EECS40 Final Exam

\son_m-\ous

Problem 1: Circuit Analysis [35 points]
a) Find V. [5 pts]

3kQ
1kQ

10niA_ ,D

6V

Source 'h" n S"Rl'ma,‘h'ﬂn H

mmﬂté Ik BkG:r)ZmA =9 ,,.A@B* %om; Va = (- #mA)(075Kk0 ) = 26V

Spring 2000

|v.= --6

b) In the circuit below, the independent source values and resistances are known.
Use the nodal analysis technique to write 2 equations sufficient to solve for v, and v,.
To receive credit, you must write your answer in the box below. [10 pts]

®
"m’erwdcn R;
- A
VMC:': 1 - —--———{I:B\L — N 99 i; AP"..‘J KCL 4 node 3:
_ . T
é_ A ) Q‘h,*’l,-é;z
~_ = >
--____i______.. -_— , .v__
R, ! R, Dy,
l”ﬂ?
AP’},. KCL-r‘p Iupernode_: ' / 100Ry
_ L/ |
Van - V5 Vx ' %
2 - Z+99(, - 2 =
Ry Ra 1T %, =0
Write the nodal equations here: ~ Need o write ¢7‘mé'ni: wrfh oaly Vx j’l)’, as
— T P— vn fnowns
| \/M"‘Vx Vx
Vee = Vx - ”3
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Problem 1 (continued)
¢) Consider the following circuit:

1kQ

v (+ v,

7i) Find the numerical value of v,. [S pts]
A}’f{p kel fo node X ;

- =10
v, = A
T-v _ Y& | V-V i
I kn 19kn Skn
40-/0‘\‘} _ 'v-ﬂ + ZDVz =0 7::) ’711';\, = 90 = ’U} =—J/oV

7ii) Find the power development/absorbed by the dependent source. [S pts]
Carrent c -Plomng ‘nwousk depu\a/m-f’ soyrce 2.2
-2 W

ower=___
is equal 40 corvent frowing thirough S ko vesishr. P bsorbed]
c. Tk Y ;‘—N”‘fx_ _ o vx _ 100V (circle correct choice)
J sen "~ Skn T Tka T skn TmA

Power absorbed = vy 59 = (- HoV)(zam/)): -2200mW > powér )5 a/wc/v,(o(/
iii) Draw the Thevenin Equivalent Circuit. [6 pts]

§horh’r\3 Jerminals a and b ’fbjl‘f"'lff ; Thevenin Equivalent Circuit:
ke ,
T Y
:l\”_”-x 2 Isc - I kn
b - hoV
Nk
. Voo _ u(-0)
n %C /0)‘/0'3 - )/kJZ-

7 iv) What is the maximum power that can be delivered to a load resistor R; connected between
terminals a and b? [4 pts]

( )/Qn j,(j,iz = 27Smi l
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Problem 2: Op-Amp Circuits [25 points]
Assume the op-amps in this problem are ideal.
a) Consider the following circuit:
10kQ
Wy | 2
Va C") Wy ol
= 10 kQ
ge
_ . |
-
| 4 :
i) Find an expression for V.. [10 pts]
ﬁag&fﬂﬁ'ﬁvm
Sincene— ~ 7 To;;:‘} P lﬂkf N
ows : T + VA %en - +
or-e-s | gl B2 | = = sy,
1A \_ s p
Ferminad, We —— Vo "-'_‘/" = V_“' R . — -
w'#f‘-dm‘” Expression for ¥, : 5 ( VA + V3) '
1ormula : SO TR
ii) Find V,, for V= Vp=3 V. [2 pts]
V, = 5 (Vy+Vs)=5(313)=30 V L =
.‘r
But Hhis & hisher Phan V=20V
Thus, 1The op-amp s saturated ot 20V
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‘Problem 2 (continued)
b) i) Design an op-amp circuit which performs the function v,,,, = 0.5v;,, using only 10 kQ resis-
tors and op-amps. [8 pts]

Therc are severed “’“‘95 1‘0 ackreve Jhis:
1) Use & voltage-divider cireuit fosether with a urity-gain butter :

L
o—W % >
,VZ” t ‘vbvd’

o—®

72) Use a differendbal a.m,/,'ﬁe,, clreut :

+ p ¥
Vin Vout
3) Cascao/f, 2 fnuer'h'nj amp /rﬂ'erg) 8 f -

one with 8ain=-0,5, the other with garn=-l.
op-amp circuit

in

”%
;
e

ii) What is the advantage of using an op-amp circuit to implement this function, rather than
using a simple voltage divider (2 resistors connected in series)? [5 pts]

The op-amp circmt doesn'+ -5«4-%)’ fom e -/o:w/fhj cv@/éc{)

‘whereas The Simple \/ol-»‘nﬂc-df\/[a/er

vp ,
" R, Fout < deptnds oi Ri
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‘Problem 3: Transient Response [35 points]

a) In the circuit below, the switch is at position 1 for a long time and is then moved to position 2

atr=0.
R, R :
] L _ - ——
Fov t<0, ‘.& — AW, — \NN—s LC"C/A{
, 2 ,
" Uyt ez 2615
Vi (+ { ¢ | ——¢c “ At
I GV ——"1 @y —— “2
¢ e
i) Write 2 independent differential equations relating V_ and V_, for > 0. To receive credit
you must write your answer in the box below.[8 pts]
Uy dvz Uy -V ‘
/}Pp/ylnj KCcL 7{0 Vloa{t?&'?—'_’. C' 6—{—;— + X’QL 3= O (gquw(tm. ’)

Vs Avy

Vﬁpp/‘t?/hj KCL o node Y . J% +C, A7 = =0 7(E4uﬂ£;lm Z)

~ Write the differential equations here:

C@’XZ‘ (_'. LY . Y
LAt T VX /e,*/ez) z. = O
AV, v, g
—— .—Z—‘
CZ At + Rz Iez_"o

dv
ii) At what rate does ¥, change (i.e. what is —d-ti‘ Yatt = 072 [4 pts]

At #;04', Vx = U'y‘—' V, Stnce vo/fa;r)’ ACross —\/_"
,Capa.ch‘vrs cannod Cl’l‘{ngc ,",.5-}4,,./,,,,,0”,(9, ‘ﬁ‘ _ - R, C
' v, - Ux dvx _ _ V% Y i —
bey = =0 = v T T & =%
R.C.
iii) At what rate does V, changeats = 0 3 pts] X
- R - -d -
o/v9 ~ From Bguakonl [ 4V, _ ()
&Cz
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Problem 3 (continued)

b) In the circuit below, the switch has been in the closed position for a long time. The switch is
opened at # = 0, and then closed againat. t = 0.5 ns. .
P s Ldfb: sounL cﬁvsada

de inducthor “sees?

—= 3kQ
For t‘oj a¥ -0 I\M k: — T 3k rvesistor in pacallel
=)V =0 | + ,I,'L with ¢ ka resishr:
; Rey=22-2 ki
so Gk vesish OV Y, 2pH 6k£2§ VR 1 3762
is shorteq out
' 6V
W(t<0)= =7 =2mA ° L _ 2xep0¢
R &xi0%

i) Writr: anequatio.n for i; (f) for 0<7<0.5ns [8 pts] 2l 86:&&
6 (0%)=(,(07)= AmA

IF switth were o stay open /31/64‘3-:;/:/9 , the hnal value of 1, would be 0,
| G (t)= Final value + (inidyad vabee -#.J vafue ) 6'*/1"'/9)

‘ - 3x/0¢

Equation for i;: wlt;:a e i mA 0<t<0.5ns
— — T - (xn?)(0suo')
ii) Write an equation for i, () forr>0.5ns.[8pts] At £=0.5ns (. =A¢€ i
i (o5a5) =i (0.5nsT) = 0,45 mA =2¢ =045
Final value of 1| (switch cosed) s ;Z/mﬂ & BN P
i ()= 2+ (o8 - 2) e (t-0m ) ) = o= 1075

. h =707 (+ -0.5ns) ; _

Equation fori;: 52 ~-1,55¢& VA A ‘".é_) 0.5ns

iii) Neatly sketch i, (#) on the axes provided. [4 pts]

I'L(mA)
T 5 0,32 ns
: Hime const
1+ / N— timeconstant = 75
| 1 |
TR B cec aam e g

0.5 1 1.5 2
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‘Problem 4: p-n Junctions; Diodes [25 points]

7a) Consider a p-n junction of area 1 pmz formed in a p-type silicon sample maintained at 300K.
The p and n regions are uniformly doped, as indicated in the figure below.

1

\ n-type: Np-N, = 1020 ¢cm j 0.5 pm

.

7p-type: Ny = 1017 em™3

Schematic cross-sectional view of p-n junction

i) What is the sheet resistance of the n-type region? [9 pts]
N-type yegion © N = NoNg = 10%%cm™>5 p

R, = /5. 6 (Y/square

!

?/”h ny j,ﬂfp = 7'/“:\ n

From pj‘iof of mobility v ?/opan-} concentration on Page2, mn = 80 am®/Vs
{for Nyt N, ® 10%%cm ™3
" o

o

T T et T E/,sz/p”q)(90)(/0“’)(0'”/0"*)]’ =/56x/0

i) What is the junction capacitance? (Consider the worst case: OV bias voltage.) [10 pts]

kT, (02°)(10"7)

bwibh=in potentid  Fui = G ho ToZ o = 0,99V

285 (B -V) ] i 2(17x 8.85yx)07')(0,99) ; |
G - Tk e

F 1.,602x 19 =19

i

S ' -1y
Es, : 2 (1:7)(8.35¢x10 ) 16
=A =, = (107*) x-S = 10x100 " F

5
\

Cj= 0«72 ‘)CF
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‘Problem 4 (continued)

'b) Consider the following diode (ideal rectifier) circuit:

5V

i) Fill in the table with the values of ¥,,, for various combinations of ¥, and V. [4 pts]

VA?VB =0V: Bofl rechifiers are ON,
5“”’7‘""5 Vowf‘ + VA &Vg

V4 Ve Vout

\/ﬁ -0 v, =SV 7(7/: Jy ree " A\h/ A is ON, (Volts) | (Volts) | (Volts)
SAms;j Vout to VA 0 0 0
. . 0 5 0
VA’:S\// \/350\/; Oh/y rec/lﬁe/B 15 0'\/) . 0 5
Shorhng Vot 1o V. p Z <

Va=Vy=5V: Both vechhers Ave on, shorhag
Vout 4o V, X Vg
ii) What logic function does this circuit perform? [2 pts]
(Assume that 5 V corresponds to logic level 1, and 0 V corresponds to logic level 0.)

: Va V.

Trath OA 6 \/md 7

Jable: 0 ('9 g 7"]7‘[; is an AND jm/c,
| o\ o0 -
| )
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Problem 5: MOSFETS -- Short Answer (1-2 sentences) Questions [20 points]

a) Why does drain current |If,g | saturate as |V pg| increases in a short-channel MOSFET? [S pts]
As ps| increases, The latecal ele chre Reld 1rcreases 4o q.
high enoush Jevel fhat velocrty Safurafion occurs,
which case fhe carrier veloecidy (heace [Tpel) doesn

mcrease with hirfhes inereases in Elechic Beld (% |Vosf),
b) Given the following CMOS current-vs.-voltage characteristics:

1.2x10°—PMOS-

o 5 mA

B.0x1 0'4 U FS—

8,010 =

P —

4.0x10* et SV
-«N\
A"

2010 —plev B

10 Ao R0

w©
<

IDRAIN CURRENT] (A)

0.0 I - e
20 45 10 05 00 05

Drain Voltage (V)

i) Are these short-channel MOSFETs? Justify your answer. [5 pts]
Yes, The saturabon curvent increases [in eartn, with DHxed
increments in l\/ﬂs}/ charactenshc of short-channe!

MOSFETs.

ii) Estimate the equivalent resistances R,, and R,, (relevant for digital CMOS circuits) of the n-
channel and p-channel transistors, respectively, for V= 1.8 V. [6 pts]

Find dvain carrents at Vo l= 7 (Voo + ?) = '437\/»9 , o [Vas|= V.

Nios IS1ixi0734 N sV

- L3SV_ _

rMT ool A T

PMos: T.= 4.5x10°FA :
P

T GsxnYA 30004

iii) How will the equivalent resistance change as Vp ) is reduced (e.g. to save power)? What
impact would a reduction in ¥, have on logic-gate delay? [4 pts]

Causia'e/ Aa féb-’h’ V”, e,j, ls2V. Compar'!'a" 'ﬂ!& J‘/o,t.f whick P?reﬂ'n'f"
E;_ (see -V ,a/o-f above ), we see That 1@7, !’{-rr'_e:iif as V, Is
reducedl, Larger /ﬁ? = /aayu RC = nereased delay

110f16
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Problem 6: CMOS Circuit [30 points]
The layout of a CMOS circuit is shown below: Kn.wetl

n-well
Contact | T AR | Voo

n-well (dark)
oxide (dark)
gate (clear)

R

-

0

r
moOO

[ |
= 4

select (dark
and clear)

R [X] contact (dark)
]

metal (clear)

PMOS fransishrs: Pl P2 = p-substvate contact

’
NMIS transistors » NI N2, | j! ¢
N3, Ny B 3
PI+ NI Brm one inverters P2+ N2 form another 1hverter
The following fabrication process (starting with a p-type Si wafer) is used:
1. Thermally grow 700 nm of SiO,.
2. Pattern the SiO, using the well mask.
3. Implant phosphorus and perform a high-temperature, long anneal to "drive in" the well to a
depth of 2 um.
4. Remove the SiO, (using a highly selective wet etch process, which does not etch Si).
5. Grow 500 nm of SiO, ("field oxide").
6. Pattern the SiO, using the oxide (“active-area”) mask.
7. Thermally grow 10 nm of SiO, ("gate oxide") in the bare regions of the Si.
8. Deposit 500 nm of heavily doped poly-Si (by CVD).
9. Pattern the poly-Si using the gate mask.
10. Use dark-field select mask to pattern photoresist; implant boron,; strip the photoresist. This
will form the p+ source and drain junctions for the p-channel MOSFET.
11. Use clear-field select mask to pattern photoresist; implant arsenic; strip the photoresist.
This will form the n+ source and drain junctions for the n-channel MOSFET.
12. Anneal the wafer in order to activate the dopants. The final source/drain junction depth is
250 nm.
13. Deposit 500 nm of SiO, ("passivation oxide").
14. Pattern the deposited SiO, film using the contact mask.
15. Deposit 750 nm of aluminum.
16. Pattern the Al using the metal mask.
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'Problem 6 (continued)
a) Draw cross-section A-A’ in the space provided. Identify all layers clearly. [15 pts]

Al
/5% passivahon .
pessivaf,, W" [ poly-5i 7o,
Fielq ¢ Field Oxide ) pas<ivetion S5iDa
T pr J —ar 7
n-well Si substrate (p-1ype)

Cross-section A-A’

b) Draw cross-section C-C’ in the space provided. Identify all layers clearly. [10 pts]

k1

pessi Johon 510y

sivahon 5,9, Al mon $r0a
held 5t ) [ £ield Sio. ) [ hed sio.

(I ) 1+ ]

S Substrate

Cross-section C-C’
¢) Draw the circuit schematic, labelling Vpp, GND, W, B and B. [S pts]

Circuit schematic
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Problem 7: Logic Circuit; Gate Delay Analysis [30 points]

Consider the following logic circuit:

Al %}

' ’ . 5 .

Eox  (2.9)(8.85¢x107"¥)

L

The NAND gate circuit schematic is given below: .
CDX - ‘tg)( = 2,5x )07 = QS/AF/CmL
Vpp e
Gate-oxide thickness = 2.5 nm
14 —ci }D—V PMOS:
. ﬁ e W/L = 0.3 pm/0.2 pm
! Vour R,=20kQ
Vi ’H NMOS:

W/L = 0.2 um/0.2 pum

R,=10kQ
Vm-'z_*

- Worst case Pu” up (ﬂm’g one PMOSFET 0:\]).—354 SHance

pmH -down resistance = 0?0 kl}

a) Fill out the truth table, and write a simple logical expression for the function G. [S pts]
A B BcC A <F
NAND Truth Table : A B C D E F G
! i E
£ A 0 0 J r [ ‘1 o)
0 o |
oot : 0 1 [ Q O | |
ot 1 0 0 | e 0 f
e 1 TjeiF § O -] D
AB + BA

(exclusive OR)
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Problem 7 (continued)

b) Compute the delay of the logic circuit (time between an input voltage step change and time at
which the voltage at G reaches 0.5V ), assuming that the drain-junction and interconnect

capacitances are negligible. [9 pts]

¢, =(W, x L )cox = (0.3x10°)(0.2%107)(1.38%107%)
p=We Ly q
= 0.828FF delay=__ 51/, Ps

Cph = (Wox L, ) Cox = (0,2%107)(0.2¢107F) (1,38 107¢) = 0,552 FF

There are 3 stages in e logic cicenit, For the birct 2 stages, +he
loaol capacifance is Cy+Cp = .38 FE. For the 3" stage, the load capqc['}‘dnca
is 1FF, For all 3 stages, the pull-up Jpull-down resistance is 20 ko,

Delag =[(2C)|s+5~hje + (QC)Z"“S%Ajc t (ﬂC);r/,«.}-‘Jc] x 0.69

{(202‘/03)(:,3%/0"5) + (20x10®)(1,38x107% ) + (zox:o3)(;xw"’)]-x 0.69

=51.9ps
¢) Compute the delay of the logic circuit again, this time assuming that the interconnects between .—-—L
gates 3 and 5 and between gates 4 and 5 have significant resistance R;,,= 1 kQ2 and capacitance
(to ground) C;,, = 1 fF. (Use the “one-lump” interconnect model.) [10 pts]

delay=_©7.3 ps

-For ‘n\e 32”( f-h‘t}el —‘ﬂw load CAPQCI.'}AD\C& /5 now C,'"{,-}-Ch-}vCP - 2,39_)['7:)

and the 7;)441]44‘)/?!4”'0{00\/” I’CSiS"’AhC(, IS Now 20kN + kn = Kl kR,

De\ag = [(&vx:og)(l.zwlv"’)+ (21% /03)(2.38)“0"") +é?ox/o3)(lxm"‘))x 0. 69

= 67.3 ps
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Problem 7 (continued)

d) Consider two interconnect wires which lie close to each other, as illustrated below. When the
voltage on one wire changes, the voltage on the other wire will be affected due to capacitive
coupling between the two wires; this phenomenon is referred to as “cross-talk”.

Indicate in the table below how cross-talk would be affected by various changes. [6 pts]

s —

‘wire #2

// Wi, —> & Wit =1 | tuo /

Cross-talk will:

Change: ot Brief Explanation/Justification

increase | decrease | change

increase S

\/ coupling capacitance between
wn'fes decrcucs - ‘*

oupli ‘ between
increase ¢;,, \/ upfiig capacifance

. | Wires increases

Cec

| \/ | capAcH-ah‘tt- behveer. wnre 9’3“’“"‘(
increases ) m—re decreases

increase W;,,

Ce
- 2. I'_I.' wire ¥2 ..._c.f;.
whre 7 _:L | ”- Cl’ﬂ_Sf‘"ﬂ”‘ o Cot
G, I ICL on et
B = wire #2
Substrate
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