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Digital integrated circuits



Logic families of digital integrated circuits

Many different logic families of digital integrated circuits have been introduced
commercially. The following are the most popular:

TTL transistor—transistor logic;

ECL emitter-coupled logic;

MOS metal-oxide semiconductor;

CMOS complementary metal-oxide semiconductor.

TTL, 50 yildir kullanimda olan ve standart olarak kabul edilen bir lojik ailesidir.
ECL, yuksek hizli calisma gerektiren sistemlerde bir avantaja sahiptir.

MOS, yuksek bilesenli yogunluga ihtiyac duyan devreler icin uygundur ve CMOS,
dijital kameralar, kisisel medya oynaticilar ve diger tasinabilir tasinabilir aygitlar gibi
dusuk glc tuketimi gerektiren sistemlerde tercih edilir.

Dusuk guc tiketimi VLSI tasarimi icin gereklidir; Bu nedenle, TTL ve ECL kullanimda
dismeye devam ederken CMOS, baskin mantik ailesi haline geldi



Logic Chips

* Integration levels

— SSI (small scale integration)

* Introduced in late 1960s
« 1-10 gates (previous examples)

— MSI (medium scale integration)

* Introduced in late 1960s
« 10-100 gates

— LSI (large scale integration)

* Introduced in early 1970s
e 100-10,000 gates

— VLSI (very large scale integration)

e Introduced In late 1970s
« More than 10,000 gates



Uretim Tekmolojisine Gore Tiimdevrelerin Lojik Kodlar

Uretim Teknolojisi Kodu
Standart TTL 74
Yiiksek Hizli TTL T4H
Diisiik Giic Tiketen TTL T4L
Shottky TTL 745
Driigiik Giic Tiiketen Shottky TTL T4LS
Ilern Shottky TTL T4AS
Diisiik Giic Tiiketen Ileri Shottky TTL T4ALS
CMOS 40
TTL ile Baglanti Uyumlu CMOS 74C
Yiiksek Hizli ve TTL Baglanti Uyumlu CMOS T4HC
Yiiksek Hizli ve TTL Elektriksel Uyumlu CMOS T4HCT




TTL

 TTL timdevrelerin besleme gerilimi
+5 V dur. Bu aileye ait butln
elemanlarin lojik giris seviyeleri
lojik cikis seviyeleri ile aynidir.
Ornegin TTL teknolojisi ile Uretilmis
7404 entegresinde giris gerilimiO
V-0.8 V arasindaysa Lojik 0; 2.0
V-5.0 V arasinda ise Lojik
1seviyesindedir.
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Propagasyon gecikmesi

Bir elemanin girisinde olusan bir isaret degisiminin
cikista gorulmesi icin gecen sureye “propagasyon
gecikmesi” denir. Bir NOT lojik kapisinin girisine
uygulanan 0-1-0 gecisli bir isarete karsilik ¢cikiGinda
olusan 1-0-1 Geklindeki isaret degisimi arasindaki
gecikmeler degerlendirildiginde su sonucla
karsilasihir. Lojik kapinin 1-0 geciGine (15 ns" lik
propagasyon gecikmesi) oranla 0-1 gecisinde (20 ns'
lik propagasyon gecikmesi) daha blyuk bir gecikme
s6z konusudur. TTL elemanlarin giic harcama miktari
10 mW civarindadir. Fakat timdevre icindeki
kapilarin kullanimlari gic tuketimini etkiler.
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7400 Quad 2-input NAND Gates

Vcc 4B 4A 4Y 3B 3A 3Y
14 (13 |12 |11 [10] |9 | 8

D) o

L D

11121349567
1A 1B 1Y 2A 2B 2Y GND




FALS00/03

03

—\ CC
— 13
— 132
11

— 10
— 4

03

— &

Cluad 2-input MARD

F4LS510

ol

—W e
—13
—12
— 11
— 10
— 8

— g

Trigle 3-input HARD

T4L52T

1 — —" C

3 — 12

4 — 11

a— — 10

G — 4
Ghnd— — A

Triple 3-input

MOR

T4L502

F—

Ll

End —

— e
— 13
—12
— 11
— 10
— o

0

— B

uad Z-input NOR

T4L511

ol

—W
—13
—12
— 11
— 10
— H

— g

Triple 3-input AND

T4L532

VG

—4 e
—13
—12
11

F—

D

End—

—10
— 4

— g

Cluad 2-input OR

T4L504/045

—" [T
— 13
— 12
— 11
— 10
— 9

— &

Hex INVERT

41520

ER

1
7 _
cp
4
A —
F—

—W CE
—13
—12
— 11
— 110
— o

— g

Cwal 4-input ™

T4L586

AND

a

va

Cilad 2-inpuat KOR

F4L508M09

05

—
— 13
— 12
11

— 10
— 4

::@@

— &

Ciuad 2-input ARD

f4L521

—We
—13
—12
— 11
— 110
— 8

1 -
7
cp
4
A —
F—

— g

Cual 4-input ARD



Logic Gates: The NAND Gate

e The NAND Gate

2 )o— (A.B)' ’;

 NAND gate is self-sufficient (can build any logic circuit with it).

,L

« Can be used to implement AND/OR/NQOT. \
X X
* Implementing an inverter using NAND gate: _E}
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ndepMiew,of a TTL 74LS family 74LS00 Quad 2-input NAND Gate IC Package



Logic Gates: The NOR Gate

* The NOR Gate
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 NOR gate is also self-sufficient (can build any logic circuit with it).
« Can be used to implement AND/OR/NQOT.

« Implementing an inverter using NOR gate: X—E}x'
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Top View of a TTL 74LS family 74L.S02 Quad 2-input NOR Gate IC Package
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Logic Gates: The XOR Gate

e The XOR Gate
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i E’ CMOS Logic Gates .i




CMOS tumdevre ozellikleri

CMOS tumdevrelerin besleme gerilimi +10 V

d ur. 4 Giris Gerilimi Cikas Gerilimi
CMOS teknolojisi ile Uretilmis entegreslerde oy S I e
giris gerilimi 0 V-3.0 V arasindaysa Lojik 0, 7.0 \

V-10.0 V arasinda ise Lojik 1seviyesindedir. Ta v -
Ayrica glrultd filtreleme konusunda CMOS Belirsiz Bélge Belirsiz Bolge
entegrelerde TTL lerden daha iyidir. 30V %/

Standart CMOS timdevrelerde propagasyon / 7 % h 0osvl |
gecikmesi 25-100 ns arasinda degiGir. Fakat, 0V oV

yeni nesil yiksek hizli CMOS devrelerde (HC

se r|S|) bu gECIkm e 8 ns m ertebe5|n e CMOS timdevrelerin giris ve cikay gerilimlerine iliskin ézellikler

diGmektedir. CMOS elemanlarin giic harcama
miktari 0.01-1 mW mertebesindedir.



CMOS LOGIC GATES

Thus an nMOS transistor passes a strong 0 and a weak 1.

A similar analysis (for pMOS, gate to source voltage has to be < the (negative) threhold voltage V; for transistor to conduct) shows that a pMOS
transistor passes a strong 1 and a weak 0.

This is the basis of CMOS logic gates, where pMOS transistors are used in the “top” n/w connected to Vdd to conduct a strong or good 1, and
nMOS transistors are used in the “bottom” or complementary n/w to conduct a strong 0.

Also, can Combine the two to make a CMOS pass gate, called a transmission gate, which will pass a strong 0 and a strong 1.



Problem w/ Large Switching Networks

 Even though pMOS conducts a good 1, a long series of pMOS transistors for a many-input gate can lead to excessive
resistance R and thus a large output delay RC, where C is the load capacitance driven by the gate.

«Example: Consider an 8-variable NOR function f = (x7+x6+x5+x4+x3+x2+x1+x0)’. Its implementation using a single
n/w is given below; we assume that a pMOS transistor has an on-resistance of Rp. Note that f=x7’x6 ..... x1’x0’

Vag=3V X7 X6 X5 x4 X3 X2 x1 x0
\ B N (T S G
| ] ] ] ] ] ] T
R =8Rp f

Output delay = 8RpC
Corresponding compl. n/w (f’=x7+x6+.. ..+x1+xD—

GND




Problem with Large Switching Networks (contd)

The solution for avoiding such excessive delay is using a number of smaller switching n/ws over “parallel” paths [otherwise, if all the
smaller n/ws are on one sequential path, there will be no or little delay improvement].

Thus we need to break down a large function (function w/ many variables—generally > 6) into smaller ones that can each be
implemented using smaller n/ws. This happens to a large extent when a function is represented as an SOP or POS expression (it is Iready
broken down into ANDs and ORs) but not always (e.g., an AND or OR term may have a large # of vars).

E.g., the 8-i/p NOR function f can be decomposed as (and then impl as below):
— = [(x7+x6+x5+x4) + (x3+x2+x1+x0)]’ = [(x7’'x6'x5'x4’)" + (x3’'x2'x1'x0’)’]" = NOR(NAND(x7’,x6’,x5’,x4"), NAND(x3’,x2’,x1",x0’)).
— Alternatively, f = (x7+..+ x4)" (x3+..+x0)’ = AND(NOR(x7,..,x4), NOR(x3,..x0)) = NOT(NAND(NOR(x7,..,x4), NOR(x3,..x0)))




Vdd:3V

The 8-i/p NOR function f can be decomposed as (and then impl as below):

Problem with Large Switching Networks (contd)

—  f=[(x7+x6+x5+x4) + (x3+x2+x1+x0)]" = [(x7'x6’x5'x4’)" + (x3'x2’x1'x0’)’]" = NOR(NAND(x7’,x6’,x5’,x4"), NAND(x3’,x2’,x1’,x0’)).

L7 A
[ ]
X6’ EZ’
[ ]
x5’ El ’
[ ]
x4’ EO’
[ ]
«“Rp - delay = 4RpC «“Rp >

Longest-delay paths (parallel w/ other paths)

Ay =

RpC

{

«4Rp -~ J

DU
=

]

O

l

GND

Note: Delay of a circuit = delay of its longest-delay path from input [i/p] to output [0/p]

Rp

NANND

NOE.

NAND

P
J
L]

_ Compl
n/w for NOR

<—Rp —»>

delay = 2T?>pC

Total delay = ?

Parallel paths



Problem with Large Switching Networks (contd)

* These small switching networks are called gates
 Thus need to use small to medium-size (<= 4 inputs) gates to implement large logic functions

e Examples of typical gates are AND, OR, NOT, NAND, NOR., EXOR and
XNOR

:> @4\)0 1

5> 5> o>

0 —
—

— .-; strong 1 \\I
vdd \1

S strong 1
0o — | ,/'"". g strong 0

strong 1

A cascade or series of NAND/NOR gates will produce strong 15 as well as strong 05 as well as smaller delay than a large switching n/w for the
corresponding logic expression.



Circuit Delay—Definition & Computation

. Assume R is the on-resistance of a single nMOS or pMOS transistor, and C its i/p or gate capacitance.

. Then the worst-case “top” network resistance R

wp Of @ gate gi is the k*R, where k = max. # of transistors in series in the top n/w of gi. Similarly, for the resistance R, of the
“bottom” or complementary n/w of gi.

. If C, is the capacitive load seen by a gate gi (generally = the sum of gate capacitances C of the transistors of the gate(s) that gi drives), then the delay in gi driving its output from
0 2 1isRy,,* C, and the delay in gi driving its output from 1 2 01is R,,,* C, . In general, we define gate res. R, = max(Ry,, , R,.), and the delay of its output signal as R,* C,

. Example: For the 2 i/p NAND gate in Fig. 1, Riop = R (note that in the worst-case only 1 pMOS transistor is on, so the res. then is R, and *not* R/2), Ry.: = 2R. Thus R, = 2R, and
the gate’s output delay = R,*C = 2R*C, . If the gate is driving a 2-input NAND/NOR/AND/OR gate, then = C= 2C.

The delay of a path = X (output delays of gates on the path). The delay of the path shown in Fig. 2 = [d(g1) + R,(g1)*C,(g2)] + [d(g2) + R,(g2)*C,(g3)] + [d(g3) + R,(g3)*C,(g4)] +
[d(g4) + R,(84)*C,(op)], where C,(op) is the load at the output of the path and d(gi) is the “intrinsic” delay of a gate gi to switch from off to on.

vaa Re(81)*C,(g2) )
\ + Rg(82)*C,(g3) +Ry(g3)*C,(g4)
A— ;3—4; T~ \ \ + Ry(g4)*C,(op)
NAND R gl N A = .
D s ‘*B o e el
_Ifi".————-*"’; ) g4 J,.JO i
B—] S

A circuit path (g1>g2—>g3—->g4~>output)

GIND

Fig. 1: CMOS realization of a 2-i/p NAND gate Fig. 2: A path of a circuit and its delay



Circuit Delay (cont’d)

The delay of a path = X (output delays of gates on the path). The delay of the path shown in Fig. 2 = [d(g1) + R,(g1)*C,(g2)] + [d(g2) + R,(g2)*C,(g3)] + [d(g3) + R,(g3)*C,(g4)] +
[d(g4) + R,(g4)*C,(op)], where C,(op) is the load at the output of the path and d(gi) is the “intrinsic” delay of a gate gi to switch from off to on.

Thus, assumimg that the d(gi) for all 2-i/p gates is the same and = d(g), the path delay = 4*d(g) + 2R*2C + 2R*2C + 2R*2C + 2R* C (op) = 4*d(g) + 12RC + 2R* C (op) = 4*d(g) +
16RC if C,(op) = 2C.

If we ignore the d(gi)’s (which are typically small compared to the RC delays), the rest of the delay is the RC delay, which for this ex. = 16RC = 4*(2R*2C)

The 2C part of the delay expression will remain unchanged (for nand/nor/and/or gates) irrespective if the gate sizes # of i/ps). However the 2R part in each term will change to
kR where k = # of i/ps (for nand/nor/and/or gates)

If the gates in Fig. 2 were all 3-i/p gates, the RC delay expression will be 4*(3R*2C) = 24RC = (3/2)*(16RC) (as the # of i/ps change from 2 to 3, delay increases proportionately
by a factor of 3/2).

Thus the delay is proportional to the sum of the # of each inputs along a path (8 for the path w/ 2-i/p gates and 12 if the gates are 3 i/ps).
Thus a simple delay model we will use is that the delay of a gate w/ k i/ps = k, and add up this simplified gate delay units along a path to get the path’s delay.
The delay of a circuit is the delay in the longest (max-delay) path of the circuit from primary inputs to an output

- Rg(gl)*\CL(gZ) + Rg(82)*Cy(g3) +R (g3)*C,(24)
s = | o
L N S gl / S \
A Do as-am —== A " 1 - R L e J —
P e e
B— 2

A circuit path (g1=>g2—>g3—>g4~>output)

GIND

Fig. 1: CMOS realization of a 2-i/p NAND gate Fig. 2: A path of a circuit and its delay



Determining Circuit Delay

(1 n= I

! i 4ns Assume that the intrinsic delay d(gi) of each gate except
I R xor/xnor = 1.5 ns, that of xor/xnor gates is 3.5 ns, and
I . s & ms each RC delay between a driving gate and driven i/p is
i B f:Lm. & T 2.5 ns. Thus i/p -> o/p sink delay for each gate except
L s ' w ~— xor/xnor = 4 ns, while that for xor/xnor is 6 ns

I } i

1 " o _Q_"- ail Y .

i } B ns ) --H- e

| SR I Y Mlax delay path

! ’ ' by observation:

I _ 10 ns

] “4ns T

1 - T ——,
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: h . 4ns T 18 ns
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1 R . i
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Delays: 2-1'p gates, AND, OR, NAND, NOR: 4ns, XOR, XNOR: Gns

Determining the max. delay of a circuuit:
(1) Path tracing by observation — prone to human ermror in large circuits

(2) Recursive formulation: Delay at ofp of gate g_ 1 — max {delay of all i'ps to g_1}
+ delay of gate gi(intrinsic gate delay) + RC delay at gi’s o/p
Delay of a circuit = max { delay at all ofps}



Hazards Fixing Hazards

The glitch 1s the result of timing differences
in parallel data paths. It 1s associated with the
AB function jumping between groupings or product
Static hazards: Consider this function: C 00 01 11 10 terms G:ﬂ the I‘IZ-map. To fix 1t, cm:er it up with
_ ol ol o111 another grouping or product term!
F=A*C+B*C
A— 1l ol1|1]|o0 AB
CE J_|_\|'“>_F N . c\ 00 01 11 10
! y IID—
N o> of o|o |[1]]1
B - __,.r"
Impl ted with MSI gates: —
A premenee ™ gafs C o ﬂél Dk 101 [1]]o
00 o~ B el
A=B=1 ’{ 0 ) J 'q-}
_ '00 - F ) F=A*C+B*C+A*B
C o R OJCL U
S e 00 o -
;—1 - B - N2
F Glitch
——| |<— Gate delay oy » . .
= In general, it is difficult to avoid hazards — need a robust
design methodology to deal with hazards.
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