EE16B
Designing Information
Devices and Systems I

Lecture 3A
Transistors I



Announcements

» Last time:
 Lab 2
» [ransistors as a switch
» foday:
» Transistors Switch RC model
» Finish review of complex numbers
 Euler Formula
» Solution for sinusoidal input
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CMOS (Complementary MOS)

v
o VA VB Ml M2 M3 M4 Vout

Ml M2 0 0

I l 0 1

VA ‘ Vout
1 0
M3
Vi 1 1

EECS16B Tennant & Lustig, EECS UC Berkeley




CMOS (Complementary MOS)

v
o0 VA VB Ml M2 M3 M4 Vout
| M, | M, 0 O | On On Off Off Y/

0 1

VA ‘ Vout
1 0
M3
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CMOS (Complementary MOS)

VDD
VA VB Ml M2 M3 M4 Vout
| M, | M, 0 O | On On Off Off Y/
0 1 On Off Off On Vbbp
VA ‘ Vout
1 0
M3
Vi 1 1
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CMOS (Complementary MOS)

VDD
VA VB Ml M2 M3 M4 Vout
| M, | M, 0 O | On On Off Off Y/
0 1 On Off Off On Vbbp
VA ‘ Vout
1 0 Off On On Off VD
M3
Vi 1 1
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CMOS (Complementary MOS)

v
o VA VB M | M2 M3 M4
| Ml | M2 0 0 On On Off Off
0 1 On Off Off On
VA ‘ Vout

1 0 Off On On Off

M3
VB 1 1 Off Off On On

M4

1 NAND gate!
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Static RAM (SRAM)

2 stable states (bistable)
“Read”

‘Write” MO!! 551 7)

“Write” signal forces circuit to change states.... Memory!
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Demo

“1 b uOu “1 b uon
;Writeu uOu “1 73 uOu “1 y
VDD
Q | IRF4905 o o
100€2 100€2

IRF510
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Demo

Inconsistant!

“1 b uOn “1 b uon
;Writeu uOu “1 73 uOu “1 y
VDD
Q | IRF4905 o o
1002

IRF510
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Ring Oscilator

“1 J) “O” “1 )) “O”

;Write” uOu “1 b uOu “1 T
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Ring Oscilator v o v o

A B C D

1 s]

D
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Ring Oscilator v o v o

A B C D

1 s]

-
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Ring Oscilator i 0 i 0
“Write” | A B C

I S

ts]
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RC Delay in MOS Circuits

VDD
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RC Model of NMOS and PMQOS
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RC Model of NMOS and PMQOS
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RC Model of CMOS

VDD
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RC Model of CMOS

VDD
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RC Model of CMOS

VDD
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RC Model of CMOS

Example 1: switches from V;, =0 = V,; = Vpp
t <0
Cp
VDD
O_z=|0_ i
o
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RC Model of CMOS

Example 1: switches from V) =0 =V, = Vpp

lnl
t<0 =V, =  Vout, = ,Vsz Ve =
t >0
VbD N
| ‘/inl V()U.tl
0——=, — 7
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RC Model of CMOS

Example 1: switches from V) =0 =V, = Vpp

1N,
t <0 :>Vin1=0 ’VoutlszD?Vszo ’VCnZVDD
>0
Vbp
R W
in
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RC Model of CMOS

Example 1: switches from V.. =0 =V

lnl

o VDD

1Il1

<0 =>V. =0 ’VOutl_VDD’VCp_O ’VCn:VDD

t>20 gyt =1

| lnl

l‘:

const

Voutl s : outl » - Voutl

R,
Cn dVoutl n Cp dVoutl n Voutl _ O

dt dt R,
dv,, |78
(C,+ C) ;ttl + ;tl =0
. dVoutl
+
dt

OUtl

R(Co+C,)
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RC Model of CMOS

Example 1: switches from V) =0 =V, = Vpp

n,
1<0 =V, =0 Vo, =Vop . Ve, =0 Ve, = Vop
4 Z 0 dVoutl Voutl

= 0

_|_
dt  Ry(C,+C,)

[
_ ~ Ry(Cp + Cp)
Vou. = Vppe P

OUtl

Voutl(t )
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Realistic RC Delay

VDD
Voutl Vout2
Vbp J
Voutl (t )
0
=0
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Realistic RC Delay

VDD
Voutl Vout2
J Vbp — th

Vbp J

Voutl(t )

t=0
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Realistic RC Delay

VDD
Voutl | Vout2
V
OUtl
v J JVDD - th
DD
Vi
Voutl(t ) J n
1 0 =

EECS16B Tennant & Lustig, EECS UC Berkeley



Realistic RC Delay

VDD
Voutl Vout2
VOUtl
—_—
b ve-v, In reality, R R, also change with Vg

Vbp J ,  Accurate delay needs a better model
Voutl(t)l ’
0 —

t=0
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Demo

Inconsistant!

“1 7 uOu “1 7 ccou
;Writeu uOu “1 73 uOu “1 y
VDD

g | IRF4905 o o

100€2
IRF510

1
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Complex Numbers Review

a=x+jy |j=v-1 :

%6{61} :E(CZ—I—CI*) — X X
SImia} =—(@—a*)=y
2]
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‘Euler Formula

a=x-+]y NUMBERS OF THE FORM

2 2 p) nfT ARE “IMAGINARY
aa™* = |a|" = |x|"+|y| ?BTE%T):TT:ZLN? USED
0= 2z(a) = atan(z) | OKAY.

X

AND e™7--1. ]

Euler: = | P | ej@

( NOW YOURE TJUST
.. FOCKING WITH ME.
= |a|(cos(f) + j sin(0)) /l % /
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‘Euler Formula

Euler: a = |a| el?

= |a|(cos(f) + j sin(0))
1 e/?| = cos?(0) + sin“(0) = 1
Re{el®) = cos(wt)

Rel{e/ P2 = sin(wt)
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‘Euler Formula

Euler: a = |a| el?

= |a|(cos(f) + j sin(0))
1 e/?| = cos?(0) + sin“(0) = 1
Re{el®) = cos(wt)

Rel{e/ P2 = sin(wt)

% (6! + e/") = cos(wt)
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‘Sinusoidal Response

Input
dv (1) N 1 (0 1 (0
—Y —
dt RC °© RC °

Vi(0)

Example 5: Sinusoidal Input
% Vs(t)
0

t[sec

V() = Vycos(wr) |t>0 dv (1) 1
v (0) = 0 = ” + R—Cvc(t) = o V0 cos(wt)
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‘Sinusoidal Response t

__L ot
[ RC T
General Solution: v.(f) = Ke™ ®¢ + Y J V.(t)ercdr
V.(t) = Vycos(wr) |t> 0
v.(0) =0
Approach:

Set V() =V, |t>0
Solve for v_(7) as usual

Solution for V(¢) = V,ycos(wt) is Re{v.(1)}
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‘Sinusoidal Response t

RC

RC

[
General Solution: V(1) = Ke 7 + J VS(T)ER_TCdT

V.(t) = Vye! |t>0
v.(0) =0

v.(1) = e/ ercdr
c() RC J() 0

e_% t
_y J
RC ),
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‘Sinusoidal Response

General Solution: V, . »
Vc(t) — . - . (6]0) — e Rc)
JoRC + 1 \
= Re V : Transient
Vc(t) — —Oe]a)t
JoRC + 1
N | Vo(jwRC + 1)~ | = | V] (wRC)? + 1)—1/2

0 = 2(joRC + 1)~! = — atan(wRC)
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General Solution: Vo
V(1) = (

. [
e/ — e‘ﬁ)

jwRC + 1 \
=R V : Transient
VC(t) — —Oe]a)t
JoRC + 1
- | Vo(jwRC + 1)~ | = | V] (WRC)? + 1)—1/2

0 = 2(joRC + 1)~! = — atan(wRC)

i v.(1) = N e/ (01+0)

v (WRC)? + 1
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‘Sinusoidal Response

V() = Ve [t>0 — Vc(t) — L@i(wﬂ-@)
v.(0) =0 \V (wRC)? + 1

V()
V.(t) = V,ycos(wt) |t>0 = V(1) = —————cos(wt + 0)
v.(0) = 0 \V (WRC)? + 1

|
wRC=1 = v (I) = TVO cos(wt + 60)
2
Vo
wRC

Low-pass, attenuating high freq!

oRC>1 " =y (1) ~ cos(wt + 6)
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