EXPERIMENT #10
CMOS OP AMPS

I OBJECTIVES
The ohjective of this Experimest is rendold: ‘o provide issights into the structure of basic (wo-stage
Emﬂﬂ#u“-mﬂw-mm-dﬂvﬂ;uﬂ-mﬁ
CMOS device arays,

I COMPONENTS AND INSTRUMENTATION
mmmihmmmwn Up 1o four addiiiosal CDM00T can be
uwsed for optional earchment explorstions. m-ﬂmﬂ-mmﬂmdmmm&mw
pra_IpFi-:m,n.‘!&w.ummwmh}mduhm1n.Fn.|Hh

& power-supply bypass capacilon. hhqﬁmnmnﬂaﬂdmnﬂ.mﬂ{.nuhnm
tor and duakchannel oacilloscope. mm-wmmaldwmmthme
ol essestial. For convenience, Fig. 10.1 provides various views of e CD4007
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Figure 10.1 Views af the CO4007 MOS Array Package
Il READING

Concensration will be on Sections 10.7 and 10.8 of the Texi Familigrity with MOS devices and partice-
larty part of Section 5.7 on CMOS is assumed. Reference will also be made 1o material on pulse circuits in te
humﬂm?ﬂhhuMMmHWJummmm&wu
8.2, and pole splitting in Section §.11.

IV PREPARATION

Mwﬁhﬂmhhﬂﬂmmm“hﬂm?mﬁ:ﬁﬁmﬁnm
rm.hhmﬂhmwm-dmmmwbyhyﬂhn Hoie that there are a
large number of preparations here, some of consideralle complaxity, Clearly, not all can be quickly dope, B
neither can all of he Explorations! The challenge for you bere s (o select some of the suggesied preparatory
investigations 1o work on. They are very imformative, but also Ume consuming.
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Experiment #10-2

* THE BASIC AMPLIFIER

Fl.1 DC Operation

(2} Consider the CMOS amplifier in Fig. 1001 employing transisiors for which V1 = IV, & = (.50
mASY, and b = I/S0V, For £ 7.3 V supples. K; = 220k, Vp = ¥y, and V, = OV, csiimate all
node voltages and device curments. assuming the effect of A 1o be neghigible.

(b} Now, estimate r, for each device and the change in biss current thal implies.

fich mﬁ[ﬁmmhhﬂun—!‘hﬂ for Qg omd Qe would nccount flor & measured offset of

¥

[d) Forihe bios sidustion identified in (o) sbove, fled g, for cach device.

(e) Using the value of r, estimaied in (b) and of g. in (d), estimate the open-loop gsin of the
amplifier vptug .

* AC UNITY-GAIN OPERATION
P2.1 Over-Compensated Operation with a Dominant Load Pole
{a) Consider the circuit of Fig. 102 in which £; = =, ©3 = 0 asd for which nodes F and 8 are
joined, with a load capacitance. C, = (LIWF, connecied from node F 1o ground. Estimate its outpat
slew rate for large positive-going and nogative-going inputs for which one of Q5 or Qg is cut
off. Also find an approzimation o the cormesponding |0°% 1o 90% rise and foll tmes.
(b} Using the values of open-leop oulpul resistance and gain identified in PLL (b) and (g}, with the
relevant value of feedback 9, estimale (roughly) the gam and matpul resistance of the closed loop.
() Whai "high-Erequency™ 3D requency io you expect?
P2.2 Minimal Load-Capacitance Compensation
{a} Consider the circuil of Fig. 101 & an open-loop ampliier. with 3 losd capacitance ©) = OL1UF.
Asiume thal ihe amplifier's dysamics are conirolled by the outpul pole and the Miller-Elfeci-
influenced pole at the gate of 0y, whose Oy s perhaps 2pF, and for which wiring capacilance al
node E is possably |5pF. Estimnaie ihe two poles.
(b} Prepare a cormesposding Dode magmitude plot of opes-loop gain, oa which & lise for i = | s
included. Comment on the stability of the comesponding closed loop.
Pi.3 Internal Compensation
ia) MMMHHMMWW‘“FMW.IMHMMLW,h

the conditions in which, for Q4. Coy = 2pF, and (dwe 10 wiring) at the gaic and druin are
peshaps 13pF esch. Lhing Eg 104% and 1030 the Texl estimate ihe locatom of the
corresponding poles.

(b) Prepare a corresponding Bode magaitde plol on which & lise for = | is incleded, Comment on
sabiliny.

(c] For ibe siaation mvestigsied above, W whal lrequency must the lower pole be moved &0 ensuns
stability with 43" phase marginT with 65° phase margin?

* HIGHER-GAIN OFERATION
PL1 An Amplifier with Gain of +100 Y/V
{a) For the amplifier of Fig. 103 as analyzed in the Preparatsons above, embedded m the 100 k-
106L) loop deseribed in E3.1, what closed-loop gain resulis?

Fil Open-Loop Gain
(s} Sketch tbe circuil described in E3.7, using a wiangular amplifier symbol. Caleulnie the open-loop
gain of the amplifier as detaibed earlier, which applies al very-low ard relatively-high reguencics.
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) &lﬂﬂwmmﬂmﬂmmuﬂ;mmmmin{ﬂ.ﬁm
pﬂilmmmtﬂ{ﬂ'ﬂh:dl]ﬂhhtmlﬂlhﬂﬂpﬁ'umlﬁtﬂwiﬂimhﬂ]-
plot a L/ line comespoading 1o the 10ME. IuF feedback network, Comment on sability. Whai
about the situstion with & boad resistor of |00k

* EFFECTS OF DEVICE SIZING
4.1 Many Possibilities
(a) Por one or mare of the revised circuits (a), (b), (<) (or any combination) alluded to in B4.1, find the
comresponding biss cuments and opea-loop gam, using the conditions prosented im P1.1 {a) shove,
ard ignoving the effecis associasd with A

¥ EXPLORATION
* THE BASIC AMPLIFIER

Thhknplhm-ﬂ;nuﬂnw-u-wuhmﬁpmhnﬁnmhﬁ;lm
of the Text This is depicied here as well, in Fig. 10.2 Note a mapor differencs here is that choice of
device ratlos is limited by virue of arpay device maiching. Imitially, the amplifier will be stabilized for
low-frequency operation by & large load capacitor.

Ell DC Operation

= Goal;
To verify the DC operation of the assembled CMOS op amg,

* Betwp:
O Asscmble the circudl shown in Fig. 102 wsing £ 7.5 V supplies, | = 220k}, R; = o, and
Cym D pF. Mhﬁhiwu}mmuwmw}nmmmt

(F), and a capacitor € = 0.14F from output (F) 1o ground.

* Measiremeni:
a) Hﬁnmiﬂwmmmm-ﬂﬁuhnﬁnhﬂmqmu#m
then node £ with your oscilloscope, using a %10 probe.



Experiment #10-4

bl Mlmﬂﬂ-ﬁqmﬂlﬂﬂmﬂulmnumm“ﬁuﬂ
the meter leads ). messun (somo of the) de voltagea at nodes A through &

* Tabvolatisn:
Vi, ¥, Ve, Vo, Vi, Ve, V.

* Amalysis:
Conskder the offscl woltage you have foumd. ﬂmnhtrupur'-pqvﬂu'u-uddm eapocl the
output to follow the inpul reasoaably well?

El.2 Evaluating the Linear Operating Range
* Gzanl:
Ta inmﬂnuh_nﬂninjmﬂmﬂpmhuhlumdm

= Setup:
O Consect the positive input (A) to the ceater-tap of a 10 kil polentiometer (K ,) whose ends
are connecled fo the positive and negative supplics. The negative input (F) remains con-
nected bo the output (F )

* Memsuremcni:

a)  While measuring the offsct vollage direcily (betwoea nodes A asd B), with your DVM,
use Ky b0 raise and lower the voltage on node A For the two seilings of pot &y ol which
the offset changes by 0.1 V from i mid-lovel volue, messure the voltages ot aodes A, B
{asd others as you see Al :

b)  Repeal the previous siep with B, shunied by a resisior, Ry, of equal value, In particular,
note the offset vollage for Vy = 0, and the voltages ot nodes A dwough G & which the
offset changes by 0.1 W, and by 0.2 V.

* Tabulation:
Ry, Vig. Va, ¥y, and others, for imteresting values of V, using two offset threshalds.

- Analysks:
Consider the fact that the chasge in offset vollage at the extremes of isput voltage represeats the cdge
of lincar operation for large imput signab. Try 10 sdentify the part of the circuit &t which the eritical
nonlincarity ooours,

* AC UNITY-GAIN OPERATION
E21 Over-Compensated Operation with a Dominant Load Pole

* Geoal;
Te explore the amplifier’s operating dynamics.

= Setup:
O Assemble the circuit of Fig. 10.2 as indicated in Exploration El.1 sbove, but with input A
conneciod io a waveform pencrator (sode [). vis & resistor, By = 10 kL
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= Measarement:

a) Uﬁ:m{:mmi-ﬂmmnﬂmiw.-duwppmmmulm
Hnmhmh-uamr-mmwmuuawm Wit are the
imlhfn'MﬂhlﬂHNWTﬁwldﬂnﬂ“m‘mﬂFlnflh
final output? Skeich the wavefiorms at A and F

b} WMJMhmmllmm,mhmm
[lrhunjwﬁm-tlbn:lﬁuhpuhfw:l

£} W“mﬂiﬂﬁﬂ:wﬁnhmlhhﬂqﬁbldﬂnhlﬂﬂwﬂmlﬁn:

* Tabulstion:
Vs Uy Fog fog Wy, Yy, S,

* Amalbysis;
MHMHMMHIMM.MMWMNHM.MM—d
large- and small-signal bandwidibs, lhelhﬂhmi-.ﬁppﬂhEu‘hTm.hm
equation (E.13), 10 relate rise-times and bandwidths,

El2 Mlﬂww

IM

To explore the effects of moving i mofe manimal compensaicn.

= Sctup:
] ﬂ-hniu.ilnl'ﬁ;.lﬂ.!-m-!inmnb}—dﬂnlﬂphﬂlhﬂlm. As
-l.i:mu]urwﬁu-nlm.muhhd:q-in.c.-ﬂ.mﬁhy:mnd

upﬂu,fullmwﬂﬂmrﬁmblh.ﬁmwahm

&)  With a #¥pp square wave al |00Hz applicd ad the inpul, nole the output waveform in
some detail, paricularly at the tmes fﬂhﬂuﬁmﬂmlmm beging (and

b mmr.u-mmm-mmm Again observe he oulpur, Fnr"?l-

€) Witk s 0.1'Vpp square wave at 100 He at mode A, and %10 probes &l nodes A, F. reduce

* Tabulntion;
mﬂm Oy
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= Analysis:
Consider ibe possible improvement in dynamics you con expect. By what facior will ihe slew
rabe change?
E2.3 Internal Compensation
= GGaal:
To explore the possibality of internal-feedback compensation.
* Satuj:

O Use the test seiwp as established in the last sicp of E2.2. With Cy; connecled as & combi-
nation of discrele copacilors, install By and Oy as shown fn the circuit of Fig. 1002, Select
Ry indtially large (say By = |00 kL)), with Cy initially small (say Cx = 10 pF).

* Measurement:

a)  Display nodes A and F using 10% probes, Incresse Cp from Cyg io Cyg, & valeo st which
lbe overshool al £ roduces by 20 10 30% or 50 from the value established in the last sep
of E12.

B With Oy =Cyp amd O3 = Cyy, reduce By (by shusting) from B until the overshoot
“--“-H,H H-i -'.Rm.

€} WithTym= Oy, Cy=Cyy amd By = By, imitially, change C; from €3 1o Cya for which the
overshood i again as large as it was at the end of the last sep of ELL

d) Change C3; rom Cy W Cy in an stiempl 0 redece the oversbool once more. Then,
change Ry to Ry and ©; again, iermlively, o redece ihe ovenhool Call the valses
linally chosen Oy, Cyy and By, for convenience.

¢)  Now, il time permits, evaluse the effect of changing C; from Cy. paricularly as it Is
incTsanad.

[} Mow, with the ispel changed w0 3 0./¥pp sine wave, initially at 100 Hz, mise the fre-
queacy wntil the gain falls to 0.707 of is low-frequency valwe, noting any woltage peaks
along the way.

* Tabulatisn:

C. ©g Ry, overshool, in many combimations leading ideally 1w small €, and small overshool.

= Analysis;

Consider the virises and Jeficiencics of the unity-gain sesbilization process you have just gone

through.

* HIGHER-GAIN OPERATION
E3.1 An Amplifier with a Nominal Gain of +100

* Goal:
To evaluaie operation o iscremed gain.

* Setup:
0 Emﬁl:l’clit-ﬂfﬁ:. ll!l-.!ni.mt'l.!-"i"p.lnliﬁ.ﬂllm.l‘:lﬂ“:-lﬂ'}ﬂ
Cy= Cyn and load capaciance C; = Cp, o Cy = Cy = |00pF, il in doubt. Extermally,
conpect & fesdback network from node F o node § comsisting of a 100NL) feedback
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resistor and | kil o ground, with & 100KE), Ik input-signal divider (with the [k
prounded) comnecied o the positive amplificr input (A ) from the geserator (f ).

* Measurcment:

a)

b)

= Tabulatleans:

Adjust 8 square-wave input sl 100Hz 1o provide an cstput of 1V pp. Measure the peak:
lo-peak voliage af nodes F und A in order to estimate the closed-loop gasn.

Nole the output overshoot, Remaove the load capacitor (C)), asd aote the overshoot again,

':'J. ml .u'Flmm

* Analysis:

Consider your estimale of the closed-loop gain Moie, s we shall werify shordy, that its volue is
alfected by the resistance bevel of the feedback network, Noie also thal the loop is more easily stabil-
ized for nominal gains >>1. What evidence do you have for this?

El.l Open-loop Gain
« Geal:
To measure the open-loop gain by inroducing external dominant-pole compensation.
* Setup:
O Connect the circuit of Fig. 102 as described in E3.] setup, with an input sttenuator s
iﬂhld.mwllimmmanﬂ:lﬂHﬂmgrmmw;h
the megative input B, and & large low-leakage capacitor (C; = 10 pF, antalum) from 8
i ground. Use a sinewave input initially at 10 kHz,
* Mrasuremend
al  Adjust the input for an output of | V ppat F.
B}  Viry ihe [requency, and mote the upper snd lower 3dD frequencies.
¢l Assuming a midband region of af least & frequency decade. messure the midband gaan. (I
the midband is seen to be very namow, By or Cy must be increased.)
d)  Repeal all of the previous theee sieps with & resistor £ = IMI) conpected from the outpet
directly 1o grownd. (If the output offest is larps. use & capscitor of 0L1pF in series with
LI
e}  Repeat the entire (hres-ilep process apain with By = 1000
= Tabulation:

Ry 0g. Uy, Fu, fu with B = s, | MO and 100 kO

* Analysls:

Consider the open-loop gain you have found, and its depesdence on load resistance. Consider also
the dependence of the low-frequency cutofl oa the value of Ky & It affocts the resistance scen by C;
[See section 8.2 of ihe Text].
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= EFFECTS OF DEVICE SIZING

E4.1 Many Possibilities
While there is limsted Oexibility available in the control of devico sizes when using srrays, one possibiliy
exmis. In general, it is to dircctly parallel arrsy compoments. The primary precoution o take i 1o ensure
Mhﬁnnﬁwwbdmldm;mmwmmiuﬂ:mlMﬂ:m
rospectively ),
Several imeresuing possibilities for parallel connection caim:
{a}  Paraliching 0y and 03y, with compencais from a fourth anay;
(b}  Parallcling Qac and Quc, with components from a fiflh array;
(5] Pl-lllul.iqﬂf.udﬂq.hlﬂmmmurm:Mm[mpumt!twﬁT

if 4, 3 sre alresdy employed in ), b)),

While emmcntially any of tho preceding Explorations can be repesied with such changes, Uwse in EN.| and
E}.2 wre quite |nformative. Obviously. there are a great many possibilites!

mwwmhrﬂﬂIWHmwmm“ﬂh
Very Large Scale Integration (YLSI)

= M} -



