T ,* vz
2P A NI P | =
BIRZEIT UNIVERSITY

DEPARTMENT OF COMPUTER SYSTEM

ENGINEERING
Digital Integrated Circuits - ENCS333

Dr. Khader Mohammad
Lecture #6- CMQOS Inverter

Integrated-Circuit Devices and Modeling

STUDENTS-HUB.com Uploaded By: anonymous



Creating Logic Gates in CMOS

« All standard Boolean logic functions (INV, NAND, OR, etc.) can be

produced in CMOS push-pull circuits.
* Rules for constructing logic gates using CMOS

A

— -low
* use a complementary nMOS/pMOS pair for each input ] as?sg:tico pMOS
« connect the output to VDD through pMOS txs inputs output
« connect the output to ground through nMOS txs ;
. . . — assert-high
 ensure the output is always either high or low — logic nMOS
«  CMOS produces “inverting” logic 1
*  CMOS gates are based on the inverter -
* outputs are always inverted logic functions e.g., NOR, NAND rather than OR, AND
: : Useful Logic Properties
Logic Properties 1+x=1 0+x=x | .
DeMorgan’s Rules 1. X=X 0-x - 0 Properties which can be proven
1 ! ' . = = a + a' =a +
+ = .
(@+by=a-b ab + ac =a (b+c)
2
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CMOS Inverter

* Inverter Function + Inverter Symbol
+ toggle binary logic of a signal x~‘>®~y

+ Inverter Switch Operation ° Inverter Truth Table

X y =7
- ——«L - : Jr 1
=0V V.. =VDD Vin=VDD Vour=0V
[ o Y—
* CMOS Inv
= +

_ 110
—/ erter Schematic
JAN

) (b Vsg
input low = output high  input high = output low =0 Emos
nMOS off/open nMOS on/closed " —
pMOS on/closed pMOS off/open o  Yout = Vin
pMQOS “on” nMOS “on” —+—{ Emos
= output high (1) - output low (0) as: l

3
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NMOS Logic Gates

+  Study nMOS logic first, more simple than CMOS
* nMOS Logic

- assume a resistive load to VDD

- nMOS switches pull output low based on inputs

Vop =33V (@) nMOS is
Ry Ry -> output is high (1)
nMOS Inverter Vo =3.3V Vo =0V
V=0V u-q._{ Vi =33V o+- (b) NMOS is
= = -> output is low (0)
(a) ()
nMOS NOR nMOS NAND
274 EE":;; &
" | b gj) ‘
b ZD{] ’ Q —o0 V;
—  Vaoif VWeoifa = ab
c=at+b 4/2 =t if’lE___E c=ab
parallel switches = OR function - series switches = AND function
nMOS pulls low (NOTs the output) * nMOS pulls low (NOTs the output)

4
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Abstraction Level o

wire sbar; Architecture SPEC

NOT notl(s, sbar);

Behavioral Verilog:

e RTL

Schematics

Abstraction Level

SONN
SONd

Physical Design (Layout)

Silicon

NMOS PMOS LOW

STUDENTS-HUB.com p-substrate Uploaded By: angnymous




DIGITAL GATES
Fundamental Parameters

Functionality
Reliability, Robustness
* Area

Performance

« Speed (delay)

« Power Consumption
* Energy
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DC Operation:

Voltage Transfer Characteristic

V(y)

STUDENTS-HUB.com

VRV

Switching Threshold

T

VoL <«

Vv V(X)
H
O\

\

Nominal Voltage Levels
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The CMOS Inverter:
A First Glance

Vbp

h

4’ —
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The CMOS Inverter CMOS Inverter VTC

Vop 1%
e 7" A NMOS off
PMOS res
44 w, = W, 2.5¢
Vin I"'folur;t 2
oO— —20
1.5+
[, s
/
— 05 /'
v

NMOS sat ,+*
PMOS res/””

/

NMOS sat
WPMOS sat

NMOS res

PMOS sat NMOS res
PMOS off

e Cut-off : I;; = 0 (for now)
when Vg < I7

e Linear : I;, = B([Vgs - VT] Vas - VT})
when 0 < Vg < Vg - V7

— Cut-off : V, < J7

— Linear : 0 < Ty < Vg - I7

e Saturation : I; = %(Vgs - Vr)? (for now)
when 0 < Vg - V1 < Vas
This is obtained by using Vs = T, - V7 in the equa-
tion for linear Ij; (see comment two pages prior to
this one)

° WhereB m— }US(T/L_V)
ox
STUDENTS-HUB.cOmM

— Saturation : 0 < Vg - T < Vg

9
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Switch Model of CMQOS Transistor

Vsl T

Vgl > |V
Vsl <IVrl Vesl>Vr
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CMOS Inverter: Steady State Response

Ron
Vou = Vpp
Vout © Vou Vg =0
Ron )if Vi = f(Ronn’Ronp)
Vin=Vbp Vi, =0
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CMOQOS Inverter: Transient Response

Vbbb

‘ pHL =1(Ron-CL)

)i = 0.69 R,,C,
Py O VOUt |
CL
Ron :
0.5 |.. N

Vin =VpD

t
RonCL
STUDENTS-HUB.com Uploaded By: anonymous



Switching Threshold as a Function
of Transistor Ratio

1.8

17
16

15

: Idﬂ(VM) = Idp(VM)

D

STUDENTS-HUB.com Uploaded By: anonymous

14
=13
>
12
11
1F

09 r

0.8
10° 10



Impact of Sizing

2 5
E.
Wider
— PMOS
_._._1 5
2 Symmetrical
3
= Wider
NMOS
0.5+
0 . . .
0 05 15 2
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DC inverter Characteristics

2o [ Region Condition | PMOS | NMOS | Vout
A
A A 0< Vi< VT, linear cutoff Vop
Voo — ——— B : B V1, < Vi < Vpp/2 linear sat see below
| \ 1 C Vin = Vpp/2 sat sat | Vow % J (Vi)
: AN D Vop/2 < Vi< Vpp— |V1)| sat linear | see below
i / '*-.\i E Vin = VoD — V1| cutoff | linear 0
| b -
i J C- ::!I i i T _Id.f_p = Iﬂ’.ﬂ_\:
_E. ol i Rﬁx"'--—% s : E i I}?}I
P, Fop/2 Voo + Vo Voo

Regions A, B, C, D and E based on state of P and
N devices

DC characteristics, so no capacitors involved. We
will talk about capacitors when we consider AC
characteristics.

STUDENTS-HUB.com

¢ NMOS is easy to see, but how do we determine
PMOS device state? For this, assume an inverter
with Vpp= 5V, V5, =V =1V.

| Vin | Ves,— V5, | Relation | Vi, | Device state
0 -5 41 < 0 linear
1 -4 + 1 < ~—1 linear
25| -25 41 ' ~ —2.5 | saturation
4 -1 +1 ~—4 saturation
5 10+1=>0 - - cutoff
15
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MOS Transistor as a Switch

» Discharging a capacitor

Voo ip =ip(Vps)
_”fllfu + % - dVps

ip=C dt

* WWe modeled this with:

R
ﬂﬂuf

— AN

Vin Q — ¢ t, =In (2) RC
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MOS Transistor as a Switch

0 Real transistors aren’t exactly resistors
= | ook more like current sources in saturation

0 Two questions:
= \Which region of |V curve determines delay?
= How can that match up with the RC model?

1/
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Transistor Discharging a Capacitor

* With a step input:
VDD 9 VDDI.?

)

VF&-{T VDD /2 VDE'

Transistor is In (velocity) saturation during entire transition
from V,, to V,,/2
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» In saturation, transistor basically acts like a current sourc

VHUT

IDSAT C

Vour = Vop - (Ipsar/ Ot —> t,= C(Vpr/2)/Ipsar
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Switching Delay (with Output Conducta

» Including output conductance:

VGW

S\ -t (ClAd g yr -
VG[.TT Z(VDD + A ]]E r-’“‘-'! nsAT ) _}1 |

* For “small” A:

STUDENTS-HUB.com

ll.:'-"'

C(Vp/2)

) (1 + EVDD )IDSAT
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The Transistor as a Switch

x10°

|

n
T

R e (Ohm)
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The Transistor as a Switch

Table 3.3 Equivalent resistance R, (W/L= 1) of NMOS and PMOS transistors in 0.25 um CMOS
process (with L =L, ). For larger devices, divide R, by WiL.

Vop (V) 1 1.5 2 2.5
NMOS (kQ) 35 19 15 13
PMOS (k£ 115 55 38 31

22
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Mapping between analog and digital signals

TRL f VOH
VIH
Undefined
Region
IL
VoL YAREY >
IL VIH V(x)
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Definition of Noise Margins

"1" JV
VoH

VvV

: N IH

Noise Margin High Undefined

Noise Margin Low Region
ViL

VoL

llOll

Gate Output —  Gate Input
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Noise Margin

o NMy and NMr are the high-side and low-side noise
margins.

¢ [he high output excursion should not be larger _D I>

than the high input excursion. Same for the low

T
excursions. If this is violated, then the correspond- -
ing noise margin is negative. b Cufput o l
High Input
-‘I-Illllr;
E
¢ \Why worry about it? Perhaps the Vpp or GND of the
driver glitches relative to the driven gate. In that
situation, I want to know what magnitude of glitch
can I tolerate before a wrong value is interpreted.
| ¥
N
Lo Ingrei
Low Chatput Fu |I
GND
25
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The ldeal Gate
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o/1— >o— 1/0

Vout Vout
+ 0 Finite Slope

Vdd— Slope = -1 Vdd—

Slope = -1
Vou Vou
0 > )
Vv Vg’;i VJd Vin V,, vdd/2 Vs
Vdd
+ Voh rtaatiche
VouT NMh logle 1 '
NM,, | ’
Vih - sNoise Margin High /
.k A
Undefined ' )
| Undefined T(\ olts) Region
Region
\
1 . Vi \
V,, . N[\/|L \\"{ } logic o' ~ \
_J Noise Margin Low & Vol /’/ \‘\ \
VOL = / \ \
\ Neem




The Regenerative Property

DD D D

(a) A chain of inverters.

Vi, Vg, ..

‘\\fl nv(v)

(b) Regenerative gate (c) Non-regenerative gate
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Fan-in and Fan-out

_—

STUDENTS-HUB.com

YYYY

(a) Fan-out N

P

oo} (b) Fan-in M

Uploaded By: anonymous



VTC of Real Inverter

5.0

Vnut (V)
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Delay Definitions
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Ring Oscillator

e oo oo

............................................................

T:2><tp><|\|
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Power Dissipation

Ppeak: ‘E.peaszuppﬁy = maz(p(i)))

1 g VSHEEEET
Pm, = Tj'p(i)r:ii = T J'.i:'mppiy(i)di
0 0

Power-Delay Product
PDP =1, x P,

= Energy dissipated per operation
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CMOS Properties

* Full rail-to-rail swing
« Symmetrical VTC

* Propagation delay function of load capacitance
and resistance of transistors

* No static power dissipation
 Direct path current during switching
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Voltage Transfer
Characteristic
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CMOS Inverter Load Characteristics

In,p A
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|Ves = Vr| = [Vas]

Linear “w' SaturationRegion
. |I e —_——
Region |, _—

|fds|

I
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Simulated VTC

4.0 F

Vout (V)

2.0 F

0.0

00 10 20 30 40 50
Vin (V)
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Gate Switching Threshold

O o S | R i 2m— (0
r(V —‘V ‘)+V rs
B DD Tp Tn . _ '
VM— o with r= kn
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CMOS Inverter VTC

e In linear region :

— Channel resistance = R¢, =

Vour 4 NVIOSoff
dl, PVDS lin
Iim (—= d's‘ 1
Vas—0 dVgs’ * NVIDS sat
_ 1 PNVDSlin
— P(VesVT) -
— Depends on FVgs . NMDS sat
PVDSsat
— Transconductance = g, = (%4s5) — gy,
S chr_g ds e
. . . . NVIDSLin
— Higher current gain with higher Vg _ PVDSst  NVDSHn
PVIOS off
¢ In saturation region :
1 2 3 4 5 Vi
(Al
— Transconductance = g, = déi‘ = B(Ves

Vr

STUDENTS-HUB.com Uploaded By: anonymous



MOS Transistor Small Signal Model

Go .
+

Vgs

ImVgs @ § lo
|
S

)

S Ty
linear W WV oV Vgl
saturation | (V7 1IN

STUDENTS-HUB.com
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Determining V,, and V,

At Vig (Vi) =

small-signal model of inverter
® )
V; Vi
v ImnVin | mpYi fon fop Vo
® ®

y
_ out _
8= —— = &y T &y
177

)% (7l 7)) = -1
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Propagation Delay
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CMOQOS Inverter: Transient Response

Vbp
‘ tpHL = T(Ron-CL)
A
Vo \
+—©O Vo In(0.5)
CL
1
Ron
05
0.36
Vin=Vpp

t
RonCL
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CMOS Inverter Propagation Delay

‘ toHL = CL szing/2

)i lav

CL

Kn Vbp

(2

NI
u
u

Vin=Vpp
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Computing the Capacitances

gd12
Vin

Fanout
Simplified Cagacitor f}é}g’;sosl\(;l
Model £dl n
Ceo 2 CGDO W,
Capt Keqn (ADy CI + PDy, CISW)
Cam Kegp (AD, CI + PD, CISW)
CgS Cox Wi L
Cega Cox Wp Ly
C,, From Extraction
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CMOS Inverters

021]1sAj0d

SOINd

Z
<
O
wn

<
2. =
Q H
= Lgh
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The Miller Effect

AV [ Vout AV
[ 1

0 4 V
Vin [ JA | 7T 2C4a
M1 AV[ M1 —
Vin :l

“A capacitor experiencing identical but opposite voltage swings
at both its terminals can be replaced by a capacitor to ground,
whose value is two times the original value.”
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Impact of Rise Time on Delay

0.35
03 |
m
Q
2 025t
:
02 |
015 0.2 0.4 0.6 0.8 1

tise (NSEC)

'\/pHL (step) r ...-2
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Delay as a function of V4

28 | I I
24
20
16

12

Normalized Delay

BT T T T T TTTTTTT

|
o
S
N
o
S
W
o
S
N
o
S
o
o
S
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Where Does Power Go in CMOS?

* Dynamic Power Consumption

Charging and Discharging Capacitors

e Short Circuit Currents
Short Circuit Path between Supply Rails during Switching

* Leakage

Leaking diodes and transistors
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Dynamic Power Dissipation

vad

_°|

_{in_ Vout
_| CL

Energy/transition = C, * V44°

Power = Energy/transition *f=C * Vg4 * f

® Not a function of transistor sizes!
® Need to reduce C, , V44, and f to reduce power.
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Power Dissipation

Energy from power supply needed to charge up the capacitor:
. 2
Echarge = _[ Vppi(t)dt=VppQ =Vpp~C
Energy stored in capacitor:

Estore =1/2CLVDD?

Energy lost in p-channel MOSFET during charging:

2
Egiss = Ech arge — Egtore =1/2CL VDD

* During discharge the n-channel MOSFET dissipates an identical amount of
energy. *If the charge/discharge cycle is repeated f times/second, where f is
the clock frequency, the dynamic power dissipation is:

)
P=2E4* f=CLVDpD" f

In practice many gates do not change state every clock cycle which lowers the

power dissipation. 54
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Impact of
Technology Scaling
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Technology Evolution

Year of Infroduction | 1994 | 1997 | 2000 | 2003 | 2006 | 2009
Channel length (nm) | 0.4 | 0.3 | 0.25 | 0.18 |0.13 | 0.1
Gate oxide (nm) 12 7 6 4.5 4 4
Vi (V) 33 | 22 | 22 | 15 |15 | 1.5
Ve (V) 0.7 0.7 0.7 0.6 0.6 0.6
NMOS I, (mA/pm) | 0.35 | 0.27 | 0.31 | 0.21 |0.29 | 0.33
(@ Vs = Vpp)
PMOS Ir, ., (mA/um) | 0.16 | 0.11 | 0.14 | 0.09 [0.13 | 0.16
(@ Vizs= Vpp)
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Technology Scaling (1)

100

Minimum feature (um)

ﬂn. 1 1 1 1
1960 1970 1980 1990 2000

Year

Minimum Feature Size

STUDENTS-HUB.com Uploaded By: anonymous



Technology Scaling (2)

109 I | I I
108 -
g 107F
=
L] 6 .
5 10°F Bipolar
g Transistor
€ 10 .
2
Q 4l Enhancement 1
g 10 MOSFET MESF57
o
O 3L i
10
Bipolar
10+ Transistor C i
Lo .

1940 1950 1960 1970 1980 1990
Year

Number of components per chip
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Propagation Delay Scaling

1000 [
500
200 }
100 |~

50 -

Gate Delay: ¢, (psec/stage)

20t

A B
50 10.0

1D il L i I iilll
0.1 0.5 1.0

Channel Length: L4 (um)
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Technology Scaling Models

e Full Scaling (Constant Electrical Field)

ideal model — dimensions and voltage scale
together by the same factor S

* Fixed Voltage Scaling

most common model until recently —
only dimensions scale, voltages remain constant

* General Scaling

most realistic for todays situation —
voltages and dimensions scale with different factors
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Delay as a function of VDD

5|5 I 4 ! ! L] 1

“L¥ DE
i 1 [ ¥ [l s
K VosareVan= Ve, = Vosare/2)

61
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Device Sizing

3.6 (for fixed load)

L

1 Self-loading effect:
] Intrinsic capacitances
dominate

62
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NMOS/PMQOS ratio

p=W,/W,

63
STUDENTS-HUB.com Uploaded By: anonymous



Inverter Chain/Sizing

If CL is given: - How many stages are needed to minimize the delay?
How to size the inverters?

May need some additional constraints. '”<I>o_|>o_l>07 Out

* Minimum length devices, L=0.25um - ]
* Assume that for WP = 2WN =2W

« same pull-up and pull-down currents
« approx. equal resistances RN = RP
« approx. equal rise tpLH and fall tpHL

delays 4"| [: a4

Analyze as an RC network

Wp | W I~ w
Rp =Ryt —£ ~ Lymit W—N =Ry =Ry [:
unit unit
Delay (D): t,5 = (In2) R\yC; Lop=(In2) RpCy
: /4
Load for the next stage: Cgm =3—C, .
W:mi.’ 64
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Inverter Chain/Sizing

fp B k RIVCL - Delay
RW A
k is a constant, equal to 0.69 —[
Assumptions: no load -> zero delay ] — )
_ —|l: I L
Wum't - Ry 1 =

>
—>

Load (C,)

Delay = kRyACjy; + C)) = kR Cjpt + kKRWC = kR, Cip1+ C, /1Cp)
= Delay (Internal) + Delay (Load)

Delay
C,=2C,, T
— -
Delay ~ R, (C. +C,) + Wi
AR I #
= Com = Load

t, =kR,C,(1+C,/C,)=t,(+f/g)

65
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NFET vs. pFET

1 , (H)
R, = - n.C. | =
" Bu(¥Ppp— Fy) P = Ha “NL Jy
1 115
R, = 50 - PBp = HpC (—)
d BP{IDD_“TPH P POOL p
Ho _ . Typicany
My (2 ..3)

(M is the carrier mobility through device)

(We will return to this later ...)
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