l= 10 4A, We have

og * —— = 0% 26 _274ma
" §m 5 loxip™3

- ot
e = 107 26 .6.84Ma
2 19xi10

S Ry = (5-48) ] (6-84 x1:73) Mo
= 3.75 Mo

74| equiyalent

1.35M0 375 M0 5 TMa ELO- AR

:’ & “+ +
?},'4} ' W,
27k 147
375 57 2.26 Ma ; 83k|{aIM=82Ka
A, = 2260 82 836 x 558
2.7 0.147
= 4¢8,000
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6-38

6-29 6.30
/ /
If the (000 emitter resistor Minimom CM inpout Vo!fage:

of Qy s removed,then in The circuit ceases to fonction
(6.142 ) We have

correctly when @3 and @,

Rea,, = r'"w + B .25 x26 = 1.8 kn Satvrale.
o My Q 4 Q rote in the F.A.R
’ an open AR,
Ri, = et (11 Bo) (¥ry5 [l 50 k2) Wgh&n 4 op
= 406 KL + 25| x 9.55 kSL '
' VEC-S > VCE(‘G*)
= 2.8 M
Ve = V..~V
From (6:146) Esz lc— YBE, neglect
. = - V, v I (Ik
VECS‘ Vie™ VBE, - ("VEE) _VBES- VBE7> VCE(SM)
From ( 6-147)

Roz = rOI;, ” a'o'T

Maximom ¢m input vo!ba&e_:

oy = L= 0% 26 - o45ka ‘
7 &m 5 o055 Q) and @, operate in the F AR When
Yoy = 1= lof 26 :-236 k& Vee, > Vee (Sab)

M9m 2 055

;. Rop = 67:5 ko
27Mn 68Ma  28Ma  675kA O 1MA

VC.I = VCC" \VBEK\

VE‘ = V)¢ - Vgg,

Vce' = VCC —, vBE’g I—V|C+ VBEI> VCE(“L)
+ & - T Assume Vag, = | Veeg)
v“d% CD rv".z (b g - é ’vb- ’ BE\ = e
/] - n - Ten Ve & Ve - Veg(saty
Via / va’
5,4 K 4‘7'3
6'8 “ 2:8 - '098 M
Av= 1280 x 671 . 67.5K||2.1M= 61k
5.4  0-047

= 523,000



741 AS A VOLTAGE FOLLOWER sasess  DC TRANSFER CURVES THOM= 27.000 TEMP= 27.000

b VOLT V9

*+ POMER SUPPLIES (A } -2.0002+01  -1.000B+01 0. 1.0000+01 2.000E+01

vee 100 0 15 + + + + .

VEB 200 0 -15 -1.500B+01 -1.31E+01-4------ O e et $ommame O PO P O 4=
-1.4508+01 -1.312+01 + LI R + + + + > .

* INPUT STAGE -1.400B+01 -1.31R+01 + + A 4+ + + + + + B

Q1 7 8 10 RPN -1.3508+01 -1.31E401 ¢ L W . + . + + B

Q2 T 9 11 NPR -1.300B+01 -1.308+01 + + A+ + + + + + +

Q3 12 6 10 NP -1.2508+01 -1.25E+01 + I Y + . + . + +

4 16 6 11 PRP -1.2008+01 -1.20B+01 ¢+ L W + + + + + +

Q5 12 13 14 NPR -1.150E+01 -1.158+01 + + A+ + + + + + +

Q6 16 13 15 NPN -1.100E+01 -1.108:+01 + + A+ + + + + + +

Q7 100 12 13 15 -1.050E+01 -1.05B+01 + + A . + . + N +

08 7 7 100 NP -1.000+01 -9.998+00 PU boeeoen R oo ibeenes .-

Q9 6 7 100 PNP -9.500E+00 -3.50E+00 ¢ + +A + + + + . +

Q10 [ 4 5 NPN -5.000E+00 -5.00B+00 + + +A + + + + + +

Q11 4 4 200 MNPW -8.500E+00 -8.508+00 + + % + . + . .

Q12 3 3 100 PNP -8.000B+00 -8.008+00 + + +d e + B . * +

Rl 14 200 1X -7.5008+00 -7.508+00 « + 4+ A+ + + + + +

R2 15 200 1K -7.0008+00 -7.00B+00 + + + A+ + + + v +

R3 13 200 50K -6.500R+00 -6.508+00 + + T + + + + B

RS 3 4 39K -6.000B+00 -6.00E+00 + + + A+ + + + + +

R4 5 200 5K -5.5008+00 -5.502+00 + + - A+ + + + + .
-5.0008+00 -5.00E+00- A + -

* DARLINGTOM GAIN STAGE -4.5008+00 -4.50%+00 + + + +A + + . ‘ +

Q13B 19 3 100 PNPB -4.000B+00 -4.002200 + + + +A + + + + >

Q16 100 16 17 NPN -3.5002+00 -3.50B+00 + + + % W + + + +

Q17 19 17 18 NPN -1.0008+00 -3.00%+00 + + + T S . + + +

RS 13 200 100 -2.5002+00 -2.508+00 + + + + A + B B ‘

R9 17 200 50K -2.0008+00 -2.00E+00 + + + LI S + + + +
-1.500E+00 -1.50B+00 + + + + A + + + +

+ OUTFUT STAGE -1.0008+00 -1.002-00 + + + + A+ + + + +

Q13a 20 3 100 PNPA -5.0002-01 -5.008-01 + . + + A+ + + + +

Q14 100 20 a5 HPN 3 0. 2.748-04 A $ommenben caete

Qis 20 21 22 PN 5.000E-01 5.00P-01 + + + + +A + + + +

Q19 20 20 21 HPR 1.0008+00 1.00E+00 + + + + A + + + »

Q20 200 22 23 PRP 3 1.500E+00 1.50B+00 + + + + A+ s + .

Q23 200 19 22 PRP 2.0008+00 2.00E+00 + + + + + A+ + + ’

R6 25 9 27 2.5008+00 2.50B+00 + + + + + A+ + + +

R?7 23 9 22 1.0008+00 3.008+400 + * + + + A+ + + .

R10 21 22 40K 3.5008+00 3.50B+00 + * + + L + + +
4.0008+00 4.00R+00 + + + + + A + + +

vii 8 0 0 1.500E+00 4.50B+00 + + + + + A + + .

JMODEL NPN NPN BF=250 IS=5E-15 VAF=130 5.000B400 5.00B+00-#-—--omdmmemmboonen A-----

MODEL PNP PNP BF=50 IS=2E-15 VAF=50 5.500E+00 5.50R+00 + + + + + +A + ’ +

_MODEL PNPA PNP BF=50 I520.5E-15 VAF=50 §.0002+00 6.008+00 + + + + + 2 + + +

.MODEL PHPB PNP BFs50 IS=1,.5E-15 VAF=50 6.5008+00 6.508+00 + + B + B P + +

.OPTIONS NOPAGE NOMOD 7.0008+00 7.00B+00 + + + + + LI W + +

.WIDTH OUT=30 7.5002+00 7.50B+00 + + + + + LI S + +

.OP 8.0002+00 B.00B+00 + + . + + L S + +

.DC VI1 -15 15 0.5 8.500E+00 8.50B+00 + + . + * LI W + +
9.0008+00 9.00E+00 + + * + + . A + ’

« ASSUMING VCE{SAT) = 0.2 V AND VBR(ON) = 0.7 V, 9.5002+00 9.50B+00 + + + + + . A+ + ‘.

* THE HAND CALCULATIONS PREDICT A COMMON-MODE RANGE OF 1.000E+0% 1.00E+01-+----

* 12,7 V<VIC < 14.8V 1.0508+01 1.05B+01 + + + + + + A . +

* I3 THE VOLTAGE-FOLLOMER CONFIGURATION, VO = VI = VIC 1.100B+01 1.108401 + > + . . +A . +

* AS LONG AS THE AMPLIFIER IS WORKING CORRECTLY. 1.150B401 1.158401 + + + + + + I T +

¢ THE RESULTS OF THIS SIMULATION SHOW THAT 1.200E401 1.208+01 + + + . + B O W B

¢ VO = VI FOR THE POLLOWING RANGE: 1.250E+01 1.25B+01 + + + ’ + . T +

* .13V <VIC1LS5Y 1.3002+01 1.30E+01 + . * . + . DI WS .

+ THEREFORE, THIS SIMJLATION SHOWS THAT THE 1.3508+01 1.358+01 + + + - + + PR W +

* COMMON MODE INPUT RANGE IS: 1.4002+01 1.40B+01 » . + + . S . A+ B

s -13 V< (VO=VI=VIC) <145V 1.4508401 1.458+01 + . + + + v + A+ .

* WHICH IS CLOSE TO THE RESULT 1.500E+01 1.46E+01- +- A ’-

* PREDICTED BY HAND CALCULATIONS. + + . . N

.PLOT DC V{(9) ##4¢  OPERATING POINT INFORMATION THOM= 27.000 TEMP= 27.000

.END NODE =VOLTAGE NODE =VOLTAGE NODE =VOLTAGB
+0:3 = 1.431B+01 0:4 =-1,433E+01 0:5 =-1,490E+01
+0:6 =-1.107B+00 0:7 = 1.441E+01 0:8 = 0.
+0:9 = 2.744E-04 0:10 =-5.439E-01 0:11 =-5.4372-01
+0:12 =-1.3898+01 0:13 =-1.444E+01 0:14 =-1.499E+01
+0:15 =-1,499E+01 0:16 =-1.370E+01 0:17 =-1.426B+01
+0:18 =-1.493E+01 0:19 =-1.260B+00 0:20 = 5.904E-01
+0:21 = 2.345E-02 0:22 =-6.088E-01 0:23 =-2.361B-03
+0:25 = 3.509B-03 0:100 = 1.500B+01 0:200 =-1.500B+01
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Problem 5 — (10 points)

A two-stage, BICMOS op amp is shown. 15V
For the PMOS transistors, the model i

arameters are Kp'=50uA/V2, Vip = -0.7V
P . P 1017 T 2011
and Ap = 0.05V-1. For the NPN BJTs, the = 10/1

M8 M5 SOUA M7
model parameters are S = 100, Vg(sat) = S0uA l w 100w Al
0.2V, V4 =25V, V,=26mV, I, = 10fA and 4_‘_ Vout
n=1. (a.) Identify which input is positive * V1 2 Ce= 0
and which input is negative. (b.) Find the 10/ 110/ I_SIPT_
numerical values of differential voltage gain
magnitude, 4,(0)l, GB (in Hert), the slew o . 125 MAl
rate, SR, and the location of the RHP zero. atos |\Q6
(c.) Find the numerical value of the 10 microns
maximum and minimum input common Q3 Q4
mode voltages.
SO1E2P1 -1.5V

Solution
(a.) The plus and minus signs on the schematic show which input is positive and negative.
(b.) The differential voltage gain, A,(0), is given as

Eml 8m6
AvO) = g2+ 80a8 a6 BasTH800 8m1 = 8m2 = N2:5025-10 = 158.1u5
120 Va 25V Ic 100pA
Tas2 =5 = 250A = 0.8MQ, roy =T =250A = IMQ, g6 =V = Z6mv_ = 3846uS
Br 1 20 Va 25V

Tn6 =g o = =26kQ, rym= E: TOORA = 0.2MQ and r,¢ =Tc =T00pA = 0.25MQ

|A,(0) = [158.1(0.8I11110.026)][3846(0.2110.25)]= 3.888-427.36 = 1,659.6V/V

8m1  158.1uS
GB = C. =  5pF = 31.62x10° rads/sec — GB = 5.0325MHz
C

50pA
R = 5pF :10V/LIS

8m6  3.846mS
RHP zero =" = 5pF = 769.24x100 rads/sec. (122MHz)
c

(c.) The maximum input common mode voltage is given as

2-50 225
Viem+ = Vee-Vpss(sat) - Vg1 = 1.5 -\J35.70 - 0.7 -\/30.70 = 0.8 - 0.447-0.316 =

Viem+ = 0.0367V

25uA
Vi = 1.5+ Vggs - Voy = <15 + V, h{ﬁ) 207 = 2.2+ 05626 = -1.6374V





