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Wire Delay
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Distributed RC Model |

n — stages, total length /!

>

—

N
AN - ANAN—E AN
— e o o l l l e o o
RTC RICR ICR Ic RIC
When n>>> the signal propagation rc/? Elmore
delay time is given by: t -,  Equation

Where: ris the resistance/unit length, c is the capacitance/unit length
and £ the wire length
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Distributed RC Model Il
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Inverter Transition Characteristics
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Vop [----------
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vi(t)

Vol(t)

ty = delay time

Transition Times

t = fall time
t, = rise time
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Fall and Rise Times

C
The fall time is given by the following equation: |t = " VL
n YDD
- P C,
Similarly the rise time is: t, ~d
ko Voo

Given that the sizes of the nMOS and pMOS transistors are such that k,=k, then:

tf = tr
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Propagation Delay Time - A
15t Approach t - tr t - tf
pLH — 2 pHL — 2
Propagation delay: tp = maX(tpLH ItpHL)
tyntt t 4+t
Average propagation delay: tpav = pLH pHL =1 f
2 4
Voo [----------
Vi(t)
o o t
VDD ;'_’: E<—>'
Vo(t) Vop/2 [F------ %—’kl ————————— 2_74. ————— 0.5V,
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Propagation Delay Time — B

V VOUt
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Driver - I C, Vi, Req T C,

Accumulative capacitance model

2" Approach

The operation of the equivalent RC network is expressed by the following differential

equation:
C dvout + Vout _Vin =0
2t out i
dt Req

Applying a step input V,, (from 0 to V) it stands:

Vo (t)=(1— e /T where T = R, x C, is the time constant.

For the rise of V,,, to the 50% of V the time duration is: t =t, = In(2)t = 0.69t = 0.69 R,, x C;

For the transition of V,,, from 10% to 90% of V the time is: t=t, .= In(9)t = 2.2t = 2.2R,, x C;
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The Transistor Model as Switch

nonlinear resistance

G
G Ron
S LY. S

transistor model

Ves £V,
{time varying

Approximation: we need to find a constant and linear equivalent resistance R,, which will
induce the same effect as the actual transistor. An initial estimation of R,

consideration.

1 tZ
Req =average,. . (Ron (1) = ey L Ron(t)dt =
Ry, = — J.tZVL(t)dtzl(R (t,) 4R, (t,))
eq tz 7t1 , |D(t) = 2 on\*1 on\*2
(A) (B)
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can be the average value of the resistance R,, at the operating region under
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Transistor’s Equivalent Resistance |

In order to determine the propagation delay time, the transistor’s equivalent resistance
during discharging (charging) of C,, will be given by the following equation, considering
that this time is defined as the time interval required in order V,, to change from V,,
(0) to Vpp/2 and during this time interval the transistor is in saturation (Vpp>>Vpsar).

1 t, Vi (t
(A) Re= J' bs ()
| t, =ty Yt Ipgar (1+AVps(t)
D . ’ t Ves=Vop v,,
losar | 2 i __ 1 % v =
! i ~Vop /2% Ipsar (1+AV)
. |
it | 3V, 7
7 I
S i ~ >'bD (1__}\VDDJ
S : Aoy U 9
Ay : 2
L ! W y
/ Vpp/2 Voo Vps where: Ipsat =Kn, T((VDD — Vi )Vpsar — D;AT J
Vpsar=Vop— Vin I Vout
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Transistor’s Equivalent Resistance li

A similar equation is derived using the formula of the average resistance between the
initial and the final state of the transistor.

(8) Req = Renlts) +Renlty)) =

:l( Voo . Vop/2 J;

2 Ipsar(1+AVop)  Iosar (1+AVpp /2
o . o . Ves=Voo psar ( o) Ipsar( op/2)
Josar: L 4 !
/rit) | E (1-"§AVDD
! e Alpsar 6
e |
! 1
7 ! 1
/, : ! . ' W V2
o i i again: Ipsat =Kn T[(VDD ~Vin)Vosar — D;AT ]
Vpo/2 Voo Vs ue
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Transistor’s Equivalent Resistance lli

3Vpp

R

3V, 7
Req —i(l——xvm) =

4l DSAT 9 4 DSAT

Ro- 3V -
eq
4'anDSAT (VDD - Vt - VDSAT /2)

Ro23 1 3 1 o MaE
eq = = v n—
4K, Vpsar 4 V%anDSAT Fox
3L 1

eq = a1t
4w anDSAT

e The equivalent resistance of a transistor is inversely proportional to W/L.
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Equivalent Resistance as a Function of V
5
7x 10
nMOS
6 0.25um technology
V,=0.430V
5
E 4
9_ Simulation results
g 9 Vis=Vpp While Vs €[Vpp/2 ...V pp]
2
1
0
0.5 1 1.5 2 25
Voo (V)
e When V,, >> V#V,/2 the resistance is independent of the power supply.
e When V,, tend to the threshold voltage V, the resistance rapidly increases.
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The Propagation Delay as a Function of V
5.5
’ For a given load C;:
4.5-
3 C -V 3 C
5 4 t, =In(2)Rgq - C, = =In(2)—=—L2 = =In(2)——
_g 4 IDSAT anDSAT
S 35- f
S
S s
< 2.5-
2
1.5-
08 1 12 14 16 18 2 22 24
ootY) - .
normalization with respect to the delay at 2.5V
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Impact of k /k, Ratio |

VDD VDD CL = (Cdp1+cdn1)+(Cgp2+cgn2)+cw
C.

int ext

A In case that the size of pMOS is B times
Vv Vo
i 1 2 g

larger than this of nMOS, then all

)
| H; capacitances are scaled by the same factor:

C:dp1=BCdn1 Kat Cgp2=Ban2

C, = (1+B)(Cy,,+C

gn2)+cw

Average signal propagation delay of the 15t inverter :

pav

t +1 In(2 R
pHL > pLH — ; )((1+B)(Cdn1+an2)+cw)'[Reqn+ ‘;P\J

r Regp _(w/u,
e =0.345((1+B)(Cyny +C )+ Cyy )-Regn| 1+ 5| where R B=w/0,

Note that R,,, and R,,, are the equivalent resistances of equal size pMOS and nMOS transistors respectivly
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Impact of k /k, Ratio II

Voo Voo R

v, ’_“‘

’_01 This ratio corresponds to pMOS
\_“{‘ J_ \_{ and nMOS transistors of equal size.
CL |

e Gnd —_— Gnd e Gnd
. . . . . . tpav
The optimum value of 8, with respect to time, is achieved by setting: =0
C
Bopt = |1 1+—2—
Cdnl + anz
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Impact of k /k,, Ratio IlI
Kp _ oMo
L B_
Ko Hn
1 15 2 25 3 35 4 45 5
1.9 24 8
Reduced size transistors provide faster circuits at the expense of symmetry (reduced noise margins)!
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Propagation Delay and Transistor Size

x10™" Considering a constant C,,,  Let us define as S the increment
3.8 ' ' ' ' ' ' ' coefficient of the pMOS (k,) and nMOS
3.6 OV _ (k,) transistor sizes in an inverter, with

respect to a reference inverter which has

3.4+ the minimum size transistors.
3.2} ; -
o c Kp/n =S Ko nref)
@ = = G —= — —
Zass n tp —In(2)ReqCL =
K, —HemEW
2.6 p/n tox L = ln(z)Req (Cint + Cext )
2.4 ,
5 self-load where:
P . . . . ; \ Req :Rre% Cint =S'Cref
2 4 6 8 10 12 14
S

Propagation delay of the reference inverter without load (technology only dependence)

R C « C N C
= t,=In(2)— s-cre{lJrL“J:In(z)Rref -c,e{1+ ext j:tpo(uﬂJ
S S ref SCref SCref
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Inverters’ Sizes in a Chain (l)

Let us consider that: C,,=yC, and C,=0

In D D D Out
y~1 in modern technologies
dew “]

- - Coext Coxt
t, :tp0[1+ ~ J:tpo(1+ vzxg]:tpo(H%j

int

f=Cou/C
Consequently, at every stage of the inverters’ chain it stands that: !

C,. f.
t, =t 1+—g”+1]:t (1+J j
p,j p0 p0
{ vCqi Y

The total chain delay will be:

N N N
C. . f.
t, = th’j =tp02(1 +vgc’—1+1] =ty Z[l +VJJ where: Cgni =Cp
=1 =1 j

8] =1
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Inverters’ Sizes in a Chain (ll)

N N C. .
t, :th,i =tp02(l+gc'—J+lJ The equation has N—-1 variables (C, ).
=1 =1 Vie,i
For the minimum delay we consider N-1 partial derivatives th B
which are set equal to 0. Then, the following set of constrains oC. =0
will result: &
Cg,j+1/cg,j :Cg,j/cg,j—l jel2..N].

Consequently, the size of each inverter with respect to the previous one in the chain must
increase by the same factor f, which means that f=f for every j. Given that C,, and C, are
known, f is provided by the next equation:

f=NC /Cqa =\F where: F=c /Cq,
The minimum chain delay will be:

N
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The Optimum Number of Stages
t. . =N-t (1+WV) Which is the optimum number of stages?
pmin p0 Y
We consider the partial derivative with Oty min N WE-M(F)
——=0=>v+ x/E—— =0
respect to N: ON N
Neglecting self-load (y=0) the optimum number of stagesis: N =In(F)
thus: fF=eN andsince: f=VF = f=ex27
_ 7
6
Es
&
E 3
£ 2
1
2
0
24
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Miller Effect
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The Miller Effect (I)
The voltage V,(t) is expressed by the equation:
1(t) V, (t) = —AV,(t—1) + V, (t)
| or equivalently for small t<< (where tis the delay):
C

V* (t) is a component of V, that is independent of V;

Vit _
% V,(t) Vo (t)= —A{Vi (t) —d\;—'t(t)r} +V, (1)

For the current I(t) it stands:

_daft) _. d _c 9w
I(t)= . C, dt(AV(t)) C, dt(V,(t) V, (1))
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The Miller Effect (ll)

L(t)=C,(1+ A)%{Vi (t) =R C,.(1+A) dv;(t) } —c. dv, (t)

dt dt

At

where: R, =——
"oC, (1+A)?

I(t)
C,(1+A) Consequently, for small T << and neglecting the

independent component V* (t), the next equivalent

Vi(t
'( ) circuit is derived, where a capacitance C.,(1+A) is in
series with a resistance R,,..
Rm
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Miller Effect in CMOS Gates (l)
The apparent capacitance seen at the area
| Cm of operation is C,,(1+A).
I Vv, |
u S A / .
Voo [t S
V, V, =-AV, 7
0 i |
VDD ___________ E ______ i_____
—o| |
Y ¥ V,=—AV, | |
5 L e UNAL -
0 \I/m Vpp /2 VootV Vip Vi
?Gnd

28
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Miller Effect in CMOS Gates (ll)

\ Miller Effect

Plateau

Equivalent
Circuit \{>€ Vi {>CV0
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Feed Forward |
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Feed Forward Il

Initially V; = 0 and V, = V. Considering that the transition time of the input V,
from 0 to Vp, is short and that the nMOS transistor is very small, then
according to the charge conservation law, the feed forward voltage Vg, can be
estimated by the following equation :

C
- 2N J C, +C
'
finally initially

In the total duration of the output response we must include the time tg, that
is required by the nMOS transistor to discharge the output node back to Vy:

Vo =V,
tBK:(CL+Cm)¥

S
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Gate Transition Delay
The transition of a gate from a state (LOW/HI) to the complementary one
(HI/LOW), is achieved by charging or discharging of the output load
capacitance C, through the MOS transistor resistance Rp.
l\,\ The time delay constant is:
% ;
T,=R,C
RD I D D™L
Conventional approaches to reduce the transition delay consist in the design
optimization by properly selecting the transistor sizes in order to reduce the
parasitic resistances and capacitances.
@k% Signal Propagation 32
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Negative Resistance / Capacitance

The insertion of negative resistances or/and capacitances, according to the
following schemes, may reduce the gate transition delay.

The time delay constant is : The time delay constant is :

T'p=(Rp—R)C =T,—RC, T'5=Ry(C,—C)=Tp—R,C

Negative resistance Negative capacitance

NWM NL-chL
é ST é I I
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Negative Resistance

A possible way to insert a negative resistance is by the use of a differential
amplifier, like the topology of a cross-coupled inverter pair. Given that the
inverter pair is balanced (both inverters have the same transition threshold),
an as small as difference AV in-between their inputs is rapidly amplified. This
phenomenon is equivalent to the reduction of the internal resistance R, of the
source so that the virtual impedance at nodes A and B turns to be negative.

Vs

L] DO [ 1
l A OQB JT_L

Signal Propagation

17



Negative Capacitance

A possible way to insert a negative capacitance is by exploiting the reverse
Miller effect, e.g. by the use of a non-inverting amplifier M. Thus, during the
transitions of gate D the capacitance at node N is reduced due to the Miller
effect on M from C, to C-(A-1)C,...

v, N |
C

L

5
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Voltage Gain
A
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