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Motivation

Q Thus far, we have learned how to model our essential
building block, the MOSFET transistor, and how to use
these building blocks to create the most popular logic
family, Static CMOS.

0 We analyzed the characteristics of a static CMOS inverter,
Including its Static and Dynamic Properties.

0 We saw that both the delay and the power consumption of
a CMOS gate depend on the load capacitance of the gate.

dynamlc
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What will we learn today?

a Today, we will go back to our MOSFET transistor to try and
understand what parasitic capacitances are inherent to its
structure.

a Then, we will develop a model for equivalent capacitance
estimation for delay calculation of a CMOS inverter.

a Accordingly, we will examine the optimal sizing of a CMOS
gate.

0 And finally, we will develop a methodology for sizing a
chain of inverters to drive a large load.

VIS}
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What will we learn today?
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LS.I MOSFET €Capacitance

5.2 Inverter Delay
L C€apacitance Model

LS.B Priving a Load

So back to our device, let’'s see what
parasitic capacitances we have:

“Flux Capacitor

“It's what makes Purim drinking possible."
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MOSFET Capacitance

a One of the important parameters of a MOS Transistor Is Its
capacitance.

0 The MOSFET has two major categories of capacitance:

» Gate/Channel Capacitance — capacitance caused by the insulating
oxide layer under the gate.

» Junction Capacitance — pn-Junction capacitance between the
diffusions and theulistrate >

CGC
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Gate Capacitance

B — ’ Eo gf
Q The Gate Capacitance includes: Cﬁ, - A -1

» Gate to Channel Capacitance, Cg:
The main capacitance that is
dependent on the region of operation.
In general:

Coo =WLZ —C_WL

t, ===

—_—

» Gate Overlap Capacitance, C;pp, Csso:
A constant (small) capacitance cause
by gate overlap of the diffusions.

CGSO = CGDO =WC

Overlap
L_\)

E\
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Gate Capacitance

Q Looking at gate capacitance as a function of biasing shows
how it changes.
» In accumulation, the capacitance is across the oxide.

» As Vs grows, the depletion layer decreases the capacitance
(as if the dielectric gets longer)

» Once the channel is formed, the capacitance jumps.
» At pinch-off, the drain capacitance drops to zero\lr 2\,
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(=20 Gate Capacitance

C
WLC,, & wc,, Coo
—
2WLC,,
Cacs 3
WLC,, Cocn Cocs = Coep WLC,,
é 2 Coen
— u' ‘ 3
\ v, Vs 0 Vos'(Vas V) 1
) b (a) Cg (- as a function of V¢ (with V,=0) \10 ) (b) C,; as a function of the degree of saturation

MS-,\\« ey e iwm
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Gate Capacitance K ¢ .,a

_i—l-j—

Q To model this non-linear behavior, we will use the

following approximations: '
G G \] \/7 >G\/

e — 'ff
s T D e p -'I

(a) cot-off (b) resistive (c) saturation
All capacitance is Capacitance All capacitance to
towards substrate symmetrically divided Source

between source and drain

_ C_ WL 2
CGB B COXWL Cocs =Coco =—5— Cocs =5 CoWL

2
Question: How do we relate to Velocity Saturation? s “ls
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Junction (Diffusion) Capacitance

a The Junction Capacitance is the diffusion capacitance of the
MOSFET.

Q This is measured according to fabrication parameters

+C =

N+
- Cdiff sidewalls

el

bottom

-Area+C,, - Perimiter =

Ldlff W +stw(2Ldiff +W)

/

C,
=G,/
=C,-

a Diffusion cap Is non-linear and
voltage dependent.

A _j?or simplicity, we will take it as
- c

Substrate N, b onstant in this course.
Svsmmseemer
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MOSFET Capacitance Summary

1 Dependence of MOS capacitances on W and L.

JYSIBINS GENlbram
2
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MOSFET Capacitance Summary

Table 3.4  Average distribution of channel capacitance of MOS transistor for different operation mgiuna\

——-=\
Operation Region Corn Cors Ceen Cor / Ce
Cutoff C, WL 0 L C WL / C WL+2C W
Resistive 0 oL 2 C.WL/2 WL O WL+2C W
-
Saturation 0 (2/3)C, WL 0 (2/3)C, WL (213)C, WL+2C W
'—Q

Cas T Cep Ces = CGCS + CGSO
S T D |Csp =Cscp *Cosno
S @ g O
— —_— —_— CGB — CGCB
Csp Cea Cos
L CSB — CSdiff CDB — CDdiff
B \llS
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HERE —> THERE

‘ 5.1 MOSFET Capacitance
5.2 Inverter Delay
C€apacitance Model

5.3 Priving a Load ]

"It's a simple model... but it works for me..."

OK, so we saw that the MOSFET has a bunch of non-linear
parasitic capacitances, which makes them tough to use. To
simplify life we'll now develop an:

INVERTER DELAY CAPACITANCE MODEL
Wi
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Capacitance Modeling >—1>

a As we saw, MOSFET capacitances are non-constant and
non-linear.

Q Therefore, it is hard to solve a general equation for an
arbitrary transition/operation.

Q Instead, we will develop a simple model that will
approximate the capacitances during a specific transition
that interests us.

0 In this case, we are looking for the Load Capacitance to
use when finding the gate delay.

Q Therefore, we will apply a step function to the input of an
Inverter and approximate the capacitances according to the
MOSFET parasitics we just learned.
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Capacitance Modeling ™ —> .

Q Let’'s look at a CMOS inverter with all

Its parasitic capacitances: Cosp

» Considering the Gates of the Csep
transistors are the inputs to the %{
Inverter, any capacitor touching the Coer

gate should be considered o
Input capacitance. '

» Considering the Drains of the
transistors are connected to the
inverter_output, any capaci_tor touching R I Cean
the Drains should be considered esv - |S
output capacitance.

IS}
Systems (:emerI
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Capacitance Modeling

0 We have to differentiate between output (intrinsic)
capacitances and load (extrinsic) capacitances.

Driver
Load
\ é
o J:CW'E
A7 L L
Coutr | = T Cin2

Cint Cext C

a Our total load capacitance is |C, ., =C

RS

out,1 T CWire + Cin,2 %
Systems Center.
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Intrinsic (Output) Capacitance

a We'll now look at what makes up the —T
Intrinsic output capacitance of the driver.
a This is primarily made up of diffusion S |
capacitances: *E’:I T
» Both drain-to-body capacitances have a terminal P Per
with a constant voltage and the other connected =
to the output. Ve pt
- DBP
| ‘ +Cpen
» For a simple computation, we will replace them |_C
with an equivalent capacitance to ground. | N1
S
DBN
» These capacitances are very non-linear and we
will not go into their calculation in this course. a@-
1§
SvsmmscemerI
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Intrinsic (Output) Capacitance

a How about feedthrough capacitance? CGsp+CGBp"""’£
» Taking the input step as ideal, the gate-to-source | )|
and gate-to-body capacitances don'’t contribute to | <
the propagation delay. G
» The source-to-body capacitance is shorted to q
: 1 Wi P1
the supply, so it doesn’t switch.

ClpptCqpn P

] . V|n+ I = ut
0 What about the gate-to-drain capacitance? D by

» While the gate voltage rises (V;,), the drain volta_ﬁw r:3| __L
drops (V,,) and vice versa. 0 [[N1] [ Gooe

» According to the Miller Effect, we can move this S +Coon)
capacitance relative to ground, doubling its value. I I 0

» This can be regarded as overlap capacitance, as C.¢+Cepy —»>—
for the majority of the transition the devices are in —

cutoff or saturation. - 3
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The Miller Effect

Q A capacitor experiencing identical, but opposite
voltage swings at both its terminals can be
replaced by a capacitor to ground, whose value Is
twice the original value.

AV T

W

E.J:l:.ll |

I:':-r-'lr.' i AF

Lﬂpr — EEHI“
R S
T— C

el

5
l:
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Summary of Intrinsic Output Cap

/{:[)o - OGC/L C\M
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External Capacitance

a Now, to annotate the parasitics during switching, we will
cascade another inverter after the first.

0 We first add the Wire Capacitance. 1 S T
0 Then we add the gate capacitances of +
the second inverter. = Jp
» These are approximately the oxide —CI 51 P2
capacitance times the area: D
¢ AN | b ¢
Conz +Copr = Cox (WNZLNZ +WP2LP2) o| B D
- o|[ T [Cwl o2
» Again, we can just add the pMOS gate — | |
capacitance to the general capacitance to S | S
ground. 1 I

— JQPL = )
VLSy
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A%)'%“ [ >9"" External Capacitance -@;ﬂ%ﬁ\

T
a What happened to overlap capacitance and the
Miller Effect on Cg,?
» Remember that this is an approximate model, but...
» L=L4+2*L,,, SO C;=C_ *W*L qun-
» During the transient, for most of the time the load gate’s
transistors are in cutoff or in linear.

» Miller effect won't appear, because the second ate O

won’t switch until t,, is over. (
ﬁ Vno
a Therefore:

» YES, Cgp, and Cgg, contribute to the load capamtance \
» BUT, a good approximation is just C;,=Cq*W*L

VLS}
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Summary of Next Stage Input Cap

N Cox I

Cose™
ar
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Parasitic Capacitances - Summary

QO Altogether, as a very general approximation, we get:

Ioad — 2((:GDPl + CGDNl) + ( DBP1 + CDBNl)‘+ (CGPZ + CGN 2) + C\N

~—~—"——

Miller Diffusion Load — Cil | -
a An even more general approximation S'
with N fan-out gates gives us: G:| a
P1 CDjp1 P2

CopritCopni D] —— D
Cload — Couf + Cwire + N * Cin ._FF.-_. L

o[j  |in Iﬁl&""f __“£ . GINZD
IC e, 0 A[;'
]

.20 0 C l
- GN2
\} I\ \ & l: P —_l
0( Svsmms(:emerI
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Last Time...

OACMOS Inverter Capacitance Model for t .

( §< z C,)(Wl/ Cﬂga\/, (gola\/ “ls%
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Last Time...

» Driver Cap (C,, or C,,,): Diffusion + Mlller
» Load Cap (C;, or C,): Gate cap, no miller

bph: 00900 ey {drj?

VIS}
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L5.l MOSFET Capacitance

5.2 Inverter Del'ay
C€apacitance Model

:5.3 Priving a Load

Up till now, we discussed device sizing with an
optimal fanout of 1. What happens if we want to
cascade more gates to the output?

DRIVING A LOAD

VISt
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External Capacitance

a Up till now, we assumed our inverter was only driving a
copy of itself. This is known as intrinsic or unloaded delay.

a But we usually will have a larger fanout, and in some
cases, we will need to drive large loads.

0 Let's remember how we defined our load capacitance:

Driver
CIoad (Cdlf‘f + Coverlap ) (Cfanout + Cwire ) K) .
- Cint T Cext ‘DQ >
j:‘cwire
QO We can now write our delay Coni T i '-|_:c
equation according to these = =
components. Cint Cex
=0.69R,,Cpp.q =0.69R,, (C,,, +Coy )
VISt
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Sizing Factor (S)

tyy =0.69R, (Cpy +Ce )
a This means that if we add a larger L™ eQ( nt i‘t)
load, our delay will increase. This is intuitive, as it means
we have to supply more current from the same source.

a If we were to widen our transistors by a factor S, this would
decrease our resistance and increase our intrinsic

capacitance. C.=S-C, R,=R,/S

d/g- W

I, G - wn
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Sizing Factor (S)
1Cint =S-C,, R,=R./S tpd = O.69Req (Cint +Cext )(

These two factors trade-off, which is why we get an optimal
Inverter size.

*

. R,
1:pd,unloaded = 0'69Reinnt = 069( y yj(ﬁ °Cint): 0.69R,,C

eq ~int

QO However, upsizing our gate doesn'’t affect the external
capacitance and therefore decreases the loaded delay.

eq ~int SC

Lpe
« R
tpd :O.69ﬂ(SCint+Cext):O_69R C. |1+ Cext :tpo 1+ Cext

int int
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Sizing Factor (S)

Cex
t,=t, (1+ %Cint)
x 10

e’ |t =0.69R_C,,

VIS§
|
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Driving a Large Load

Q So now we have a very large load to/drive(;

ek i lis)

a We could just use a very large inverter.

» But then someone would have to drive this large
Inverter.

Q So considering we start with a limited input

capacitance, how should we best drive this Ioacﬁsﬁ;f
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Inverter Chain "'a/

/4

(9(
f % 0 ‘X ——C,

B\

/‘Tl(\nY‘ o l\\ ? £ _E
&T 3\37 /i3
a If C, is given: =

» How many stages are needed to minimize the
delay?

» How to size the inverters?

2 Anyone want to guess the solution? \llS

Svsmmscemer
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Delay Optimization Problem #1

Q To solve an optimization problem, we need a set of
constraints:
» Load Capacitance.
» Number of Inverters.
» Size of iInput capacitance.

Lo L VLSS
- i

Systems Center.
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Delay Optimization Problem #1

QO To explore this problem, we must define

a proporti ity factor, 7.
—
RE\/ a AVERY ['
7 /2
— C'l‘ C‘(
C\\ 7 1 | {; J'W4
GG

Qyisa function of technology*, that describes the
relationship between a gate’s input gate capacitance|(C,)
and its intrinsic output capacitance (C,,,): A

Cint - ]_/ Cg

—— A
*y is closeto 1 for most submicron processes! ‘
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- Delay Optimization Problem #1
* int L

w, we will write the delay as a function of y, and the

effective fanout, f: = C
— C f A
tpd =tp0 1+ =tp0 1+ — f =28
- y %

yC,
_—_ 1

(@]

NE ocﬁﬂe}/(cM S+ Ced)= 440 (14 Ce"l)

——

——

O We can see that the delay for a certain technology is only a
function of the effective fanout!
VISt

Svsmmscemer
Digital Microelectronic Circuits The VLSI Systems Center - BGU Lecture 5: Capacitances and Loads 38



Inverter with Load

0 So we see that the delay
Increases with ratio of load
to Inverter size:

Q t, Is the intrinsic delay of an unloaded Iinverter. Load
Q y IS a technology dependent ratio.

a fis the Effective Fanout — ratio of load to inverter‘ﬂ e
Svsmmscenmrj:
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Sizing a chain of inverters

2 Now we will express the delay,,
of a chain of inverters:

a Assuming a negligible wire capacitance,
for the jJ-th stage, we get:

f C, ..
t, =t [1+—’]:tpo 1+ 24
y 7Cy.;

0 And we can write the total delay as:

t

pd

N

- thd,j =ty

J=1

N 1+ Coin
J=1 7/Cg,j

Digital Microelectronic Circuits

The VLSI Systems Center - BGU

Ce)d’l :Cd\s
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Sizing a chain of inverters |— i[l c(%

0 We have N-1 unknowns, so we will derive N-1 partial
derivatives: |ét,,
oC,

Q We receive a set of constraints: L>g
v

Q This means that:
» Each inverter is sized up by the same factor, f.

» Each inverter has the same effective fanout, f;=f.
» Each inverter has the same delay, t,(1+f/p).
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Sizing a chain of inverters

a Now this is interesting...
what If we multiply the fanout of each stage?:

Hf = C (1+1) (29/2 C/ C/4 / C/ CIoad _( CIoad_)
j= @/2 /(3 % 1 9.1

| -
rb

0 We found the ratio between |nput and load capacitance!

T = Q/Cload /Cg,l — % Fécéoad

9.1

VLS
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Sizing a chain of inverters

ACIoad
f:WE F:C

0 We defined the overall effective fanout, F, between the input
and load capacitance of the circuit. Using this parameter,
we can express the total delay:

Y F

Ly =N-T;|1+—
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Example: 3 Stages

S=1 S=2 S=4
| .2 Y
n -' Out
N “ ' W —=c=8C
Y o f2 —C,=38
El 1 [ f V" f L\_l

C,/C, has to be evenly distributed across N = 3 stages:

:9\_ f=3/8=2

— wisi

Systems Center.
Digital Microelectronic Circuits The VLSI Systems Center - BGU Lecture 5: Capacitances and Loads 44



Delay Optimization Problem #2

Q Great — but what is the optimal Number of Stages?

Q This Is a new Optimization Problem. You are given:
» The size of the first inverter
» The size of the load that needs to be driven

Q Your goal:

» Minimize delay by finding optimal number and sizes of
gates

Q So, need to find N that minimizes: t,=N-t, [1+

\F J
y
VIS
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Delay Optimization Problem #2 =

et =N -t -(1+ 7]-

Q Starting with a minimum sized inverter with C; ..;,, and
driving a given load, C,,,4, We can see that:

» With a small number of stages, we get a large delay due to the
effective fanout (f, F).

» With a large number of stages, we get a large delay due to the
intrinsic delay (Nt

a To find the optimal number of stages, we will differentiate
and equate to zero.

dt N
—K_Qg — 7+NF_JEI\IInF:o-—> fopt:exp(1+% )
opt

dN

VIST

dysieIs bBlIlIH_L
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fopt =

Delay Optimization Problem #2,————~
exp(1+ @

Q This equation only has an analytical solution for the case of
»=0. In this esoteric case we get:

f =e=2.718 N =InF

y=0

opt opt

y=0

Q If we take the typical case of y=1, we can numerically solve

the equation and arrive at: S
(s?‘ ——— e
f ~ 3.6 N ~log,. F| .|

opt y=1 opt y=1

a1 136

T SR FOLI

v

M 1 j 1 1 L 1 M
25-:- 0s i 1.5 2 25 a
T

LTi

systems Center ML
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Example

0 We are given: C, =64C .

=
4
/
Cin = Cmin L
QO We need to find the optimal D5
number of stages, so f >‘)ﬁ

opt

K ~
-5, o “ -1
=log, F=log,64=3 NDP"" 3‘“\1"’/’(1 e 1-4ulas iJ

) I
k-5 %(453‘{,&/4*36
¥

0 So we need 3 stages that will be sized 1, 4, 16.

Q Let’'s inspect what delay we would have gotten with
various number of stages. |'|_s

Svsmmscenmr
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A *6‘{1
N f t, [%PJ
1 E 64—T— 1¥ 64 65
D D }’, 16‘4 Jof"- ! ‘7)'//”7) N =
1 8 64 # 2 8 @/

1 |> ’ g 3 29 6 64— T 4 2.8 15.3

——
WIS}
| |
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Normalized delay functiop of F

ty=N-t, -£1+ E]
Q Let’s consider the trade offs of Y

driving loads with various approaches:

» Unbuffered v > =
» Two-Stages / d
» Optimal FO4 ChainV D""D”’(

!

Q For a small load, F=10:

» Unbuffered delay: t =11t Dr —— - ’D‘T
» Two Stage delay: t,;=8.3t, 'j
» Optimal FO4 Chain: N,,=2->1,,=8.3t,,
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Normalized delay function of F
T

t,=N-t, - |1+—
pd pO( y

a For a slightly larger load, F=100:

» Unbuffered delay: t,,=101t,; «—
» Two Stage delay:gfd—:ﬁ@ SN
» Optimal FO4 Chain: Ny,,=4-> t,,=16.6t,

» We see a large benefit for one extra stage, buithe
Inverter chain might not be worth it.

0 How about a really large load, F=10000" |
» Unbuffered delay: t,,=10001t,
» Two Stage delay: t,,=202t,, /
» Optimal FO4 Chain: Ny, =7-> t,,=33.1t,, |- J
» But we “pay” for this with a large number of stages and
huge final stage inverter (W=1mm) sv\g!!:s%
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What about Energy (and Area)?

0 How much additional Energy (and Area) does an
Inverter chain cost?

» Using a single (minimal) inverter, our capacitance would

be:
1—stage = C + 7/Cm|n + C)
~—/r

TAxg 13 ‘“\>OI;;\
I - é,CL

Chi_stages = (1+ y)C +(1+7/\)1‘Cmin +..+(1+y) FV7C,, +CL

min

» But the capamtance of N stages C it

= C\ gage H(1+7) fCip +.. +(1+ y)f" 1Cmmj
Overhead! VISY

Systems (:emer
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What about Energy (and Area)? (,_..:(; [+

CA-1.
a So the overhead cap is: ’r(>>’1(—’ (5

Covernead = (1+7) TCo (1+ F +ot N‘z) rjc T‘]
4(7 ) fC ( - ‘1D "ok, Lok
+7) 1Cpi - =) Gy
min F_1 \k
a For example: g,;; A
C, =20pF, C_. =50fF
F=29PF _ 400, N, =5, f = /400 =3.3
50 fF o ’117 ; |
C =2-3.3-50-10"°| —— |=9.7pF
overhead A ‘EPE’ ‘_'%%i

e
Digital Microelectronic Circuits The VLSI Systems Center - BGU Lecture 5: Capacitances and Loads 53



Example Overhead Numbers

Q For the previous example:

Humber of Stages “lS%

Systems Center.
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Conclusions

2 In order to drive a large load, we should:
» Use a chain of inverters.

» Each inverter should increase its size by the same
amount.

» To minimize the delay, we should set the effective fanout
to about 4.

0 Remember!

» You have to use a whole number of stages (i.e. you can'’t
choose 2.5 stages).

» Therefore, choose the closest number of stages for close
to optimal effective fanout..

» Choose according to signal polarity or optimal speed.
» But fewer stages means less power! VISy

Systems Center.
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