Path delay optizimization
Review logical effort
Prelab 2

Extending inverter delay optimization
to other types of gates



Week 3

* Monday labl

— CMOS inverter static and dynamic

* Tuesday

— Lecture Delay with gates, logical effort
— Postlab review lab 1

* Thursday

— Prelab lab 2, Lecture on optimal path delay
— Tutorial POTW (Victor)

* Friday Deadline prelab 2

— Schematic entry of carry ckt of full adder
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From MUD cards

Too many efforts!
Inputs to the gate & logical effort

— How to calculate g, and, p, for different inputs.

— Not very clear on the input capacitance C. What if we
have more than one input, which one should we choose?

Resistance and scaling

— Worst-case R for parallel and series connection.

— How to decide nMOS and pMOS widths during calculation
of logical effort.

— For bigger schematics how to find worst-case scenario.
The constant part
— How to calculate C ;. for compound network..



Too many efforts

Stage effort _
or — f= g X h

Effort delay 7 _
Logical effort Electrical effort

Only three efforts - all in the delay that depends on the external load C|!
Two of them combined make up the third one.

au.n

“h” is our variable, our “x”, as we will see later in this lecture.

And then there is a constant part, p, the parasitic delay

d=gxh+p
Compare to standard linear equation: y =k xx+m
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Graph of normalized inverter delay
as a function of C,

d a
Cin = 2C,
Cn=4C, G #CL Slope % Different slope for each
Slopg 2 ope 1 value of C, that is
each inverter size
Cin =4
STope 1/4
o d = py, + (1/C) X C,
nv
>
CL
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Graph of normalized delay for inverter
as a function of h

slope=1

dzpinv-l_h

hi h=C/C,
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Graph of normalized delay other gates

Other gate:
slope >1

g>1 Inverter:
slope=1

g=1

P

pinv

h=C/Cy,
>
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Example:

NAND3 o1 anput /9=
NAND &P =
[ d = (5/3)h + 3
- 6 -
é‘ Inverter
T O
)]
§ 4 - g=1
= p=1
c 3- d=h + 1
o
Z

N
1

Effort Delay: f

y

Parasitic Delay: p
O I I I I I
o 1 2 3 4 5

Electrical Effort:
h = Cout/Cin

—
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Unclear things

Propagation delay, t 4, from one input signal to the output
is modeled with the normalized delay, d,

so C,\ is the input capacitance for ONE of the gate inputs
(the one where we assume our input signal is entering).

Often all gate inputs have same C,, but not always.
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Logic gate propagation delay model

Now we want to apply the same model to any CMOS logic gate

VDD :[
pMOS

pull-up
network

One inpdit

Note that already here R is placed to the right
of the switch, which means we assume the the n-

net path and p-net path worst-case resistances
are the same.

—
)

C
’Niy' nAMOS

pull-down
network

VSS 5

2018-09-18

DD par

C,y is the input capacitance for one of the inputs to the logic gate

C,or Is the total parasitic capacitance at the gate output
MCC092 Integrated Circuit Design 10



Logic gate propagation delay model

Now we want to apply the same model to any CMOS logic gate

VDD :[
pMOS

pull-up
network

One Ingut

—
)
nMOS

pull-down
network

VSS 5

2018-09-18

Assume all pull-up/down paths have same resistance Res
Obviously, the logic gate will have larger RC product than
the inverter! What is the delay with load C, from one of the
inputs to the logic gate?

As before, normalize to process time constant tau!

R _C R _C
— _ eff ~ par eff ~L
CL tpd - O°7Reﬁ” (Cpar + CL ) =7 (RCG )mv + (RCG)
Refr V
V|N . /Bg ouT
CIN — VD;__— Cpar
. |
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Logic gate propagation delay model

To simplify, we suggest sizing MOSFETs for equal effective resistances, i.e. R 4=R

VDD :[
pMOS

pull-up
network

OuT

—
)
nMOS

pull-down
network

VSS 5

2018-09-18

Tcpar

Consider one delay term at a time!

.. c . C Same for
parasitic delay: p = F—=t=—2t inputs
(RCG )z’nv CD E,(_;_.
DPipy
RC c. C .
¢, stageeffort:f = L =N __L = gj Oneinput
(RC.),, Co Cu
inv H,_JT
g

This method conveniently separates the driving strength of
a logic gate in terms of its logical effort, g, and its external

load in terms of its electrical effort, h. And all with respect
to the properties of the inverter.
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Deciding on resistances/scaling

 Make all paths have the same resistance:

— Parallel paths:

* Assume that only one of any parallel path is conducting
at a time

— Serial paths

 All transistors groups in series have to conduct for a
path to be formed, but only one of any transistors in
parallel within groups.

* As long as possible assign all transistors in series the
same resistance (if there is no particular reason to do
otherwise).

2018-09-20 Path delay optimization 13



Parasitic capacitances

All FETs have parasitic capacitances at drain and source

Our simplified model is that only parasitic capacitances
at the output node contribute to parasitic delay — not
entirely true.

Drain capacitances are proportional to transistor
width & proportional to gate capacitance.

Approach to find parasitic delay p:

— Sum widths of all FETs connected to output node of gate.

— Divide by width of FETS connected to output node in
inverter with same R.

— Multiply by p,, factor (C,/Cg)



Two complex gates for you to practice
on (but not right now)
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Solution 1 complex gate 1

Resistances for equal worst-case Corresponding widths
path resistance

o wa

gcl = (6+2)/3 =8/3
gc2 = (3+2)/3 =5/3

p1—d| R/3 gpl = (6+2)/3=8/3
c2 _C{[ZR/3 :l gp2=(6+1)/3=7/3
cl-g R/3 .
- c2out p =(1+2+3+6)/3 pinv=

12/3 pinv =4 pinv
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Solution 2 complex gate 1

Resistances for equal worst-case
path resistance R, p-net changed Corresponding widths

1
p2 4||j R/2 8., = (8+2)/3=10/3
_ g, = (4+2)/3=6/3
p1-d| R/4 gplifi*ﬂﬁié‘}f
2 r2 ] S TR
c1-d —‘R/4c20ut p =(1+2+4+8)/3 p, .=

15/3 pinv =5 pinv

- %IIQ c2—| R/2
c14| R;ﬁ‘l R/2

—1 L
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Complex gate 1 which solution is
better?

* |t depends on which one is the critical input,
the one on the critical path, that limits the
speed, but unless it is p2, solution 1 is better.
The resistances are more similar and also the
parasitic delay is smaller.

* Note: There was a constraint due to the
physical layout that made us not put the p-net
upside down (more about layout next week!).
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Solution 1 complex gate 2

Resistances for equal worst-case

path resistance R 1~ Correspongipg widths
= -
H P29 Rr/3 H p2—g[ 6W /
1= (3+3)/3 =2
1 < /39 2r/3 a - pv-d 3w ] &
‘4 /34 c/2—c ‘4 _4 c2—d| 6W gc2 = (6+3)/3 =3
T ' /3 - , Y 8pl=(3+43)/3=2
__o| \ gp2 = (6+3)/3 =3
V3 oW Coutin=7/3
i clout B clout ELOUtn /
- ne ro e zw P 3+6)/3 pinv=
FI W FI /3 pinv
R
Pl — R/3 pl —| 3W
] R/p'sz—” R/3 CZ—HMZ_EM
I\ = I\ T
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Solution 2 complex gate 2

Resistances for equal worst-case

—1

™~

path resistance R, p-fet changed
—]
P29 _R/4
cl ﬂ| R’,12‘°| R/2
c2—Q
| :IR/4
]
__o| R/2
_\ clout
_l[' cl —HR/3
R
Pl /|| R/3

Corresponding widths
7 _
p2—q| 8\W
cl ‘4 43\1\/—4 4\W gcl = (3+4)/3 =7/3
c2-d| gy 8€2= (8+3)/3 =11/3
L gpl=(3+4)/3=7/3
= gp2 = (8+3)/3 =11/3
. °| 4w gCoutin =5/3
_\ clout
p =(1+3+4)/3 pinv=
i W 1 W 8/3 pinv
ot o
c2—||3V\|62—” 3W
S —

™~ -

Path delay optimization
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Complex gate 2 which solution is
better?

* Also here it depends on which one is the
critical input (the one that is on the critical
path and thus limits the speed), but from the
schematic it looked like it would be c_ . In
that case solution 2 is better. It also has a
lower parasitic delay.
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Outline

* A linear model for non-inverting gates
— Stilld=gh +p, findpand g
— An example
* Prelab 2 task
— [LAs
— The carry circuit
* Review tapered buffer —only inverters
— Optimal h,optimal N
— Review the example
e Path delay with other gates
— Optimal f
— An example

2018-09-20 Path delay optimization
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Model for a non-inverting gate

Linear model d = f + p = gh + p should hold also for non-inverting gate
fis the part that depends on C, f = gh where h is defined as C,/C,,
Thus f e = Cn/Cinine C/Cin = Bgate X D

gate INinv gate
p is the static part of the delay: the part that does not depend on C,

—+— CMOS
N L

|
!
|
I p,=4, 9,=2
s :

X4 C c. C 1 C

d=4+2—+1+—L- =94 N L Q4 __L The parasitic delay p=9
X2 2c, 5 2,¢C¢,. S 2C, Logical effort g=0.5
0 —_—— "
Ist stage inverter g h £ h

Note that g < 1 is possible because here it depends on scaling between gates!
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Quiz about 3-input AND gate
= 3-input NAND + inverter

What is p,yp and gunp (the same for all three inputs)?

Work in small groups.
Enter your answers in Socrative: Room: MCC0922018.

2018-09-20 Path delay optimization
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Prelab 2

Iterative Logic



Prelab 2

* Design task: design with MOSFETSs the carry bit-cell
for an 8-bit ripple-carry adder!

* The 8-bit carry logic is to be implemented by an
iterative logic array consisting of eight instances of
the bit-cell that you have designed.

* The carry bit-cell has three inputs (two bits a, b and

a carry-in memory bit), and one output, the carry-
out memory bit to the next more significant bit.



Designing an adder word slice

vdd gnd Register File Decoder vdd gnd

T s S S A S A A A Lt

.....
X | .

ce

......

= g T 1 * . e : . . mmn= Sl e ¢ py aad foe!

flop mux adder
wordslice wordslice wordslice

FIGURE 1.67 MIPS datapath layout

27
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Iterative logic arrays: FULL ADDER

BOOLEAN TRUTH TABLE
ag b0 A B CIN COUT  SUM

out

= OO O O
==l = =)
N~ B~ NS W )

out

Sum, Sumg Sumg Sum,  Sum, Sum, Sum;, Sum,

28
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Iterative logic arrays: FULL ADDER

BOOLEAN TRUTH TABLE
ag b0 A B CIN COUT  SUM
‘ ‘ 0 0 0
0 0 1
0 1 0
Cout FA Ci, <1> (1) (1)
‘ 1 0 1
Sum, i i (1)
ag by

Prelab design tasks (see prelab 2 instructions):

carry |- * Design carry logic as a SUM of products!
Coe logic c. ° Draw MOSFET schematic!

e Calculate logical effort and parasitic delay of
sum I the inverting carry-logic cell that you have
logic designed!

| e (Calculated delay through carry chain
Sum, 29

2018-09-20
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Prelab 2

What is still unclear?

Path delay optimization
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Review from lecture 4:
Tapered buffer

Reference inverter. .. and two inserted buffer inverters
Size=1 Size X, H is the
C ’ : x,C path electrical effort
T T —I— C,=HC
Reff - Reff/xl ‘
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Please note that H is the

The tapered buﬁerpath electrical effort

while h is the
stage electrical effort.

Reference inverter. .. and two inserted buffer inverters

Size=1 Size X4 Size X,

H is the
path electrical effort

— 'T(”
e
] =
' e
N><
B

——— C,=HC

eff — Reff/ X1

With two intermediate buffer inverters we obtain a normalized delay relative to tau:
D=(pinv+h1)+(pinv+h2)+(pinv+h3)

where we have defined the stage electrical efforts, or fanouts, h.

Here h,=x,, h,=X,/X,, and h;=x5/X,).

We know we must have h,h,h; = H, So only h, and h, are independent variables, the
third, h; becomes h,=H/h,h,.

TASK: Show that minimum delay is obtained for h,=h,=h,=h=3VH >>> D=3(p,,+3VH)

2018-09-13 Lecture 4: CMOS Inverter dynamics 32



Please note that H is the

-I-he tapered buﬁerpath electrical effort

while h is the
stage electrical effort.

Reference inverter. . . and two inserted buffer inverters
Size=1 Size X4 Size X, H is the
C : x,C x,C path electrical effort
— O
T — —— —— _HC
Reff - Reff/xl | )

With two intermediate buffer inverters we obtain a normalized path delay:
D=(pinv+h1)+(pinv+h2)+(pinv+H/h1h2)-

Taking partial derivatives wrt h, and h, we obtain
d H d H
d—hD(hl,h2)=].— > =O, and ED(hl,h2)=l—F=O

1 1 72 2 12

This yields h=h =h, and H=h* - h=3H

2018-09-13 Lecture 4: CMOS Inverter dynamics 33



The tapered buffer

Reference inverter. .. and two inserted buffer inverters

Size=1 Size X,=4

— 'T”
O
NS
1o

— Reff/ X1

Size X,=16  Eyample with path
electrical effort H=64

— — C.=64C

Sharing the load equally between the inverters yields equal stage fanouts h=3164=4

The total delay is then equal to 3 FO4 delays, i.e. 15tau=75 ps (assuming p,,,=1).
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The tapered buffer

Solving this problem we start by having derived that minimum delay occurs
when stage electrical efforts, h, are equal.

Hence path propagation delay is given by D= N(p, +h)
Furthermore, h="VH, i.e. H= hV,

In H
Taking natural logarithms we obtain number of inverters N = ln_h
n
We rewrite path delay equationas p - Zim ™" +h InH
Inh

Looking for minimum path delay by taking derivatives of D wrt h
Ink-(p,, +h)/h

(lnh)2
Analytical solution is possible only for p,, =0:

we obtain InH =0, 1.e. Inh =19,~an+71

Note: Derivation inserted for
completeness.
You don’t have to learn to do
this derivation!

h=e=2.72 which givesN=InH

2018-09-13 Lecture 4: CMOS Inverter dynamics 35



The tapered buffer

* Forp, #0 the equation has to be solved numerically

Del
\ elay

Normalized delay
[EY
Normalized area

Area

stage fanout

pinv =1

Stage fanout, h 8

Parasitic delay, p;
\z pan [Hedenstierna & Jeppson 1987]

For typical values of p,,, the optimum tapering factor is between 3.6 and 5. Typically a FO4!

Note that the propagation delay minimum is rather flat,
while total inverter area on the silicon decreases rapidly when larger stage fanout is used.
Silicon real estate (=cost) can be saved for relatively little loss of speed!
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Review from lecture 4:
Tapered CMOS inverter stages

H = C,/C,\: path electrical effort

Equal stage electrical effort, h, gives shortest delay

hop' = H, where N is number of stages
Thatis h_ . ="VH

opt —
Normalized path delay for path is called D, :
Dopt = Nxhg, + P, with P sum of all parasitic delay
I:)opt = Nxhopt + Nxpinv

If N not given, select N such that h is close to 4; to
save area make h a bit higher than 4.

2018-09-20 Path delay optimization 37



CMOS inverter stages with branching

e
: T
e e
—i—_ -
== >O— > G

e s

Introducing b = the branching effort

b = (Conpath + Coi‘fpath)/conpath
bis 1 orlarger
2018-09-20 Path delay optimization 38



Path delay with branching

Equal stage electrical effort gives shortest delay

Path effort: F = HxB

B: path branching effort

B = b,xb,xb,x...by , (assuming N stages)

b = (Conpath + Cofrpath)/ Conpath Pranching effort
Determine f_ ="VF

Normalized path delay D,
Dot = Nxf, . + P where P is sum of parasitic delay
I:)opt = Nxfopt + Nxpinv
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Path delay — when (some) gates are not
inverters

Equal stage effort still gives shortest delay
Now includes also logical effort: g

Path effort: F = GxHxB

G: path logical effort
G = g,xg,Xg;x...8y\ (assuming N stages)
B defined as before

Determine f__ as “WF.
Normalized path delay D,

Dyp: = NXxf . + P, P is sum of parasitic delay
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Approach for delay optimization=
pat h SiZi ng Read W&H section 4.5.4

For more practical considerations

* Given: N stages, g and p for all gates + any branching
efforts b

* Calculate path effort F from F = GxHxB
* Calculate stage effort f, . as “VF
* (Calculate path delay D = Nxf_ . + P)

* Find gate sizes X, to X, starting from start or end of
path.

— Note that X, (input capacitance of first stage) does not
change!

— Don’t forget to include branching efforts!

* Check also that f, /f (for the remaining stage) is also

foptso you did not make a mistake!
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Clock tree task from latest exam

Solution: ?C ?C
fopt ) 32/3 L> & L> CLoap = 32C
Dopt =38 ] o—li O—
(assuming p;,, = 1) |_>C =
—] & —
Stage 3: C, = ] O—— & oY -
(4/3)x 32C/(32/3) = 4C — | P
gnanD2= 4/3 jT:
Stage 2: CIN = Pnanp2= Zpinv — & O_ n
(4/3) x (4Cx4)/(32/3) = 2C — | O—
-
Find f__,, D, and 2 -
pt’ ~opt
the input capacitances at — O~ — O—
stages 2 and 3 ] . T
fopt =7 D opt™* =

Work in small groups

Replies in socrative.com room: MCC0922018 as usual

2018-09-20 Path delay optimization
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Improve delay by adding one inverter stage —
how much is path delay improved?

?C °C
C L> & L> & Croap = 32C
Solution: e | T o— " P
F=(32/3)73 > L =
fopt =4VF=5.9 4>07 & O—— & —— | & -
Doy = 4 X 5.9 + 7pinv= . | P
30.6 (assuming p,,, = 1) Gumor= 43 T
Pnanp2= 2pinv — & — & -

Cyp = 5.9C - P — P
Cps = 6.5C =
Cpa = 7.2C & |y & |-

Find new ¢ iap =2 —+

: D opt~ "’ “opt” °

opt’ “opt

with added stage Later you can calculate the sizes too

| will post those numbers

2018-09-20 Path delay optimization 43



Summary path delay optimization

2018-09-20

Goal: minimize normalized path delay (that is, critical path delay)

Path effort F= G x H x B (general expression for all cases)
path electrical effort: H =C,/C,, (for entire path)
path branch effort: B=b,x.... x b, (for entire path)
path logical effort: G=g,%...x g, (for entire path)

Optimal stage effort is f, , = "VF
Optimal path delay D, is then: D, ,, =N x f_ .+ P

opt opt —
where P is path parasitic delay = sum of all p

Read W&H section 4.5 Logical Effort of Paths

Path delay optimization
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Conclusion

* Review of logical effort muddy issues

e Linear model for non-inverting gate
— d +gh, g due to scaling between gate and inverter, p the internal delay

* Prelab 2
— Design a carry cell

* Review tapered buffer
— h_ ., N

opt’ ' Vopt
— h,="H
— N, corresponds to FO4 stage delay but shallow minimum
* Path delay optimization
— Path effort: F = GHB
— fope="WF

— D, = Nxf_ +P

opt — opt
— Finding the sizes from start or end of path.
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