EEC 118: Solutions to Homework #3

Problem 1.1 Sizing

Solve for %, givenVy =V, =V, =22V andt, =5ns
p

Since Vpp=5V, and assuming Vo =5V and Vy; =0V, Vige, = 0.5V and Vgge, = 4.5V

0 0
1
Iavg =3 [I(Vl'n 7fVOL; Vour = 0.5 V) + I(Viryg Vor Vour = 4.5 V)]

[Vps| > [Vgs| = [Venl? [Vps| > [Vgs| — [Venl?
45>5-1 0.5>5-1
Saturation for PMOS linear for PMOS

Iovg = iE kp(Ves — VT,P)2 + ;kp[z(VGS ~ Vr,p)Vps — VDZS]]

216 + 2(=5 + 1)(=0.5) — (=0.5)2] = =2 x 98.75 A
14

Trise = crav - 5E -9 = M W, =16.2 um
Igvg L—;x98.75 HA
Voo VT,n+\/%(VDD+VT,p) S ggo 0.8+\%(5—1) Sk L6s
M -_ . -_—- — R = .
(1+ ,1/kR) (1+,/1/kg
_ kn _ UnCoxWn ; . _5Wn -
kp = K BnCoxy assuming minimum lengths - 1.65 = > Tos —->|W,,= 10.69 um
Problem 1.2 Delay
Tpa = ? Tpa = TPHL;'TPLH
From lecture #5, Tpy, = kn(VCDl;‘idVTn) [VDZDV_T;” +In (4(V?/L;;VT‘" - 1)]
o Cloaa 2| Vi | In (4(VDD = [Vrpl 1)]
PLH =
ky,(Vpp — |VT,p|) Vpp — |VT,p| Vbp
2E-12 1.6 4%4.2
TPHL = goiio-ert09maz laz T 1M~ 1)]_ 1.104 ns
2E-12 2 4%4 1.104+1.988
TpLy = m [Z + ln(? - 1)]— 1.988 ns Tpd = T = 1.546 ns




Problem 1.3

If Vpp decreases from 5V to 3.3V, then
T, will increase.
Vy will decrease.

Vy =142V

Tpry = 3.898 ns

Tpg = 2.038 ns

Tpa = 2.965 ns

In the equations above we see that V, and 7,,; depend on V. Obviously, Vy, will
decrease because it scales with the supply voltage. Conceptually, 7,4 increases because
although AV is smaller, the average current is a lot less. Remember, T = (C * AV)/l4y.

Problem 2.1 Sizing
TpyL< 0.825 ns Cout =500 fF + Cdb,n + Cdb,p
Capn = (100 + 9W,) fF

— Cout Cour _ -
0.825E-9 = o~ ez * 1239 > W = 1.398E-13

(680 + 9Wj, + 7W,) + 10715 = W], » 1.398 + 1073 > 680 + IW,, + 7W, = 139.8W,

0'8+,’ki(5_1) w, 2 5 f Plug into above
Vy=24=—YR2 1 5 =1 %2 5 w5,y g
M 1+,/1/kpg R W, 5 P2 n equation

680 + 9W,, + %SWn = 139.8W,, - W,=6 (assume in microns in problem)

Wp=15 um




Problem 2.2 Rise and Fall Times

There are many ways to calculate and approximate the inverter delay as well as different

metrics as seen in class. Here, we use the first order approximation.

_ CxAV _ 250%10715x4

CxAV _ 250%10715x4

Trise = Tfall = lavg?

I(wgl Iavgl

Iang

Lapg1 = %Ekp(vcs — VT,,!,)2 + %kp[z(vgs —Vrp)Vosp — VDSPZ]] = 1.481 mA

250+107 154
Trise — m =0.675 ns

lavgz = g[% kn(Ves = Vi)™ +2kp[2(Ves = Vi )Visn — VDSnZ]] = 1.619 mA

Tfall = 0.618 ns

Problem 3.1 Rise and Fall Times

(1) Exact Method (differential equations)

V, 1 2
Tfrau C ;Zt = - Ekn(Vin - VT,n)

nMOS in saturation for4V < V,,; <45V

Lout — _2.4%10° V/s

dat
t=teqe o _ 1 4
ft=0 dt = 2.4%109 fVout=4-5 AWout
0.5
tsat = a0 0.2083 ns

nNMOS in linear region for 0.5 < V,,; <4V

Vour _ 1 2
C dat _Ekn [Z(Vin - VT,n)Vout - Vout]
dVout
8Vout—Vaut

t=tgelq - _g 05
J_ 2 dt = —6.6 %1077 [,

t=tsat

tdelay - tsat == 223 ns

trau = 2.23 +0.2083 = 2.4383 ns

Vout =0.5

J

Staclay gy = 5.5 %1070 [*°

t=tsat

Woue 1 2
2 = ~kp (Vi = Vop = Vi)

Trise C
pMOSinsat'nfor0.5V <V, <12V

Tout = 2,406 10° V/

ftztsat dt — 1 f12

t=0 2.406%10° YVpyut=0.5 dVOut

fo 07
sat ™ 5 406109

= 0.2908 ns
pMOS linearfor 1.2V <V,,, <45V

C% = _%kp [2(Ves — Virp)Vis — Vi3s]

dVout
1.2 38_7-6Vout_(5—vout)2

tdelay - tsat == 2059 ns

t e = 2.059 + 0.2908 = 2.3498 ns




(2) Approximate method (average current)

CAV _ 1.5x10712x4 _ CAV _ 1.5%10712x4

Trau = = Trise =
s Iayg layg lavg lavg

Iavg = %[kn(Vln - VT,n)2 + %kn [2 (Vln - VT,n)Vout - Vozut]] =2.2 mA

Tfall =2.7ns

Ia‘l)g = %I:kp(l/ln - VDD - VT‘p)Z + %kp [Z(Vl‘l’l —_ VDD - VT,p)VDS,p —_ VDZS,p]] =2248 mA

Trise = 2.668 ns

Problem 3.2 Frequency

1

f=

= Tpa = Tpur + Tpru

2Tpd

-~

1.5%10712 2 4%4 \> T only spans from V,p, — V.
TPHL = 45,10 6+10+(5-1 [Z +In (? N 1)] =1.07ns PI;L ' e
*1072+10+(5-1) to%, but the problem asks for

1.5%10712 2.4 4%3.8 the full logic swing. Thus
Tplg = ———— —+ln(——1)]=2.11 ns & g !
25%1076%20+3.8 3.8 5 _ 1 _ 1
TrisetTfaut  2(TpHLTTPLH)

1

f= PEvTe = 157 MHz

Tpa =3.18 ns

Problem 3.3 Power

Power = Cipqq * Viap * f = 1.5 % 10712 x 52 x 157 % 10° =(5.91 mW

Problem 3.4 Redesign

m m m
TPHL == _& i 0'75TPHL == 0.75 _& - 0'75TPHL S _W* 1
Ln Ln Ly 0.75
This means (%) =22 —1133
0.75

n’ new

And same for (?) - <%> =2 - 26.6 Vm doesn’t change because Kg doesn’t
new

p Ly 0.75




Problem 4.1 Sizing
Vit = Vin = Vour = 1.4V
rq PMOS |Vps| =19V [Vps| > [Vgs — Vil ?
|Ves| =33V 19! > 2.6, linear
vin Vrol = 0.7 V
NMOS Vps =14 Vps > |Vgs — Vgl saturation
Vs = 1.4

Iy =222 (1.4 - 0.6)% Ipp =222 [2(33—0.7])1.9 — 1.92

Ipy = Ipp, % = 4.08 It is 4.38 times bigger than %. We need a bigger NMOS here.

Problem 4.2 Noise Margins
Vou Vin=0 = NMOS in cut-off,

Vesp > Vrop conducts but no current then there is no voltage drop at
VDS,p g Vout = VOH =33V

Voo  assumeV;, =Vyy = Vpp = 3.3V, then NMOS is linear bc Vg, < (VGS,n - VTO’n)

PMOS is in saturation

Then Ipy = 222228 [2(33 — 0.6)V,, — V] and Ipp = 222222 (|-3.3| — |-0.7)?
IDN = IDP 9 VOZL - 5.4‘VOL + 069 = 0 VOL = 013 V
Vi Vin=ViL then NMOS = Vpg > (Vs — Vi)  saturation

PMOS - linear region

nCox Wn Cox W,
tnCor ¥ (, _ 0,6)? = 2202 ¥2 [2(3.3 — |=0.71) (Ve — 3.3) = (Ve — 3.3)°

= x" (V,, — 0.6)2 = =5.2(V, s — 3.3) — (Vs — 3.3)2
-1 -1
9.79[2(V;, — 0.6)] = —5.2 (%) —2 (%’;Q) (Vout — 3.3), Vous = 9.79V;, — 5.175




Vin

9.79(V,, — 0.6)? = —=5.2(9.79V;, — 5.175 — 3.3) — (9.79V;, — 5.175 — 3.3)?
105.63V% — 126.78V,, +31.28=0 V;, =0.85V
Vin=Viy then NMOS - Vpgs! > Vs — 1, linear

PMOS > Vpg > Ve —V; saturation

nCox Wn Cox W,
#TT [Z(VIH - 0-6)Vout - Vozut] = HPTTP (3-3 - 0-7)2

2V — 0.6)V,y — V2, = =2——6.76

out = 60408

-1 -1
av, av,
2W,ue + 2(Vyy — 0.6) (Z%) — 2V (7\,%) =0 V=05V, —03

2(Vyy — 0.6)(0.5V;; — 0.3) — (0.5V,; — 0.3)% = 0.69

0.75V3 —09V;; —042=0 V,y =156V

NML = I/IL - VOL =0.72V

NMH = VOH - VIH =174V

Problem 4.3 Overdrive

Want V0|_=0.6V PMOS: VGS = —-3.3 V, VDS =-27V< VGS - VTO - saturation

NMOS: Vps = Vo, = 0.6 V assume linear

oy =lpp 2% (%)n [2(Vin = Ve )Vou = Vé] = 52 [Vos = Vo]

Vin =442V Ves =Vin, 442V —0.6V =382V > Vps yes,linear

Problem 5.1 Function

The highest voltage Vo, can reach before NMOS cuts offis  (Vpp — V7, = Voy

The lowest voltage Vot can reach before PMOS cuts offis OV — Vp,, > |Vp, = |VT,p|




A
D =
G + Von
—l Voo -Vin
+ Vps,n

VGS,n
. S
‘/YH'.' - - V()Hf
—e ® Vo, =
- _ |VT,p|
VGS,p S { o Vin
I >
Lc* Vos,p Voo
D * |
F X
o |o |
X =F, buffer!
Figure 2: Circuit X. 1 1

Problem 5.2 Switching Threshold
There is not enough information to calculate exactly, so make some plausible assumptions:
Assume kp =1 (justlike ideal CMOS inverter)

Vin = |VT,p| (symmetric device thresholds)

Vop > Vrp + |VT’p| (devices both on at same time under some Vin condtions)

Under these assumptions, the device currents for both NMOS and PMOS are equal for
equal Ves (Vasn = Vas,p)-

Since Viy=Vin=Vout 2 Vesp=Vesn=0 —> NMOS, PMOS both in cutoff Ip, ,=0

However, they have finite impedance due to subthreshold conduction; these will be

equal, therefore: |V, = VDD/2




Graphical solution:

Vou= 4 Vou Three points where VTC meets Vin=Vout
Voo -Vrn line. Two of those points are where
Vout=Vg_and Vout=Voy = circuit is not

switching. Therefore, Vyy=Vpp/2

Vo=
|VT,p|

1 >

Voo /2 Vop

Problem 5.3 Switching Threshold
Suppose the input can swing between 0 V an Vpp:
AV =Vpp —0V = Vpp
The output can only swing from
AVour = Vou = VoL = Vpp = Vrn — |VT,p| < AV
Problem 5.4 Discussion

Normally, we want logic gate output swings to be larger than input swings (this is called level
restoration) so that input noise affects the output less. Therefore, this buffer is not suitable as
a logic gate since AV, < AVj,.



