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PROBLEM 1:

VTC and IV curves (20 pts)

Consider the digital circuit shown in Fig. 1. Use the following MOS parameters.

Vio[V] | K [uA/VT] | [V AIV'] | Vbsar[V] | 2@ [V]
NMOS 0.2 90 0.1 0 0.3 —0.6
PMOS —0.2 —40 —0.15 0 —0.4 0.6
4 .I\iDD V1
M2 Vout
Vin
I R1 V2

Mhy

Figure 1: Digital circuit.

The circuit in Fig. 1 is an ordinary CMOS inverter with three DC voltage sources and one resistor.
(W/L) of M1 is (240nm/100nm), and L of M2 is 100nm.

a. (8 pts) Student A wants to run simulation with the following settings:
V1=1V,V2=0,VDD =1V, and R1 = 100kQ.
Calculate W of M2 such that Vy = 0.5V.

I,=T + To (2p%)

(1p+)
NVer, =\Un= Vo =0.3V =\’OSM\} M, Sat/vel-sat
\ps = Nm =0.5V o)
Neral= 0.2V < Npsaral= 0.4y < Nos, |2 0.5V = M?. S’Nf
Zl
40( :“IO 2.4- ’—%———‘C/«A} (2 \o+s>

VY]
(T:\?_: A8 = Wy =gI§ mm (1\o+s>
[OK 4 yow rounded 4p to €20 mwn — w{ig cado\}

WM2)= K[ mwA
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b. (12 pts) Student B is curious to find out what happens with the circuit when the values of V1
and V2 are swapped, so he entered the following simulation settings:
V1=0,V2=1V, VDD =1V, and R1 = 100kQ.
He doesn’t believe the result from (a), so he assumes (W/L) of M2 to be (840nm/100nm).

bl. (4pts) Find out the value of Vout for Vin = 1V and determine mode of operation for both
transistors. Ignore the body effect.

\V AL Suwme M)
100K, I=Vowt — . .[o _ Vouk®
ok o, UMY = 1024 0%Vewt - X ]
vy |= Vowk = [7.28 Vowk — 0] VT (] L)
—‘&—3 Vouk — 1,69 Vouk +0.09 =0o

WNouwt = 0.05@ ((p+)

che de, |
AS3uwm phov - \IDS = 0.05CV <\}\>SAT = 0.3V < \/G‘r =0.8V
V(o4 (1p4)
Operation mode:| NMOS: Mmear PMOS: OH, Vout = 0.0SS v/

b2. (4 pts) Find out the value of Vout for Vin = 0 and determine mode of operation for both
transistors. Ignore the body effect.

ASSuune  uel—sat
\Jodc

v

[00V_ Cpual< Lo-g H[(\fowk—-o 2).0Y4 — _2_]

\
OE ok = 13 4 Vouk — S.27T6

= L Vouk = O.4Y v

\\/@T\: 0.24 v < Npgpr| = amcorre b

asgumpion
ASSuwme Sak @ |—Vouk (\10\& 0.2)%
o1 S RORA T ()
Vouk? -o.’sq\iowt—o.ozco
. = 0.39V L
vertd Wouwk = 039v) (1p4)

ASSuwmpton - Ner| = 0.1av < IVps| =029y < [Vosar|=0 4v
(1p4) (1pt)

Operation mode:| NMOS: oﬂ PMOS: Sa‘t Vout= 0.39V
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b3. (4 pts) If we include body effect in (b2), is Vout going to increase or decrease or stay the
same? State your reasons (you don’t need to re-calculate Vout).
(2.p4s)

Vs <Ne =) reverse BB =D [Vt | P & Gurrent &

., U?i— zv(lv*@

— Ts

c. (5 bonus pts / interview question) Student B would definitely get a different VTC from the
expected VTC with V1 and V2 properly set. Help out Student B by answering the following:

cl. (2pts) Is Vout (Vin = 0.1V) smaller or greater than Vout (Vin = 0)? You don’t need to
calculate new Vout. Just provide the answer and state your reasons (max 2 sentences). ( )
a

Circle the correct answer (True/False): Vout (Vin=0.1V) < Vout (Vin = 0) T
Explanation:
P Swmaller V61| =) sunaller warenct ) ,ngzﬂ_a( Voust

Cipt)

c2. (3pts) Do arough sketch of the VTC for student B using piecewise linear approximation
with no more than 3 line segments. Roughly indicate the break points.

\jmg\TA\NdJr '1\)’:,’\‘035 o
Vs —-{_‘5"§‘4

N
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PROBLEM 2: VTC and propagation delay (20 pts)

Consider the circuit shown in Fig. 2. It pictures an alternative 2-input NOR gate followed by a
single fanout inverter. To make the analysis of this circuit easy, we are using simplified transistor
models. First of all, we assume that the transistor can be represented by a linear resistor, this is

NMOS (for W/L = 1): RNy, = 1 k€); RNy = 00; V= 0.2V.
PMOS (for W/L = 1): RP,, = 2 k€2; RPosr = 00; Vp = —0.2V. VDD = 1V.

VDD VDD
pe gl
A-[ma B—| 1\;13 %CL L{:MF

Figure 2: Alternative 2-input NOR gate followed by an inverter.

a. (6 pts) Assume that the PMOS is of minimum size (this is, W/L = 1). Determine the sizes of
the two NMOS transistors MA and MB so that the Vi, of the NOR gate is at most 0.2V. Also
describe under what conditions this happens.

worst case: ome NMOS Yeu' (2 P+S>
IV,

R
Re 2o
Vout: Ry = 0.2Rp+ 0.2
Pw (lp+) fz,w:QP/L‘;O,SKJL%\_‘E;Q_(\PJC)
R(wWiL=\)z [k
(1p4) R N—\L—‘-’\/

= 0.2 (\ P’k)

[

WLya= 2
(WLmg= <

b. (8 pts) The parasitic capacitances of a unit size NMOS and PMOS transistor are given in
Table 2. You may assume that all capacitances are constant and linear over the operation
range. Determine the equivalent load capacitance Cy. at the output of the NOR gate:

(1) for A switching from 0—1, and B = 0;
(i1) for 4 and B switching simultaneously from 0 — 1.
You should use the sizes derived in (a) for both the NOR gate and the fanout inverter.

Hint: In case you are not sure about your answer in (a), use (W/L)xmos = 4 for all NMOS
transistors.
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Table 2: Transistor capacitances (for W/L = 1)

Cap in [fF] CGS CGD CGB CSB CDB
NMOS 0.1 0.15 0.2 0.25 0.3
PMOS 0.12 0.18 0.22 0.27 0.32

W A0\ ,B=0| ABi0o—>) g 1

ea e = \pt
2 MA ZC&D-!*CDBLZ Somne .z (otal 87 Ny F
2 MB | (Cgp+Cog 1 20p +Cpg \-2 = 2ex)
2 MF {CesiCaprCag®l] Soame 0.9

[ | 3.5 48

FoR /L)y pos =k

(cot [ 65k | 7.148)

| 2.8 £FJ

CLA:OHI; B=0 = g~g ;r;
CLag.o1= 3.9 4%
c. (6 pts) Determine the propagation delay of the NOR gate for 4 switching from 0—1 and 10,

while B=0. For C;, use the answer you got in (b). If not sure, use C; = 8 fF. You may assume
that the Vi of the gate is approximately at (Vor + Von)/2. Assume (W/L)nmos = 4.

VoL 4+ Vou
S > tp=o61rRC (ipt)

Um =

Ao\ B=o0

Vout : |0

R= Ru\\Rp = 025k || 2¢ =022 (2 p1S)
touL = 0.69-0.22¢- 84 = 1.22p5 (1p4)
A\ >0, 3=0

\fo\,uk O

R= Rp= 2k (1p4)

teLn =0.69-2k-84 = \l.oyps (1p%)
toar = \.23 ps
tun=\1,OY{ pg

EE115C: WINTER 07—MIDTERM



PROBLEM 3: Wire modeling (20 pts)
a. (8 pts) Consider RC network shown in Fig. 3.

Clk
driver

Fig. 3: RC network.

al. (6pts) Write expressions for the time constants associated with Clk,, Clk,, and Clk;.
Write your final answer in terms of RC parameters.

Uiy 3 e, are sywmetn'c = T, =T, (2p+5)

T, =Ty=RC+ 2RC+ RC+ 3RC +2.2C = T p¢ (2p+5)

Ty = RC+RCHRCHRe+ (RFR2)C = GRC FR3C [2ph)

0= q QC n= 7 R.C 3= gQC + QQC

a2. (2pts) What value of R; (in terms of R) is required to balance the delays to Clk;, Clk,, and
Clks?

IRC = SRCFRyC  (|pH)
Ra= 4R (1pé)

R;= LIK
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b. (6 pts) Assume that the resistances in Fig. 3 are voltage-dependent: R =0.8 Ry / (Vpp — V1),
where Ry is the nominal value at Vpp =1V, and V15 = 0.2V.

b1. (3 pts) Calculate energy-delay-product (in terms of Ry, C, Vpp, and V), where energy is
equal to the total energy expended during a complete 0—1 transition at the Clock driver input.

Eosi= 5Cupy (ip¥)
b= 069 .9¢c._0%8Ro (1 pd)

Voo — VUt
YR
EDP= 248 ctpy YO0
Vpy~V
Cipt) T | epp= 24.94clp, Vo=

Vpp — VT

b2. (3 pts) Find the optimal supply voltage Vpp that minimizes the energy-delay product.
z
PEDP 2 pp (Vpp=Vr) - Vg
2Vpp
Voo—vr) =

=0 (2pt)

Vpp = 2 Vr =0.4v (1p¥)

Vop®'= 04V

c. (6pts) Consider an isolated 1mm long and 1pum wide Metal-1 wire over a silicon substrate
driven by an inverter with zero output resistance and zero capacitance. Assume Cpp, = Crringe.

cl. (3 pts) If the wire width is doubled, the delay of this wire will be (circle one):

More than 2x shorter Exactly 2x shorter @r, but less than 2x )
Less than doubled Exactly doubled More than doubled  (|p+)
Unchanged /7\
Explanation:
(rp+)

RN—\% , Cpp~W, Cor#4(w) LZ{-[ZCP,O*I— C#] Cipt)

c2. (3 pts) If the wire length is halved, the delay of this wire will be (circle one):

@ore than 2x short@ Q (){/) Exactly 2x shorter Shorter, but less than 2x
Less than doubled Exactly doubled More than doubled
Unchanged
Explanation: (, P -l—)

R [cre | Csr7 ('PY)
R gy Geol ) cgenl 2[7‘“{—1
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PROBLEM 4: General Knowledge (20 pts)

a.

(10 pts) Determine the region of operation (Off, Linear, Saturation, Velocity saturation) in the
following configurations. You may assume that all transistors are short-channel devices and
have identical sizes, Vpp = 1V. Assume following transistor parameters:

NMOS: V=02V, Ky’ =90uA/VZ Vpsata = 0.3V, L =0,vy=0.1V"% 20 =-0.6V
PMOS: Vi, =-02V, k,’ = —40uA/V% Vpsar, = —0.4V, A =0, y=-0.15V", 2 = 0.6V

Explain your reasoning and show your derivations if needed.

VDD
Ves1 = Vpsi =—1V
M.
ﬁ : |Vpsari| < |Ven| <|Vpsi| = M velocity saturation (2 pts)
VDD
V. M
DD_l 2 Voss =0< V3 = M; off (2 ptS)
‘L_‘ M, Vi=Vpp—Vnpn = M, off (2 ptS)
Vob Ve > Vs (body effect) = Vpss < Vgrs = M5 linear (2 pts)
v _| A Assume M, vel sat and ignore body effect in the first iteration:
" 4\1x v? v
VDD_l M, (VD -V ).I/x_TX:(VDD_V;_VTS).VDSAT_%

Vy=0.195V = M, velocity saturation (2 pts)

Note: Body effect will only lower V, and increase Vpsa, Vira (0.195V is the
worst-case).

EE115C: WINTER 07—MIDTERM 9



b. (6 pts) The power consumption of the CMOS inverter can be minimized through circuit
optimizations. Determine how each circuit parameter mentioned in the table should be
changed to reduce the different inverter power consumption components.

For each parameter, fill in one of the following choices in the blanks:

A — Increase

B — Decrease C — Doesn’t affect this type of power consumption

Goal Circuit Parameter Optimization A,BorC
Supply voltage Vpp B
Mlnlmlze.the dynamic power Load capacitance Cy B
consumption due to C, -
charging and discharging Transistor [Vl C
Transistor width (first order) C
Minimize the short-circuit Supply voltage Vpp B
power consumption (assume a | Load capacitance C, A
fixed rise and fall time at the | Transistor [Vyy| A
input) Transistor width (first order) B
Supply voltage Vpp B
Minimize the leakage power | Load capacitance Cp C
dissipation Transistor |Vry] A
Transistor width (first order) B

eacl

(ot =

€/wk7 = 0.5 ptg

6 P%S)

(4 pts) For each of the statements, indicate whether it is true or false (circle one answer).

C.
(o.s' pH) @ F (@

Explanation:

The load capacitance of a static CMOS gate has no effect on its VTC.

Mo stahc  curcent -H/\muz,(/\, C (0.8 ps)

( 0.5 p b T @ (b) The delay of a static CMOS inverter is minimized if (W/L), / (W/L), =

tpyr =

Explanation:

Hn / Hp.

tp:_H but '(;o m/j(/'[pw, ‘tpHL) mot maan (05,;0&3)

(0508T ® ©

Explanation:

Silicided poly hnes improve performance by decreasing the capacitance.

(0.8 pts)

0'56)&

Explanation:

perdormance qwproved by RJ
® (d) PMOS enters vel. saturation for smaller absolute value of electric field than NMOS.

A«%er ’VOSMPI’") /&«W !?_mep)

VARY K

0.5 pH)
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