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/ | ntroduction

Electrical interconnects are considered to be the major
limitation to performance of scaled electronics.

Wiredelay ~RC
2
RC = &ﬂl‘ = ng_
tw t mhi

Wire delay scales as (feature size)?

K Logic delay scales as (feature size)

\

%
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Some recent results indicates that this view may be
wrong.

The objective of thislecture isto make us understand the
fundamental limits of electrical interconnects and
compare them to optical alternatives.

We want to demonstrate the opportunities offered by
electrical interconnects.

\_ %
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/ | ntroduction \

/ | ntroduction \

Aswe are looking for fundamental limits, we will use a
simplified view: The transmission line view (assuming a
well-behaved return path, e.g. a ground plane).

There are two motivations for this ssmplified view:

* It will give an upper limit to performance, which can be
approached in practice.

* It will compare well with alternative solutions, which

normally are not implemented and therefore also use
Qmplified views. /

Christer Svensson, VLS| Design 2002

6




/ Modeling transmissionlin&s\

Ground planes

i)

Twisted  coaxial

pair cable Microstrip Coplanar waveguide
Cables Circuit boards and chips
(Always areturn path!) We will concentrate on microstrip
K in thefollowing /
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/ Modeling transmissionlines\

v —I> Z
Circuit model: — }m{ }m{ }my

z,y impedance och admittance per unit length
YO o o%v

_ Z —_ > S —

X X W K2

General solution: 13
. v \
v=v(0)e" |:——:J_r\/g =—

. e
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/ Modeling transmissionlin&s\

Interpretation for alosdessline:

z=jwl, ysjoc = V= V(O)eij"'mx

. 1
For asinewave wehave. \ = V(O)eJ“’(“—'*/EX) U= T
C

Wave traveling with velocity v in positive or negative direction along the line

o I
Characteristic impedance: ZC = [—= Z0 Typica value 50Q
(Real in lossless case) C (20...300Q)

KA|S) notethat C= %Zo /
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/ Modeling transmissionlines\

Interpretation of signal transfer, an example:

L i
v, > v, 2+
Z C O -
0 I
A v,
Two waves:
V1 2:V+ A
: R v,
Open end: i,=i,,+i, =0

V, =iy 2=, 207V,
K Source end: v,/i,=Z,
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/ Modeling transmissionlin&s\

Interpretation for alossy linewith simple seriesresistance:

z=jwl+r, ysjac = v =Vv(0)e™ (jed+r)jacx

For small r we have:

Jjac(jad +r5=«/—wzlc(1—j2£dj= jorflc -

27,

Wave attenuated along line Characteristic impedance complex

— jaw/lcx _LX = de"'r
\\I“@k‘fe% %™ e 4//
11
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/ Modeling transmissionlines\

Skin effect loss

Higher frequencies - skineffekt
Fields penetrate metal to skin-depth &

Resistance per unit length, r: /
r=rw —

Current flow, depth 3, (skin depth)
Including current phase and low frequency resistance:

r = o + 11+ Naw

@Jency dependence givesrise to signal distortion /
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/ Modeling transmissionlin&s\

Didlectric loss

Higher frequencies — dielectric loss
L oss due to molecular movements

(Relaxation |0ss) /
a >
£=y ——

~ 1+ jor,

Diélectric constant, €, may be complex

Frequency dependence givesrise to signa distortion

@ relevant in circuit boards at >10GHz /
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/ Modeling transmissionlines\

Converting to time domain

Hze JGad+r)janx Voltage transfer function
=€ Complex and frequency dependent r and ¢ (through €)

g= %(1+ erf (a,l(t —tl))) (Step response in time domain)

v(t) =ifft(HG) (Step in time domain)

o %
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/ Step response \

Step _
response 0z Attenuation
o " hout skin eff
transfer . Without skin effect
function 87 T~ RC behavior
H E._m.‘
sost | Attenuation 0.5:
%..4 With skin effect (RJZ=2In2)
E
=3, — ‘
= RLC behavior
1]
| Delay
0.1
5 /
[-] ] 1 iE-] Fi | 3 BE] 4
K Time, seconds < 40"
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/ Step response \

Largeattenuation (R, /Z;>>2In2):
We have a pure RC behaviour
We have very small skin effect

Low attenuation, R, /Z,<<2In2:
We have an RLC behavior (still with l0ss)
Skin effect dominates resistance

(Note that transfer between RC and RLC resp. DC resistance and
skin effect resistance happens to occur at the same point)

%
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/Step response of wire with driver\

Z, H(jw), Z,

open
Ground plane

(Solve circuit equations with two waves)

_ 2H For Z.=2,
1+H2+ %0 (1— H 2) T Vou2Hvgg,
z

K . Step response same asfor H

Y/

out
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KStep response of wire with driver\

Pure RC case (very large |0ss) Step response must
r be calculated from
H =g Vo Z = |— full expression
Jac
v = 2Hvy,, _ 2HVg,, _ Ve
out 2 i
1+H2+ Zof-p2) LHHT g JERG,
c 2
Ry

Good approximation: 1.

1
K(Iumpedmodel) 1T 177 /
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*+——RC behavior (steep with low resistance driver)

=
-]

—

Mixed

-]
-]

Parmialred ampliocs
=
*

RLC-behavior (with skin effect)
(large distortion)

-]
[+

1 Ll -] B
Tire, Soconds Wl

-

/Step response of wire with driver\
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/ Wire performance

Delay or latency, LC-wire

Delay mainly through velocity, t,=vL, L=wire length

1 C
v=——=_20

NN

Note, no higher velocity is possible.

.

C, velocity of light in vacuum, €, dielectric constant (square of refractive index)

Only difference to opticsisthe value of refractive index (about 1.9 resp. 1.5)

~

/
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/ Wire performance \

Delay or latency, RC-wire

RC-wire: Delay mainly through RC charging time, for 50% of final value:
Ry

4 2
L i, L ve, 4= RN&an = 0.35,08tL—

T T 2 :

If we assume that a practical wire has afixed aspect ratio (w/t), we have:

2

ty :aRCX A is wire cross section

\_ /
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/ Wire performance \

Delay or latency, RC-wirewith driver

R Ru
CdL L 1/; L YC t=0.7(Ry(C4+¥C,)+(R4+R,)¥C,)
T T ! T " (Elmores delay)

For long wires, delay may be reduced by repeaters:

| | t o=t t.  [OL

Q ‘ ‘ dmin invrter “wire /
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/ Wire performance \

Capacity or maximum datarate

; ™
- !
2 2=

i
o

| ’(J).pening
S(T) ;
T = — e —
Single pulse Eye diagram

Eye opening = 25(T)-1, S(t) step response, T symbol time

We need a minimum opening for safe data detection, say 64%

vor long wires we may afford a simple equalizer, allowing 0% /
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/ Wire performance \

Capacity or maximum datarate
2
RC-wire: Stepresponse: S(T)=1-e R

Eye opening of 64% yields §(T)=0.82 or T=0.85R,,C,,

Max datarate le:bRcrAz\
. , PH,L
RLC-wire: Step response (skin effect): S(T )=1-erf| ———
A (r) 2Z,WT
an datarate, B =bgc 3 /
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Wire performance

Capacity or maximum datarate

A
sz?

RC-model (eye opening 64%) brc=5.3 10'"b/s
RC-model (eye opening 0%) breo=1-3 108 b/s (=1/agc)
RL C model (eye opening 0%) bri =43 10 b/s

For abus: A=A

‘ Assumptions: Z;=50Q, Copper, Silicon dioxide ‘

~

%
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/ Wire performance \

Crosstalk Crosstalk
Wm-m !v_l‘g
L /
_ T TCd Wire length
Ground plane g
n c,
Pesk crosstalk = —————
4 Cgrd + Cm
‘ Realistic wires (aspect ratio 3) need w,,, , ~1.5w,, to limit crosstalk to 20% ‘

QDavis and J. D. Meindl, IEEE Trans. Electronic Devices, vol. 47, p. 2078, 2000)
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/ Wire performance \

Power consumption

\%
° Voltage swing, V, length L
open

Inverter with -1

== For 2T,<T
output Current ! 4 Ve °
resistance Z, consumption: - _ V,
Random data 8z, For 2Tp>T
TD:L/V Power I:)wire = WO VO issupply

Qa rate; f=1/T Consumption: By . =1V, separate supply /
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Wire performance

Power optimum voltage swing

VO . Vdd
Voltage swing, V, length L

Using reduced swing to save power needs an amplifier for restoring swing to V

I:):F)Wire-'-l:)

ampl

Thetotal power shows aminimum for a particular swing, Vg,
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Wire performance

Power optimum voltage swing

(Example) 2t

Ordinary supply
Process: (Inverters as amplifiers) ¥ - - seriesregulator
V=13V, V,=03V, G, =5 £

% ! Driver supply=V,
Generd: ] 025
C_=10fF, C,=1pF, f =1GHz, = a=0.
a=0.05 and 0.25 ) 4=0.05
a=activity (f/f;) % L 0 LT 0
\akage peing Vo)

Optimum swing ~ 60 mV @ a=0.25; power saving 8x (Using ordinary supply);
two stage amplifier
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Wiresin real systems

We will examine three cases and draw
some practical conclusions from these

Wires on circuit boards
Globa wires on chip

Local wireson chip

\_
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Wireon circuit board:
Far into RLC region: A=5-10"° m?, L=0.5m B=10Gb/s
Delay=3.3ns (velocity of light in polymer)

Wiresin real systems

Upper level chip wire:
At borderline: A=4-10"? m?, L=1.5cm B=20Gb/s
Delay=100ps (RLC-model)

Lower level chip wire
Far into RC region: A=10"* m2, L=1mm, B=5Gb/s
Delay=80ps

\_
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Wiresin real systems

s
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/ Chip I/O capacity \

Typical board wire: 0.25mmx20um=5 10-°m?
10Gb/s 0.5m, more than afull board!

Chip edge capacity: Bus effective cross section: 2cmx20um/2.5
(assuming chip edge 2cm and wire to wire distance 1.5x(wire width)
length 10cm

gives bus capacity B=6.8Th/s

Can be implemented with 340 wires at 20Gh/s each.

Pitch 58um, quite possible

Total chip I/0: 27.2Th/s (using 4 edges)

\_ /
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/ Optical example \

:  |lenses
ﬂ u chips
Example from literature: 4Th/s for 4cn? area
Total power 4W (my optimistic view)

(Electrical case estimated optimal power 0.1W at 120mV swing)
(Kibar, VanBlerkom, Fan, Esener, J Lightwave Techn., vol. 17, p. 546, 1999)

\_
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On-chip global

Keeping full light velocity needs R ,<Z,2In2

For 2cm chip, max length (Manhattan) 4cm

Then we need A=10"m?

Not unreadlistic; example 3.2x3.2un?
(Microprocessor of today, 2.2um thick outer metal)
B=8Gb/s

Bus capacity across chip: A=2cmx3um/2.5 L=2cm
B=77Th/s (compare external edge: 6.8Th/s)

(2700 wires of 3um at 28Gby/s; total power 2.7W

@ 90mV swing)

%
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On-chip locd

Future processes, feature size f=0.1 - 0.035 um

wire cross section ~3f?, for 0.1um: 3-10*m?

10Gb/s up to 1.25mm length

Imm wire will have adelay of 26ps (26% of 10GHz clock cycle)

We may use 10GHz clock frequency in fully synchronous block
of diameter 1mm. Such a block can contain 250,000 gates.
(Compare to Sylvester and Keutzler 50-100 kgates)

Note that diameter scales as f2; number of gates as f-2
s0 250 kgatesis kept until 0.035um (or further) at 10GHz.

\
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Clock distribution

For clock distribution the only critical issueisto
distribute a constant frequency with equal delay to each target

Using a balanced H-tree allows equal delay
H-tree over 2x2cm? chip, longest path <2cm

A=10! m? (as above), L=2cm, total delay ~130ps

A=101 m?, L=2cm: 50% attenuation at 22GHz (T=45ps)

~

%
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Conclusions

Electrical interconnects are still very effective

We may have atota 1/O capacity of 25Th/s.
(Optical can not compete at short distances (on board))

An upper metal may carry 70Tb/s across chip, with adelay
corresponding to light velocity

Full synchronism can be used at 10GHz clock in blocks
containing >200kgates (diameter 1mm in 0.1um process)

On-chip global clock distribution up to 20GHz possible

\

%
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