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Abstract—The propagation limits of electrical signals for 1.8 180
systems built with conventional silicon processing are explored.
A design which takes advantage of the inductance-dominated ‘@15 150
high-frequency regime of on-chip interconnect is shown capable °
of transmitting data at velocities near the speed of light. In a £1.2 Delay 120
0.18um six-level aluminum CMOS technology, an overall delay § £
of 283 ps for a 20-mm-long line, corresponding to a propagation i 0.9 90 35
velocity of one half the speed of light in silicon dioxide, has been 5 g
demonstrated. This approach offers a five times improvement in %0-6 Power 160 O
delay over a conventional repeater-insertion strategy. g 03 20
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. INTRODUCTION Fig. 1. Simulated performance of minimum-sized interconnect (Dm4-
wide, 0.46um spacing for aluminum/silicon dioxide interconnects) with

NTERCONNECT has long been perceived to be a boipeaters.
tleneck in present and future high-performance digital
integrated circuits because of its inability to keep pace with

m
advances in transistor speeds [1]. Consequently, alternative = ° 1 &
solutions such as on-chip optical interconnects have been 5 =
proposed in order to avoid the problems associated with global g Wire £
on-chip wires altogether [2]. However, due to technology in- (%'10 Velocity 101 %’
compatibility, cost considerations, and nonnegligible delaysin & 2
converting the signals between optical and electrical domains, § z
this has not yet been shown to be practical. In this brief, we < -20 10.01 8
explore the velocity limitations for systems built with conven- E é
tional silicon processing and show that data transmission at g 5
near the speed of light is possible in an all-electrical system. <Z3 -30 0 0012
iM  10M 100M 1G 10G 100G

Frequency [Hz
Il. LIMITATIONS OF CONVENTIONAL REPEATERINSERTION 9 y[ ]

APPROACH Fig. 2. Frequency characteristics of 500-ps-wide digital pulse and typical

.. minimum-sized global wires:. is the speed of light in silicon dioxide.
The most common means of global communication Is

through the use of wires with appropriately spaced repeaters

[3]. Based on a 0.18m 1.8-V CMOS six-level aluminum in-  While the buffer delays can be improved by using more ad-

terconnect technology, simulations were carried out in HSPI¢&nced technology and/or expending more power, the intrinsic
for minimum-width (0.44xm), minimum-spacing (0.4@m) wire delay is fundamentally limited. To understand the reasons
lines with varying number of repeaters for a fixed overafPr this, the power spectral density of a 500-ps digital pulse is

distance (Fig. 1) [4]. The optimized minimum delay, incmdin@ompared with the frequency-dependent characteristics of the
both wire and buffer delays, is about 1.35 ns for propagatigiorementioned minimum-sized wire without repeaters (Fig. 2).

over a length of 20 mm, translating into an effective velocity ofhe digital signal is broadband in nature, while the phase ve-
about one tenth of the speed of light in silicon dioxide. This locity for signals propagating along the wire changes dramati-

optimized delay configuration yields a power dissipation ¢flly over this frequency range. For transmission line systems,

30 mW, assuming 1-GHz switching, with an average transitidR€ phase velocity, rather than the group velocity, is meaningful
time of 200 ps. to consider [5]. The telegrapher’s equation describes the signal

propagation as a function of time:
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TABLE | 10 T 1
DIFFERENT FREQUENCY REGIMES OF PROPAGATION
3
Low Frequency regime High Frequency regime . 0.95 2
(R>>w0L) (R<<wL) % E.
Propagation Pv o ar 37 Py PN Velocity <
Equation P o £10 Jmplitude 0.9 8
L N
Phase Velocity T _ 1 (4 ®
Y e i = 0.85 £
=
10’ 8
per unit length, respectively. This intuitively suggests that at 0.1 1 10 10%'
lower frequencies, the first term on the right side of (1) dom- Frequency [GHZ]

inates, and the wire behaves as a distribud network. In 3 Experimental s showi ocity and att i function of
. . . . . 1g. o. Xperimental results snowing velocCity and attenuation as a runction o

this RC regime, S|gnals travel slowly by _dn‘fusmn and underg@equency for a 1-mm-long coplanar waveguide.

frequency dispersion. As the frequency increases, the inductive

component of the wire [second term on the right side of (1)]

begins to dominate over the resistance, and the wire behaves 5 0 1 %
more as a waveguide. The high-frequeigy regime allows for £ f;’
propagation of an electromagnetic wave; consequently, the peak & ;
phase velocity is the speed of light in the dielectric surrounding  3-10 Wire 01 >
the interconnect (Table I). This is the key characteristic of the g Velocity 8
wire that can be exploited in order to achieve high-speed signal 2 2
propagation. Fig. 3 shows the experimental velocity and atten- % _20 Signal 0.01 §
uation characteristics of an on-chip 1-mm-long coplanar wave-  § Power =
guide, with 4.8:m-wide signal, 20zm ground wires, and xm ‘T €
spacing, which is obtained throughparameter measurements § 2
[6]. 230 Tom 1ooM G 106 1008
In the example given in Fig. 2, most of the spectral com- Frequency [Hz]

ponents of the 500-ps pulse are in tR€ regime of the min- Fig. 4. Frequency characteristics of modulated pulse and low-loss on-chip
imum-sized wire, traveling at speeds much less than the sp&ggfconnectc, is the speed of light in silicon dioxide.

of light. It is not until over 100 GHz that the velocity reaches its

maximum and becomes independent of frequency. The eff@gtchip transmission lines used have explicit ground returns that
on digital signals is that different frequency components traviglovide well-controlled and predictable inductance values.

at different speeds and attenuate at different levels, resultingyhile the high-frequencyLC' regime offers high-speed

in a Signiﬁcantly distorted Output. Repeater insertion does n@équency_dispersiorﬂess propagation' the interconnect is
change the frequency characteristics of the interconnect, but ggBstantially more lossy at higher frequencies, as demonstrated
improve speed by amplifying the faster high-frequency compgy Fig. 3. Therefore, the wire must be optimized to minimize
nents of the signal, when placed at appropriate intervals. Tigs, while occupying a reasonable amount of area. Thicker
comes at the cost of increased power dissipation and a delgy layers of metal and dielectric facilitate the realization of

overhead from the intrinsic delay of the repeater. on-chip transmission lines [7], [8]. For example, a microstrip
structure with a gzm-wide 2-um-thick copper signal wire on
I1l. EXPLOITING THE LC NATURE OF WIRES a 2-um-thick dielectric provides a loss of about 0.5 dB/mm

The characterlspcs ShOVY” In Fig. 3 suggest that a high-sp s amount of attenuation is tolerable for a system to reliably
system can be built by taking advantage of the wave naturergcover the signal. In this case, no gain elements, such as

interconnect. At th(_a same t|me_, it is beneficial to gllmlnate ﬂ}%peaters or amplifiers, are present or necessary along the
low-frequency portion of the signal that lags behind and copy gth of interconnect
tributes to inter-symbol interference (ISI). This can be achievecfI :

. . . e . Fig. 4 shows the impact of using modulated signaling in com-
by modulating the digital data with a sufficiently hlgh'frequem)ﬁination with the use of low-loss interconnect. Using optimized
carrier, and as a result, concentrating all of the signal powe

the fasterl.C regime "Mlerconnect lowers the crossover frequency betweerRitie
| der f tgl ' tem to b lizabl . th andLC regimes to a few gigahertz. Using a high-frequency car-
h order for this system lo be realizable, wires must have g, pushes the signal spectral components to lie predominately
low crossover frequency between tR€’ and LC regimes. By

. o L 7 in the high-speed inductance-dominated region.
explicitly emphasizing the parasitic inductance and reducing the
resistance, this transition can be shifted into the single-gigahertz
range. This design strategy of deliberately using the parasitic
inductance may be foreign to designers, since the inductancé\ simple implementation of this system uses direct conver-
for on-chip wires is often difficult to estimate. In this case, theion from baseband to RF, as illustrated in Fig. 5. The carrier

4]% This totals 10-15-dB loss for a cross-chip global wire.

IV. SYSTEM IMPLEMENTATION
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Fig. 5. System block diagram.
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Fig. 6. Simplified circuit schematic of system.and A represent the differential digital data to be transmitted,san(l-t) is the high frequency carrieB is
the recovered digital signal.

frequency must be in thBC regime and sufficiently above theconfines the electromagnetic fields to minimize crosstalk.
desired bandwidth of the signal. Because the overall latencyAdditionally, this microstrip configuration suffers from less
the system not only includes the time of flight across the intecurrent crowding because the current flows across the entire
connect, but also includes the transmitter and receiver delayaglth of the wire, even at high frequencies. On the receiver
minimizing the delay of these components is an important cend, a double-balanced mixer downconverts the signal back to
terion in designing the circuits so that the speed gains are haseband with a voltage gain of 2. A sense amplifier follows to
negated in the overall system. restore the signal to digital logic levels [10]. A simplified circuit
As a demonstration for transmission of 1-GHz data acrosshematic is shown in Fig. 6. Additional buffers, as depicted
chip, a 7.5-GHz local oscillator (LO) carrier has been chosein. Fig. 5, are used exclusively for testing and measurement
A passive ring mixer is used to perform this upconversigourposes.
while minimizing power consumption [9]. This ring mixer then
drives an interconnect wire that extends uninterrupted across
a chip-edge length of tens of millimeters. This modulation
system requires no repeaters, has low power consumption, an@io demonstrate the feasibility of across-chip speed-of-light
simplifies floorplanning since the interconnect does not neeldta transmission, the system has been fabricated in a TSMC
a dedicated channel of silicon to accommodate any repeat&48xm standard logic CMOS technology with six levels of
The transmission line is a differential microstrip topologyaluminum/silicon dioxide interconnect. The differential LO car-
each with a 1zm-thick aluminum 16zm-wide signal line rier signals and digital input pulse are generated off-chip, while
over 2.1um intervening SiQ layer. This microstrip topology the transmitter, receiver, and all other components shown in

V. EXPERIMENTAL RESULTS



IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 38, NO. 5, MAY 2003 837

\J

20 mum of on-chip interconnect

Fig. 9. Die photo of test chip.

15 2 25
Time [ns] 0.8 120

Fig. 7. Sample as-measured input and output waveforms for system described

in Fig. 6. 920

o
o

60

Power [mW]

Delay or Risetime [ns]
o
N

0.2 Risetime 30
S
2. 0 Y —0

10 15
Number of Repeater Stages

Fig. 10. Simulated performance of wide-sized interconnect{fitbwide
microstrip in aluminum/silicon dioxide) with repeaters.

0 02 04 06 08 1
Time [ns] of power required to drive the interconnect. On the other
hand, the loss along the length of the interconnect, which, at
high frequencies, is approximately proportional to the ratio of
the resistance to the characteristic impedance, has increased.
Fig. 5 are integrated on-chip. Fig. 7 shows sample as-measuTégrefore, these effects compete to determine the required
input and output waveforms, and Fig. 8 shows a sample eye power. Simulations show that reducing the wire width tor
agram of the output operating at 1 GHz. The overall delay froraquires an additional 2 mW of power to produce the same
the test chip input to the output is 322 ps for the falling edgsignal level at the receiver input [6].
and 490 ps for the rising edge. This includes a delay of 123 psin addition, this system design will benefit from impending
due to the inverters needed for driving signals on and off of thechnology enhancements, such as Ewdielectrics, copper,
chip for testing and measurement. Subtracting these inverter gsre metal layers, and faster devices.
lays yields an average delay of 283 ps with a power consump-
tion of 16.1 mW (including the power delivered by the external VII. COMPARISONSWITH OTHER TECHNIQUES
LO, but excluding the testing inverters). This total delay over . .
; ) Some of the performance improvement in delay for modu-
the length of 20 mm corresponds to an effective signal propaga- = . : S
. . ; ated signaling can be attributed to the use of optimized low-loss
tion speed of nearly one half of. Fig. 9 shows a die photo of : S ; .
; o . _on-chip transmission lines. Fig. 10 shows that using the same
the 0.8-mm5-mm test system. The interconnect is laid out in &. . - . ; . . :
. ' wide microstrip lines in conjunction with repeaters improves the
serpentine manner around dummy fill metal. . . . ) .
optimal delay from 1.4 ns using minimum-sized wires to 0.4 ns,
over a three times improvement. On the other hand, this comes
at the cost of higher power dissipation; the power has increased
One of the main features of this design is the low-lodsom 30 to 50 mW, assuming 100% activity.
transmission line that uses wide wires to reduce the loss see®n-chip optics promise speed-of-light transmission without
at high frequencies. Alternatively, the wire width may bé¢he frequency dispersion and loss associated with electrical
reduced at the expense of increased power dissipation. Wises [2]. For on-chip optical interconnects to be viable, an
the wire width is reduced, the resistance increases, butistegrated method of transforming signals from electrical
does the inductance, at a slightly slower rate. This indicates optical domains and back again is necessary. Detailed
the crossover frequency between tR€' and LC regimes is simulations have been performed in [11] that quantify the
relatively insensitive to the wire width, and there is little or nalelays due to this transformation overhead. We observe that
delay penalty to scaling down the wire. The higher inductantiee modulated signaling approach on electrical wires, in terms
translates into a higher impedance, which reduces the amoohtelay, performs just as well or even better than the on-chip

Fig. 8. Eye diagram of system output operating at 1 GHz.

VI. SCALABILITY OF THE SYSTEM
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TABLE 1l [8]
PERFORMANCE OFDIFFERENT APPROACHES TOON-CHIP SIGNALING
Propagation Time of Delay Power
Signaling pag Flight for for 20 Comments
Medium [mW]
20mm [ps] | mm [ps] [9]
Modulation Wide metal Large metal
(This work) wires (e, =4) 133 300 16 area
— (10]
Min. sized metal 133 1400 30 Slow
wires (e, = 4)
Repeaters . Large metal
Wide metal 133 400 50 | arca,High 11
wires (e, = 4)
power
Packaging,
Air (e, =4) 66 300 80 Integration
Optics (Edge- issues
Emitting) [11] On-Chip Integration
Waveguide 228 500 80 isiues
(e,=11.7)
Packaging,
Air (e, =1) 66 400 60 Integration
Optics issues
(VCSED) 1] On-Chip Integration
Waveguide 228 600 60 isfiues
(e, =11.7)

optical links (Table II). Furthermore, the metal waveguide in a
silicon dioxide environment has a faster time of flight than an
integrated optical polysilicon waveguide.

VIIl. SUMMARY

This brief demonstrates, for the first time, the feasibility of
all-electrical near speed-of-light across-chip communication
by designing modulated signaling systems around optimized
low-loss on-chip transmission lines. The measured effective
speed is roughly one half the speed of light in oxide, for a
20-mm-long interconnect. The system consumes 16.1 mW of
power and supports a bandwidth of 2 Gb/s. Furthermore, the
microstrip transmission line size may be reduced in exchange
for increased power consumption. When compared to conven-
tional repeater techniques, the modulated signaling approach
offers a five times improvement in delay.
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