Logic Voltage Level Definitions

V| — The nominal voltage corresponding to a low-logic
state at the output of a logic gate for v, = V4
V — The nominal voltage corresponding to a high-logic
state at the output of a logic gate for v. =V,
V. — The maximum input voltage that will be recognized
as a low input logic level
Vg — The minimum input voltage that will be recognized
as a high input logic level
Vo — The output voltage corresponding to an input
voltage of V|
Vo — The output voltage corresponding to an input
voltage of V4
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Logic Voltage Level Definitions (cont.)
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Note that for the voltage transfer characteristic (VTC) of the nonideal inverter, there
is now an undefined logic state.
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Noise Margins

* Noise margins represent “safety margins’ that
prevent the circuit from producing erroneous
outputs 1n the presence of noisy mputs

* Noise margins are defined for low and high mput
levels using the following equations: one’s output
1s the input of next stage

NM; =V = Vo,

NMy =Voy— Vi
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Noise Margins (cont.)
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* Graphical representation of

A
where noise margins are
I
defined
b
A
Undefined
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Logic Gate Design Goals

An 1deal logic gate 1s highly nonlinear and attempts to
quantize the input signal to two discrete states. In an actual
gate, the designer should attempt to minimize the
undefined input region while maximizing noise margins

The input should produce a well-defined output, and
changes at the output should have no effect on the input

Voltage levels at the output of one gate should be
compatible with the input levels of a following gate

The gate should have sufficient fan-out and fan-in
capabilities

The gate should consume minimal power (and area for ICs)
and still operate under the design specifications
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Dynamic Response of Logic Gates

* An important figure of merit to describe logic gates 1s
the response 1n the time domain

* The rise and fall times, t. and t, are measured at the
10% and 90% points on the transitions between the
two states as shown by the following expressions:

Vi = VL +0.1AV
Vg, =V + 0.9AV = V,, — 0.1AV

where AV is the logic swing given by AV =V, -V,
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Propagation Delay

* Propagation delay describes the amount of time between a
the input reaching the 50% point and the output reaching
the 50% point. The 50% point 1s described by the

following:
V,+V,

50% 7

* The high-to-low propagation delay, 1y, , and the low-to-
high propagation delay, tp; 4, are usually not equal, but can
be combined as an average value:

z-PHL + TPLH

2

Tp =
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YnoAloyiouog delay aAdaync otdOunc

e Ilowd etvon n aAdayn Tov poptiov mokvoty C
otav aAAACeL N Tdon kKoata AV ?

AQ = C*(AV)
Eneion dQ(t)/dt= I(t)
TOTE 0 YPOVOC At TOL amoTELTOL Y10, TNV AAANYT] TOV
(QOPTIOV E1VAL KOTO TPOGEYYION

AQ(t)/At = péco peopa = 1
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Dynamic Response of Logic Gates
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Power Delay Product

e The power-delay product (PDP) 1s used as a
metric to describe the amount of energy (Joules)
required to perform a basic logic operation and 1s
given by the following equation where P 1s the
average power dissipated by the logic gate:

PDP = P*t,
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Review of Boolean Algebra (11/7)

Alzl [ATBz][alB [Z|[a B [Z][A [B [Z
o ltl oo lollo o lollo]o]1]lo o |1
tlol fo 1t Tillo ]t Tollo 11 Tollo [1 |1
NOT 1 (O (11 (O {O](fI |O (Of]1 |O |1
Truth Table 17 = T T T Tol {11 To
/=A

OR AND NOR NAND

Truth Table Truth Table  Truth Table  Truth Table
Z=A+B Z=AB Z=A+B Z=AB
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Logic Gate Symbols and Boolean
Expressions

AND

NOR

(a)

AO Z=AB
NAND
B O
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NMOS Logic Design

 MOS transistors (both PMOS and NMOS) can be
combined with resistive loads to create single
channel logic gates

* The circuit designer 1s limited to altering circuit
topology and the width-to-length (W/L) ratio since
the other factors are dependent upon processing
parameters

Microelectronic Circuit Design, 4E Chap 6 - 13
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NMOS Inverter with a Resistive Load

 The resistor R 1s used

to “pull” the output
Vo=Vy=25V hlgh

o * Mg 1s the switching
=YV transistor used to
- u utput low
v B8R “pull” the output lo
b e The size of R and the
S W/L ratio of M., are
vo=V, . S
oAy the design factors that
o, ypp Vps=020V need to be chosen
U= Vpg=2 1 _
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NMOS Model Summary

For all regions,

K, = K,’,% K' = u,C" ig=0  iz=0 (4.24)
Cutoff region:
ip=>~0 forvgs < Vrw (4.25)
Triode region:
b = (UGS e g) o  ToPwes = Vo = gas =0 (4.26)
Saturation region:
ip= T"(vcs — Vrn)*(1 + Avps) for vps = (vgs — Vrn) = 0 4.27)
Threshold voltage:
Ven = Vro + v (\/vsp + 2¢r — \/E) (4.28)
Microelectronic Circuit Design, 4E Chap 4-15

McGraw-Hill



PMOS Model Summary

For all regions,

K, = K;}% K, =u,Cg, ic =0 ip =10 (4.29)
Cutoff region:
ip =0 for Vg = Vip (4.30)
Triode region:
ip =K, (UGS — Vip — UZE)UDS for 0 < |vps| < |vgs — Virl (4.31)
Saturation region:
: K, > .
Ip = T(UGS — Vrp)“(1 + Alvps|) for [vps| = |vgs — Vrp| = 0 (4.32)
Threshold voltage:
Vir = Vro — v (V/vss + 2¢r — /26F ) (4.33)

For the enhancement-mode PMOS transistor, Vyp < 0. Depletion-mode PMOS devices can also be
fabricated; Vp = 0 for these devices.
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[Load Line Visualization

The operation of the

e - F—1 NMOS output (ip, Vps)
2.5V ' characteristics.
2V
100 P 1.5 V]
; Load line equation:
D UGs
" 1.25 V| — —7
2} e _— Vs o —IpR
\ 1V
04 %75 \%
OV 05V1IOV1I5SV20V25V30V
Ups
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NMOS with Resistive Load
Design Example

* Design a NMOS resistive load inverter for
~ Vpp =33V
— P=0.1 mW when V, =0.2V
~ K, =60 pA/V?
— V=075V

 Find the value of the load resistor R and the W/L
ratio of the switching transistor Mg

Microelectronic Circuit Design, 4E Chap 6 - 18
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Example continued

 First the value of the current through the resistor
(for vy = V) must be determined by using the

following: P
I,, = =— =30.3
v, 33V wa

e The value of the resistor can now be found by the
following which assumes that the transistor 1s on
and the output 1s low:

Vip =V, _ 33V =02V
I, 30.3 4

Microelectronic Circuit Design, 4E Chap 6 - 19
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Example Continued

Forvi=V4;=33V,and vy =V, =0.2V, the
transistor’s drain-source voltage V¢ will be less than
Vs -Vin. Therefore 1t will be operating 1n the triode

region. Using the triode region equation for the
MOSFET, the W/L ratio can be found:

AW V
ID — Kn(LJS(VH - VTN - 7LJVL

30.3u4 = (60x10™) (%j (3.3 ~0.75— ()2;2)0.2
S

(Zj 103 1
L), 1 1
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On-Resistance of the Switching

Device, Mg
Vo * The NMOS resistive load
inverter can be thought of
R as a resistive divider
v, when the output is low,
I described by the
V= Vy---» | following expression:

R R
vV, =V on
EL © "R +R
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On-Resistance of Mg (cont.)

When the NMOS resistive load inverter’s output 1s
low, the On-Resistance R of the NMOS can be
calculated with the following expression:

R _VLS_ I

on j R (W v
? K, (thvc;s Vi — Ssj

Note that R should be kept small compared to R to
ensure that V| remains low, and also that its value 1s
nonlinear, since it has a dependence on vq
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Calculation of V; and V4

Owr analysis begins with the expression for the load line, repeated here from Eq. (6.8):
vo = Vpp —ipR (6.14)

Referring to Fig. 6.15 with v; = V.. vgs 1s small and vps 1s large, so we expect the MOSFET to be
operating in saturation, with drain current given by

ip = (Ko/20vgs — Viy)® where K, = K_(W/L)and vg5 = v,

Substituting this expression for i p in load-line Eq. (6.14),

K )
vg = Fpp — ?ﬂft',r — VFrn) R (6.13)
and taking the derivative of v, with respect to v; results in
E]rl:'ﬂ .
—dll = —Kﬂ[llf — [’]".'.,-'}R {ﬁlﬁ'}
I
Setting this denivative equal to —1 for v; = ¥ yields
1 I
Vie =Vey +—— with Vouw = Vop — —— 6.17
I ™TER OH DD T 3E R (6.17)
Microelectronic Circuit Design, 4E Chap 6 - 23
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Calculation of V;;; and V5

For v; = Vg, vgs 1s large and vps 1s small, so we now expect the MOSFET to be operating in
the triode region with drain current given by ip = Kylves — Fry — (vps/2)]vps. Substituting this
expression for ip into Eq. (6.14) and realizing that vy = vps vields

; v v i 1 Vir
vo = Vpp — K, R(UI_I]"'&-’_%) Vo or Tﬂ—vr} [l-‘r— Viw + KHR] + KJ:;:? =0
(6.18)
Solving for vy and then setting dvg /dvy = —1 for vy = Vi vields
1 [ Vop I'Ir"r Voo
Vie = Vrn rith VoL = (6.19
IH T R \'llKR Wl oL \ KR )
Combining the results from Egs. (6.17) and (6.19) yields expressions for the noise margins:
1 [ Voo | |'I A
NMy = Fpp — Fra — 1.63 - d NM, =V —_—— (6.20
H DD ™~ + KR \.'ll KR an L TN + 15 KR )
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LLoad Resistor Problems

) * For completely
i integrated circuits, R

P .
must be implemented on
L chip using the shown
o structure

-
74

» Using the given

poPL equation, it can be seen
tw that resistors take up a
L Rt (95kQ)1x10%em) 9s00 large area of silicon as
w5 0001Q-cm 1 inanexample 95kO
resistor
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Using Transistors in Place of a Resistor

VDD ¥ .
'_T j o ﬂ Vo NMOS load with
—] M, A . a) ggfﬁ é::nnected to the
Vgs=0 — Ugs<0
Yo i }O Yo }Q Yo b) gate connected to
v,o—il M v,o————|| M U/O—|I Mg ground
L:|_ ":|_ L]_ c) gate connected to
= " = ( - Vb
- ) ¥ d) gate biased to linear
Vo Voo Vo, region
'_T ,._T e) a depletion-mode
Veso—1 M, —[ m — M NMOSFET
:}_Q vo - = :}—o vo f) gate grounded PMOS
load
Uy o—l I S oy o—| 1 g Ur O—I I Mg
LJ_M " L:|_ Note that a) and b) are
= = = not useful. (M
) © (f) always off.)
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Static Design of the NMOS Saturated
Load Inverter

ov Vo 1%
[ DD
+ - UDS = 230 \Y O Y i I O
Vg — ‘
Vs =230V - S D 8| b B
" —
— Vg = VL =020V n+ Mg n+ n+ M, n+

+
Uy O—I I M p-type substrate

|_:|_ vps=020V

Schematic for a NMOS
saturated load inverter

JJ Vp=0V

Cross-section for a NMOS
saturated load inverter
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Datvouevo cOUATOC

To @awvopevo couatoc (body effect) etvar n artio wov aAlalel tnv tdon
KatoeAiov evog MOSFET Otav n tdon Vg, yiveron peyoidtepn amod 1o

unosv (0).
Vo = Vg T }’(J‘T"rsa + 2y _M)

Y €lvo 1 TAPAUETPOG TOL PoarvouEvov cmuatog (body effect
parameter). Tvmun Tiun ™ TapaéTpov y ivor 0.5 .

elvan 1o empavelako ovvouko (surface potential). Tvmikn Tiun e
mopapETpov givor 0.6V
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NMOS Saturated Load Inverter
Design Strategy

Given Vpp, V;, and the power level, find I, from V5 and
power

Assume M off, and find high output voltage level V4

Use the value of V; for the gate voltage of Mg and
calculate (W/L)q of the switching transistor based on the
design values of I, and V|

Find (W/L), (load transistor) based on I, and V{

Check the operating region assumptions of Mg and M; for
Vo= Vi

Verify design with a SPICE simulations

Microelectronic Circuit Design, 4E Chap 6 - 29
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NMOS Saturated Load Inverter
Design Example

* Design an saturated load inverter given the
following specifications:

V., =3.3V K, =50ud/V?
V, =02V V.o =075V

24, =0.6V

Microelectronic Circuit Design, 4E Chap 6 - 30
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NMOS Saturated Load Inverter
Design Example

* First find V4

Vie =Vop =V =Vop _{VTO_'_?/(\/VH + 20 _\/E)J

Vy =33-10.75+0.5(7,; +0.6 —/0.6 )

V, =211V, 401

(The output cannot exceed the positive power supply voltage.)

Microelectronic Circuit Design, 4E Chap 6 - 31
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NMOS Saturated Load Inverter
Design Example (11/14)

/4 V
Ips=K,| — | |Vy —Vin—-2V,
DS n(LjS(H TN 2)L

* Forv,=V, Mqis

s\ W 0.2 . :
60uA = (SOX 10 6>[f} (2.1 1-0.75 —7j0.2 on (ln the triode
N e > region), and M, is
(_j A 1n saturation.
L)y 1
w 2 X .
Ip, =K, A Ves. —Viwe) e Find the W/L ratios
- of the two
Vong = 0.75+0.5(J0.2 +0.6 — \/0.6): 0.81V transistors
60414 = (50x1076) (%} (33-0.2-0.81)
L
wy _ L
L), 219
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IIeployec Aettovpyiog avaoTPOPEQ LUE

saturated load

Vpp =5V
V=1V
' _ 2
' C K = u Cp=25uA/V
&
ITeproyn M M, XovOnkn
%0 I 2 3 4 A OFF | SAT Vi<V,=1V
Vi
B SAT SAT Vi>V,=1V& Vo> Vi-V,
C LIN SAT Vo<Vi-V,




Saturated load Inverter- meproyn B

21 meployn avtn Exovpe kat ta. 000 MOSFETS ¢ katdaotaocn SAT To
PO TOV PEEL OTTO TO TPOPOOOTIKO VO TEPVA GE GELPA Kl 0ItO TOL OVO
MOSFETS, cuvenmg

Ip=1Ip =1ps —>

K, (VGS —V )2 =K, (VGS —7; )

: —>

2
hY
2

(Voo —Vo—V3) =K (Vi-V;) —

Vo =V, —Vi- Ky + V7 -(JKg 1)
Awamotovovpue pio TtpmtoPfdda oxéon puetald Vi ko Vo. H ypapun g
oLVAPTNONG ALTNG Kveital oty meployn B, elvan evbeia (umie ypopa) pe

KAMo™M mov 1600TOL KOT™ AOALTH TIUN LE TNV TETPAYWVIKT pila Tov K.

Apxfi Ypoung meproxig B: (Vi, Vo)=(1V, 4V)
Térog ypoapung meproyns B (Vo=Vi-V;), Kp=10: (Vi, Vo)=(1.961V, 0.961V)
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Saturated load Inverter- mepioyn C

Mg =LIN, M,=SAT

Iy=1Ip =1y —

2

Ko (2(Ves =V )Wps =V

D5

=K, (Vs —1,) >

2

Ko (2(Vi-V ) Wo-Vo? ) =(Vyy —Vo-Vy )

o(Ke (2(vi- ~10*))  &((Vop—Vo-T7))
aVz ovi
Vo Vo oVo
2K, | Vo+ (Vi-V, ) ==V 2(Vyp—Vo-V,

R[ o+ (Vi )@VI OCVIJ ( pp — VO~ )GVI
cVo —K_ Vo 5
AC— — | ke , :
Vi~ Ky(Vi-Vy)+(Vop —Vy)—Vo(Kp+1)| OGS THONS CVEOTPORER

Microelectronic Circuit Design, 4E
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Saturated load Inverter- mepioyn C

oVo

—K Vo

Vo=

- E
ovi Ko (Vi-Ve)+(Vop — Vi )—Vo(Ky +1)
Ke(Vi-Ve)+(Vop —Vy) 10-7i—6

2K, +1

21

Avtikabieotovpe ™ Vo otny e€icmon pevudtov
Kal Aovovpe g mpog Vi : Vi=V,,=2.109V

NM, =V, -V, =1V —0.245V =0.755V

NM,, =V, —V,, =4V —2.109V =1.891F

Vou 4.000V
Vi 1.000V
Vi 1.721V
Vi 2.109V
Vo 0.245V
NM, 0.755V
NMp 1.891V

Microelectronic Circuit Design, 4E
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Avdivon Saturated load Inverter

Noa gvpebBovv ta VH, VL yia saturated load inverter

Atvovtow: Vyy = 2.5V, (W/L), =10/1, (W/L), = 2/1, Kn’= 100 uA/V?, V5, =
0.60V,y=0.5\V, 20, = 0.6V

1. Ebpeon Vg

Vg =2.5— [0.60 +0.5(y/Vy + 0.6 — v06)] Vi—4824V,+5082=0  forwhich  Vy =33F¥orl55V

2. Evpeon V.

10 4 K' 72 .
For Ips = Ipr, we have K| (T) (L'rn:':.‘i.‘i — Vrws — %) Vi = Tﬁ (T) (23— Vy — Fryr)”

where

Vene = 0.60 4+ 0.5(y/ ¥V, + 0.6 — +v0.6)

IIpocéyyion: Ayvom 1o body effect

Microelectronic Circuit Design, 4E Chap 6 - 37
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Inverter pue poptio Depletion MOSFET

VDD

il

['io to MOSFET M mov mailet Tov poro tov owakontn (Switch) yvopiloope Ot
Otav n VGS<VTE, onhadn otav Vi<VTE t6te 10 MS givon OFF.
Otov n VTE <VGS<VDSHVTE, onhoon otav VIE <Vi<Vo+VTE tote 10 MS €ival SAT.
Otavn VTE <VGS>VDS+VTE, onhoon otav VIE <Vi>Vo+VTE tote 10 MS €ival LIN.




IIeproyEc Asttovpyloc avacTpoPEn
ue eoptio Depletion MOSFET

Vpp =5V
B V=1V

K,.= 1,C=251A/V?

05 | > 3 4 ’ eproyn Mg M, XovOnkn
Vi
A OFF LIN Vi<V =1V
B SAT LIN Vi> V=1V xaa Vo>V, +V =2V
C SAT SAT VpptVep=2V>Vo>Vi-V,,

D LIN SAT Vot Vip=2V<Vo<Vi-V,




Depletion load Inverter - mepioyn B

VDD =5V
Vie= 1V Vo _ (V} - VTE )
. =~ e R
Vip= -3V ovVi (Vpp —Vo+V,,)
K’ = unCox=25pA/V?
ovo . (Vi—Vy) .
p— =—1—
- R
Vi (V,p —Vo+V,,)
7 17 7
viep. V., ~Vo+V,,
"&R
I/
Vi = L =V, =1.1941V

TE \/K e

Microelectronic Circuit Design, 4E

McGraw-Hill

Chap 6 - 40



Depletion load Inverter - weproyn D

s (2(1763 Vi )V s _VDS):KL (VGS Vg )2 —
(27 =V )Vo—-V0 ) = (V)

oVi aVi Vo —Vo
2K Vo+8VO(Vi—V ~Vo) |=0 oVvi :(Vf—V )—Vo
N ovi~ - ” - IE
. + |
Vi=Vy —Vyp |—— =V, =1.894V
3K

R

Microelectronic Circuit Design, 4E
McGraw-Hill
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Design of Depletion load Inverter

Known Information and Given Data: Circuit topology inFig. 6.23; ¥V, = 3.3V, P=0.20mW,
Ve =020V, K, =100 RAIVE, Fros =060V, Fror =—1V,y =05V, and 29, = 0.6V

for both transistor types

Unknowns: Power supply current Ipp, W /L ratios of the load and switching transistors Mg

and M;

Approach: Find V. Use Fy, Inp, and the specified value of V. to find ( W/ L)s. Calculate Fry;.
Use I'np, V. and the voltages in the circuit to find (W/L), .

Vive = =1 +0.5(v/33 406 —+0.6) = -040V ¢

Microelectronic Circuit Design, 4E Chap 6 - 42
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Design of Depletion load Inverter

W 0.20 W 1.17
606 pA=100pA | — | (33-06—-— 020 [— | = —
= i00a (), (33-06-) o2~ (7) =5

In order to design the load transistor, we calculate its threshold voltage with v, =V, =020V,
and then use Vyyp to find W/ L (note that Vs = V;, = 0.20 V):

Veve = —1 +0.5(~/0.20 + 0.6 — v0.6) = —0.940 V

100 pA /W : W 1.37
60.6 pA = Z ) (—004? - (1) = 22

i

Microelectronic Circuit Design, 4E Chap 6 - 43
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Pseudo NMOS Inverter (pe poptio PMOS)

i

Vo

“fo

Mg (QN): off ywa V<V, Sat yia V. > V-V
ML (QP): Lin ywa V >-Vpp, Sat yio V, <- Vpp
(Satyw [Vpg>Vas Vip| 2 | Vo -Viopl>1- Vop- Vipl)

Microelectronic Circuit Design, 4E Chap 6 - 44
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Pseudo NMOS Inverter (pe poptio PMOS)

()
de Pesiond +I-¢— Begion II —--—I
¥, st B —5lope = —1| . .
= = Table 14.1 Regions of Operation of the Pseudo-NMOS Inverter
I I
| | |
I I I Region Segment of VTC Oy O: Condition
I I I I AB Cutoff Triode U<V,
Mi I I | II BC Saturation Triode Vg2t —F,
L || m o Triode Triode V,<v,<v,-V,
I I I v DE Triode Saturation Vo=V,
| | |
I I I Slope = +1 o = <
3 | | | lope = +1 (2 =) PseudoCmos VTC
N a 5
. | A
I I
oA 1 B
o o 1 1P g
L e ~ 5
I I I | =23
| | G
I I C | =———Fegion IV | ~,
I I Lo L | g, C
I
e | 72
| | | ) I OfiLin | SatjLin Lin|Lin Vo=\y
ol _____I__ " —— 'Slope = ~1-————=== E 1 CffiSat @‘}
| | L, . - il F S e
. L i, i' 3 ; 8 _i_ = U F) \.,-@&P q
A 0
- ! 0 1 2 3 4 5
Vi (Volts)
Flgure 14.3 VT for the pseudo-NMOS inverter. This curve is plotted for Vpp=5V, Vy=-Vp=1V.and r=19.
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Xoapaktnplotikn) Pseudo NMOS Inverter (1)

Vpp=5V. Vp=-Vi=1V. 1t,Cox=50 pA/V>, 1,Cox=30 pA/V*

Ieproym C

Op1a teproyov C,, C, = onpeio Topng ovo gubeunv

Vo=V, xan Vo=Vi-V; —
Vi=1V;

Ipp =Ipy —

[VD.D_VT} :KR (V]‘I_VI)E —

k=2 )
(Vi-V,)

KU1 GE GUVODUGLO LLE TNV TPOTYOVEVT] TEPIMTMOOT)

(Voo =V |
Ky=| 2T TJ ~16
\ "
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Xopaktnplotikn) Pseudo NMOS Inverter (1I)

Ieproym C;

Otav o Kg>16 10T 1) yopoknpIoTIKT HETAQOPAS Tepvd amd Ty weproyn Cr:
Ipp =Ipy —

(Voo —V2 ) =Ky (Vi-V;) —

pi=y,+ 22 r

JKx
Ieproym C,

Otav to Kp<16 101 1] YUPAKTNPICTIKY] HETAQOPAS TEPVE amd v mepoyr] C2 dmov kot Ta dvo
MOSFETs Ppickovtal oTr YpOpLpiKY] TEPLOYT ASITOVPYINS KUl GUVETHS:

Inp=1py —

2(Vop V3 ) (Vop —Vo) —(Vop —Vo) =K (2(Vi—V;)Vo Vo)
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Pseudo NMOS Inverter (Design)

Y moroyiopog tov (W/L),
For the PMOS device in Fig. 6.24, we see that V;; = —F,p. and the transistor will be in the
conducting state. Since Fps = 0.2 —25 = -23Vand Vgs — Vrp = =25 - (-0.6) = -19V,

the transistor will be saturated (|Vps| = |Fgs — Vrr|—see Section 4.2). We need to find the value
of W/L that sets the PMOS drain current to 80 pA:

K, (W I A W A
in = T,r (f) (Vs — Vrp)? or 80 pA = E (4[’%) (I) [-2.5 — (-0.6)]°F-
P P

e

W 1.11
which gives (—) = —
L /. 1

Ymnohoyioudg tov (W/L)g

drain current in the triode region of the device is used because vgs — Vry = 2.5V —06V=109 V,
and vps = Vi, = 0.20V, yielding vps < vgs — Fru.
. W
in=K, T (vgs — Vrw — 0.5vps) vps (6.10)
5

or

5 ' W
8x 107 A= (ID{I b ID“"’%) (%) (25V-06V-010V)(0.20V)
5

Solving Eq. (6.10) for (W /L) gives (W /L) = 2.22/1.

Microelectronic Circuit Design, 4E Chap 6 - 48
McGraw-Hill



Pseudo NMOS Inverter (Analysis)

Known Information and Given Data: Circuit topology in Fig. 6.26; Fpp =23V, (W/L)y =
10/1, (W/L)p =2/1, K] = 100 pAN?, Vry =060V, F.'::, = 40 pA/VE, and Vyp = —0.60 V.

10N oy, K 2y o
K, (T) (Pf:s.»' — Vrn — TJI) Vi = Tp (T) (Vasp — Vrp)*

pA 710V / Y.\ . 4DpA 2 .
100 Y (25-06— L) = B2 (2) (—25 - (—0.6))?
A (19) (2506 L) v = 284 (2) (25— ey

12.5 If’f — 475V, +361=0 for which Fro =00776 V, 372V,

‘EAeyyoc Aettovpylog transistor (Qy Lin, Qp Sat ?)
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Noise Margin yio Pseudo NMOS (1)

I Vy; - M¢=Sat, M, = Lin

K - ) ) v — Fnp )
TS[w —Frv)y =K (—i'm} — Frp — %) (va — Vpp)
with )

i | — - - - i Ks
vy = Fry + VEr Vv [2(Fpp + Frp) — (Vpp —vo)l(Fpp —vo) where Kg= K
. . (Fop + Frp) . ) . . | Kg
Vib=Viyn+ ———= and Fog=Vpp— (Fop+¥rp) |1 -4/ =
VvV EE+ Kg '\.F..e+]
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Noise Margin yio Pseudo NMOS (II)

Lo Vi : Mg=Lin, M;= Sat

g

i

. . Vg Krp. .. . 3
Ks (“f — Vv — 7) vo = —~(—Vop — Vrp)?

. va  (Fpp+ Vrp)’ ( 1 . Ks

v = Fry + =+ — | where Kg=—

| TN 2K & v T KL

duvp 1 1 (Vpp + Frp)’
dug 2 2K 113}
DI /- , : 20Vpp + Vrp) .
Vor = Voo + Frws Vig = Vry + = Vv +2Vor
: JIKk g V3Kx
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NMOS Inverter Summary

Resistive load inverter takes up too much area for and IC
design.

The saturated load configuration is the simplest design, but
V never reaches V5, and it has a slow switching speed.

The linear load inverter fixes the speed and logic level
1ssues, but it requires an additional power supply for the
load gate.

The depletion-mode NMOS load requires the most
processing steps, but needs small area to achieve the high
speed, Vi = Vpp, and best combination of noise margins.

The Pseudo NMOS inverter offers the best speed with the
lowest area.
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Typical Inverter Characteristics

Inverter w/ | Saturated | Linear Inverter w/ | Pseudo-
Resistor Load Load Depletion- | NMOS
Load Inverter Inverter Mode Load | Inverter
Vy, (V) [2.50 1.55 2.50 2.50 2.50
V. (V) 0.20 0.20 0.20 0.20 0.20
Ny (V) 10.25 0.25 0.12 0.43 0.46
Ny (V) 10.96 0.33 0.96 0.90 0.75
Relative 2880 6.39 7.94 4.03 3.33
Area
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Reference Inverter Designs for Later

Sections
25V 25V 2 5 A"
M, L 1
288kQ =280 —] o8

1 ved "—i
Vo :}—O Vo 3 :}—@ Vo
UIO_| M 2.22 ) :

R R

(a) )

(c
: ¥2.5V
1.81
My 24 ,.T 111
1

A

1
U()- ) :}—Q Uo
Uy O— . 2_12.2 I

| M.S U[O_ %

(d) (e)
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NOR Gates

1.81
1

19
W

L TTLS

Lo I
M;

JOL

— M, — M,
A O—I O—I |
b 2:22 Ron
1 1
Two-input NOR gate Simplified switch model for
the NOR gate with M, on
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NAND Gates

25V 2.5V
o 0O
M, M Two-input NAND gate
In In (left)
= vy = v=V,
® o ® o
Y Y
B o—] M,
::| Simplified switch model
Ao—]1 M, for the NOR gate with A
| and B on (right)
(a) (b)
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NAND Gate Device Size Selection

The NAND switching transistors can be sized based on the
depletion-mode load inverter

To keep the low voltage level comparable with the inverter,
the desired R, of M, and My must be 0.5R, of Mg 1 crier

This can be accomplished by approximately doubling
(W/L), and (W/L)g

The sizes can also be chosen by using the design value of
V, and using the following equation:

i =K, (fj (VGS —Viy — O-SVDS)VDS = Kn(fj (VGS — VTN)“’DS
S

S
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NAND Gate Device Size Selection
(cont.)

 Two sources of error that arise are the facts that
the V¢g’s and V;¢’s of the two transistors are not
equal. These factors should be considered for
proper gate design

e The technique used to calculate the size of the load
transistor for the NAND gate 1s exactly the same
as for the depletion-load inverter
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Layout of the NMOS Depletion-Mode
NOR and NAND Gates

N et

SSNRAN

A,

>I<\§\\\\\ 1
@W E Pol:snllcon gate : = \\\\

A V &) B 4 Z
N N 77
AN .; av
n* Contact Metal N
Ground
(a) Two-input NOR (b) Two-input NAND
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6.9 Complex NMOS Logic Design

An advantage of NMOS technology is that it 1s simple to design

complex logic functions based on the NOR and NAND gates
25VO0

ML

4|<_

L The circuit in the

1.81
1

. oY figure has the logic
i . . function:
W 4.44
B | M, ——
L Y=A+BC+BD

o
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ELECTRONICS IN ACTION

Silicon Art

Successful integrated circuit designers are typically a very creative group of people. In the
course of a large chip design project, engineers generate numerous innovations. The process
involves many long hours leading up to the release of the chip layout data to manufacturing.

A small herd of buffalo added to a Hewlett-Packard A train found on an analog shift
64-bit combinatorial divider created by HP register from a LeCroy MVV200
engineer Dick Vlach. integrated circuit.

A roadrunner drawn in aluminum on silicon by A compass placed on a prototype

Dan Zuras of Hewlett-Packard. optical navigation chip by Hewlett-
Packard Labs designer Travis Blalock.
: 1p 6 - 61
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As the end of the design process nears, exhausted designers often want to add a more personal
imprint on their work. Traditionally this has taken the form of using patterns in the metal layers
of the chip layout to create graphical images relating to the chip’s internal code name.

Sadly, most modern IC foundries are now forbidding designers to express themselves
in this way over concerns about design rule violations and potential processing problems.
Designers tell us that this has forced them to become covert with their doodles and they are
sometimes embedding the graphics directly into functional design structures.
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Complex Logic Gate Transistor Sizing

There are two ways to find the W/L ratios of the
switching transistors

1) Use the worst-case path (most devices in series) and
choose the W/L ratios to achieve the value of R
equivalent to that of the inverter

2) Partitioning the circuit into a series sub-networks, and
make the equivalent on-resistances equal

Microelectronic Circuit Design, 4E Chap 6 - 63
McGraw-Hill



Complex Logic Gate Transistor Sizing

25V
OM . The figure on the left
=2V — shows the worst case
I: M, LBl - AL technique to find the
| | ) sizes where
- I ox (W/L)s=2.06 1s the
1 oy a reference inverter ratio
co—i w888 for this technology and
e the longest path 1s 3
Ao—1 M, 444 444 transistors are in series
Aol m, 333 na T
Lo 4 po—|i 838 :
— DT The figure on the right
po—]i M, &£6 L’I S
Lo 1 ¢ shows the partitioning
,_T = technique to find the
B O_I' M. A4 444 . . .
ol M, 66 L. M8 73 i sizes which gives two
lt]_ ' 4.12/1 ratios in series
= £ which is 2(2.06/1)
(@) (b)
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Static Power Dissipation

 Static Power Dissipation 1s the average power
dissipation of the logic gate for the high and low logic
states:
P — VDD] DDH + VDD] DDL
av >

Ippy = current in the circuit for vy = Vi

Ippp = current in the circuit for vy = V.

* Since Ipy =0 A for vy = Vy: p - Vool poi
ay 2
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Dynamic Power Dissipation

Dynamic Power Dissipation is the power dissipated during the process of
charging and discharging the load capacitance connected to the logic gate

R, .
Switch closes at =0 o Switch closes at = 0
i(t) Nonlinear 4 i(t') 4 +
resistor R
Vop cC —— v 2 l§| C —— v(r)
v,(0) =0
() Voo ®)
Ry
0 IS 1Y 'D-;:_(t‘) Vel€)
j— =
-G DC (éj Ce
Charging Discharging
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McGraw-Hill

Chap 6 - 66



Dynamic Power Dissipation

* Based on the energy equation, the energy delivered to
the capacitor can be found by:

V(o)
0 Ve (0)

* The energy stored by the capacitor is:

_ OV
2

Es

* The energy lost in the resistive elements 1s given by:

2
Cv,
E =E,~E;,=—2
2
Microelectronic Circuit Design, 4E Chap 6 - 67

McGraw-Hill



Dynamic Power Dissipation

* The total energy lost in the first charging and
discharging of the capacitor through resistive elements
1s given by:

cv,, CV;, )

E. = 5 + 5 =CV;,

* Thus, if the logic circuit 1s switching at a frequency f,
the dynamic power dissipation is given by:

PD — CVng
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Power Scaling in MOS Logic

e By reducing the W/L of the load and switching
transistors of an inverter, it 1s possible to reduce
the power dissipation by the same factor without
sacrificing Vi and V.

e This same concept works for increasing the power
which will increase the dynamic response.
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Power Scaling in MOS Logic

—O0+25V —O0+2.5V +2S\j +2SV—T
1 1 . 1.81 3.62
" T I 502 | P Ay |
) ) ——0 U ————0 Vg

(a) (b) () (d)

Original Saturated Load Inverter

Saturated Load inverter designed to operate at 1/3 the power
Original Depletion-Mode Inverter

Depletion-mode inverter designed to operate at twice the power
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Dynamic Behavior
Capacitance in MOS Logic Circuits

_M“_V°_C”_|' _M'Q"_C”_" e The MOS device has
tAb I s capacitances Cgg, Cgs, Cpp,
I I and Cp, that need to be
S - HH' considered for dynamic
i »—I'_ N %ch response analysis, but
‘% = depending on the

configuration, some of them
will be shorted.

* The capacitances seen at a
node can be lumped together.
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Fan-out Limitations

* DC loading constraints are not usually important
for MOS logic circuits since they normally drive
capacitive loads (1.e. the gate of a MOS)

« As the number of gates the output (fan-out) of a
logic device has to drive, the load capacitance
increases, and the time response degrades

* This notion implies that the fan-out that a logic
circuit can drive will be limited to time delay
tolerances of the circuit
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Y noAoyiouoc delay otn @option/
EKQOPTIOT TUKVOTN

e Ilowd etvon n aAdayn Tov poptiov mokvoty C
KOTA TNV QOPTIoT) EKPOPTIGT TOV OTOL AAAACEL N
T0on Kota AV ?

AQ = C*(AV)
Eneion dQ(t)/dt= I(t)
TOTE 0 YPOVOC At TOL amoTELTOL Y10, TNV AAANYT] TOV

QOPTIOL (Ko KOTA GLVETELD KOt TNG TAGMC) €lval
KOTA TPOGEYYIoN

AQ(t)/At = péoco peopa = 1
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Dynamic Response of the NMOS
Inverter with a Resistive Load (I)

Voo %(14

k\\\ v_‘;(ﬂ ljo‘;{ j L_/. g P Y
e T

Ce Vele) Vo > ¢
(s = -
—
il Zpuu
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Dynamic Response of the NMOS
Inverter with a Resistive Load (II)

Zphue

Voo
— Ce *\\ /——

rb V,Q'w = ./
k — ¢ L
ZpuL
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Dynamic Response of the NMOS
Inverter with a Resistive Load (I11)

« Rise time 1s defined as the time for the output to change

from 10% to 90% of the comjlete transition.

—1
V,+0.1AV =V, —AVexp(R—(lj yields t,=—RCIn0.9

—t
V,+09AV =V, —AVexp(R—éj yields t,=—RCIn0.1

t =t,—t =RCIn9 =22RC

VDD = 25 V
Uy R Uo
A v (0+) =020 V A
+2.5V +25V T

0.20 v\ . -
It 1 ov >/ V. >t
Off = r— - -
- 0 = 0
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Dynamic Response of the NMOS
Inverter with a Resistive Load (I)

« Delay time 1s defined as the time required for the output to
change 50%. Using a similar analysis we get the following
results for rise/fall times and propagation delay:

t,=1,=22RC 7., =Ty, =0.69RC

where R and C are the resistance and capacitance seen at the
output. For low-to-high transitions, R is the load resistance
(Mg 1s off). For high-to-low transitions, the on resistance of
Mg, R, ¢, varies during the transition but an effective R, R g,
can be approximated as 1.7 R ¢ from SPICE simulation.

TPHL = O69Reffc ~ 12R0nSC tf = 22Reffc ~ 37R0nSC’

where R =1.7R ¢
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Dynamic Response of the NMOS
Inverter with a Resistive Load (1)

i
v el =2
| < SER .
1—]. I. ! n,=5%Y Fi 0 +15V i

I
|

T T =
- - - - il ]
(al (k) icl L)
500 pA - ICZID_IR
ol e joray  Stumion gyt epon To pedpa i, ToL VTOJOYEN
o ; Fu _ transition h , ,
) o =12 TOAD UEYOADTEPO TOL
L WuAL . \ , . ,
: / \ PEVUATOG iy OTNV OVTIoTOON
T A F J,ff i Vo I-,I AV = Fy— 1,
IO A - l,.-'/ l II'"&
/ ¥in :
A N s 01 &F —
0 A : ' A — ] ‘Tt
0oy 1oy 20V 30V 40V 30V A0V 0
Py 0 hy Iz i
Figure 6.42 Dwain cument and resistorn carment versus wg. Figure .43 Times needad for calculation of tpue and 17
for the imverter. Fall time 1y = iy — &;; propagation delay
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Dynamic Response of the NMOS
Inverter with a Resistive Load (I11)

Time (nz)

[Ipocopoiwon SPICE yiwa high-to-low transition yio avactpopéa
ue poptio avtiotaon pe tiun R = 28.8kQ xou (W/L)g = 2.22/1.

H dgvtepm kapumodn deiyvel tn petafatikn andkpion ek0ETIKNG
ekPoOpTiong kKukidpatog RC pe tun R = R

R = Reﬁ: ]'7R0nS’ RonS :]/KH(VH N VTNS)
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Pseudo NMOS Inverter - Dynamic
Response

Vop
Voo

[ I' My e o U(;S=V1')3T
= +
B ipLY _,__|' My
lC .
: Vo . == i lc
s DL .
ips - Vo vo:Vp --» Vg
v, Ips
O—I', i == SP_'THI: My ==& =V, | == ¢C

(b) (c)

=0.69R,.C~12R C  7p,=069R,C~12R C

Tpur of f
t, = 22R . C=3.TR .C, t. =22R .C=3.IR . C,

Chap 6 - 80
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Voltage Transfer Characteristic

(¥
b PegionI —'h-I--i— Bagion II —:‘-—I
.__5‘-3- B — Slope = —1|
| |
| | |
| | |
| | |
] |
Mi | | |
| | |
| | |
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| | |
o |
3t | | | Stope = +1 (= )
N
| | |
| |
o |
2; | | | — Regionlll
L 4
| | [
I | I I [
| I C I-E—R.egwn w I
| | |
-1l -t L D |
| | |
| | | |
| | | I
| | | | & I
.- _____I___]'_ ______ —I—--Ismpe e P — E
- | Ly i | i i i i ——
o4 1 i 1 | H 3 3
} !
Flgure 14.3 VTC for the pseudo-NMOS inverter. This curve is plotted for Vip=5V, Vy=-Vp=1V.and r=0.
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Pseudo NMOS Inverter - Dynamic
Response Example

* Find t,, t, Tpy, Tp y fOr @a pseudo NMOS inverter
where:
— (W/L)s =2.22/1 and (W/L), = 1.11/1
— Croap = 1 PF
- Viy=06Vand V;,=-0.6 V
~ V=25V
— K, =(2.06)(100 * 106 A/V?2)
— K; =(1.11)(40 * 106 A/V?)
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Pseudo NMOS Inverter - Dynamic
Response Example

* First find the on-resistances of the two switch and
load devices

e ] 1
onS
KV =Vns) @ 22)(1 00 J(z 5-0.6)

1 1
RonL = -
K,(-VDD-VTP]) (1.11{40’;‘30 ~2.5-(-0.6) )

=2.37kC)

=11.9kQ
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NMOS Inverter with a Depletion-Mode
Load - Dynamic Response Example

* Now calculate delays from the R_ approximations:

Tp, =1.2R,C=12Q2.37K)(1pF)=2.84 ns
t,=3.TR, C=8.TT ns
Toy=12R C=12(119K)1pF)=14.3 ns
r.=3. R _,C=44.0 ns

onlL

SPICE simulations show good agreement and result in values
of 3 ns, 7ns, 15.0 ns, and 35.0 ns.
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Comparison of Load Devices

NMOS Inverter Time Delays

TPHL TPLH ty b

Resistor load 1.2RsC  0.69RC 3. 7R, C 22RC
Pseudo NMOS  1.2R,sC 1.2R,,.C 3.7RsC 37Rm C

100 nA Depletion load ~ 12RsC  3.6RyiC  3.7RopsC  8.1Rp.C
Saturated load 1.2R5sC 3.0R, C 3. 7RusC  119R,, C
Linear load 1.2RosC  0.69R,,,C  3.7R.sC 3 7R C

o Rons = : Rear, = :
PMOS load Ks(Viu — Vrns) - KilVes — Vel
Resistor f oa
&\ e |V The current has been
50 uA \ ; .
A Depletion- normalized to 80 puA for
Linear J mode
loads \ loads VO — VOL: 0.20 V
d X . .
in the figure for the various
Saturated \ ’
y  loads~ types of inverters
L
0A | N
oOov 05V 10V 15V 20V 25V 30V
U_VUp
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Comparison of Load Devices

The saturated load devices have the poorest fall time since
they have the lowest load current delivery

The saturated load devices also reach zero current before
the output reaches 2.5V

The linear load device is faster than the saturated load
device, but about equal to the resistive load speed.

The fastest 1 4 1s for the pseudo NMOS device as a result
of the PMOS device
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Gate Device Geometry Scaling based
Upon Reference Circuit Simulation

» State-of-the-art short gate length technologies are
hard to analyze

* Scaling can be used to properly set W/L for a
given load capacitance relative to reference gate
simulation with a reference load.

7, = ((;/V //2)) ( . X Tory OF (%j i} (%j " [Tl:pefj ’ (é}f)

Lref J

Scaling allows us to calculate a new geometry (W/L)' in terms
of a target load and delay.
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Pseudo NMOS Propagation Delay -
Design Example

e Design a pseudo NMOS inverter with a propagation delay
(tp) of 2 ns when driving a capacitance of 5 pF, and find
(W/L)g, (W/L),, t, and t, for:

— Croap =5 PF

— Viy=0.6Vand V;;,=-0.6 V

~ Vpp=25V,V,=25Vand V, =020 V
— Base on a reference inverter with:

. (W/L)=2.22/1
.+ (W/L), = 1.11/1

— Use equations from Table 6.10

Microelectronic Circuit Design, 4E Chap 6 - 88
McGraw-Hill



Propagation Delay - Design Example

1.2R C+12R C 0.6C 1 1
’Z'p = =
2 ZKn ( DD TN) p (| VTP D

(WJ _ 0.6(5pF) 1 1 474
L) 2ns(100ud/V?) (2.5—0.6) 1.11(40) (-2.5-(~0.6))) 1

2.22(100)
(Zj _l(Wj 237
L), 2\LJ)g 1

7,=3.R,s

SpF
=3.7
47.4(100uA4 /Vz)(2.5 - 0.6)V
SpF
=3.7
23.7(40uA /Vz)(| —2.5—-(-0.6) |)V

=2.05 ns

=10.3 ns

7. =3.R ,
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