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Homework Assignment No. 12 - Solutions
Problem 1 - (10 points) - Problem 7.3-7 of Allen and Holberg, 2"¢ edition

(a.) If all transistors in Fig. 7.3-12 have a dc current of 50puA and a W/L of 10um/lum,
find the gain of the common mode feedback loop. (b.) If the output of this amplifier is
cascoded, then repeat part (a.).

Solution
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Figure 7.3-12 Two-stage, Miller, differential-in, differential-out op amp
with common-mode stabilization.

The loop gain of the common-mode feedback loop is,

) Em10 gmi1
CMFB Loop gain =~ = = -gn107ds9 O ~Tg 0 = -8mi1"ds8

IZKP’WID
With Ip = 50pA and W/L = 10pum/1pm, g,,10= "\~ . =V2:50-10-50)
= 223.6uS,
1 25 1 20
TgsN = Il =350nA = 0.5MQ and ryp= _}LPID = _SO]JA =0.4MQ

CMFB Loop gain = -g,,1074s9 = -223.6(0.5) = -111.8V/V

If the output is cascoded, the gain becomes,

. . . 8m10
CMFB Loop gain with cascoding = —m
A)

=-gmiol[7 459 gm(cascode)r y(cascode)lll[g,, 77457 (Fasi0llras101}

gm(cascode)r i(cascode)
2KN'WIp

—— =4/2-110-10-50) = 331.67puS

= -(223.6)[(0.5-331.67-0.5)11(223.6)(0.4)(0.2)] = 223.6(14.7) = -3,290 V/V
CMFB Loop gain with cascoding = -3.290V/V

EmpP =
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Problem 2 — (10 points)

Calculate the small-signal voltage gain, the SR (C; = 1pF), and the P for the op amp
shown where /5 = 100nA and all transistors M1-M11 have a W/L of 10um/lum and Vpp
= -Vg¢ = 1.5V. If the minimum voltage across the drain-source of M6 and M7 are to be

0.1V, design the W/L ratios of M12-M15 that give the maximum plus and minus output
voltage swing assuming that transistors M12 and M15 have a current of 50nA. The

transistors are working in weak inversion and are modeled by the large signal model of
. W VGS
ip=T Ipo eXP(nV)

where Ip = 2nA for PMOS and NMOS and np = 2.5 and ny = 1.5. Assume V; = 26mV
and Ay=0.4V-1 and Ap=0.5V"1.

VoD

M J—fM3  ma A +—[m6

M1§_’|I——%|l‘_‘M1o

"2 M1 M2 i —_EO Vout
l:‘;j I -

1pF
o 1?4!_—5’ s Il:Mlels:ll——ll_Tym =
MQ:II VBias | J\ A Il__,M7

Vgs S02E3P3
Soluton

The small-signal voltage gain, A,, is g,,1R,,; (see end of solution) where,

Rour = (as68m107as1o(7ds78m117ds11)
With the currents and W/L ratios of transistors M1 through M11 known, we get

50nA 10° 9
8ml1 = 8mll = 1.526mV — 1.282}15 and Vds71 = Vds11 = 0.04-50 = 0.5x10°Q2

50nA 10° 9
8m10 = 2.526mV = 0769“8 and Yis6 = Vds10 = 0.05-50 =0.4x10"°Q

R,y = (0.4x10%-1.282x1076.0.4x10%)lI( 0.5x10°-0.769x1076-0.5x10%) = 9.924x1010Q

A, = 1.282x1076.9.924x1010 = 127,726 V/V

100nA
R = lpF =0.1V/LJS

P iy = 3V(50nA-6) = 0.9uW
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Problem 2 - Continued
Design of the W/L’s of M12 through M15:
To get 50nA in M12 means the W|,/L5 = 0.5(W5/Ls) = Sum/1uym

M15:
Ip 50
VGSI] = nNVt 1n<IDO(W/L)) = 1.5-0.026 ln(z_lo) =0.0357V
Wis 50nA
VGSlS =0.1 +0.0357=0.1357V — Ll5 = 1357 = M
2nA-exp(—1 3 26)
M13 and M 14:
Ip
Vscio=npVy In( 7o) = 250,026 In(3775) = 00596V
Wis3 50nA
Vgsiz = 0.1 + 0.0596 = 0.1596V  — m 1596
nA'eXP<_1.5-26)
2.146pum/1um
Thus

Wis Wi

— _—2_9

L L1 2.146pm/1um
Comments on the small-signal gain:

It is much easier to use the expression g,,1R,,; for the small-signal voltage gain.
However, some prefer the following expression,

Em1'8m88m7 8Em2'8m6
Vout=< 2gm3'gm9 + 2gm4 ) out

which is equivalent since g,,,3=8,,8: &m7=8m9> 8ma=8me> and &, 1=8m2-
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Problem 3 — (10 points) - Problem 7.4-3 of Allen and Holberg, 2"¢ edition
Derive Eq. (17). If A =2, at what value of v;,/nV, will i, = 5I5 or 51} if b=1?

Solution

Start with the following relationships:

i] +i2 =15 +A(i2—i1) Eq (15)
i Vin
and = exp(n_V) Eq. (16)

Defining i,,, = b(i, - i1) solve for i, and I;.

i1 +1 exP(th) =15+ Al eXP(th) - Ay

I5

Vin
or i1[(1+A) +(1-A) exp(n_vt)] =I5 — 1= Vin
(14A) +(1-A) eXP(n_Vt)

Similarly for iy,
Vin)
15 exp(n Vl‘)

(1+A) +(1-A) exp(,%)

1=

Vin
I5 (exp(n—vt)-l)
lowr =blip- 1) =iy =(ip-11) = Vin Eq. (17)
(1+A) +(1-A) exp(n—vt)

v .
Setting i,,,,, = 515 and solving for nl_\?t gives,

Vin

Vin) Vin’ Vin) Vin’
5(3- exP(th)] = eXP(th) -1 = 16=6 exP(th) — exp(nV) =2.667

Vi

—V”t = In(2.667) = 0.9808

n
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Problem 4 - (10 points) - Problem 7.5-5 of Allen and Holberg, 2"¢ edition

Find the equivalent rms noise voltage of the op amp designed in Example 6.5-2 over a
bandwidth of 1Hz to 100kHz. Use the values for KF of Example 7.5-1.

Vbbp
M4:|I 1 1 Ir__M6
MI15
| A |
M3:|' M8 | \iig |——||:M7
2
l
Ry Ry "%:
i Ry M2 MO 1
€eq | 0 [ M12
\ MI0 ,
M5 wu | T | M1l
| A |l:M13
VBias = I
) Vs Fig. $7.5-05

Solution
The circuit for this amplifier is shown.

The W/L ratios in microns are:

S =8,=12/1
Sy=8,=16/1
Ss =17/

Ss =8.75/1

Se=S57=Sg=S14 =55 =40/1
So=S10=511 =5, =18.2/1

Find the short circuit noise current at the output, i 0 due to each noise-contributing

transistor in the circuit (we will not includeM7, M9, M12 and M14 because they are
cascodes and their effective g, is small. The result is,

2 Em3
L, = 2gn%131121(g_J + 2gm86n3 + 2ngenS ++ 2gmllen%0

m3
where we have assumed that g,,1=g,,2, €m3=8m4> &m6=8ms> and &,,10=8n11 and

2
€n1=€n2, €p3=€na, epe=€yg, and e,190=e,11. Dividing i ,, by the transconductance gain
gives
2

2 2 2 2
= - 1 n3 8 10
4" g2 0 %002 " g 21 22" g8 ) "

The values of the various parameters are:
8&m1 = 251uS, g,,3 = 282.5uS, g,,8 = 707uS, and g,,11 = 707uS.
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Problem 4 - Problem 7.5-05 of Allen and Holberg, 2"¢ edition — Continued

2 2 2

e e e
n3 nd nl0
eezq:Zenzl I +1.266] 5+ 5 + —

e e e

nl nl nl

1/f Noise:
Using the results of Ex. 7.5-1 we get By = 7.36)(10‘22(V-m)2 and Bp = 2.02)(10‘22(V-m)2

o Bn _736x10% 6133101 o
€nl ~—fWiL, _f-12X10_12 - f z

e BpfWLi BpWL 20212

e2 ~ By fW3Ls TBpy-W3Ly ~7.36-16 =0.2058
¢is _BpfWily BpWiLi 20212

2 ~BNTWsLs =ByWiLs =7.36-40 =0.0823
e.to  ByfWiLy  Bp WL 12
2 = BN'f'WloLlo = BN'W3L3 = 182 = 06593

nl
, . 6.133x10°!! 6.133x10°!"!
eqg =27 F  [141.266(0.2058+0.0823+0.6593)] = 2 = 7 2.1995

5 2.1995x10°10
ety =" F V¥Hz

Thermal noise:
,  8kT  8:1.38x1023.300

=4.398x10°17 V2/Hz

il =381 T 3.251x100

2 2 2

€3 8ml 251 €8 €10 8&m1 251

6,121 :gm3 =2824 =(0.8888 and enzl = 8,121 :ng =707 =0.0.355

The corner frequency is f, = 2.698x10710/2.66x10716 = 1.01x10° Hz. Therefore in a 1Hz
to 100kHz band, the noise is 1/f. Solving for the rms value gives,
100,000

f 2.698x10-10
f
1

V2, (tms) = df = 2.698x10719[1n(100,000)-In(1)] = 3.1062x10" V2(rms)

Veq(rms) =55.73uV(rms)
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Problem 5 - (10 points)

A CMOS op amp capable of operating from 1.5V power supply is shown. All
device lengths are 1um and are to operate in the saturation region. Design all of the W
values of every transistor of this op amp to meet the following specifications.

Slew rate = +10V/us Vout(max) = 1.25V Vout(min) = 0.75V
Vic(min) = 1V Vjc(max) =2V GB = 10MHz

Phase margin = 60° when the output pole = 2GB and the RHP zero = 10GB.
Keep the mirror pole = 10GB (Cox = 0.5fF/um?2).

1.5V
MI10 MIl1 M12
MO [Cm7

list "_l 151

c. l1ozv0m
R R T
7 .[: IlOpF
1@ M8:||—4|N[: M3:I|——|l:M4 L

L SO2FEP7

Your design should meet or exceed these specifications. Ignore bulk effects in this
problem and summarize your W values to the nearest micron, the value of C.(pF), and

I(uA) in the following table. Use the following model parameters: K N’:24pA/V2, Kp =
8UA/VZ, Vi = - Vyp=0.75V, Ay, = 0.01V-! and A, = 0.02V-.

Solution

1.) p2=2GB = gne/CL=2gm1/C; and z=10GB = gn6=10gn1. .. [Cc; = CL/5 = 2pF

2.) I=CeSR = (2x1012)-107 =20uA .. [1 = 20pA
3.) GB = gm1/Ce=> gm1 = 20mx106-2x10-12 = 407tx10-6 = 125.67uS

W, W, gmi12 (125.67x10-6)2

T =T2 “2Kn0D) ~224x106.10x106 =229 = [ W1 = W) = 33um

4.) Vic(min) = Vpgs(sat.)+Vgs1(10pA) = IV—=Vpgs(sat.) = 1-\[3733 -0.75 = 0.0908

2.1 2:20
Vpss(sat) = 0.0908 =\ /KNSS — Ws= 22-(0.0908)2 = 201.9um [Ws5 = 202um|
5.) Vjc(max) = Vpp-Vspii(sat)+VTN = 1.5-Vgpi1(sat)+0.75 = 2V—=Vgpj(sat) = 0.25V

2-1.51 2-30
Vspii(sat) < \/_KP.SH — 511=W112m =120 — W;;=W2=120um
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Problem 5 - Continued

6.) Choose S3(S4) by satisfying Vjc(max) specification then check mirror pole.

21
Vie(max) = VGs3(20pA) + VIN — VGs3(20pA) = 1.25V = A\ / RS +0.75V

220
83:54:(0.5)—2-24 =6.67 = [ W3 = Wy = 7um |
7.) Check mirror pole (p3 = gm3/CMirror)-
gm3 gm3 \2-24-6.67-20x10-6

= = = = 9
P3 = Chiror = 20.667-W3L3Cox = 2:0.6676.67-05x10-15 — | /28x10

which is much greater than 10GB (0.0628x10%). Therefore, W3 and Wy are OK.
8.) gme6 = 10gm1 = 1256.7uS

a.) gm6 = \2KNS6I0I = W = 164.5um

2-101
b.) Vout(min) = 0.5 = Vpge(sat) =0.5 = KnSe = Wg = 66.67um

Therefore, use| We = 165pm|

I4
Note: For proper mirroring, S4 = s S¢ = 8.25um which is close enough to 7um.

9.) Use the Vyy(max) specification to design W7.

2-200uA
Vout(max) = 0.25V = Vpg7(sat) = m

gy 5 —O0uA__ W = 800
7% 8x10:6(0.25)2 [ W7 =800um |

10.) Now to achieve the proper currents from the current source I gives,

S7
Sg=S10=1p =380 — |W9=W10= 80um |

and
1.5-Sy )
Si1=Si2="70 =120 = Wy = W2 = 120um. We saw in step 5 that Wy
and W17 had to be greater than 120um to satisfy Vjc(max). .. | Wi11=W12=120pm

11.) Pgiss = 151-1.5V = 300pA-1.5V = 450uW

Ce I | Wi=Wy | W3=W, | Ws=Wg | W;q W7 | Wo=Wio [W11=Wi2 | Pdiss

2pF | 20uA | 33um 7um 202um | 165um | 800um | 80um 120um [ 450uW




