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Introduction
Introduce a distributed RC t-model for delay estimates
— Wire resistance per unitlength L, r

— Wire capacitance per unit length L, ¢

— Distributed wire delay ~ %rcl?

For simplicity, assume the existence of a dominant RC time constant
for describing the output signal at the wire end

We will show how repeaters can be inserted to keep wire lengths
short

— Find the optimal number of repeaters for any wire length
— Find the critical wire length for repeater insertion

Introduce the concept of wire effort
Conclusions



Wire delay example

Estimate the delay of an inverter driving an identical inverter
at the end of the 1 mm wire! W,=2W,,.

Assume wire cap ¢= 200 fF/mm, r=800 €2/mm (from previous examples)

The wire will affect the propagation delay if the wire R, C,,, product is larger
than the reference RC product of the inverter R ,C;=2 k(2 x 3.6 fF = 7.2 ps.

driver inverter receiver inverter
Rw=0.8 kQ2, C\,,=200 fF

The given parameters yield a wire resistance of 800 (2 and a wire cap is 200 fF.
Wire resistance is distributed along the wire which must be modeled by segments
In Spice circuit simulations a 3-segment t-model is accurate to within 3%
However, for simple analytical estimate: use single segment nt-model.
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Wire delay example

Estimate the delay of an inverter driving an identical inverter
at the end of the 1 mm wire! W,=2W,,.

Assume wire cap ¢= 200 fF/mm, r=800 €2/mm (from previous examples)

The wire will affect the propagation delay if the wire R, C,,, product is larger
than the reference RC product of the inverter R ,C;=2 k(2 x 3.6 fF = 7.2 ps.
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Wire delay example

Estimate the delay of an inverter driving an identical inverter
at the end of the 1 mm wire! W,=2W,,.

Assume wire cap ¢= 200 fF/mm, r=800 €2/mm (from previous examples)

The wire will affect the propagation delay if the wire R, C,,, product is larger
than the reference RC product of the inverter R ,C;=2 k(2 x 3.6 fF = 7.2 ps.

driver inverter receiver inverter
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1
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The given parameters yield a wire resistance of 800 (2 and a wire cap is 200 fF.
Wire resistance is distributed along the wire which must be modeled by segments
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Wire delay example

Estimate the delay of an inverter driving an identical inverter
at the end of the 1 mm wire! W,=2W,,.

Assume wire cap ¢= 200 fF/mm, r=800 €2/mm (from previous examples)

The wire will affect the propagation delay if wire RC product R, C,, is larger
than the well-known inverter RC product R,,C;=2 kQ x 3.6 fF = 7.2 ps.

driver inverter receiver inverter
R R,=0.8 kQ2 Inpytscap C
X
— CW/2: —1 CW/2:—— c—=
100 fF 100 fF

Wire t-model

Introduce electrical inverter models
What is the delay of this two-stage RC circuit?
Can be found analytically from second-order differential equation!
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Simplify wire circuit to find solution

Redraw the wire circuit as a two-stage RC circuit, where

Stage 1: resistance R, and capacitance C;
Stage 2: resistance R, and capacitance C,

* Get transfer function, or 2" order linear differential equation
Let’s denote the two solutions

R, V, R, v, to the characteristic equation
s, and s,, respectively.
| | -
1 N\ For the case of a falling output
Vin SCi=— SC2=T—  the solution is:
L 4 V,(t)=V,e* +V,e*

1 Characteristic eq. also yields

H(s)= i
Te = (_g) + (_g) = R1(C1 "’Cz)"' R,C,

Most often one time constant is dominant, for the - -
case of a falling output voltage resulting in\V, (t) ~Vy, ¢ Propagation delay: t; =0.7x7,
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Approximative solution

Let’s have a look at a circuit example where R,=0.8R,, C;=1.2C,
Already for these 20% differences between R, and R,, C; and C,, respectively,
one of the time constants become dominant, i. e. 7,=2.45, ,=0.3
This graph compares the exact two-pole solution with the approximative
exponential decay assuming a dominant time constant 7,=7;+7,=2.75
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How to remember delay formula?

Estimate the delay of an inverter driving an identical inverter
at the end of the 1 mm wire! W,=2W,,.

Assume wire cap ¢= 200 fF/mm, r=800 €2/mm (from previous examples)

* Now, let us return to the simplified two-stage RC circuit

* How to remember how to get the dominant time constant?
R, N2 R, NV,

d' 7l

Vin Cl — CZ —

Each resistance is multiplied by its downstream capacitance!
7, =R (C,+C,)+R,C,
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How to remember delay formula?

Estimate the delay of an inverter driving an identical inverter
at the end of the 1 mm wire! W,=2W,,.

Assume wire cap ¢= 200 fF/mm, r=800 €2/mm (from previous examples)

* Now, let us return to the simplified two-stage RC circuit
* How to remember how to get the dominant time constant?

R<1/L _V Rz< A___ v,
N N\ < |
Vin Cl CZ

Or: Each capacitance is multiplied by its upstream resistance!
L= R1C1+(R1+ Rz)Cz
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Return to wire delay example

Estimate the delay of an inverter driving an identical inverter
at the end of the 1 mm wire! W,=2W,,.

Assume wire cap ¢= 200 fF/mm, r=800 €2/mm (from previous examples)

The wire will affect the propagation delay if wire RC product R, C,, is larger
than the well-known inverter RC product R,,C;=2 kQ x 3.6 fF = 7.2 ps.

driver inverter receiver inverter
R R,=0.8 k(2 Input capacitance C
C,—— CW/2: —1 CW/2:__ c——
100 fF 100 fF

At this point, | have found it convenient to introduce the wire effort W.: W, = %
In our example, W =160/7.2=22 R R, W
and the normalized delay can be written d = p;,, +1+W, R + - + 25
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Return to wire delay example

Estimate the delay of an inverter driving an identical inverter
at the end of the 1 mm wire! W,=2W,,.

Assume wire cap ¢= 200 fF/mm, r=800 €2/mm (from previous examples)

The wire will affect the propagation delay if wire RC product R, C,, is larger
than the well-known inverter RC product R,,C;=2 kQ x 3.6 fF = 7.2 ps.

driver inverter receiver inverter
R R,=0.8 k(2 Input capacitance C
C,—— CW/2: —1 CW/2:__ c——
100 fF 100 fF

Having developed a delay model based on the assumption of a dominating time
constant, let’s apply the model for finding the size of the inverter minimizing the delay!

o _We R g Ry = : R, =08 KQ, W, =22 — Ry =170 O
R R, R M
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Return to wire delay example

Estimate the delay of an inverter driving an identical inverter
at the end of the 1 mm wire! W,=2W,,.

Assume wire cap ¢= 200 fF/mm, r=800 €2/mm (from previous examples)

The wire will affect the propagation delay if wire RC product R, C,, is larger
than the well-known inverter RC product R,,C;=2 kQ x 3.6 fF = 7.2 ps.
receiver inverter

driver inverter

R,=0.8 kQ
@» 120
C,/l2= L _ C,/2=—L_

100 fF 100 fF

Having defined inverter size 10X for inverters with R=2 k€2, 120X is the inverter size

with R.,=170 Q minimizing the delay caused by the wire.
Total delay becomes 22.5 multiples of the basic 5 ps that we have defined for the 65

nm CMOS process, i.e. 112.5 ps, a value to be compared to the 10 ps with no wire.

13
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Keeping wires short using repeaters

For keeping wires short, what if we divide the wire in the
example into 2 segments by inserting a repeater in the middle?

A repeater is just an identical inverter that we call repeater!
To estimate the propagation delay, just add the two segment delays!

driver inverter receiver inverter

Ry/2, Cy/2 Ry/2, Cy/f2
@o—
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Keeping wires short using repeaters

For keeping wires short, what if we divide the example wire
into 2 segments and insert a repeater?

A repeater is just an identical inverter that we call repeater!
To estimate the propagation delay, just add the two segment delays!

R R,/2
L1 —o——___1

[ Tet T T [ T T T

If we keep the total wire effort W =22, the sum of the two stage delays is

Ry/2

o

d=2 - +1+—E + +—E
X[ plnv /2 5 J (USIﬂg delay Eq on slide 8)

Keeping Ry =R, :% mpd . = 2><(2+JVEVE +%j: 2x(2+2.35+2.35+2.8)=19
E

Just a small decrease of the wire delay (from 22.5 to 19)! But still . . .
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Keeping wires short using repeaters

But what if the wire is much longer, say 10-15 mm?

What would be the optimal number of segments, m, into which the wire
should be split by inserting m-1 identical repeaters for minimizing the delay?

driver inverter receiver inverter

R,/m, C,/m R,/m, C,/m
@n @» 120 @0

If we keep W; as the total wire effort, the delay can be written

R W | (W W
4= mx[w{lnv] Rw/m RJ 2m’ ]» °p‘_\/2(pinv+1)_ 2

Pinv =1
The previous inverter sizing is still optimal, since the two middle terms
yielding the relationship between R and R, are independent of m!
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Keeping wires short using repeaters

But what if the wire is much longer, say 10-15 mm?

What would be the optimal number of segments, m, into which the wire
should be split by inserting m-1 identical repeaters for minimizing the delay?

driver inverter receiver inverter

R,/m, C,/m R,/m, C,/m
@n @» 120 @n

What is the critical wire length for considering repeater insertion?

L = L _ 2L :2‘/£:2,/7—'2:0.42 mm
My ,M}E rc 160

Hence, in the case of our 1 mm wire example, it’s optimal to divide wire in two

segments. However, the gain was small and the signal became inverted
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Example: 10 mm wire

But what if the wire is much longer, say 10 mm?

The critical length being 0.42 mm suggests insertion of 22 repeaters,
i.e. that we should divide the wire into 23 segments.

driver inverter

receiver inverter

e

CW/m RW/m; Cw/m
@» . —120 @n

The wire effort is now W =16000/7.2 = 2200
Hence, minimum normalized delay is 4VW, =188=190.
Summarizing the 23 stage delays gives the same result:

d =23x2+2 W, +%:46+2x47+48:188z190

Important comment: An even number of repeaters does not invert the signal!
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Conclusion

Introduced a distributed wire RC model, the t-model

Discussed the relevance of a delay model assuming the
existence of a dominant time constant

Understood that wires should be kept short since wire delay
or flight time, increases with the wire length squared!

_rel?

W, ~ L*! Therefore, keep wires short!

For long wires, delay can be minimized by inserting repeaters

We have derived expressions for the optimal number of
segments, m__., and for the critical wire length L

L5 [(RC ) merr
mODt (rC)wire

opt’ crit

L

crit =




