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Incorporating a 4-
GHz FIR equalizing
Sfilterinto a
differential
transmitler allows a
serial channel to
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or many digita) systems. the major per-

formance-limiting factor is the inter-

connection bandwidth between chips,
boards, and cabinets. As VLSI technology
continues to scale, system bandwidth will
become an even more significant bostleneck,
because the number of 1/0s will scale more
slowly than the bandwidth demands of on-
chip logic. Also, off-chip signaling rates have
historically scaled more slowly than on-chip
clock rates.

Most digital systems 1oclay use full-swing,
unterminated signaling methods that are
unsuited for data rates over 100 MHz on 1-
meter wires. liven good current-maode sig-
naling methods with matched terminations
and carefully controlled line and connector
impectince are limited to about 1 GHz by the
frequency-dependent antenuation of copper
lines. Without new approaches to high speed
signaling, bandwidih will stop scaling along:
side technology whien we reach these limits

However, we can apply the density and
speed of modern VLSI iechnology o over-
come this bottleneck. Sophisticated 170 en
cuitry can compensate for the characteristics
of the physical interconnect and cancel dom-
inant sources of timing and vollage noise
Such optimized circuitry can achieve 170
rates an order of magnitude higher than
those commonly used 1oday-—while operat-
ing at lower power levels.

We are currently developing 0.5-micron
CMOS transmitter and receiver circuits that
use active equalization 1o overcome the fre-
quency-dependent attenuation of copper
lines. The circuits will operatc at 4 Gbps over
up 10 6 meters of 24AWG twisted pair or up
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these issues, we've given our system the fol-
lowing characteristics:

e An active transmitter equalizer com-
pensates for the frequency-dependent
auenuation of the transmission line.

o The system performs closed-loop clock
recovery independently for each signal
line: in 2 manner that cancels all clock
and daia skew and the low-frequency
components of clock jitter.

e The delay line that generates the truns-
mit and recesve clocks (a 400-MHz
clock with 10 equally spaced phases)
uses several circuit techniques 1o
achieve a total simulated jitter of less
than 20 ps in the presence of supply
and substrate noise. (Several of our
techniques draw on those described in
Muneatis and Horowitz.!)

o A clocked receive amplifier with a 50-
ps aperture time senses the signal dur-
ing the center of the eye at the receiver.

The availability of 4-Gbps electrical sig-
naling will enable the design of low-cost,
high-bandwidth digital systems. Designers
will be uble 10 replace the wide, slow buses
around which many contemporary digital
systems ase organized with point-to-point
netwarks using a single—or at most a few—
high-speed serial channels. This will result
in significant reduction in chip and mocdule
pinouts and in power dissipation.

A network based on 400-Mbyte/s serial
channels, for example, has several times the
handwidth of a 133-Mbyte/s PCI bus that
requires about 80 lines. Also, depending on
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Figure 1. Frequency-dependent attenuation causes inter-
symbol interference: a simulation of a 4-Gbps signal (a)
passed through a 3-meter, 24AWG line (b). An isolated
high-frequency pulse barely reaches the midpoint of sig-
nal swing because of interference from unattenuated
low-frequency components of the signal.

processors. For modest distances (up 1o 30 meters wirh
IBAWG wire), high-speed electrical signaling is un atiracine
alternative to oprical communicition in terms of cost, power.
and noard area for peripheral connection and building-size
local-arei nenvorks.

Frequency-dependent attenuation

Skin-effect resistance causes the attenuation of a conven-
tional transmission line 1o increase with frequency. With a
broadband signal, as typically used in digital systems, the
superpositiin of vnaltenuated low Jrequency signal com:-
ponents with attenuated high-frequency signal components
causes intersymbol interference. This interference degrades
noise margins and reduces the maximum frequency at which
the system can operate.?

This effect is most pronounced in the case of a single |
(0) in a field of Os (1s) as illustrated in Figure 1. The figure
shows a 4-Ghps signal (Figure 1a) and the simulated result
of passing this signal across 3 meters of 24AWG twisted pair
(Figure 1b). The highest frequency of interest (2 GHz) i
attenuated by -7.6 dB (42%). The unattenuated low-
frequency component of the signal causes the isolated high-
frequency pulse to barely reach the midpoint of the signal
swing, giving no eye upening and very little probability of
correct detection.

The problem here is not the magnitude of the attenuation,
but rather the interference caused by the attenuation's fre-
quency-dependent nature. The high-frequency pulse has sut-
ficient amplitude at the receiver for proper detection I is
the offset of the pulse from the receiver threshokd by low-
frequency interference that causes the problenm. Later, we
will see how using a transmitter equalizer to preemplhasize
the high-frequency components of the signal eliminutes this
problem. However, first we will churacterize the nature of
this attenuation in more detail

Skin depth determines line attenuation

At high frequencies (above 100 MHz), current is carried
primarily on the surfice of the conductor, dropping off to a
value of e ut a depth of & = (rfp o), where ¢ is the con-
ductivity of the material (5.8x10” mhos/m for copper).’

For a round conductor with radius r, this gives a resistance
per unit length (ohms/m) of

R((/)’: ___(E_/;)I/z

noc

A thin strip guicle with width w has a resistance per unit
length of

172
et (2)

Jw\ ©

In both cases, the resistance is proportional to the square
root of the frequency and the inverse of the linear dimension
of the conductor.

Thus,

R = Kd ',

where o ix the linear dimension (radius or widlth) of the con-
ducror G meters) and K, is 4.15%107 ohms-s*2 for a round
conductor and 1.3x107 ohims-s¥2 for a thin rectangular strip
guide.

Over un infinitesimal section of line with length dx, an
incident wave with magnitude V, drops a voltage across the
resistance R({fidx of

R(f )dx

0

dv(x) = (RS dx = V(x) 22

Solving this differential equation gives the attenuation for a
line of lengthy a

A(f, x)= gxpl-— I‘;j) J (€8]

~Q

Attenuarion is also caused by absorption in the dielectric
of the ransmission line, by radiation of signal energy, by the
frequency response of the package parasitics, and by any
lumped capacitance at the load. In many applications, how-
ever, the skin-etfect aenuation dominates these effects.

Attenuation examples

Figure 2 (next page) shows the resistance per meter and the
attenuation per meter as a function of frequency for a 30AWG
(d = 128 pm) wwisted-pair cable with a differential impedance
of Z, = 100 oluns and for a 5-mil (4 = 125 pm), half-ounce
(0.7-mil-thick) 50-ohim strip guide. For the 30AWG pair, the
skin effect begins increasing resistance at 267 kHz. This results
in an atenuation to 56% of the original magnitude (=5 dB) per
meter of cable at our operating frequency of 2 GHz, corre-
sponding to a bit rate of 4 Gbps. To account for resistive drops
in both clements of the pair, we donble resistance RF) in

comping amenumion wecording o guatian 1
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Figure 2. Resistance (top) and attenuation (bottom) curves for 1 meter of 30AWG, 100-ohm twisted pair (a} and 1 meter
of 5-mil, 0.5-0z., 50-ohm strip guide (b).

As illusteated in Figure 3b, the
leading edge of the atemened pulse
crosses the threshold @ the norml
time, The wailing edge. however.
advances by £ = t] =4, This data-
dependent jitter causes greater sen
sutivary to skew and jitter in the signal
or sampling Jock and may introduce

Figure 3. Without equalization, attenuating high-frequency components by a fac-
tor A reduces the height of the data eye by a factor of 24 - 1 and reduces the
width of the eye (a). This intersymbol interference also causes trailing-edge jitter
(b). With equalization, attenuation reduces the height of the eye by A, and leaves
the width of the eye unchanged compared to the original signal (c).

Skin effect does not begin to affect the 5-mil PC trace until
43 MHz because of its thin vertical dimension. This line's
high dc resistance (6.8 ohms/m) gives it a dc attenuation of
889 (-1.2 dB). Above 70 MHz, the attenuation rolls off rapid-
ly, reaching 40% (-8 dB) at 2 GHz. The imporiant piarame-
ter, however, is the difference between the dc und
high-frequency attenuation, which is 45% (-6.8 dB).

Attenuation reduces signal quality

The cartoon eye diagrams of Figure 3 illustrate the erfect of
frequency-dependent attenuation. As shown in the wavefonn
in Figure 3a, without equalization, a high-frequency antenua-
tion factor of A reduces the height of the eye opening 10 24 -
1, with the eye completely disappearing at 4 < (.5. This height
is the amount of effective signal swing available to tolerate
other naise sources such as receiver offser, receiver sensitivi-
ty, cross wlk, rellections ol previous bits, and coupled supply
noise. Beciuse the wavelorms crnss the receiver threshold off-
set from the center of the signal swing, attenuating the high-
frequency components also reduces the width of the eve
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noise imo the timing loop.

The waveform in Figure 3c¢ illus-
trutes thie sittation whem we equalize
the signal by attenuating the de and
low-frequency components so all
components are attenuated by o fac-
1or of A. Here. the height of the eye
opening is A, considerably arger
than 2.4 - 1, especially for Jarge atienuations. Also, becuuse
the waveforms cross ar the midpoint of their swing, the wicdth
of the eye is a full bit-cell. giving heter olerance of timing
skew and jitter.

Preemphasizing signal transitions

Equalization eliminates the problem of frequency-depen-
dent antenuation Wy filtering the ransmitted or received
waveform so the concatenation of the equalizing filter and
the transmission Tine gives a flan frequency response. With
equalizition. an isolated 1 (0 in a field of 0s (1s) crosses the
recerver threshold at the midpoint of its swing. as shown in
Figure 3c, ruther than being offser by an unatenuated de
component, as shown in Figure 3a. Narrowband voice.
video. and data modems have long used equalization o com-
pensat: fay the linear nartian of the tine chiarcteristics.* To
date, however, broadband, short-distance digital signaling
has nor applied this technique.

We equalize the line using an 4-GHz FIR filter built into the
current-mode transmitter. The arrangement is similar to the
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Figure 4. Impulse response (a), frequency response (b),
example sequence of a five-tap FiR equalizing filter
matched to 1 meter of 30AWG 100-ohm line {c), and
response to the example sequence (d).

use of Tomlinson precoding in a modem.® In a hygh-speed
digital system, it is much simpler 1o equalize at the truns-
nutter than at the receiver, as is more commonly done in
communication systems. Equalizing at the transmitter allows
us to use a simple receiver that just samples a binary value
at 4 GHz. Equalizing at the receiver would require an ana-
log-to-digital converter of at least a few bits of resolution or
a high-speed analog delay line, both difficult circuit design
problems. We prefer a discrete-time FIR equalizer to a con-
linuous-time passive or active filter, because it is more easi-
ly redliced 12 a swndard CMOS pracess

High-pass frequency response

After much experimentation, we selected a five-tap FIR fil-
ter that operates at the bit rate. We trained the weights to
match the flter to the frequency response of the line. Figure
4a shows the impulse response for a 1-meter 30AWG line.
Each vertical line delimits a time interval of one bit-cell or 250
ps. Figure 4b shows the filter's high-pass response.

As shown in Figure 5, this filter cancels the line’s low-pass
attenuation, giving a fairly flat response over the frequency
band of interest (from 200 MHz to 2 GHz). We limit the trans-
mitted signal band via coding to eliminate frequencies below
200 MHz. The length of the filter limits the equalization band.
Adding taps to the filter would widen the band, but we
selected five taps as a compromise between bandwidth and
equalization cost. Each panel of Figure 5 shows the response
of the line (top), the response of the filter (middie), and the
overall response of the system (bottom, the product of top
and middle). The filter cancels the response of parasitics as
well as the response of the line. Figure 5a depicts the equal-
ization of 1 meter of 30AWG twisted pair. Figure 5b shows
the result of training the filter on the same line but with an
additional 1-pF parasitic load at the receiver. In both cases,
the response is flar to within 5% across the band of interest.

The filter results in all transitions being full swing, while
attenuating repeated bits. Figure 4d shows the filter’s
response to an example data sequence shown in Figure 4c
(00001000001010111110000). The example shows that each
signal transition goes full swing with the current stepped
down 1o an attenuated leve! for repeated strings of 1s (0s).

Figure 6 (next page) illustrates the application of equal-
ization (o 1he example of Figure 1. Figure 6a repeats the ear-
lier figure showing the response of 2 3-meter, 24AWG line
and receiver parasitics 1o a 4-Gbps sequence. The isolated
pulses are undetectable. Figure 6b shows the filtered version
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Figure 5. Frequency response of filter (top), line (middle), and combination (battam), for 1 meter of 3DAWG cable {a)
and the same cable followed by a 1-pF load capacitor (b). We have compressed the scale on the bottom panels to exag-

gerate the effect.
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l“ adequate eye openings for detection.
U"J 4-Gbps transmitter with
400-MHz circuitry

Figure 7 shows the transmitter’s
block diagram. The transmirier
accepts 10 bits of dara, Dy, at 400

. MHz. A distribution block delivers 5
M A bits of data to each of the 10 FIR fil-

ters. The ith filter receives bit D, and
the four previous bits. For the first
four filiers, this involves delaying bits

(a) () from the previous clock cycle. The

distribution block also retimes the fil-
Figure 6. Response of equalizing filter to waveform from Figure 1. Repetition of ter inputs to the clock domain of the
Figure 1 showing the original 4-Gbps signal (top) and the received waveform after  filter. Each filter is a five-tap transi-
a 3-meter, 24AWG line without equalization (bottom) (a); the signal after being rion filter that produces a 4-bit output

equalized (top) and the resulting received waveform (bottom) (b).

Out, 4 Gbps
+ -

encoded as three bits of positive
drive and three bits of negative drive.
These six bits from the filter directly
select which of six pulse generators
10 enable in the DAC connected to

that filter. The enabled pulse gener-
ators are sequenced hy the 10-phase
clock. The ith pulse generator is

@ 2 gated on by ¢, and gated off by ¢,, .

D ég % To meet the timing requirements of

400%;!'11 —F 8% 3 the pulse generator. the fth filter
G 5 operates from clock §,, ..

Ow . . 'R S To simplify the implementation,

: : we approximated each FIR filter by

5 Eiller 6 DAC —610 « transition filter in\plgnlented wifh

-0, w lookup table, as illusirated in

Figr ’ nsitinn filer com-

pares current data bit D, to each of

Figure 7. We used 400-MHz current-steering circuitry to build the transmitter. A the last four bits and uses a find-first-

10-phase clock sequences 10 DACs that drive measured 250-ps current pulses onto  one unit to determine the number of

the differential output.

Dry Dpp Dy Diy

D,

Find-first-one unit

3 _
3 Hy,

3 .
Loz

5x3-bit RAM

Figure B. A transition filter approximates the FiR filter by
looking up a magnitude depending on the number of
bits since the last transition.

of the wriginal signal and the received wavefonm. With equal

izaten, the olated pulses and high-frequency segme

the signal are centered on the receiver threshold and have
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bits since the last signal transition.

The filter uses the result to joock up

4 3-bit drive strength for the current
bit from a 15-bit serally loaded RAM. It uses six NAND gates
to multiply the drive stirength by the current bit to generate
3-hit high and low drive signals for the DAC. While the tran-
sition flter is 4 nonlinear element, it closely approximates
the response of an FIR filter for the impulse functions need-
ed to cqualize typical transmission lines. Making this approx-
imation greatly reduces the size and delay of the filter, as a
96-bit RAM would be required 1o implement a full five-tap
FIR filter via a lookup table.

Circuit details

We have designed a prototype equalizing transceiver chip
in an 0.6-micron <lrawn process, HP14, using scalable rules.
Figure 9 shows the layout of the chip's transmitter section.
In addition to the elements shown in Figure 7, this chip also
inchides a pattern geaerator aadule and edght an-clup sun-
pling ampli
werns for the vansmier and consisis of a 20-bu

5. The pattern generator genermtes test pat

paeudindom-number generitorn, an BO-hit serially loaded

e I

o -

Flep
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pattern RAM, and a pattern ROM

containing the synchronization DAC
sequence. The on-chip samplers 1 of 10 ™~
probe repetitive high-speed on-chip
waveforms by comparing the on-
chip signal to an extemnally generat-
ed analog reference level at a time Filter
determined by an externally provid- tol10
ed differential clock signal.

Figure 10 shows the circuit design
of the DAC. Figure 10a shows how
each DAC module is composed of
three progressively sized differential , Pattern, ___
pulse generators. Each generator is generator

enabled to produce a current pulse
on D, (D,,) if the corresponding
H(L) line is low. If neither line is low,

the generator produces no pulse.
Depending on the current bit and the
3-bit value read from the RAM in the
filter module, 15 different current
values are possible (nominally from ~8.75 to +8.75 mA in
1.25-mA steps). A pair of clocks controls the Hulse timing.
A low-going on clock, ¢;, gates the pulse on its falling edge.
A high-true off clock, ¢..,, gates the pulse off 250 ps later.

We implemented each of the three differential pulse gen-
erators as shown in Figure 10b. A predrive stage invents the
on clock and qualifies the off clock with the enable signals.
A low (true) enable signal, which must be stable while the
off clock is low, turns on one of the two output transistors,
priming the circuit for the arrival of the on clock. When the
on clock falls, the common wil transistor tums on, starting the
current pulse. When the off clock rises, the selected output
ranyistor eminates the cuarent pulse. The qualifying NOR
gate is carefully matched against the on clock inverter to
avoid distorting the pulse width.

Figure 11 shows the results from HSPICE simulation of the
extracted transmitter layout. Figure 114 shows the transmit-
ter output (top) and the receiver input (bottom) with equal-
ization enabled. The top waveform shows the preemphasis
of transitions and isolated pulses. The bottora waveform
shows how this preemphasis results in a clean bitstream at
the receiver with equal amplitude (about 300 mV) for high-
and low-frequency components of the signal.

oo 0o )

oo Do X

(a)

P
(b)

Figure 9. Layout of the transmitter circuitry in a 0.6-um (drawn) CMOS process.
The transmitter, fess the pattern generator, measures about 0.9 mmx0.55 mm.

b lHi? f IHi‘ Li [
[ x4 x2 x1
T i i gm.
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Figure 10. Circuit design for a DAC module: Three pulse
generators are enabled by the H and L signals and gated
by two clocks to generate a precise 250-ps pulse with one
of 15 selectable current levels (a). Each of the three gen-
erators uses a qualifying predriver followed by a series
final driver that shares a common tail transistor (b).

N

Figure 11. Simulated waveforms with equatization on (a), top trace at transmitter, bottom trace at recsiver; waveforms with
equalization off (b); and aifferential eye diagrams () of received wavelorm with {top) and without equalization (bottom)
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Figure 12. Waveforms from the 10-phase clock generator: the generated clock phases (a} and control voitages during

power up (b).

Figure 11b shows waveforms for the transmitier operat-
ing with equalization disabled. The transmit waveform shows
some attenuation of the high-frequency components due to
the driver's slew rate limitations. The bottom wavefonn in
Figure 11b is highly distorted by the high-frequency attenu-
ation of the package parasitics and transmission line. The
low-frequency components appear with minimal attenua-
tion (about 600-mV levels), while isolated pulses are severe-
ly autenuated (about 300 mV). The result is a signal where
several bits are clearly undetectable,

Figure 11c¢ shows differential cye diagrams constructed
from the two receiver waveforms. The waveform with equal-
ization (top) shows a clean eye opening that encompasses
about 50% of the received signal swing and, hefore adding
clock jitter, about 708 of the bit-cell. The bouom truce, with-
out equalization, has no opening at all. Equalization has
clearly improved both the voltage and timing margins of the
received waveform.

Figure 12 shows the waveforms from the 10-phase (five-
phase complementary) clock generator that controls the
transmitter timing. We built the generator as a six-stage dil-
ferential delay line with the delay of each stage corntrolled
by a feedbuck loop 10 keep ¢, and ¢, 180 degrees out of
phase. Figure 12a shows the clock outputs when the loop
is in steady state. For comparison, the vertical lines are
spaced at 250-ps intervals. Figure 12h illustrates the dynam-
ics of the loop converging by showing the two signals that
control detay during power up. The feedback loop directly
drives the current-source bias voltage (top), and a replica-
hins clreuit® genersles e Joud contso) voliage (hotion) as
shown, the loop converges to a stable state after less thun
250 ns.

Receiver
Figure 13 shows a block diagram of our 4-Glps receiver.

54 IEEE Micro

A demualuplexing receiver samples the differential input
stream every 125 ps with sequencing controlled by a 20-
phase clock. Each 400-MHz major cycle, the receiver takes
20 samples: 10 data samples D, taken from the centers of
bit-cells. and 10 edge samples E,, taken from the boundaries
between bit-cells. The receiver inputs the data samples 1o a
tunnel shifter that concatenates the current 10 samples with
the previous nine samples and then selects a contiguous 10-
hit ficld of this 19-bit sequence 1o output. The selection is
set up during training 1o restore propes framing to the par-
alle) output. In effect, it rounds up the cable delay to be a
multipie of 10 bit-cells. The clock control unit uses the edge
samples along with the data samples 10 continuously adiust
the plase of the 20 sample clocks to keep the even (data)
samples centered on the eyes of the incoming stream.

Figure 14 shows a more detailed view of the demulti-
plexing receiver. The 20-phase clock sequences 21 clocked
sense umplifiers. The even clocks generate the data samples,
with I, being sampled by ¢,,. The odd clocks sequence the
edge sumpies, with E, being sampled by §,,.,. To keep loads
balanced and lines shon, sample D, is repeated at the end
of the line. Each sample is in a separate clock domain. A
stage of retiming latches, not shown, aligns all the samples
into a single clock domain.

Two timing loops control the 20-phase clock, as illustrat-
wd in Figure 15a. The 400-MHz input clock drives a variable
delay line with a dynamic range of three bit-cells. This line
sets the phase relationship berween the 400-MHz input clock
and ¢, as determined by the variable pbase. The output of
Ous T, o, drives a Westage, dilferendsl wpped delay line
that generates the 20 precisely spaced ¢lpek phases. The ith
stage generates complementary signals ¢, and ¢,,,0. An ana-
log control voliage (set by a phase comparator that aligns
§, with ¢,) sets the delay of each stage of this line to exact-
ly 1720 the period of the input clock. This line is colocated
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with the receive amplifiers, and the loads on all traces are
carefully balanced to match delays.

The circuit shown in Figure 15b adjusts the phase control
for the first delay line. If there is a transition between the ith
and (f+1)th data samples, D, and D,.,, signai trans, will be
true. On a transition, an analog summing network examines
the state of edge sample E, between these two data samples
10 see if the transition is early or late. If E, and D, differ, the
transition has occurred before the edge clock, and thus the
clock is late. If these two adjacent samples agree and trans,
is high, then the clock is early, before the transition. The ana-
log summing network combines and integrates the 10 early
signals and the 10 late signals to generate a differential sig-
nai, phase, that controls the variable delay line.

TRANSMITTER EQUALIZATION EXTENDS the data
rates and distances over which we can use electronic digital
signaling reliably. Preemphasizing the high-frequency com-
ponents of the signal compensates for the low-pass fre-
quency response of the package and transmission line. This
prevents the unattenuated low-frequency components from
interfering with high-frequency pulses by causing offsets that
prevent detection. With equalization, an isoluted pulse at the
receiver has the same amplitude as a long string of repeat-
ed bits. This gives 2 clean received signal with a good eye
opening in both the time and voltage dimensions.

We are implementing equalization for a 4-Gbps signuling
system by building 4 4-GHz. five-tap FIR filter into the trans-
mitter. This filer is simple to implement yet equalizes the
trequency response to within 5% across the band of interest.
We have built the filter in 0.5-micron CMOS circuitry oper-
ating ar 400 MHz. using a bank of 10
filters and DACs sequenced by a 10- D,

in a 0.5-micron CMOS technology. The system aiso relies on
low-jitter timing circuilry, automatic per-line skew compen-
sation, a narrow-aperture receive amplifier, and careful pack-
age design.

The availabitity of 4-Gbps serial channels in a commodi-
ty CMOS technology will enable a range of system opportu-
nities. The ubiquitous system bus can be replaced by 2 lower
cost, higher speed point-to-point network. A single hub chip
with 32 serial ports can directly provide the interconnection
for most systems and can be assembled into more sophisti-
cated networks for larger systems. A single 4-Gbps serial
channel provides adequate bandwidth for most system com-
ponents, and multiple channels can be grouped in parallel
for higher bandwidths.

D
2 |7 e [ Otes
D. .- % {10 10
(04 - ]
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g Clock
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—J 19 Eos
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400 MHz —j20-phase clock'a——

Figure 13. Receiver block diagram: A demultiplexing
receiver sequenced by a 20-phase clock samples the
input stream each 125 ps. The even samples are output
as data after shifting to restore framing. The odd sam-
ples are used to align the clock with the data eye.
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gating 1o combine two clock phas-
es—on and off—in each DAC. To
demonstrate the feasibility of this
approach, we simulated the extract-
ed layour of the equalized transmit-
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The equalizing transmitter we
describe is one component of a 4-
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Gbps signaling system we are cur-
rently developing for implementation
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Figure 14. The demultiplexing receiver consists of 21 clocked sense amplifiers
sequenced by the 20-phase clock.
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Figure 15. Clock generation: two timing loops control the 20-¢ clock (a), and a hybrid analog/digital control circuit

adjusts the clock phase [b)
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A 4-Gbps serial channel can also be used as a replacement
technology at both the component and system level. At the
component level, a single serial channel (two pins) replaces
forty 100-MHz pins. The interface of a 4-Gbyte/s CPUto a
level-two cache, for example, could be implemented with
just eight serial channels. At the system level, high-speed
electrical serial channels can directly replace expensive opti-
cal interconnects. Using 18AWG wire, these channels will
operate over lengths up to 30 meters, enabling high-hand-
width, low-cost peripheral connections and local-area net-
works. Inexpensive electrical repeaters can be used for
operation over substantially longer distances.

Even with 4-Gbps channels, system bandwidth remuins a
major problem for system designers. On-chip logic bandwidth
(gates x speed) is increasing at a rate of 90% per year (60%
gates and 20% speed). The density and bandwidth of system
interconnects increase at a much slower rate—about 20% per
year—as they are limited by mechanical factors that are on a
slower growth curve than that of semiconductor lithography
A major challenge for designers is to use scarce system inter-
connect resources effectively, both through the design of
sophisticated signaling systems that use all available wire
bandwidth and through system architectures that exploit
locality to reduce the demands on this bandwidth. [0
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