THE INVERTERS
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DIGITAL GATES
Fundamental Parameters

@ Functionality
@ Reliability, Robustness
® Area

@ Performance
» Speed (delay)
» Power Consumption
» Energy
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Noise in Digital Integrated Circuits
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(a) Inductive coupling  (b) Capacitive coupling  (C) Power and ground
noise
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DC Operation:

Voltage Transfer Characteristic

OH f
V(y)=V(x)
vy Switching Threshold
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Nominal Voltage Levels
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Mapping between analog and digital signals
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Definition of Noise Margins
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The Regenerative Property

(@) A chain of inverters.

V1, V3, ... V1, V3, ...
f(v) finv(v)
A
finv(v) f(v)
Vo, Vo, ... Vo, Vo, ...
(b) Regenerative gate (c) Non-regenerative gate

Digital Integrated Circuits Inverter © Prentice Hall 1995



Fan-in and Fan-out
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The Ideal Gate

Vout
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VTC of Real Inverter
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Delay Definitions
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Ring Oscillator
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Power Dissipation

Ppmkz I-pgakvsuppﬁy = max(p(t)))

1 T VSHEEEET
Pm = Tj'p(t)r:ii = ~ J'z'mppﬁy(f)cif
0 0

Power-Delay Product
PDP =1, X P,

= Energy dissipated per operation
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CMOS INVERTER
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The CMOS Inverter:
A First Glance
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CMOS Inverters
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Switch Model of CMOS Transistor
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CMOS Inverter: Steady State Response

VDD VDD
Ron
Vonu = Vbp
Vout © Vou VOL: 0
Ron )§ VI\/I — f(Ronn’Ronp)
Vin=VpD Vin=0
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CMOS Inverter: Transient Response

‘ tpHL = 1:(Ron'CL)

=0.69 R,,C,
A
0o Vou \

R,.CL ‘
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CMOS Properties

e 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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PMOS Load Lines

Ipn A
Vin=Vpp-Vegp
Ipn=-Ipp
Vout=VbpD-VDsp
-
Vout
IDp Ipn I pn
t Vin=0 t ‘“Vin:0
Vln:3 V|n:3
> > >
Vbsp Vbsp Vout
R > >
Vegp=-9
G Vin = VDD'VGSp Vout = VDD'VDSp
lpn = - Ipp
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CMOS Inverter Load Characteristics
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CMOS Inverter VTC

Vout 4 NMOS off
PMOSIin
ok NM OS sat
PMOSIin
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o NM OS sat
PMOS sat
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PM OS off
99—
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Simulated VTC
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Gate Switching Threshold
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MQOS Transistor Small Signal Model

G O—'+ ’ o D
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Determining V,, and V,,

aV

At Vigy (ViL): =

small-signal model of inverter
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Propagation Delay
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CMOS Inverter: Transient Response

‘ tpHL = 1:(Ron'CL)

=0.69 R,,C,
A
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CMOS Inverter Propagation Delay
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Computing the Capacitances

Vbp Vbp
M2
c C’I" Cab2 Cg4_o| V4
Vin gd12 1 Vou T Voutz
o =
Cq1 1Cw TC
[ T W
I Interconnect
Fanout
Simplified
Model
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CMOS Inverters
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The Miller Effect

C
gd1 Vout \/
DV{ Vout lD
o] 1
- I bV
Vin | == 2Cyy
M1 DV[ M —
V

n T 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.”

Digital Integrated Circuits Inverter © Prentice Hall 1995



Computing the Capacitances

Capacitor Expression
Codl 2 CGDO W
Cod2 2 CGDO W,
Cap1 Kegqn (ADy CI + PD, CISW)
Capr Kegp (AD, CI + PD, CISW)
CgS Cox Whn L
Coy Cox Wy Ly
C,, From Extraction
Cy 3
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Impact of Rise Time on Delay
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Delay as a function of V5

Nor malized Delay

Digital Integrated Circuits
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Where Does Power Go In CMOQOS?

 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

ved

-

Vin Vout

_\_ T

Energy/transition = C_* Vdd2

Power = Energy/transition *f = C_ * V42 * f

® Not afunction of transistor sizes!
® Need toreduceC,, Vyq, and f toreduce power.
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Impact of
Technology Scaling
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Technology Evolution

Year of Introduction | 1994 | 1997 | 2000 | 2003 | 2006 | 2009
Channel length (pum) | 0.4 | 0.3 | 0.25 | 0.18 | 0.13 | 0.1
Grate oxide (nm) 12 7 6 4.5 4 4
Vi (V) 33 | 2.2 | 22 1.5 1.5 | 1.5
Ve (V) 0.7 | 0.7 | 0.7 06 | 06 | 0.6
NMOS I, mA/pm) | 0.35 | 0.27 | 0.31 | 0.21 | 0.29 | 0.33
(@ Vas= Vo)
PMOS I, (imA/pm) | 0.16 | 0.11 | 0.14 | 0.09 | 0.13 | 0.16
(@ Vs = Viop)

Digital Integrated Circuits

Inverter

© Prentice Hall 1995




Technology Scaling (1)
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Technology Scaling (2)
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Propagation Delay Scaling
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Technology Scaling Models

* 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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Scaling Relationships for Long Channel

Devices
Parameter Relation Silllillllg gﬁ;ﬁ;;l Fixgg;zléage
W, L, t,, 1/8 1/8 1/8
Voo, VT 1/8 1/U 1
Neug VIW gepi” S $%/U 2
Area/Device WL 1/82 1/82 1/87
Cox 1/t,, S S S
Cr C WL 1/8 1/8 1/8
kp, Ky C , W/L S S S
I, kyp V 1/8 S/U? S
t, (intrinsic) | CpV /L, 1/8 U/s? 1/8%
P, CLV*/t, 1/8> S/U’ S
PDP Cp V2 1/83 1/SU> 1/8

Table 3.1: Scaling Relationships for Long Channel Devices
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Scaling of Short Channel Devices

Full (General Fixed
Parameter | Relation ) : Voltage
Scaling | Scaling Scali
caling
Ly Cox WV 1/8 1/U 1
Jav I, /Area S 2/ q2
t, (intrin- | C;V/ L, 1/8 1/8 1/8
g1c)
Pay CLVi/it, | 1/s? 1/U? 1
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BIPOLAR
INVERTERS
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Resistor-Transistor Logic
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N N VTC of nonsaturating gate
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VTC of RTL Inverter

VOU'[

%o 10 = 20 30 40 50
Vin

VOH is function of fan-out
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Transient Response of RTL Inverter

Vout

Pébe+00 5.006-10  1.00e-09  1.50e-09  2.00e-09

t, =290 psec !!!!
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The ECL Gate at a Glance

VCC VCC
Re ; Re
Vo B——= Vour? Core of gate:
Vi of Q2 —ov, Ihe differential pair
i or “current switch”
OF
Vee
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Single-ended versus
Differential Logic
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Complete ECL Gate

Vee Vee Vee
1 e e
Q\‘3/| Vea Ve
f Vin Q1 Q2 Vief
D V,
Voutl RB ‘
Ve lee Emitter-follower
output driver
Vee

Digital Integrated Circuits Inverter © Prentice Hall 1995



The Bilas Network

Ve
R
Qs
Viet y Dy
D,
R3 Ro
VEE

Digital Integrated Circuits

Issues:
e Temperature variations
eDevice variations
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Photomicrograph of early ECL

Gate (1967)
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Vout2
VCC _ VBE(on) - =
Q 1 saturates
Voutl
Vce —VBen) —lEeRc |- —
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Vref Vin
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Simulated VTC of ECL Gate
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Digital Integrated Circuits

-1.3 -1.1 0.9 -0.7 -0.5

Inverter © Prentice Hall 1995



ECL Gate with Single Fan-out

C Vout1
V. » T Q, =] Coe] OUT :.[ Q, FAN-OUT
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Simulated Collector Currents
of Differential Pair

Collector current (normalized)

I
[ BN

0 0.1 0.2
Time (nsec)

Digital Integrated Circuits nverter © Prentice Hall 1995



Propagation Delay of ECL Gate

switching the
differential pair Capacitive (dis)charge
; Bt sn R stmg
pHL i s rpl22C,,; talp) 0.5C Rp| 5———
VC'C" - E?EE
') R b’
Ryl << RALC, 0.69| =—— || Rp|(ClBp+ 1)+ Cy)
kISF+1 !
F RI:\- b
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Simulated Transient Response
of ECL Inverter
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Propagation Delay as a
Function of Bias Current
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ECL Power Dissipation
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Scaling Model for Bipolar Inverter

Parameter scaling Factor
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Bipolar Scaling

Delay (psec)

Digital Integrated Circuits

50k

Gates/Chip (F = 2¥)

20k 10k 5k 2k

1k

1000

100 |

10

T

Lithography level (um)

1 L1 & 1 | 1.1 1 | i1 1 | 1.1

L
r 1 1 ¥ 1 111F

0.01

0.1
Current (mA)

Inverter

1.0

© Prentice Hall 1995



