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Abstract
We show that there is a limit to the total number of bits per second, B, of information that can
flow in a simple digital electrical interconnection that is set only by the ratio of the length " of
the interconnection to the total cross-sectional dimension A of the interconnect wiring — the
“aspect ratio” of the interconnection. This limit is largely independent of the details of the design
of the electrical lines. The limit is approximately B ~ Bo A/"2 bits/s, with Bo ~ 1015 (bit/s) for high16
17
18
performance strip lines and cables, ~10 for small on-chip lines, and ~10 -10 for equalized
lines. Because the limit is scale-invariant, neither growing or shrinking the size of the system
substantially changes the limit. Exceeding this limit requires techniques such as repeatering,
coding, and multilevel modulation. Such a limit will become a problem as machines approach
Tb/s information bandwidths. The limit will particularly affect architectures in which one processor must talk reasonably directly with many others. We argue that optical interconnects can solve
this problem since they avoid the resistive loss physics that gives this limit.

1. Introduction
Electrical interconnections currently dominate the communication of information within
digital machines; they are often the most inexpensive approach, and are known to be reliable. At
long distances and high bit rates, optical techniques are, however, increasingly being used, in
large part because they do not suffer from the signal attenuation and distortion that arise from the
skin effect loss in normal metal cables [27]. The skin effect is the physical phenomenon [9] that,
at high frequencies, current is carried only in a thin layer near the surface of the conductors (for
example, the “skin depth” in copper at 1 GHz is about 2 Pm). In practical cables, the skin effect
is unavoidable1 [3]. There are also several other reasons for the use of optics in interconnections
[18][17][21]. Optics dominates long-distance telecommunications, has growing use in some networks and connections to peripheral devices, and is being introduced for frame-to-frame
interconnects and for backplanes.

It is obvious that longer lines are lossier and have more pulse distortion. A key point of the
present paper is that it is the “aspect ratio” — the ratio of the length of the (longest) interconnection line to the cross-sectional dimension of the interconnect — rather than the length that better
characterizes limits from loss and distortion, especially for simple digital interconnections in
which signals are to be sent directly as “on” or “off” voltages without coding or multilevel
modulation schemes. The resulting limits are independent of size scale, being set instead by the
proportions of the interconnections, and, ultimately by the proportions of the underlying system
architecture; neither growing or shrinking the size of the system substantially changes the limit
(though, in practice, lines on chip have slightly better performance than other lines). As we will
show below, for example, the bit-rate capacity, B, of a broad range of electrical cables and lines
is given by B ~ 1015 A/"2 bits/s. Hence we can conclude that certain architectures become substantially more difficult or expensive to implement with electrical interconnections once we wish
to pass more than a certain amount of information through them per unit time.
By contrast, optical interconnections have no comparable scaling limits. Loss in optical media
is essentially independent of the modulation bit rate, even into the terahertz regime. Optical attenuation can be relatively very small; it is negligible in “free-space” propagation over scales of
meters, and in optical fibers over kilometers (e.g., 0.2 dB/km loss at 1.55 microns wavelength).
Optical systems readily exceed the electrical scaling limit derived here by multiple orders of
magnitude. For example, a single-mode optical fiber, 125 microns in diameter and 15 km long
(corresponding to A/"2 ~ 5 u 10-17), would have only 3 dB of distance-dependent loss. Sending
signals at, for example, 100 Mb/s is simple and routine in such a system. A simple electrical interconnect with the same length and cross section would, according to the scaling analysis of this
paper, be able to carry less than 0.1 bit/s of data. More sophisticated optical systems can handle
much greater distances and bit rates, with, for example, 160 Gb/s transmitted over 232 km of optical fiber [25]. Though optical interconnection systems doubtless have their own practical
problems, it is clear that they do not suffer from the same kind of scaling limits as electrical interconnects. Consequently, we will concentrate in the rest of this paper on the analysis of
electrical interconnects, and in the knowledge that optics can solve the resulting problems of interconnect bit-rate capacity, at least at some size scales.
This aspect ratio limit to electrical bit-rate capacity is relatively universal. Because capacity
depends on total cross-sectional area, replacing a large number of thin cables with a small number of thick cables (or vice versa) has no effect on the limit. The detailed design of the cable
cross-section is also largely irrelevant because of an underlying logarithmic scaling in the physics of cable properties; as a result, all well-designed cables and lines give similar limits (though
bad design could certainly make the problem worse). Somewhat surprisingly, we also get essentially similar limits regardless of whether the loss results from skin-effect or conventional “bulk”
resistive effects.
Obviously, a single long wire has a very large aspect ratio, and as a result has a low bit-rate
capacity (this is equally true for a long coaxial cable or a long wire on a chip). The wiring layers
in boards and chips have relatively small cross sectional areas, and so can also encounter this
limit. In systems with large numbers of processors, each of which wishes to be connected to
every other reasonably directly, large-aspect-ratio interconnects are inevitable, since at least
some of the processors must necessarily be many “processor sizes” away from some of the other
processors. Switching fabrics that must connect a large number of input sources to a large number of output systems (as in telecommunications switching or possibly interconnection switching
for large multiprocessor parallel computing machines) have similar problems.
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Aspect ratios of interconnects inside machines will often be lower than those of long cables
between machines, but they can readily be in the range of 10:1 to 100:1. For such aspect ratios,
we will likely start to run into the “aspect ratio limit” at total bit-rate capacities in the range of
10s of Gb/s to 1 Tb/s. Though large by current standards, such machines may not be very far off.
For example, an experimental telecommunications switching fabric with 320 Gb/s capacity has
been demonstrated using state-of-the-art electronic packaging [26], and it is interesting to note
that the architecture chosen for this demonstration (an active crossbar, i.e., a simple mesh interconnect) is one that avoids high-aspect-ratio interconnects, though its cost would increase
quadratically with its capacity. Other known multistage switching architectures scale more nearly
linearly,2 but have inherently higher aspect ratios. Optics in various forms has been suggested for
use in high-capacity switching systems [26][4]. Experimental optically-interconnected multistage
systems have been demonstrated [16]. The use of optics for very-high-aspect-ratio interconnections within a switching system is being researched now; in one such experimental system, a
single silicon chip forms the core switching fabric interconnecting a large number of highcapacity switching machines [14]. In this system, optical connections are made directly from the
surface of the silicon chip to the other switching machines, avoiding entirely the usual hierarchy
of repeatered electrical interconnections. Such radical approaches are possible because of
emerging technology that allows large numbers of high-speed optical interconnections directly in
and out of silicon chips [7].
The argument of this paper is an extension of more general arguments previously given by
one of us [21][22], and the central point has also been briefly discussed recently by Smith [24]
(and also orally by one of us [18] at the same meeting). In this paper, we give the physical arguments explicitly and in greater detail, including also the case of equalized lines, and extend the
discussion of practical electrical interconnects to show specific realistic numbers for limits.
In section 2, we present theoretically this “aspect ratio” limit on the bit-rate capacity of both
skin-effect-limited lines and conventional resistive lines. We discuss the transition between skineffect-limited behavior and conventional resistive behavior in section 3; importantly, we show
here that there really are only two modes of operation of lines — either skin-effect-limited
“propagating-wave,” “LC” lines or bulk-resistance-limited, “diffusive-conduction” “RC” lines.
This conclusion makes the results simpler and more universal. In section 4, we discuss how to
scale the theoretical limits from ideal lines to the case of more practical lines, and give explicit
scaling results for coaxial lines, strip lines in multichip modules, and lines on chips. In section 5,
we extend the analysis to the case of equalized lines. We discuss the results in section 6, and
draw conclusions in section 7.

2. Theoretical Bit-Rate Capacities of Electrical Lines
Though there are many different designs of electrical transmission lines, in practice there is
little variation in the capacitance per unit length, C", and the inductance per unit length, L", of different lines. Most lines have about 1-3 pf/cm of capacitance and about 2 nH/cm of inductance.
The reason for these relative constancies is that both capacitance and inductance scale only logarithmically with the ratio of conductor size to conductor separation. For example, for coaxial
lines, the capacitance is
C"

2SH r H o
ln rb / ra

1

-3-

6

(1)

where Hr is the relative dielectric constant of the material between the conductors, Ho is the permittivity of free space, rb is the inner radius of the outer conductor of the coaxial cable, and ra is
the radius of the inner conductor. The inductance is
L"

1

PrPo
ln rb / ra
2S

6

(2)

where Pr is the relative permeability of the material between the conductors, and Po is the permeability of free space. For all practical low-loss cable, Pr = 1.
For any line (coaxial or of other design) operated at a frequency where the inductive impedance per unit length substantially exceeds the resistive impedance per unit length (i.e., “LC”
lines), the characteristic impedance, Zo, is
Zo

L"
.
C"

For a coaxial line, Zo becomes
Zo

1
2S

(3)

 
 

r
PrPo
ln b .
ra
H rH o

(4)

For polyethylene dielectric (commonly used in coaxial cable), Hr = 2.33 at 100 MHz, which
would give rb/ra = 3.57 for Zo = 50 : cable. Air or vacuum-spaced 50 : coaxial cable would
have rb/ra = 2.30 (expanded PTFE with Hr ~ 1.3 is also commonly used).
The signal propagation velocity, v, is, for any “LC” cable
v

1
,
L" C"

(5)

which, in practice, for coaxial cables becomes c/Hr, where c (= 3 u 108 m/s) is the velocity of
light in free space.
Lines other than coaxial lines [e.g., twisted pair, conductor above ground plane (narrow) strip
lines] all have behavior similar to coaxial lines as the relative dimensions are changed because
the logarithmic behavior comes from the underlying physics. Because of the logarithmic scaling,
redesigning for substantially lower capacitance or higher impedance results in at least one of the
conductors becoming very small relative to the overall area, which leads to high resistance and
hence high loss. Lines, such as very wide strips close together on top of one another, have higher
capacitance and lower inductance; such lines are useful for power distribution, but their low impedance or high capacitance leads to high required driver powers3 if used to send signals.
Increasing the dielectric constant also increases line drive power and slows down signal propagation. Increasing the permeability, in principle, could increase line impedance, but is generally
not practical and would reduce propagation velocity.
Hence, to minimize capacitance (and maximize impedance in LC lines) without incurring too
much loss or occupying too much area, practical lines designed for signal transmission tend all to
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have at least one conductor dimension comparable to the separation between the conductors, and
to have rather similar inductance, capacitance, and impedance (for LC lines); ln(rb/ra) (or the
equivalent factor for other designs of line) tends to have a value of ~1. Other specific analyses
support this conclusion [21][22][15]. Broadly speaking, only the resistive loss changes substantially between different cable or line designs, and it tends to scale with overall area. This relative
universality of transmission line properties allows us to draw rather general conclusions about
the bit-rate capacity of electrical signal transmission lines. As we will show below, the effect of
resistive loss is to give a bit-rate capacity for a given line that is proportional to the crosssectional area and inversely proportional to the square of the cable length, with a proportionality
constant that is essentially similar for all practical signal transmission line designs.
2.1. Skin-Effect-Limited Lines
The skin effect is a well-known consequence of Maxwell’s equations for the case of wave
propagation in the presence of conductors. All of the conduction tends to occur within about a
“skin depth,” G, of the surface of the conductor. G is given by
G

1
SfP r P oV

(6)

where f is the frequency and V is the conductivity. At room temperature, the conductivity of copper is about 5.80 u 107 :m-1 and that of aluminum is about 3.78 u 107 :m-1, which leads to
skin depths in the range of microns at the clock frequencies of electronic processors.
When skin-effect-limited resistance loss dominates (e.g., neglecting radiation loss and dielectric loss), the response, h(W), at the (properly terminated)4 end of an LC line to a unit step function
input is [27]

3

h(τ ) = erfc 1 / τ

8

(7)

where “erfc” is the complementary error function, and W is time measured in normalized units E,
where (for a coaxial line)5
E

P r P o "2
,
16S 2 ra2VZo

(8)

with " being the length of the line (W = 0 corresponds to the time at which the step function edge
would have arrived at the end of the line in the lossless case).
The form of the function h(W) is shown in Fig. 1. Note that, though the initial rise of h(W) is
rapid (in a few units of time), the function takes a very long time to rise after that. The 10%-90%
rise time is actually about 120 units of time. This long overall rise time significantly limits the
number of bits per second that can be sent down the line unless sophisticated coding and signal
recovery techniques are used.6
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Fig. 1. Rise of a voltage at the end of a terminated, skin-effect-limited transmission line when
driven by a unit step function (in dimensionless units of time).
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Fig. 2. Eye diagrams for bit periods corresponding to 10, 20, 50, and 100 normalized
time units, calculated for a random 256-bit pattern.
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Resulting “eye diagrams” are shown in Fig. 2. In an eye diagram, a random bit stream drives
the system, and the results from each bit period are plotted on top of one another, showing the
unwanted influence of previous bits (“pattern-dependent” effects) as a “closing” of the “eye.”
The long total rise time of the skin-effect-limited line leads to substantial “pattern-dependent”
effects, as can be seen in Fig. 2. For a bit period of 5 time units, making the digital decision as to
whether a given bit is a “zero” or a “one” is not quite impossible (the “eye” is still “open”), but a
relatively sophisticated “decision” circuit would be required to do so, and the immunity to noise
is clearly significantly degraded. To meet a standard digital design criterion of a bit period significantly larger than the 10%-90% rise time would mean a bit period of 100s of time units. Here
we presume that, with care in design, we can work with an effective “rise time,” Wrise, of 50 time
units, and we also presume that we can set the bit period equal to this Wrise and get sufficiently reliable digital communication with relatively simple decision circuits. With this presumption,
therefore, the bit-rate capacity, B, of a given cable would be
B  1 / W rise

1 / 50 E

(9)

The practical meaning of the unit of time, E, is more easily understood by rewriting it. Using the
fact that the d.c. resistance per unit length of a coaxial line is
1
Sra2V

R"

(10)

(where we neglect the slight additional resistance from a larger, outer conductor), we find
E

1
R" C" " 2
4 log rb / ra

1

1
RC
4 log rb / ra

6

1

6

(11)

where R and C are the total d.c. resistance and capacitance of the line, respectively. Hence the
effective rise time, Wrise, of the skin-effect-limited coaxial line is [from Eqs. (9) and (11)]
W rise #

12.5
RC .
ln rb / ra

1

6

(12)

This formula will be useful for comparison with the behavior of the “RC” line below (it is,
though, an algebraic accident that the unit of time here appears to depend on the d.c. resistance,
R, of the line, and it has no basic physical significance).
Another way of rewriting the unit of time is
E

 
 

P
rbo
2
16SZo V ra

2

"2
A

(13)

where A is the cross-sectional area of the line, and rbo is the outer radius of the outer conductor
(which may include both the thickness of the outer conductor and that of any insulating or protective sleeving). Based on this formulation, and taking as a limit rbo = rb (the inner radius of the
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outer conductor), we obtain for such an “ideal” copper coaxial cable with polyethylene dielectric
and 50 : impedance
B  9.1  1015 A / " 2

(14)

(this relation is plotted as the “LC” line limit in Fig. 4).
Note that this bit-rate capacity depends essentially only on the “aspect ratio” "/A. Note also
that we could, instead of using one large cable of cross-sectional area A, use several small cables
of the same total cross-sectional area A, and obtain the same total bit-rate capacity B. Each of the
individual small cables would be run at a proportionately lower bit rate because the rise time
would be proportionately larger, but the aggregate capacity would be the same. Hence A really
refers to the total cross-sectional area. Changing the cable design makes essentially no difference
to the overall capacity as long as the total cross-sectional area remains the same.
2.2. Bulk Resistive Lines
In the case of lines of dimensions such that the resistive impedance dominates over the inductive impedance at the operating frequency range of interest, the 0%-90% rise time at
the end of the (unterminated) line happens to be numerically equal to the total RC time constant
7
of the line. We choose this time as the effective rise time, Wrise, of such lines, giving
W rise # RC

R" C" " 2 .

(15)

R will be the d.c. resistance of the line (though there may be a transitional frequency region
where it starts to be affected by the skin effect — we discuss this transition below).
This formula can be compared directly with Eq. (12) above for the coaxial line case. We see
immediately that the bit-rate capacity of the RC line is actually larger (for the same geometry)
than that of the LC line by approximately an order of magnitude.
The d.c. resistance decreases with the area of the line. As we will discuss below, for highperformance systems, the RC line behavior will usually only hold in practice on chip. The geometry of a well-designed on-chip line will have an area approximately 8 times the area of the
(smaller) conductor8 [1]. Again, there is relatively little that can be done to improve such a design. For example, reducing the resistance by increasing the fraction of the area occupied by the
smaller conductor will generally increase capacitance to give little or no net benefit. The resistance of the smaller conductor is therefore
R" #

8
VA

(16)

and so we have, for the bit-rate capacity of the RC lines,
B#

1 A
8 R" C" " 2

2.4  1016

A
A
(copper) 1.6  1016 2 (aluminum)
2
"
"

-8-

(17)

Again, we find that it does not matter whether we use a large number of small RC lines or a
small number of large RC lines — the total bit-rate capacity is the same, and depends only on the
total area A.

3. Transition Between Bulk Resistive “RC” Lines
and Skin-Effect-Limited “LC” Transmission Lines
We have only analyzed the above two cases: (i) “LC“ lines with skin-effect loss and signal
distortion, and (ii) “RC” lines, where the resistance is not dominated by the skin effect, i.e., the
resistance is that of the whole cross-sectional area of the conductor. For the generality of the
analysis, it is important to understand the other two possibilities, i.e., “LC” lines with resistive
loss from the whole conductor cross section or “RC” lines with skin-effect loss. In fact, as we
demonstrate below, there are essentially only the two cases we have already analyzed; the frequency at which a line of a given size changes from bulk resistive behavior to skin-effect
behavior is also essentially the frequency at which the line changes from “RC” to “LC” behavior
(essentially the same conclusion is reached in Ref. [22] by a different, but equivalent, argument).
The frequency, fRL, for the transition from “RC” to “LC” behavior for a given line is that at
which the inductive impedance equals the resistive impedance, i.e., using Eqs. (2) and (10) and
the fact that the inductive impedance is 2SfL,
f RL

1

1

Sr VP r P o ln rb / ra
2
a

6,

(18)

where, for the sake of definiteness, we consider the coaxial line geometry.
The frequency, fSE, at which the skin effect becomes important is when the skin depth is comparable to the conductor radius (or half the larger cross-sectional dimension of the smaller
conductor in the line), i.e., for a coaxial line, using Eq. (6),
fSE

1
.
Sr VP r P o
2
a

(19)

It is clear that these two frequencies, fRL and fSE, are essentially identical; they differ only by the
factor ln(rb/ra), which we have argued above is approximately unity for practical signal lines. If
we consider lines other than the coaxial line, the logarithmic factor ln(rb/ra) may be replaced by a
slightly different factor, but, for well-designed signal lines, as discussed above, this will make
little difference. If we have lines in which the smaller conductor is substantially larger in one
cross-sectional dimension than in the other, the formulae will be slightly different again, but
well-designed lines tend to have relatively square or circular cross- sections since otherwise they
acquire excess capacitance or low impedance. Hence, Eqs. (18) and (19) are essentially correct
for all well-designed signal lines. Taking the conductor size d = 2ra as the effective crosssectional dimension of the smaller conductor of the line, we have, for the “cut-over” frequency,
fC, between bulk RC behavior and LC skin-effect behavior,
fC

4
.
Sd VP r P o
2
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(20)

1GHz

“LC” line with
skin effect
resistive loss

Frequency
1MHz

“RC” line with
bulk resistive
loss
1kHz
1µm

100µm

10mm

(Center) Conductor Width, d
Fig. 3. Graph showing transition frequency between bulk resistive-capacitive (RC) diffusive
conduction behavior of a line and inductive-capacitive (LC) line behavior with loss
dominated by the skin effect, as a function of the cross-sectional dimension, d, of the
smaller conductor in the line.
This relation is graphed in Fig. 3.
Note from Fig. 3 that, at the frequencies of 100 MHz and above that might be found in highperformance interconnections, only the smallest lines (e.g., <10 Pm) are RC lines, and such small
lines are usually found only on chips (rather than on boards or in cables).

4. Scaling the Performance of Practical Cables and Lines
The LC line limit given by Eq. (14) is obviously idealized as far as cable cross-sectional area
is concerned, since it presumes no outer conductor or sheathing thickness. We can scale to practical cables by noting the actual cross-sectional area of the real cable of the same inner conductor
size as the “ideal” cable of Eq. (14); the “ideal” cable (which, by assumption, has a 50 : geometry and a polyethylene dielectric) has an area of S(3.57/2)2 = 10.0 square units for an inner
conductor one unit in diameter. The bit-rate capacity of the real cable is derated in proportion to
its actual area compared to this “ideal” area.
Practical lines also typically have more loss than the ideal cable of the same inner conductor
size. There are several possible reasons for this difference. One is surface roughness on the conductors. As discussed above, the skin depth is often of the order of microns; if the surface is
rough on this scale or larger, the current will actually have to flow over a longer path than if the
-10-

surface had been smooth, resulting in greater loss. Lines in geometries other than coaxial
(e.g., strip lines) will generally have more current flowing on some parts of the conductor surface
than others (usually those parts of the conductor nearer to the “return path” on the other conductor), which results in more skin-effect loss for the same total signal current. There are also other
(non-skin-effect) losses, such as dielectric loss, anomalous skin effect [2], and radiation loss,
though we will neglect these here.
The effect of additional “skin-effect-related” loss reduces the bit-rate capacity of a real line
essentially as the square of that additional loss factor, as can be seen from the following arguments. Suppose that the loss, Dp (in, for example, dB per unit length), of a practical cable is
greater than that, Di, of the ideal cable by some factor K at some frequency fa. The loss from the
skin effect scales as f ½. Hence, to reduce the loss to the same as that of the ideal cable, we should
reduce the operating frequency (and hence the bit-rate capacity) by a factor K2. Equivalently, we
can keep the frequency the same but scale up the cable cross section. Since the current only flows
in a layer of thickness G (which remains the same as we scale up the cable cross section), to reduce the loss by a factor K means we must increase the perimeter of the conductors by a factor K,
which in turn means scaling up the area by a factor K2 (we increase the conductor dimensions by
K in both cross-sectional dimensions). The cable bit-rate capacity decreases in proportion as we
have to increase its area beyond that of the ideal cable, as discussed above.
In fact, one good way to deduce the bit-rate capacity of an arbitrary cable or line is to find the
area of the ideal cable with the same loss at some given frequency, and simply to derate the bitrate capacity by the ratio of the areas, as discussed above. This approach has the advantage that it
gives a meaningful result for any form of cable or line, including other geometries, such as strip
lines, and automatically includes the effects of larger areas and excess skin-effect losses discussed above. The loss of the “ideal” coaxial cable is
D Vi

R"SE
nepers / m ,
2 Zo

(21)

where R"SE is the skin-effect-limited resistance of the cable per unit length. The loss stated in this
way is the voltage attenuation coefficient. Cable losses are usually quoted in power attenuation
coefficients (which are twice as large because power is proportional to the square of the voltage),
and in decibels per unit length. Hence, for the “ideal” 50 : copper line with polyethylene dielectric, the power attenuation coefficient in decibels becomes
Di

f
dB / m .
A

2.28  10 8

For each practical cable we can define a “bit-rate capacity constant” Bo through
A
B  Bo 2 .
"

(22)

(23)

Using the above scaling argument, therefore, for a chosen frequency, f, and using the area A of
the real cable to calculate Di from Eq. (22),

D  .
 D 
2

Bo

9.1  10

15

i

p
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(24)

In Fig. 4, we show the “bit capacity constants,” Bo, for various practical cables and lines. The
parameters of cable or strip line performance used for the estimations in Fig. 4 are shown in Table I. In the table, d is the diameter of the center conductor in a coaxial cable, or the width of the
(center) conductor in a strip line. Note, for the case of planar wiring (i.e., connections on chip
and on MCMs) in Table I, that actual connections in planar wiring require two levels of interconnections to allow for crossing wires. The best possible case is to neglect the area required for
this second layer, basing calculations on the cross-sectional area of one wiring layer. A more realistic case is that two layers of wiring are required, doubling the cross-sectional area needed for
a given bit-rate capacity.
Note from Fig. 4 the extent to which cables and lines of very different sizes and designs all
have very similar bit-capacity constants. Even coax lines and MCM-D multichip module strip
lines have overall similar performance (lines on chip, being more likely RC lines, have somewhat
higher calculated bit-rate capacity constants).
As a “rule of thumb,” we can conclude from Fig. 4 that, for practical cables and lines operating at or above the typical speeds of modern processors, the practical interconnect aspect ratio
limit of electrical interconnect total bit-rate capacity is
B ~ 1015

A
"2

(25)

with slightly better performance than is possible on chip (i.e., B ~ 1016 A/"2).

“RC” line limit
“LC” line limit

10

Bit Rate
Capacity
Constant,
Bo (1015 b/s)
1

on-chip

coaxial cable

MCM-D

0.1
0.01

0.1

1

10

(Center) Conductor Width, d (mm)
Fig. 4. Bit-rate capacity constant for various cables and transmission lines, as a function of the
cross-sectional dimension, d, of the smaller conductor in the line.
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Table I. Parameters for Practical Interconnect Wiring

d

Cable Type

A

Dp

f

Di

Bo
Notes and
15
(10 References
(mm) (mm2) (dB/m) (GHz) (dB/m)
b/s)

On-Chip Al (1 layer)

0.01 0.0008

-

-

-

16.0

a

On-Chip Al (2 layers)

0.01 0.0016

-

-

-

8.0

a

TI MCM-D (1 layer)

0.04 0.0075

35.00

3.00

14.42 1.54 [11]

0.04 0.0075

97.50

12.40

29.32 0.82 [11]

0.04

0.015

35.00

3.00

10.20 0.77 [11]

0.04

0.015

97.50

12.40

20.73 0.41 [11]

0.05 0.0079

26.40

1.00

8.12 0.86 [8]

0.05 0.0079

52.90

3.00

14.07 0.64 [8]

0.05

0.016

26.40

1.00

5.74 0.43 [8]

0.05

0.016

52.90

3.00

9.95 0.32 [8]

0.25

2.85

0.59

0.10

0.14 0.48 [23], [5]

0.25

2.85

1.64

1.00

0.43 0.62 [23], [5]

RG316

0.46

5.27

1.84

3.00

0.54 0.80 [23], [10]

RG58

0.74

19.3

0.18

0.10

0.05 0.75 [23]

0.74

19.3

0.72

1.00

0.16 0.47 [23]

RG142

0.99

19.3

2.20

12.40

RG218/219

4.95

384

0.03

0.10

0.01 1.15 [23]

4.95

384

0.14

1.00

0.04 0.65 [23]

6.60

453

0.02

0.10

0.01 2.10 [23]

6.60

453

0.11

1.00

0.03 0.84 [23]

TI MCM-D (2 layers)

GE MCM-D (1 layer)

GE MCM-D (2 layers)

RG178

RG220

a

0.58 0.63 [23], [10]

Assumes area of (single layer) on-chip strip line is 8u center conductor area. “d” for this kind
of wiring is taken as the width of a square cross-section wire in an upper wiring layer. We have
taken d = 10 Pm as an example, which probably represents an effective upper limit on size before
both skin effect and fabrication difficulties become substantial. Choice of wires smaller than this
has no effect on the bit-rate capacity constant, Bo.
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One simple practical example is to consider the coaxial cabling required to connect cabinets
within a room. The resulting cable length could be " ~ 10 m. The maximum cross-sectional area
of cable that we might consider coming out of the back of one cabinet might be A ~ 0.1 m2 (i.e.,
~30 cm u 30 cm total cable cross-section, which would typically correspond to >60 cm u 60 cm
cross-section of connectors). For such a system, "2/A ~ 1000 (corresponding to an aspect ratio
~32), and so the total bit-rate capacity that we can send into or out of one cabinet, using simple
(unequalized) digital interconnects, is ~1 Tb/s on the basis of the “rule of thumb” relation
[Eq. (25)].
Another example is to understand how much information we could send internally from one
side of a multichip module (MCM) to another (note we are not considering the problem of interconnections onto or off of the module). We presume a 5 cm square module in MCM-D
technology, with a signal-carrying wiring layer 75 Pm thick (including conductors and dielectrics), and we take the line length for the calculation to be 10 cm, corresponding to the longest
line based on “Manhattan” routing (i.e., lines in “x” or “y” directions only, with no diagonal lines
allowed). The cross-sectional area of this interconnect is A = 5 u 0.0075 = 0.0375 cm2. Using a
bit capacity constant of 2 u 1015 b/s (corresponding to a very good MCM-D technology) gives a
bit-rate capacity for this on-MCM interconnect of 750 Gb/s.
As an example of the aspect ratio limit on chip, we consider a 1 cm u 1 cm chip, with a wiring
layer effectively ~10 Pm thick (reasonable for the final “long-distance” wiring layer on a hypothetical chip). Hence, the cross-sectional area A is ~0.001 cm u 1 cm = 0.001 cm2. As for the
MCM case, we assume no diagonal interconnecting lines, so the longest line is " = 2 cm. Hence,
using a bit capacity constant of 1.6 u 1016 b/s, we obtain a bit-rate capacity of 4 Tb/s for interconnections within the chip. This number does point out that there is likely less of a problem
with high-aspect-ratio interconnects on chip than there is off chip. There would, of course, be
many other problems in sending such a bit rate across chip, including the difficulty of driving
them.
Note that in these examples we are only considering a specific part of an overall interconnect,
not the additional problems of connecting any of these systems to other levels of the interconnect
hierarchy. For example, in the coaxial cable case, we are presuming the drivers and receivers are
right beside the cable ends; we make no allowance for any interconnect required to connect to the
cable ends.

5. Equalized Cables
One technique commonly used to increase the bit-rate capacity of cables is equalization. A
relatively simple passive network can compensate for the frequency dependence of the loss in the
cable over some frequency range, at the expense of attenuation of the overall signal (see, e.g.,
Foster and Van Duesen [6] for an example of modern commercial practice). A simple “rule of
thumb” for equalized cable is that the signal attenuation in the equalized cable is the loss that the
unequalized cable would have at the signal clock frequency. This can be understood intuitively.
We could imagine that “ideal” equalization simply attenuates all frequencies below the clock frequency to have the same loss as the clock frequency signal. Hence we would have a flat
frequency response up to the clock frequency, and thus the ability to carry signals with a bandwidth of the clock frequency without distortion. Since with non-return-to-zero signaling the bit
-14-

rate can be twice the bandwidth, we calculate the loss in an equalized cable to be the same as the
loss in the unequalized cable at a frequency B/2 (we calculate, for the moment, as if all of the information flows over one cable, but because the scaling will turn out to be linear in area, the
same answer will be obtained if the cable is divided into many smaller cables with the same total
area, just as above for the unequalized cable analysis).
We presume the receiver at the end of the equalized cable has a sensitivity such that it can tolerate a cable loss G = Dp". Hence, using Di from Eq. (22),

D  G
 D 
2

B 3.85  10

15

i

p

2

A
,
"2

(26)

where G is in units of decibels of power loss.
Note from Eq. (26) that, for a given receiver sensitivity (i.e., choice of G), the bit-rate capacity
of an equalized cable (or set of equalized cables) has the same scaling with area A and length " as
unequalized cables. Hence equalization does not solve the basic aspect ratio scaling problem of
electrical interconnects.
Equalization can improve the overall bit-rate capacity of the system. For example, for a receiver that can tolerate a factor of 10 voltage loss in the signal (i.e., G = 20 dB), for ideal coaxial
cable B = 1.54 u 1018 A/"2 bits/s, and for practical cable, the capacity will be approximately an
order of magnitude less because of the larger loss, i.e., B ~ 1017 A/"2 bits/s. The limits for equalized and unequalized cable are intuitively consistent; the two limits are approximately equal for
the case where the (voltage) loss in the cable at the clock frequency is a factor of ~2, which is
approximately the level at which equalization has little benefit.
In principle, the bit-rate capacity of these equalized interconnects can be improved by increasing the sensitivity of the receiver. Note, however, from Eq. (26), that the bit-rate capacity
scales only as the square of the logarithm, G, of the receiver gain, g, i.e., B  (log g)2. Hence, to
increase B by a factor n requires that the gain of the receiver be raised to the power ¸n, i.e.,
g  g¸n. For example, we might imagine increasing the receiver gain from 20 dB (corresponding
to 100 mV received for 1 V transmitted) to 40 dB (corresponding to 10 mV received for 1 V
transmitted) in a noisy digital environment, which would increase the bit-rate capacity by about a
factor of 4, though even this would require relatively sophisticated and complex receiver circuits.

6. Discussion
It is true, of course, that there are ways of trying to engineer to allow higher capacities in
electrical interconnects, even when the underlying interconnect has a high aspect ratio. One way
is simply to “repeater” the interconnect, breaking a long interconnect up into several shorter
parts. It is also possible to use more sophisticated receiver techniques to extract digital information reliably from poorer “eye diagrams.” The data could also be coded, for example using a
“Manchester” code, to minimize the “pattern-dependent” effects, or using multilevel modulation
to increase the bit rate for a given bandwidth. Such techniques inevitably increase cost, however,
and can eventually only lead to diminishing returns. They also lead to other problems, such as
increased transmission delay, circuit complexity, and power dissipation. The present analysis
does show at least the conditions where such techniques have to be considered, and where, con-15-

sequently, the cost of electrical interconnection will tend to rise faster than a simple linear scaling
of cost with capacity.
It is also true that there are many other limits in electrical interconnects, many of which will
set in before this aspect ratio limit in particular cases, and so it is by no means certain that we can
even reach the aspect ratio limit in many cases. For example, we have neglected delay and delay
variation, which is often a more important problem than rise time (though the delay is the same
as rise time for the case of RC lines), and we have completely neglected the additional problems
associated with connectorizing lines, including wave reflections from discontinuities, and the effects of the finite inductance of pins. The aspect ratio limit does, however, give an upper bound
that applies at any size scale, and as a result makes a rather general case for looking at optical
interconnections for certain classes of system architectures.
The argument for optics is particularly strong in that, despite some initial engineering cost for
a new technology, it is nowhere near any “aspect-ratio-limited” bit-rate capacity, nor is it likely
to be at any point in the foreseeable future. This argument is very clear for fiber optical interconnection. Free-space imaging interconnection systems also have essentially no problems of signal
dispersion or distance-dependent loss on the length scale of electronic processors.
Optics does require driver and receiver circuits to convert between optical and electrical signals. Most such circuits in use today do consume substantial amounts of power, area, and circuit
complexity. Recent work on circuits for “smart pixel” systems has, however, shown that small,
simple, low-power, circuits can be made when the circuits are optimized for the specific conditions of short-range digital interconnections [12]. Recent scaling analysis of smart pixel
technologies [13] (in particular, receiver power dissipation) also indicates that the capacity of
optical interconnects in and out of chips may be able to scale with the increasing logical capability of silicon, and may allow optical interconnect capacities >1 Tb/s for single chips.

7. Conclusions
We have argued that there is a limit on the bit-rate capacity of electrical interconnects that depends only on the “aspect ratio” of the interconnect, i.e., the ratio of interconnect length " to the
square root of the total cross-sectional area of the cables or interconnect lines, ¸A. Ultimately, the
“aspect ratio” is really a property of the architecture of the system; architectures with large numbers of processing units that must communicate relatively directly with many or most of the other
units intrinsically have high-aspect-ratio interconnects, for example. Because this limit depends
only on a ratio of dimensions, such high-aspect-ratio interconnects or systems will be hard to implement electrically regardless of the physical size of the system, i.e., miniaturization will not
help.
We have shown that there are essentially only two kinds of behavior of lines: either the line is
“LC” with loss dominated by the skin effect, or it is “RC” with bulk resistive loss. For the clock
frequencies of high-performance electronic processors, all lines are “LC” except those on chip,
which will generally be “RC” unless they are particularly long. The physics of “LC” and “RC”
lines is substantially different, but, somewhat surprisingly, the aspect ratio limit on bit-rate capacity shows the same scaling in both cases, and also in the case of equalized “LC” lines. The
aspect ratio limit is approximately B ~ Bo A/"2 bits/s, with Bo ~ 1015 (bit/s) for unequalized “LC”
lines, ~1016 for “RC” lines, and ~1017-1018 for equalized “LC” cables. These limits are relatively
independent of the details of the design of the line because of the logarithmic scalings involved
in the underlying physics (though bad design could make the limits worse).
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Though it may seem counterintuitive, the numerical capacity of “RC” lines is somewhat
higher than “LC” lines for the same aspect ratio of interconnect. One reason for the relatively
poor performance of “LC” lines is that, though “LC” lines show a fast initial rise for a step drive,
they also have a particularly long “tail.” It is also interesting to note that, despite the better performance of on-chip lines, groups working on predicting the future scaling of silicon circuits
expect that interconnection limits on chips will become so severe that they see a strong need to
devise architectures that avoid so much interconnection [20], which is essentially a request for
low-aspect-ratio architectures.
The numerical magnitudes of the aspect ratio limits are sufficiently high that most current
processors are not yet limited. Some high-performance processors are, however, likely to be experiencing problems today that ultimately arise from this aspect ratio limit. As processors move
towards aggregate bit rates in the 10 Gb/s-1 Tb/s range flowing over their interconnection networks, such aspect ratio problems will become significant.
It should be emphasized that the aspect ratio limit can be exceeded through various engineering techniques, such as repeatering, coding, and multilevel modulation, in which cases the
capacity ultimately becomes bounded by the Shannon limit. The limit discussed here indicates
where such additional techniques must start to be used with electrical interconnects, showing the
point where the cost of electrical interconnections will likely start to rise faster than linearly, creating practical opportunities for other approaches such as optics. For all practical purposes, optics
has no such aspect ratio limit; long, thin optical interconnects work especially well. Research
demonstrations of high-aspect-ratio, optically-interconnected systems do now exist. Precisely
when and how optics is introduced will, however, also depend on how fast the optical technology
evolves to allow systems of low enough cost and proven reliability.
D. A. B. Miller is pleased to acknowledge the support of Bell Laboratories, where much of
this work was performed.
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Footnotes
1. In principle, the skin effect could be avoided up to certain frequencies by making cables with
a very large number of thin layers, but no practical fabrication technique has emerged. See
Clogston [3].
2. Strictly, multistage architectures tend to scale as NlogN, where N is the total capacity.
3. Optics can also eliminate the problem of driving the unavoidably low impedance of even well
designed lines. See Miller [19].
4. When we consider “LC” lines in this paper, we always assume that they are terminated. If
lines are not terminated, then there are additional problems with reflections on the lines that
in general only make the “eye diagrams” worse. Also, such reflections do not, in general,
speed up the rise time on the line. Hence maximum practical bit-rate capacities will be found
for terminated lines. The termination could be either “series” (i.e., at the transmission end) or
“parallel” (i.e., at the receiving end), or both. The formulae are given for parallel termination;
series termination may have a different magnitude (by a factor of 2 depending on definitions), but has the same form and rise time.
5. Here we assume, for simplicity, that the loss in the coaxial line is dominated by the loss from
the smaller, inner conductor. The actual loss will be slightly higher if the loss from the outer
conductor is also included.
6. The long “tail” on the rise time is a consequence of the 1/f frequency response of the skin
effect. The more common exponential time response (e.g., the rise of a simple resistancecapacitance circuit) corresponds to a 1/f frequency response. Though the 1/f has less attenuation at higher frequencies than the 1/f response (corresponding to a relatively rapid
initial rise in the time response for the 1/f case), it has more attenuation at lower frequencies, hence leading to the relatively longer tail in the time response compared to an
exponential rise.
7. Note that the rise time of a distributed RC line is faster than that of a single resistance and
capacitance of the same total values; this can be rationalized by noting that the capacitance
near the transmitter end is charged through a relatively small resistance, for example. Only
the capacitance at the very far end of the line experiences the total line resistance. The general form of the response of a distributed RC line is sometimes known as “diffusive
conduction” since the line obeys an equation identical in form to the diffusion equation.
There is, unfortunately, no known analytic form for the solution to the diffusion equation in
the time domain for the kind of boundary and initial conditions implied by a step function
voltage drive, though simulation is straightforward.
8. Total line capacitance for on-chip lines minimizes when the ratio of conductor width, W, to
the separation between the conductor and the ground plane (dielectric “height,” H) is ~1.75,
-19-

i.e., W ~ 1.75H (see Bakoglu [1], p. 140). The conductor is taken to have a square crosssection. The separation between adjacent conductors in a collection of lines is taken as 2W to
achieve reasonably low cross talk, and to avoid too much coupling capacitance between the
lines, giving a center-to-center spacing of 3W. For a single conductor above a single ground
plane, the height is not simply H + W because the electric field of the line extends well above
the conductor. To estimate the effective total height of the line, we presume that we place another ground plane a distance H above the conductor to make a strip line. Such a structure
can be stacked to make a multilayer wiring structure if desired. The line therefore has an
overall thickness of at least 2H + W. We should also include the thickness of one ground
plane conductor in the effective height, and we take this thickness to be at least W/2. Hence
the effective area of one line is at least 3W(2H + W + W/2) ~ 8W2. The capacitance of the
simple line without the upper ground plane is about 2 pF/cm for the silicon oxide or silicon
nitride dielectrics used in present integrated circuits [1]. Adding the upper ground plane will
increase the capacitance, so we presume a line capacitance of about 3 pF/cm.

Biographies
David A. B. Miller
David Miller received a B. Sc. in Physics from St. Andrews University, and the Ph.D. degree
in 1979 from Heriot-Watt University. From 1981 to 1996, he worked at Bell Laboratories, latterly as a department head. He is currently Professor of Electrical Engineering at Stanford
University. His research interests include quantum well optics and optoelectronics, and fundamentals and applications of optics in switching, interconnection, and computing systems,
including “smart pixel” technologies. He has published over 180 technical papers and holds more
than 30 patents. He is a Fellow of the Royal Society of London, IEEE, OSA and APS, and was
President of the IEEE Lasers and Electro-Optics Society in 1995. He was awarded the 1986 Adolph Lomb Medal of the OSA, was corecipient of the 1988 R. W. Wood Medal, and received the
1991 Prize of the International Commission for Optics.

Haldun M. Özaktas
Haldun M. Özaktas was born in 1966 in Ankara, Turkey. He received a B.S. degree from
Middle East Technical University, Ankara, in 1987; and M.S. and Ph.D. degrees from Stanford
University, California, in 1988 and 1991 respectively; all in electrical engineering. During his
graduate studies he was a research assistant to Joseph W. Goodman. He joined Bilkent University, Ankara in 1991, where he is presently Associate Professor of Electrical Engineering. In
1992 he was with Adolf W. Lohmann at the University of Erlangen-Nurnberg, Bavaria as an Alexander von Humboldt Foundation Postdoctoral Fellow. Over the summer of 1994 he worked as
a consultant for AT&T Bell Laboratories, New Jersey. He is the author of over 45 refereed journal articles and numerous conference presentations, eight of which have been invited. Two of his
articles have been reprinted as milestone works. His academic interests include optical information processing, signal and image processing, optoelectronic and optically interconnected
computing systems, and, to a lesser extent, optical communications.

-20-

