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Lecture Summary — Module 1
Switching Algebra and CMOS Logic Gates

Learning Outcome: an ability to analyze and design CMOS logic gates

Learning Objectives:
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convertnumbers from one base (radix) to another: 2, &0, 1

definea binary variable

identify the theorems and postulates of switching algebra

describethe principle of duality

describehow to form a complement function

provethe equivalence of two Boolean expressions usanfept induction

describethe function and utility of basic electronic compats (resistors, capacitors, diodes, MOSFETS)
define the switching threshold of a logic gate and idgrithie voltage ranges typically associated with a
“logic high” and a “logic low”

defineassertion level and describiee difference between a positive logic conventaod a negative logic
convention

describethe operation of basic logic gates (NOT, NAND, NO#&nstructed using N- and P-channel
MOSFETSs and drawheir circuit diagrams

define“fighting” among gate outputs wired together amdctibe its consequence

definelogic gate fan-in and describe the basis forrigetcal limit

identify key information contained in a logic device ddiaet

calculatethe DC noise immunity margin of a logic circuitdadescribe the consequence of an insufficient
margin

describethe consequences of a “non-ideal” voltage appbeal logic gate input

describenow unused (“spare”) CMOS inputs should be terteitha

describethe relationship between logic gate output voltsggang and current sourcing/sinking capability
describethe difference between “DC loads” and “CMOS loads”

calculateVo. and \py of a logic gate based on the “on” resistance efattive device and the amount of
current sourced/sunk by the gate output

calculatelogic gate fan-out and identify a practical lovienit

calculatethe value of current limiting resistor neededddring an LED

describethe deleterious effects associated with loadiggta output beyond its rated specifications
definepropagation delay and list the factors that cbuots to it

definetransition time and list the factors that conttéito it

estimatethe transition time of a CMOS gate output basedhen‘on” resistance of the active device and
the capacitive load

describeways in which load capacitance can be minimized

identify sources of dynamic power dissipation

plot power dissipation of CMOS logic circuits as a fiim of operating frequency

plot power dissipation of CMOS logic circuits as a fiime of power supply voltage

describethe function and utility of decoupling capacitors

definehysteresis and describe the operation of Schriatyer inputs

describethe operation and utility of a transmission gate

definehigh-impedance state and describe the operatiartroftate buffer

define open drain as it applies to a CMOS logic gate augnd calculate the value of pull-up resistor
needed

describehow to create “wired logic” functions using opemid logic gates

calculatethe value of pull-up resistor needed for an opaindogic gate
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Lecture Summary — Module 1-J
Three-State and Open-Drain Outputs

Reference: Digital Design Principles and Practices4™ Ed.), pp. 132-136, 138-141
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e open-drain outputs

Introduction to Digital System Design

© 2013 by D. G. Meyer

o definition: a CMOS output structure that does notinclude a P-channel (pull-up)
transistor is called anopen-drain output

0 an open-drain output is in one of two states: LOW or “open” (i.e., disconnected)
o an underscored diamond (or©.D.”) is used to indicate that an output is open drain

0 an open-drain output requires an external pull-up resistor tgpassivelypull it high in the
“open” state (since the output structure does NOT include a P-channel active pull-up)
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e open-drain outputs, continued...

o application — driving LEDs (O.D. outputs can typically sink more current than
conventional gates)

I =10 mA

R =(Vce - VoL = Viep) / Ieo

o application - “wired” logic (definition : wired logicis performed if the outputs of several
open-drain gates are tied together with a single pliup resistor)

Vex Prentice Hall, In

30 by Pre
T Dighal Design Principles and Practices. 3's
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NAND gates ——— ) gate!

This ONLY works for opén-drain outputs!

o pull-up resistor calculations

* in open-drain applications, two calculations brackéethe allowable values of the
pull-up resistor R:

* LOW - the sum of the current through R plus the LOW state input
currents of the gate inputs drivenmust not exceedhe lo max Of the active
device

 HIGH - the voltage drop across R in the HIGH statemust not reducehe
output voltage below the \{min Of the driven gate inputs

o0 example calculate a suitable value of pull-up resistor taise with the following circuit:

5V
Specifications (hypothetical data):
o Off-state leakage current of O.D. NAND gate output:+3 pA

L . . , e |y and I required by inverter input: £1 pA

2 oD > eV desired for inverter input: 4.9 V

7403 * loL max Of O.D. NAND gate output: +10 mA @ . = 0.3V
5 oD
10 oD

7403 32
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e open-drain outputs, continued...
o pull-up resistor calculation example, continued...
= solution, maximum R Value — based on 4 desired

A Conclusion — A pull-up
v %110 pA resistor ranging from 470Q
R
3 A — 1A (Rmin) to 1010009 (Rmax)
L — | = , will satisfy the specified
L /0D constraints
3 pA
'I: . EO.ED. | V=01V Iz =10 pA
", pA Rax = 0.1/0.00001 = 10,000 Q
L d , —
L 10 C.D.

7403

= solution, minimum R Value — based ond, max Of Onegate

This represents the
“worst case”for I Here, can safely
—why? lz-lo mA ignore leakage and

Vr I,_currents — why?
3uA— | 1pA

L 1 ,— | — ,

[E— 0.D.
L 7403 3]_1A NOTE P|Ck|ng Rmin
L . — | V=47V Iy~ 10 mA vylll m|n|r'n|ze.th'e rise
L 5 0.D. time, while picking

" tomA Riax = 4.7/0.01 =470 Q Rmax Will minimize the

H— BO<D—— power dissipation
H :

= “prove” the “worst case” scenario (R = 470Q)

This represents the 8 —F :
“worst case” for |, Power dissipation of

—why? lzw mA circuitis g2 X Ryq =
Vr 0.012 x 500 ~ 50 mW
3 pA - 1pA

L ! ) e_ e_ 1 2
L — 74030- . DC

3 pA Means that the “on” resistance
L— <~ | ofan 0.D. NAND gate used here
L s is VoL / loLmax = 0-3/0.01 =30 Q
H 5 M The equivalent load impedance
y— 5.1, of circuit (across power supply)

s is 470+30 = 500 Q
Specifications (hypothetical data):

loL max ©f O.D. NAND gate output: +10 mA @ Vo =03V
33
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* open-drain outputs, continued...

o pull-up resistor calculation example, continued...

= “proof”, continued...
i‘;%':ﬂ:;i‘;e;)é and 5V Power dissipation of
R e e

3 pA— 1pA
L ! & b 3
L 2 0.D.
7403
5.15mA
H 1 E‘-—
5 0.D. I
H 7403
515 mA
H e , €&
H 10 0.D.

Next, turn on two O.D. gates

The equivalent load impedance of circuitis 470+15 = 485 Q
(because have two 30 Q “on” resistances in parallel)

Iz is now 5 /485 =0.0103 A= 10.3 mA, which is split between
the two gates that are “on”

= conclusions
Can still safely 5V Power dissipation of
ignoreleakageand ~+ . ... P _
I _currents—why? lz10.4 mA  circuitis Ig? X Ryq =
0.01042 x 480 ~ 52 mW

347mA— | 1pA
H_ L — | — ,
H 2] O.D.
7403
3.47mA
H. o« —
5 O.D.
H 7403
3.47mA
H o | —
H 10 O.D.

7403

Finally, turn on all three O.D. gates

The equivalent load impedance of circuitis 470+10 = 480 Q
(because have three 30 Q2 “on” resistances in parallel)

Iz is now 5/480 =0.0104 A = 10.4 mA, which is splitamong
the three gates that are “on”

= compare power dissipation of circuit using Rin VS. Rnax @s the pull-up resistor

5V
+*

NI

0.167 mA— | 1pA
H d e | &— ]| :
H z 0.D. ‘
7403
0.167 mA
o . B,;_'“ For case where all gates are on:
5 0.D.
H T Req= 10,000 + 10 =10,010
0.167 mA o
H g , €— (recall “on” resistance of each gate
g— 5. is 30 Q)

lr~5/10,010 = 0.5 mA (note - split
among three gate outputs) 3

Pdissipation = IR2 X Req ~ 2.5 mW
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* open-drain outputs, continued...
o pull-up resistor calculation example, continued...
= power dissipation comparison, continued...

5V

.
e R (100000)

3uA— | 1pA

L ; 03 . — 1 2
C.D.

L 7403 |

3 nA
L : | —
L 5 5.  Forcase where all gates are off:

7403
. 3pA Ve=0.1V Ig=10 pA

e 07% 0 P IRZXR=1pW
L Y dlssmatlon R X n

= compare rise time estimates of circuit using Rn VS. Rnax as the pull-up resistor
5V

;s Here, need to know the
5 o.D. capacitive load (C,); for
the sake of analysis,

5 assume it is 100 pF

o 0.D.
7403

Comparison:

For Ry, rise time estimate is 470 x 100 x 1012 =47 ns

For R, rise time estimate is 10,000 x 100 x 10-12= 1000 ns
Conclusion: rise time for R, case is considerably longer

0 example estimate the “on” resistance of an O.D. gate angull-up resistor value based
on rise/fall times

sv =

oV

5V

Vout \ ot =
Yo \ -
Vi
™ 7
ov N ¥
—] |— 10ns
risetime = 100 ns = R, X 100 pF — R, .yp = 1000 Q 35

falltime=10ns =R, x 100 pF - R,, = 100Q2





