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G-Link: A Chipset for Gigabit-Rate
Data Communication

Twin easy-tn-use |C chips convert paralle! data for transmission over
high-speerd serial links. & special encoding algorithm ensures do balance
in the transmitted data stream. A hinary-guantized phase-locked loop is
used for clock recovery. An on chip state machine manages link startup

automatically,

by Chu-Sun Yen, Richard C. Walker, Patrick T. Petruno, Cheryl Stout, Benny WIIL Lai,

and William .I. McFarland

The last decade has scen a tremendons inervase in comgit-
ing povwer with only modest advanees in the bandwidil of
thier lutan links used 0 interconnect these compulers. Belween
14H2 and 1982, the speed of a high-performance engineering
worlstation has incressed from (66 MIPS (millicn nsome
Lt per second s to 100 MIPS, an increase of over bwo or-
ders of magnilode. In that same period of time, computer
nelwirk bandwildihs have gone from Ethernet at 10 Mhils's
to FDID at 100 Mbits®s, an Increase of only one order of
magnitude. In addilion Lo faster computers, other factors,
such as the widespread wge of multimedia applications, will
pul pressure on network bandwidths, Lheeatening 1o croate
an 10 baltleneek for modern eomputing syslenmes.

Unlike computer svstems, serial links cannol exploit paral-
lelistn and must fun al proportionally higher mtes for cach
increment in perfonnance. AL clock rates below aboul 100
MHz, traditional prirded circuil boaed design technigues can
b nsed to implement link circoitry with collections of pack
aped parts. But as link speeds approsch the gigabit-persecond
range, mlerchip timing slkews malke it impractical to build
low-cost gigabil links in this wag Although long-haul tele-
phone networks have used gigabil-rate data links for many
wears, these links use nonintegrable components and require
adjnstment and maintenames, Such systems are casily just-
fied when the cost is amontized over millions of wsers bt
are oo costly and complex for compuler use.

To support the needs of computer and olher generic data
transport applications, the TP HDME-1000 gigabit link
{ia-link) chipsel has been desveloped. I8 s the first comimer-
cially available 1.4-Chaod link inlcrface in two chips. a
Lransmitrer chip and a receiver chip, requiring no external
parls or ad,ius,uhems.

The: archireeture of the G-link chipsel greatly cases the job
ol i systenn designer, Communication bedween the chipset
andl the user's system lakes place through a low-spesd paral-
le] interface, All gigabit-rate signals, with the exception of
the serial electrical dala stream, remabn intcrnal to the chips
and are nover routed on the prnlsd civeain board. Thus the
designer is able to use standard printed cireuil hoasd design
technigues lo deliver gigabit-rate performance, For lber

apric applications, the high-speed serial signals are easily
connected to lightwave transmibier and receiver modules,
To simplify the designer's job funber, o link-imanagenwent
slate machine conwoller implemented on the receiver chip
insulates the user from many of the details associaed wirh
linls startup and sreor monitorme.

The chipsel was designed in HIs 26-GHz fy silicon bipokar

process and incorporales patented cireult techniques devel

opedd at HI' Laboratories, namely the eneoding scheme and
the: phase-locked loop cireuit, These new lechniques, de
seribend Taten in this paper, represent departures from tracdi-
tional felecommunication practice and have made praciical
the integration of an nexpensive and casy-to-use gigalil-
rate chipsel.

Overview
Fig. | shows a typical G-link application supperling & Tull-

duplex inlerronnection betwoon two hoses, One Leansoitler

and one receiver chip are used for cach end of the fink

From Lhe user's viewpoint, the chipset behaves as a “virlial
ribbon cable” Tor the transinission of parallel dats over seridl
Tinles. Parallel data 1= serialised by the transmicter chip and
deserialized by the receiver chip inlo the original paralicl

form. The chipset hides from the user all e complesxaty of

G-Link
Transmitier

Figg. 1. A& duplex link built wiln Lhe HE HDMEP 1000 gaakit link
(3 link) chipaer,
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Fig. 2. Simplified transmitter chip block diagram.

encoding, multiplexing, clock extraction, denltiplexing, and
decoding needed for high-speed serial data transmission,

The transmitter chip (Figs. 2 and 3) accepts the user's paral-
lel data word and clock, The word-rate clock is internally
multiplied up to the serial rate in the transmitter chip phise-
locked loop. This high-speed serial clock is used to multi-
plex the encoded data, The encoding algorithm, called
conditional inversion with masier transition, or CIMT,!
ereates a [rame? for data transmission by appending four
coding bits to each input data word. The resulting frame is
then transmitted in either normal or inverted form,= a8 nec-
pssary, (o maintain de balance of the serial bil stream for
ransmission over optical links or coaxial cables. This CIMT
line code distinguishes itself by being efficient and simple 1o
implement compared Lo other line codes such as SB/10B,

To support modern network protocols, the chipset allows.
{he transmission of three different types of frames, Generic
user data is transmitted with dafa fromes. Control fraves
are the second type of frame, and are used for the transmis-
sion of information that should be treated separately fromm
data, such as packel headers, Fill fromtes are the third type
of frame, and are sent automatically by the link during
startup and to maintain synchronization when the user
has neither data nor econtrol information to send.

n the receiver chip (Figs. 4 and ), the clock and frame
alignment are extracted from the incoming data stream with
a phase-locked loop. The daia is then demultiplexed and
decoded back to its original parallel form. In addition to
these hasic functions, the recelver chip also includes a state
machine controller, which performs an erul-to-end hand-
shake and provides bath bit and frame synchronization. This
handshake avoids the false lock problems that are typical
with elock extraction cireults that accommodate a wide
range of clock frequencies.

An unconventional *bang-bang” phase-locked loop® is used
in the transmitter and receiver (o provide adjustment-free bit
refiming at very high data rates. Using the special master
(ransition built into the line code, the phase-locked loop pro-
vides frame synehronization without the periodic insertion
of special frame synchronization words.

Avery compact chip layoul was achieved by using three lay-
ers of metal and a quasi-gate-array ECL design methodology.

* |n this paper, & frame o defmed as an ancadad input word

104 Otober 1992 Hewleu-Packard Jourml

R L S

i e T

| '
=
T
.1
VO
Vi
n
%
n
B

¥

.|

Fig. 3. Photomicrograph of this trimsmitter chip.

The 68-pin surface-mount package (Fig, 6) is designed Lo
maintain good performance for 1.4-GHz signals.

The key features of the chipset are:

» Parallel ECL bus interface

« 16 or 20 bits wide, pin selectable

« Flag hil usable as extra data hit (17th or 21st)

« CIMT encoding and decoding

» Acide coupled

« 110 to 1400 Mband serial line rate

» On-chip phase-locked loops for transmitter clock generation
and receiver clock extraction

« Local loopback mode for troubleshooting

= Single -5V £10% supply voltage

« 2W power dissipation per chip {typical)

« Can be used with fiber optie links

« On-chip equalizer for use with coaxial cable

« Standard G8-pin CQFP {ceramic quad Nat package).

Because of the simplicity and flexibility of the G-link chip-
set, it can be used for a wide variety of applications, includ-
ing computer backplanes, video distribution, peripheral
channels, and networks.

Clock
Extraction

mnd Dals

Retimin

Fig. 4. Simplificd recerver chip biock diagram.
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Fig. 5. Pholomicrograph of the receiver chip.

G-Link Line Code

Many coding schemes have been developed to allow com-
munication of information over various types of channels, In
synchronous communication links, clock and framing in-
formation must be transmitted along with data in such o way
that the elock and data can be recovered at the receiving
end of the link. Therefore, it is necessary for the transmitted
encokled serial bit stream to have enough embedded clock
information for the receiver to recover the serial clock.
There must also be some method of frame alignment so that
ithe boundaries of a frame can be located at the receiver,

In optical links, it is desirable to ac couple the data signals
to simplify laser bias cirenitry and optlcal receiver design.
This i= also true in repeater design, sinee the componenis
are commonly ac coupled. A problem with ag coupled sys-
tems s that the baseline will shift when the transmitted digi-
tal data is not de balaneed. This shift makes detection dilfi-
cult and degrades the system noise marging To overcome
this problem, arbitrary data is fypically encoded before
transmission to achieve de balance. The receiver restores
the data to its original form by decoding.

In the G-link chipset, the CIMT coding scheme performs the
following tasks:

= The transmitter chip supplics a master transition in every
frame for clock recovery and frame alignment at the receiver.

* Frames are conditionally inverted as necessary to maintain
e balance.

o Information is provided in the tramsmitted frame about the
type of frame transmitted and whether or not the frame was
inverted,

¢ At the receiver, decoding 1s done to determine whal type
of rame was received and whether or not the frame was
inverted.

L]

If the frame was inverted at the transmitter, it is inverted
again gt the receiver to restore the information o its original
form.

The receiver performs error checking on portions of the
frames to detect loss of lock.

This method of encoding and decoding has several
advantages:

Clock information is available in each frame, indicating both
phase and frequency alignmment.

There is no need for the user to send any special characters
1o indiciate the start of a new frame. The G-link chips perform
frame alignment transparently.

There are no restrictions on the user's input bit pattems. De
halance is maintained by frame nversion and & maximum
run length is guaranieed by the master transition.

By checking for framing errors, the receiver can detect loss
of lock and reinitiate the link startup process. (A discussion
of link startup can be found under “Startup State Machine
Controller” on page 108.)

Data is encoded by appending four extra coding bits (C-feld)
to the input data (D-field), The serial combination of the
Defield and the C-field makes a frame, The user can choose
o fransmit either data frames or control frames, In addition,
two types of fill frames are internally generated for trans-
misston when there is no input supplied by the user or dur-
ing startup, To maintain de balance, data and control frames
are either inverted or not inverted. Information about inver-
sion and the type of frame is contained in the C-field. Unlike
typical eodes with fixed data width, the CIMT code can
accommodate multiple data widths,

The G-link chipset is designed to transmit either 16-bit-wide
or 20-hit-wide data words. Both the transmitter chip and the
receiver chip have an input pin that allows the user to select

Fig. 6. Transmitter chip in 68-pin ceramic qud flat package
(CQFP).
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the parallel word width, There is also a flag bit, which can
b used a8 an extra data bit. A frame consisting of the D-field
plus the appended C-field is then either 20 or 24 bils long. In
the case of control frames, two bits in the D-fleld are used for
encoding, resulting in 14 or 18 bits available for transmitting
information. The flag hit is obtained by selecting between
different sets of coding bits in the C-field.

Table T shows the contents of different frames generated at
the G-link transmitter for the case of 20-bit data, DAV (data
input available) and CAV (contral input available) are sup-
plied by the user to indicate what type of user input is to be
\ransmitied, If neither data nor control inputs are available,
a fill frame is sent. FLAG is the additional flag bit input. DO to
D19 are the parallel inputs. INV is a logic signal Internally
generated on the transmitter chip that indicates whether the
frame is to be inverted.

Table |
Contents of Different Frame Types
for CIMT Encoding of 20-Bit Data

TLAG DAY CAV INV D-Field C-Field Frame Typo

MT
1

Xo0a X LLLLLLANT 10 00000000 @ 11 Fill(FFO)
Xo0X LRLELELNE 00 O0GMONNHE) o0 11 Fill (FFIL)
Xoo0Xx RLELELELE IL OEKN0000n 00 11 Fill {(FFLH)

E Lo [ETSRERIR UTE g o1l Contrel
X L1 BETE 10 DT 110 Ieverted Control
nolgn D1 1L01 Deata, AAG Low
L D 00 10 Tnverted Drala, FLATD
Law
1 1000 EH-D s Wil Dl Posd High
R R e THETR 0 0 Inverted Data, FLAS
High
"% = Dont Care RERS " MT = Mster Transition

The C-field bits were chosen so that a master transition al-

ways oceurs between the seeond and third bits of the C-field.
For data and control frames, this transition can be in either
direction, The C-field bits were also chosen 5o that the codes

oAy ——
RFD <

Do-me

Cloch
Frame: Multiflad
PV S |Phiase-Locked

Loopl
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for data and inveried data frames are complements of each
other. The same is true for control frames. This allows the
entire frame 1o be inverted with the correct C-field bits for a
particular type of frame.

There are fwo types of fill frames, referred to in Table 1 as
FFO and FF1. FFD, a training sequence used during startup,
has a single rising edge at the master transition and is a
sqquare wave with 509 duty eyele, The receiver’s clock recov-
ery circult is able 1o lock onto this signal, extract the serial
clock, and provide frame alignment. FF1, another training
sequence used during startup, is also sent after startup
whenever the user does not supply inputs for data or control
frames. FF1 Is similar to FFO except that the position of the
falling edge moves by one bit forward or backward, creating
a square wave that is two bits heavy (FF1H) or two bits light
(FF1L). The decision to send cither FFIH or FFIL is made
depending on the disparity* of previously transmitted bits,
in an attempt to reduce the disparity to zero. Since FFO is de
balanced and the two types of FF1 frames are sent to reduce
disparity, fill frames are not inverted.

Noninverted control frames have the same C-field as (ill
frames, but are distinguished from fill frames by the center
two bits of the D-field, which are 01. Control frames are in-
verted when appropriate, but then have a dilferent, unigque:
C-field.

All other possible C-field codes that are not listed in Table 1
are not allowed and are considered to be errors if received.
The receiver detects the loss of a master transition or a for-
bidden C-field code as a frame error. This information is
used by the receiver’s state machine 1o derive the link sta-
tus. In addition, if the Nag bit is not used by the user, it is
used for additional frame error checking. The flag bit is al-
terhated internally by the transmitter and this alternation is
checked at the receiver.

Coding Implementation

Fig. 7 shows a block diagram of the transmitter ehip. The
user supplies the parallel inputs DO-D19, a frame rade clock,
the AV and CAV inputs, and the FLAG input {optional). The
high-speed and subrate clocks are derived from the frame
rate clock by a phase-locked loop eircuit. “System Lo"

* Disgarity ia the number o 15 mirus the e of 5

Fig. 7. Transmitter encoding
eIty
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Fig. 8. Receiver decotling circuitry.

refers o other signals that are involved in the link's config-
uration and status. RFD (reacdy for daia) is an output indicat-
ing to the user that the link is ready to transmit data, The
D16-D1Y inputs are ignored when the user selects 16-bit
parallel word width,

Depending on the DAV, CAY, and FLAG inputs, the C-feld coding
bits are generated and any necessary encoding of the D-field
is performed. Then the C-field and D-field bits are evaluated
in # sign eircuii whose output is the sign of the disparity of
the frame. A separaie accumulator keeps track of the dispar-
Ity of previously transmitted bits, The decision to invert or
ol to invert a frame is made based on the ouiputs of these
two eireuits and is indicated by the signal INV. If the signs of
the disparities of the current frame and the previously trans-
mitted bits are the same, INV i5 high and the current, frame is
inverted, I they are noi the same, INV is low and the rame is
not inverted. Only data and control frames are inverfed; the
invert function is disabled for fill frames. The frame is serial-
fzed with a circuit that muliiplexes the parallel inputs into a
serial bit stream and performs any necessary frame inver-
sion, The output of this eireuit is then transmitled across
the serial link.

A block diagram of the decoding portion of the recelver chip
is shown in Fig. 8. After startup, the serial elock and the
framing information are produced by the receiver’s clock
recovery cireuitry, allowing the receiver to recover the serial
data and demultiplex it back to parallel form. The frame
clock is provided as an output Tor use in the user’s system.

By examining ihe C-field bits, the C-field decoder deter-
mines what kind of frame has been received and whether or
not it has been inverted. With this information, the D-field
decoder restores the parallel data back to its original form.
In addition, the C-field decoder provides DAV, CAY, and FLAG
information back to the user. These signals have the same
definitions as the corresponding transmatter inputs. The
C-field bits are also used by the receiver's state machine (o
check for frane errors.

Encoding Circuitry
Encoding on the transmitter chip is performed mainly by

logic cells and two on-chip programmable logic arrays
(PLAs). However, there are two special parts of the frame
inversion function. The first is an analog sign cirenit which

determines whether a frame has more high or low bits. The
second is an accumulator which keeps track of the disparity
of the previously transmitted data,

The sign circuit on the transmitter consists of one differen-
tial pair per bit, @ summing eireuit, and a comparator. To
prevent errors in determining a frame’s sign, it is imporiant
for the differential pairs to have matched current soarces.
Therefore, each differential pair is supplied by two current
sources from an array of current sources laid out in com-
mon centroid fashion, This reduces the effects of process
and temperature gradients on the value of each palr's com-
bined current source. In addition, large-geomelry resistors
are used 1o improve matching of (he current sources.

The eurrents are summed at shared collectors through resis-
tors, creating a differential voltage proportional to the differ-
ence between the numbers of 1s and Os in the frame, When
there are more 15 than s, this voltage is positive; when
{here are more (s than 1s, it is negative, This voliage then
drives a comparator, which produces a high or low logic
signal depending on the sign of the input voltage. This
method of determining the sign of a frame is simpler and
faster than a digital solution.

The accumulator circuit keeps track of the disparity of pre-
viously transmitted bits. It is implemented with a 6-bit up/
down counter, To relieve timing constraints, the counter
aperates on two bits at a time. This allows it to operate at a
elock rate that is half the serial output rate.

The counter can count from all s to all 1s and is reset at
startup to the midpoint, which is considered a balaneed
state, The range of this G-bit counter is then ~32 to +31 hits,
where 0 is the balanced state, With two input bits, there are
four possible combinations: 11 which has a disparity of +2
hits, 00 which has a disparity of -2 bits and 01 or 10 which
are balanced with zero disparity. Since we only need to
count up or down by multiples of 2, we can allow one bit of
the counter range to correspond (o a disparity of 2 bits.
Thus the effective counter range, in bits of disparity, be-
comes —64 bits 10 +62 bits. The worst-case disparity thal can
oeeur with this coding scheme is £31 bits, which is well
within the range of the counter. The most-significant bit of
the counter is compared with the output of the sign circuit
o decide whether to invert the frame,

Accurmnulating two bits al a time is the most convenlent ap-
proach, If the counter were to operate on one bit at a tme, it
would still have to count either up or down and one bit of
the counter range would corvespond to one bit of disparity.
Thus, the range of a 6-bit counter would be -2 to +31 bits of
disparity, which would not have enough margin beyond the
worst-case disparity of £31 bils. A higher-order counter
waolld be required, and it would also have to run at the fall
serial outpul rate, resulting in increased power consumption.

If the counter were to operate on four bits at a time, it

would have the benefit of running al one fourth utmemfg g
rate, but it would have to count up and down by 4, upand
down by 2, or remain unchanged. One bit of the counter
range could correspond o (wo bits of disparity as in the
case implemented, but the counter design woule 2
complex., .. i
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Phase-Locked Loop

In & serial data link, the clock signal is not explicitly trans-
mitted, but is instead implied by the transitions of the data
stream. By examining the transitions in the data stream with
a clock extraction circuit it is possible to create a replica of
the original clock that was used (o transmit the data. This
recovered clock can then be used to sample and restore the
potentially degraded analog inpui.

Many high-speed clock extraction technigues exist, but most
have been developed for long-haul telephone applications.
Telecom systems are designed to maximize the distance-
bandwidth product of the link. This criterion minimizes both
the number of physical repeater sites and the number of
filwers that have to be installed in a given run. As a result, a
much higher premium is placed on clock-extraction perfor-
mance than on cost-effectiveness, These objectives have
made this class of clock extraction techniques unsuitable for
datacomm applications.

Traditional Telecom Clock Extraction Circuits

Fig. § shows a representative clock extraction and data re-
timing eircuit that is used for high-bit-rate telecom systems.
The incoming analog data stream is split into two parallel
paths: the clock extraction chain and the data retiming path,

Because an NRZ (nonreturn to zero) data stream does nol
have a spectral component at the elock frequency, some
nonlinear process must be used (o derbve a clock signal
from the data stream, In the typical cirewit of Fig. 8§, a time
derivative Is applied, followed by an absolute value function.
This combination of elemenls creates a narrow unidirec-
tional pulse for every transition of the data. This new wave-
form contains a spectral component at the clock frequency.
Onee the clock component has been created, it can be iso-
laved either by a filter, typically implemented with a SAW
(surface acoustic wave) device, or by a phase-locked loop.

There are two problems with this configuration, The first is
that, although the eirenit extracts the correct clock fre-
quency, it does nol extract the correct phase. There is a
large phase shift between the input data and the recovered
clock. The phase relationship between the clock and the
data must then be adjusted somehow 1o compensate for
process and temperature variations, The second problem is
that the creation of narcow pulses requires high cireait
bandwidih, This is often the speed-limiting factor for giga-
bit-rate clock recovery circuits.

108 Ociober L Hewli-Packand Joamal

G-Link Solution

A design goal of the G-link chipset was to eliminate all exter-
nal parts and user adjustments and effectively hide the sys-
termn complexity from the user through monolithic integration.
The clock extraction circuit was most impacted by these
regquirements. To achieve these aggressive goals, a new
phase-locked loop cireuit was developed based on a binary-
quantized {“bang-bang”) phase detector,

The phase-locked loop cireuit used in the G-link chipset (see
Fig, 10) works hand in hand with the CIMT line code (o
avoid both the phase adjustment problem and the band-
width requirement of the traditional techniques. In this cir-
cutl, the incoming data splits into two paths (just as in the
traditional telecom approach), Instead of a complex phase
detecior, which Is potentially mismatched in delay to the
retiming latch, two matched latehes are used al the front
end of the cireuit. One latch is used for retiming and the
other for phase detection. Because both latches are laid out
identically on the chip, their delays are well-matched.

The two latches are driven by the VOO through a comple-
mentary buffer. If the VCO is properly aligned, the top latch
samples the center of the data cell on rising edges of the
elock while the lower lateh samples the data transitions on
the falling edge of the clock.

Because the G-link line code provides a guaranteed transi-
tion at a fixed, defined location in every frame, the sample
of this transition can be used as an indication of the loop
phase error. The VOO output is divided by either 20 or 24,
depending on the selected word width, to produce one sam-
pling pulse per frame. That clock pulse is used to take a
sample in the vicinity of the master transition so that a
phase update is generated, once per frame, mdicating
whether the VOO is early or late with respect to the master
transition. Assuming a rising master transition, as shown in
Fig. 11, if the VOO is too high in frequency, the sampling
point drifts to the left of the master transition and a low
value is sampled. If the VOO is too low, the sampling point
moves to the right and a high value is sampled. This cireuit
then produces a one or zero indicalion from the phase detec-
tor that tells whether the VOO is early or late with respect to
the incoming data.

Sinee the fastest operating element in this circuit is a latch
operating at the serial rate, this circuit is usable up to the

Samples

Fig. 10. Sunplified diagram of the G-link binary-quantized (bang-
Bunig ) phase-locked Joop and date retiming ciret,
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Fig. 11 Once per frame, the phase-locked loop detects whether the
VOO s early or late with respect to the master transition encoded in
cach [rame.

highest frequency at which a given process is capable of
making a functioning latch, In addition, the circuit inher-
ently provides excellent phase alignment between the VCO
and the data. Note that the output of the phase detector laich
is not linearly proportional to the loop phase error, but is
instead a binary-quantized representation of the error. This
characteristic renders the loop equations nonlinear and re-
quires unconventional design methods (see *Bang-Bang
Loop Analysis,” page 1107

False Locking and Frame Synchronization

During initial link startup, it is necessary to ensure that the
phase-locked loop correctly determines the frequency of the
incoming data and finds the location of the master transition.

In many clock extraction cireuits, the elock frequency is
extracted from a coded, random data stream. A commaon
difficulty with this approach is the problem of the phase-
locked loop locking onto wrong frequencies that are har-
monically related to the data rate. To avoid this problem,
most systems limit the VOO range so that it can never be
more than a few percent away from the correct requency.

A narrow-hand VOO using external components was not
consistent with the goal of building a completely monolithic
chipset. Integrated oscillators rely on low-tolerance 1C com-
ponents and are typically limited to £30% tolerance on the
center frequency. For customer exibility, it was desired to
extend the oseillator range to cover at least an octave. This
range, in conjunction with digital dividers, allows the G-link
chipset to operate over a range of 110 to 1400 Mbaud in four
hanids,

A second design problem is frame synchronization. At the
receiver, some method must be employed to determine the
boundaries between frames so that they can be properly
deserialized back into the original paralle]l words. The G-link
chipsel establishes and monitors frame synchronization by
using the embedded master transition. Unlike other links,
the G-link chipset allows the continuons transmission of
unhroken streams of data, without the insertion of special
frame synchronization words.

Startup State Machine Controller

To eliminate the problems of false locking and [rame syn-
chronization, the G-link chipse! uses a startup state machine
and the special training fill frames.

Because the internal VOO is eapable of operating over
nearly a 3:1 range of frequencies, a frequency detector is
necessary to avoid false locking problems. The frequency
detecior operates only when simple square-wave fill frames
are being sent. A conventional sequential frequency detec-
tor, bullt of two resettable Mip-Mops, determines the sign of
the frequency error. When the phase error is less than $22.5
degrees, the output of the phase detector is used. Otherwise,
the loop filter is driven by the frequency detector outpui.
Because the frequency detection circuil cannot operate on
data frames, the state machine controller must disable the
frequency detection circuit before allowing data to be sent.

Neither node of a duplex link can achieve lock unless the
apposite side is sending special fill frames. Neither side of
(he link can stop sending fill frames and start sending data
unless the other side has successfully achieved lock. The
state machine uses the two distinet fill frames FFO and FF1
to allow one side of the link to notify the other side of its
current locking status. This guarantees that fill frames will
be sent whenever needed to restore lock, and only as long
a5 necessary to achieve lock.

As described previously, FFU is a 6F6 balanced square wave
with equal numbers of 0 and 1 bits. FF1 consists of two
maodified square-wave patterns, These two patterns are used
as needed o malntain de balance on the link. Both FFO and
FF1 have a single, rising transition, which is in the same
position in the frame as the master transition of data and
control frames. The rising edge of the fill frames is used ini-
tially to establish an unambiguous frame reference. After
initial lock, the master transition of the data frames is used
to maintain frame lock.

Fig. 12 shows the state machine handshake procedure for a
full-duplex link in greater detail. Both the near and far ends
of the link independently follow the state diagram of Fig. 12,
The three states are defined by the state variables STATO and
STAT1. At power-up, each end of the link enters the sequence
al the arc marked “Start.”

Fig. 12. State machine handshake procedure for o full-dupliex link,
showing, the values af Lhe state variables STATO and STATY (041, ebe ).
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Bang-Bang Loop Analysis
A-zamplified version of the clock recovary phase-tocked loop of the G-link chipset

1& shawr In Fig 1. Only the transition sampling latch is shown, and the input =
assumad 10 be @ square wave at the same frequency as the VLD

The: VLD is contralled through a laop filter that consists of the sum of an integral
sipnal and a progortional sigral. Barause the phase detector 15 quantized, the VCO
frequency switchas betwaen two discrete frequencies, causing the VCO to ramp
up and dowr 0 phase, themaby tracking the incoming signal phase.

IF thi loop is properly designed, the system can be considered 1o be compased of
wa noninteracting loops, These are the paths labelad praportional branch and
integral branch in Fig. 1, The first lnop includas the connection of the phase datec-
tor 10 the VGO input through & proporbonal attanuator, while the sacond loog
drrves the VEO through an integrator,

The praportional signal wnas the YOO, causing the output of the phasa detector fo
switch rapidly between 15 and 0s at a fairly high frequency, Other than the do
companent, the bulk of the phase detector output signal spectrum falls outside the
affactivs passhand of the integrator branch of the loop. Thus the mtegrator branch
Gparatas on just the dc componant of the phase detector output. Its jab is ta servo
the center frequency of tha VGO so that the two discrate VOO frequancies pro-
qrammed iy the propartional input will ahways bracket the fraquancy of ihe in-
coming data signal. This frequency adjustment occurs so slowdy that it does not
materialty atfect the operation of the high-frequency bang-barg portion of the
leap

Proportional Branch

Ta simglify the analys:s of the first branch of the lopp in Fig. 1, the integrator
output cen be replaced with 8 constant reference voltage o the prapartional twaing
irgut will cause the VO to bracket the incoming frequency. Tha VO wall then run
a1 two discrete fregquencies: at a frequency shightly highar than the incoming data,
thereby advancing the phase, o at a lower frequancy, tharelty retarding the phase:

If the: ineoming frequency is midway between these two discrete frequencies, the
oo will switch betwaen the twa frequencies with approximataly a 50% duty
cycle, if the incoming frequency is skightly higher than the nominal VGO centar
frequency, the duty cycle will shift sich that the loop will spend & higher parcent-
age of time at the high frequency than at the low frequancy. In ganaral, it can be
shown that the duty cycle presant at the output of the phasa detector is progod-
tianal to the difference in frequency between the incoming signal and the nomenal
WOU center fraquency.

Integral Branch

The second branch of the loog containg the integrator, Because the integrator
effectively filters out the oscillatary portion of the phase detectar outgut and oaly
reacts to the average value of the phase datector output stream, the proportianal
branch of tha koap can be ignared hera by replacing the phase detecter with a
wirtual freguency detector. The intagrator extracts tha do companant and theneby

Fig. 1. Simplified version of the phasa-locked loop. For analysis, the loon can be considersd o
combination of two noninteracting loops: & proportional branch and an integrad beanch

Tatal VCO Phase Change
Resulting from Step In
Detector Dutpat

Phase Change fram
Imtegral Branch

VCO Phase Change

Phase Change from
Proportional Branch

Fig. 2. Coniriations 1o VED phasa changes Stability factas is the lineat gewse changs dnides
by the quadratic phase changs in i same fims

tunes the cantar frequancy of the WCO so that it i always equal to the incoming
data rate.

In a comventtional linear phase-locked loop, the leop ear sigral is progorional to
phase ermor but is used 1o control the YCO fraquency. This mtraduces an intexration
in the |loop transfer function. This ntegration, in conpunction with the loop filar,
creates a sacond-arder feedback Iop. Such laops can exhibit an underdamped
respanse to changes in input phase, leatng to &n undasirabie axponential ouildup
of jither in systams with lang cascats of repeatars.

In the G-link phase-locked loog, the phase-detector do component is proportional
ta frequency rather than phase. Because the the frequancy of the VIO is con-
trolled by & frequency emor signal rather than a phase emor signal, no axtra in-
tagration apears in the loap transfer function, This maans that no jitter bisldup
resallts from the action of the intagral branch of the loop. The jiter statistes
simply dominated try the hunting behavier af the hagh-freguency propartional
braneh of the lnap,

Loop Stability

To reach a gualitative understanding of the Inop hehavipr, the two branchas of the
|oop were assumed to be noninteracting, For this assumption to be valid. cartain
canditions must be met,

It is imiportant that the loop ba sat up so that, betwean phase samples, the action
of tha proportional branch of the loop dominates over the action of the integral
branch. This can be werifiad by creating a siep change from the phase detector
arel tracking its effact on both halves of the loop. Fig, 2 shows the contributions to
the YCO phase changa. In the proportional path, the WCO is programmed to make
a small step change in frequency, which causes 3 lingar ramp i the phasa erroc. In
the integral path, the integrator programs a linear ramp in VCO frequency, which
CAUSEs @ quadratic walk-off in the VGO phase.

The ratio of these efects at the end ol o frame update time gives a figure of
mesit for the loop design, Tha phase changs fram the proportianel branch of the
lopg must be greater than or equal to the phase change from the integral branch
ot the loog for the systam to be stable. In the G-lmk design, this stability ratio is
designed 1o be always greater than 10

Richard . Walkar
Pemcipa! Propéct Engmear
Hawlett-Fackard Labaratories
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Fig. 13. The VOO consists of three variable-delay cells eonfigured as
a ring oscillator.

Each state in the state machine has three notations. The top
notation is either “FDet” or “Phase.” FDet stands for (re-
quency detect mode, and implies that the frequency detector
has been enabled in the receiver chip phase-locked loop,
When the chip is in this mode, it is important that no data be
sent, because the frequency detector is only able to lock onto
one of the special training fill frames FFO or FF1, The Phase
notation means that the receiver phase-locked loop has
beren switched o phase-detect mode and is ready (o allow
data transmission. The middle notation in each state is the
fill word that is currently being sent by the node’s transmit-
ter chip. The last notation is the ready-for-data (RFD) status
of the transmitter chip. When AFD is low, the transmitter chip
signals the user to hold off any incoming data while it is
sending fill frames, When RFD is high, data is sent if avail-
able, and if not, fill frames are sent to maintain link
synchronization,

The two bits bracketing the master transition are monitored
by the recelver chip to detect a locked condition. If these
two hits are not complementary for two or more consect-
tive frames, it is considered a frame ervor. The receiver
chips at both ends of the link are able to detect data, con-
trol, FFO, and FF1 frames and frame errors. Transitions are
made from each of the states based on the current status
condition received by the receiver chip. Each of the ares in
Fig. 12 is labeled with the state that would canse a transition
along that arc.

Il either side of the full-duplex link detects a frame error, it
notifies the other side by sending FF0. When efther side re-
ceives FI, it follows the state machine arcs and reinitiales
the handshake process. The user is notified of this action by
the deasserting of RFD,

This startup protocol ensures that no user data is sent until
the link connectivity is fully established, The use of a hand-
shake training sequence avoids the false lock problem in-
herent in phase-locked loop systems that attempt 1o lock
onto random data with wide-range VCOs.

Loop Implementation

The VCO is built from three variable-delay cells configured
as a ring oscillator (Fig. 13). The ring provides a wide-range
funing input and a small "bang-bang” tuning input. The wide-
range input adjusis the delays of each siage from one gate
delay to three gate delays, thus giving a 3:1 VCO frequency
range. This wide range allows the final svstem to be specified
with a 2:1 range over both process and temperature varia-
tions. The bang-bang tuning input programs a small change
in the VOO frequency and bs driven by the proportional
branch of the loop flter,

The loop flter is implemented with a charge pump integra-
tor and a 0. 1uF external capacitor, which is housed within
the package. The integrator is based on a unity-gain positive
feedback technique (Fig. 14) which cancels out the droop in
the integrator flter capacitor. The effective de gain of this
circult approaches infinity as the feedback gain approaches
unity. The unity-gain technique achieves high de gain while
avoiding the stability and noise sensitivity problems of on-
chip high-gain operational amplifier designs.

G-Link Chipset Implementation

To achieve the best speed and power performance. the
(r-link chips were designed using the HP B25000 25-GHz i1
silicon bipolar process, This process allows mixed-mode
designs ranging from dense low-power logic structures to
high-performance analog cells, A three-layer metal system
allows compact layouts, minimizing chip area and cost. This
process features transistors with minimum piteh of 2.6 pm.
Only simple npn transistors and p+ and p- resistors were
used in the design,

Building Block Design

The G-link chipset is a fully custom circuit using specially
designed cells as building blocks, These include (1) logic
cells consisting of gates, latches, and Mip-Aops, (2) PLAs for
low-speed logic, and (3) 1O cells, which include all of the
low-speed ECL and high-speed input and output drivers. A
band-gap reference was also designed to stabilize chip per-
formance with variations in temperature and powersapply
voltage.

Logic Cells and Arrays. Since logic elements are used most
widely in the G-link chipset, considerable effort went into
optimizing their performance, power, and active area. A
three-level tree structure was chosen to implement the logic
functions. All signals are differential (0 Improve noise mar-
gins and to reduce ground currents, which could disrupt the
analog circuitry, The inputs and outputs of these gates and
latches are fully level-compatible for ease of routing. Each
functional cell has resistor options by which the speed can
be traded off with power. In all, there are four power classes
for each logle cell. An example of a masterslave lip-flop with
a Z:1 input multiplexer is shown in Fig, 15. This circuit is
designed to operate up to 2 Gbits/s at a junction temperature
of 125°C with a fanout of 10.

Inpit fram Phase
Dutoctar Latch

.@., e

[ ]

_L Eai For A1, Circait Approximates
[y Ideal Integrator with Tinss
erﬁnhnm-ﬂ Canstan: = AC

Fig. 14. The loop Rlter is implemented with a charge pump
Imtegrator bised on g unity-gatn feedback technique,
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Figg. 15. Schematic diagram of the master-slave flip-Nop with 2:1 input multiplexer.

Low-speed logic is implemented, where possible, with array
structures for compactness and reduced power. The single-
ended logic PLAs with AND-OR planes are designed to be pro-
grammed using only metal layers. Altogether, two PLA cells
are used in the transmitter and one in the recelver.

Input/Output Cells. An effort was made in the 1O design 1o
make the chips easy to use. Excepl for the high-speed serial
signals, all of the chip IO is 100K ECL-level-compatible. To
minimize the power dissipation of the chip, ECL outputs are
limited to driving 10 cm of transmission line with a mini-
mum characteristic impedance of 50 ohms terminaed into
300 ohms. For added convenience, unconnected inputs are
intermally hiased to low ECL logic levels, and are sensed as
high levels if the inpuis are grounded,

A special Input cell was designed for all gigabit-rate input
signals, Both differential inpuis of the cell are biased to
ground with 50-ohm terminating resistors. This configura-
tion allows singled-ended or differential input signals to be
conveniently ac or de coupled. This cell is used for the
strobe and high-speed clock inputs of the transmitter and
for the data and high-speed clock inputs of the receiver.

The G-link chipset is designed to work with either optical
fiber or copper coaxial cable media. For cable applications,
the data input cell of the receiver has an optional equalizer
to extend the usable distance of the link, The equalizer cir-
cuit is designed with 3 dB of gain peaking at 600 MHz 1o
compensate for signal roll-offs caused by the skin loss effect
in coaxial copper cables, Operating at 1.2 Gbaud with RG-b8
coax, the equalizer extends the usable cable length by over
5% for a given hit error rate.

All high-speed outputs are driven by buffered-line-logic
cells. Buffered-line-logic drivers? provide differential out-
puls capable of dellvering 0.7V into 50 ohms, ac or de coupled
to ground. If de is coupled into -1.3V, the levels are ECL-
compatible, In addition, the source impedance of the driver
is matched to 50 ohms with a VEWR of less than 2:1, This

112

ctaber 1002 Howlett-Packard Joumal

makes the high-speed connections of the G-link chips very
conventent and easy to use. The only requirement is that
unused outpuls be terminated into 50 ohms,

Band-Gap Reference. To minimize cireuit drifts caused by
environmental changes, a band-gap reference with power
supply compensation was designed, This circuil provides a
referenice voltage that powers up all eells in both chips. A
power-down feature in this circuit enables portions of the
chips to be turned off to conserve power,

Layouts }

To minimize the design and layont effort, a generic design
structure was used as the basis for all cell layouts, Each of
the various logie cells was built from the generic array of
transistors and resistors by customizing the metal intercon-
nections. The ratio of devices used to total devices available
reached over 95% in this design. This layout technique has
the advantage of easy reconfiguration for design revisions.
The PO pord locations are uniformly defined for all cells to
simplify cell interconnection,

An example of a master-slave flip-flop with a 2:1 multiplexer
input is shown in Fig. 16. This elreuit array, measuring just
104 by 135 pm, is customized with two layers of metal

All cells and power buses are designed (o be placed using a
coarse grid. This simplifies the placement of cells in the sys-
tem design level. Another feature is that all eells have test
probe points accessible at the top metal such that all con-

nection signals can be test probed for diagnostic purposes,

The transmitter and receiver chips each measure 3.6 mm on
a side. The high-speed and low-speed pads for each chip are
arranged =o that a single package design accommodates
bath chips.

The design of the chips relied heavily on simulation and veri-
fication tools such as the Spice simulation program and 1P's
proprietary Bipolar-Chipbuster IC layout system. The Spice
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Fig. 16. Chip layout of the master-slave fip-flop with 2:1 inpant
multiplexer.

circnit deseription files were extracted from the artwork
including parasitic capacitors for final simulation before
fabrication,

Packaging

A custom 68-pin ceramic quad fNat package (CQFP) was
designed specifically for the G-link chipset. It features
50-ohm transmission lines for the high-speed 1O pins and
internal 0,14 F capacitors for power supply bypassing and
for the Integrator of the phase-locked loop. It also has inter-
nal ground vias to minimize inductanee, thereby reducing
noise. Its outline conforms to standard 68-pin packages. The
typical chip-to-case thermal resistance is under 14°C/W.
Both the package and the chips are compatible with anto-
matic assembly technigues for high-volume low-cost
manufacturing.

After the chips and capacitors are mounted and the pack-
ages sealed on the lead frame, the units are placed onto
plastic carriers for lead protection. A special test fixture was
designed to test the final parts in this carrier at full speed.

Electrical Performance

The Gdink chips’ power dissipations are both under 2.5 wails
worst-case. The 2006-to-80% rise and fall times of the high-
speed data outputs are under 200 ps. The chipset is specified
from 110 Mbaud to 1.4 Gbaud under all conditions. The
lockup time of the phase-locked loop including frequency
acquisition is less than 2 ms.

The features and flexibility of the G-link chipset make il

Features and Applications

ideal for a wide variety of applications, These applications
range from computer backplane links a few meters in length
to widle area networks 10 kilometers long. The low cost and
high integration level of the G-link chipset make it attractive
for systems requiring serial transfer rates up to 1.4 Gbhand. It
can serve as a generic virtual ribbon eable or can be used (o
build complete networks and peripheral channels. The G-link
coding scheme has been accepted by the Serial-HIPPL (High-
Performance Parallel Interface) Implementors’ Group, and
by SCL-FI (Scalable Coherent Interface-Fiber), an IEEE
standard,

This section deseribes the features that allow the G-link chip-
set to be applied 1o this broad range of applications. It also

deseribes a few specifie applications, including generic data
transport, networking standards, and simplex applications,

Ease of Use
Sinee most computing equipment bath sends and receives
data, the great majority of these applications are full-duplex.
The state machine controller included on the chipset takes
care of all the details of starting up such a duplex link. The
designer needs to be concerned with only two signals:
ready for data (RFD) and data available (DAY). RFD is the sig-
nal the state machinge provides to indicate that the link is
ready for data transmission. DAV is a signal the user controls
to mark the availability of data, At the receiver, this signal is
recovered and used to diseern the beginning or end of data
transmission,

Some applications generate data in bursts or as packets.
Such bursty data is handied automatically by the chipset.
When no data is available to transmit, the user simply deas-
serts the DAV line at the transmitter, The link will transmit
FF1 as an idle code to maintain link lock and framing. At the
receiver, o deasserted DAV signal indicates that data is not
being received. At the start of the burst of data, the user
asserts the DAV line at the transmitter. The data is transmitted
across the link and marked as valid data at the receiver by
the receiver's DAV signal. Thus the DAV signals can mark the
beginning and end of packets while adding no burden to the
system design.

More complicated packet headers can e ereated using the
control available (CAV) signal. This signal works like the DAV
signal, but instead of marking the data as valid data words, it
marks the data as special control words. A system designer
can use these 1o send packet header information, link or
system control information, or anything that needs to be
treated separately from data. At least 21 control words are
availabile, so they can be used to indicate a large number of
packet addresses or special funclions. Few communication
links have such a rich selection of nondata words for control

and signaling.

Flexibility

Flexibility was a major goal of the G-link design. To make
this a high-volume, low-cost part, the chips were designed to
meet the needs of as many different systems as possible. As
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described earlier, the G-ink line code can accommodate
varlous word widths, This is very different from block codes
such as 4R/SE and 8B/101, which have fixed word widths.
The G-link chipset readily accommodates data words of
width 18, 17, 20, 21, 32, or 40 bits_ The chipset has two fun-
damental word sizes: 16 or 20 bits. In addition, the flag bit is
available. Therefore, 1 7-bit-wide words can be accommo-
dated by selecting 16-bit frames and using the flag bit as a
17th bit. 21-hit words can be transmitted similarly. 32-bit
words are supported by sending them as two 16-bit frames
in a row. In this ease the fag bit is used to distinguish the
first 16-bit frame (e.g., Nag = 0) from the second 16-bit frame
(g, flag = 1), It is a simple matter to build the off-chip
32:16 multiplexers and 16:32 demultiplexers since the flag
bit automatically keeps track of the necessary frame order-
ing. 40-bit-wide words are supported analogously. The trans-
mitter chip accepts either a full-frame-rate clock or a hall-
frame-rate clock for multiplication up to the serial clock rate,
In other words, for an S00-Mbit/s data rate and 16-bit words,
the chip will accept a 50-MHz frame clock. When 32-bit words
are transmitted it accepts a 25-MHz frame clock. This saves
the system designer the trouble of doubling the word clock
outside the chip.

The G-link chipset supports a wide range of serial transfer
rates ranging from 110 Mband all the way up to 1.4 Ghand,
This wide range makes it attractive for many types of data.
Beeause the chipset requires no off-package funed elements
or adjustments, it can be digitally switched between data
rates, This is unlike other systems, which require tuned ele-
ments and precise adjustments and operate over very nar-
row ranges of frequencies, Switching between data rates
aidls testing and debugging. It can also be used to establish
a standard physical layer that spans several operaling
frequencies.

Generie Data Transport and Proprietary Channels

The most prevalent application of the G-link ehipset is ge-
nerie data transport. In these applications, the chipset acls
as 4 polnt-to-point unswitched bus extender, or virtual ribbon
cable. A grear advantage of the G-link chipset is that it auto-
matically handles startup and framing, Once the link is oper-
ating, the user can send data eontinuously, without having to
inserl extra framing characters or form special packets. Other
links typically require that special framing characters be
periadically inserted into the data stream. For systoms frans-
mitting data continuously for long intervals, periodically
inserting these special characters can be difficull and ineffi-
cient. Other [ink chipsets do not have a built-in hardware
controller that signals when the link is operating improperly.
Without these signals the system designer must depend on
upper-level protocols, resulting in uneertain time delays.

In many applications, a point-to-point unswitched bus ex-
tender is sufficient. In these applications, the G-link chipset
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Fig. 17. Senal-HIPPL (High-
Performance Paraliel Interface)
gystemn imphemented with the
G-link chipset.

is all that is required and can form a complete communica-
tiom link. The chipset can also be used in more eomplicated
networks because it transports any data format across the
link, Examples of standard data formats that can benefit
from a point-to-point bus extender within private networks
inelude SONET/SDH, Fiber Channel, and ATM data. SONET/
SDH is a telecommunication standard that specifies data
rates of 155 Mbils/s, 622 Mbits/s, 1,24 Gbils/s, and higher.
Fiber Channel is an ANSI standard (X3T9.3) that covers a
variety of data formats and rates. The IEEE 802.6 standard
is an example of an ATM (asynchronous transfer maode)
network.

The Nexibility and ease of use of the G-link chipset enable
it to fit a wide variety of applications, High-data-rale connec-
tions to disks and other peripherals are typical uses. These
applications benefil from the very low overhead, simple
operation, and high integration of the G-link chipset. For
example the HP 271114, introduced in 1988, is a fiber optic
connection for disk arrays at 80 Mbits/s. With the tremen-
dous inerease in computing power and 10 rates in the last
few years, the Gelink chipset is well-suited for this type of
application,

There is growing interest in using serial links for computer
backplanes, Computer backplanes are typically jammed with
hundreds of signals at data rates exceeding 100 Mwords/s. It
can be difficult to control the skew on parallel data paths at
high data rates. In addition, transmiiting the data in parallel
can require significant space. Serlal links using optical fiber
or coaxial cable may be the only way to transmit data with-
out degradation by skew, loss, or reflections, while saving
Space.

Serial-HIPPL

In May 1991 the G-link chipset was accepted as the basis of
the Serial-HIPPI standard. Serial-HIPP1 is a specification for
an S00-Mbit/s sertal data link that has been agreed upon by
over 40 vendors and users. Serial-HIPPT iransmits data be-
tween HIPPLPH nodes, up to 25 meters in coaxial cable, or
10 km with optical fiber. HIPPI-PH 1s an ANSI standard
(X3.183-1901) for transmitting digital data in parallel between
data processing equipment nodes. It is prevalent in super-
computing and high-end workstation environments. Fig. 17
shows a diagram of a complete Serial-HIPPI system using
the G-link chipset, HIPPL-PH data consists of 44-bit-wide
words at 25 Mwords/s, This data includes 32 data bits, 4 par-
ity bits, T control bits, and the clock. Ahead of the G-link
iransmitter there is an additional circuit called the XMUX.
This ctrenit reduces the data from 44 bits to 40 bits by re-
placing two control signals with the chipsel's RFD, replacing
{he HIPPLPH clock with the clock derived from the incoming
serial data, and encoding three of the other control signals
into two lines. The XMUX then multiplexes the data 40:20.
This etz is transmitted with the G-link chipset as 40-bit
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126-Mbit/s FDDI data to 1.24-Gbit's SONET data. The chip-
set can work in simplex systems, allowing its use for distrib-
uting viden, Twao widely accepted networking standards,
Serial-HIPPL and SCI-FI, are tailoved to the operation of the
Glink chipset. The production volume made possible by this
broad range of applications should make possible truly
low-rost gigabit-rate data links.
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ing at the University of
FPadove (Padua). graduating
in 1962, He served a year in
the Italian infantry in 1583
and joined Necsy in 1963

£ R N
after several years with Telettra SpA. He was respon-
sitile for the desygn of the perigheral units for the HP
E356( digital pesformance manitoning and remate
test system. Femando comes from Piaziola sul
Brenta, Padova. He is married and has one child,

Alberto Vallerini

=5+ Albertn Vallesini |5 hardwere
system manager for the HP
E35B0 digital performance
monitaring and remobs st
system. Previously, he was
hierdwara system mensger
fof the HP 37884 arfor pet-
formance analyzer. He mined
HP's Mecsy Telacomemunica-
tiares Dperatian in 1588 and has & degres n electronic
enginearing from the Unnersity of Padeova, Alberto
‘was barmn in Lendirars, Aovige. He did his military
senice a5 an official in the ranemession sarvice. He
iz marned and anjoys reading, music, and theates.
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Chu-Sun Yen

Chu Yen was project man-
ager for the G-link chipsat gt
HP Laboratores. With HP
Laboratories since 1961, ha
prewausly managed high-
spead analng ICs, Ethernet
trensceiver and cabla simu-
Eatian, and infrared natwork
projects, and was a design
engineer on progacts dealing with the HF BIOSA vac-
tor waltmeter and the HP 35 calculator & member of
the IEEE. he has suthored 20 professional papers on
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eircusts, phase-locked locps, instruments, and cam-
manications finks, and i< named as an inventor in
threa patents on a sampling phasa-locked koop, tha
G-link phasa-locked loop, and a de-to-de converier
He received his BSEE degres in 1955 from Taiwan
University, his MSEE degree in 1958 from the Uni-
versity of Florsda, and his PhD degrae in 1961 fram
Swanfoed Uniwersity, He is married and has three
childran,

Richard C. Walkar

Rick Walker is & principal
paject engineer at HP Lab-
oratories, specializing in
phase-lockesd loop theory
and mgh-speed circust de-
sign, He joined HP Labara-
‘torias i 1981 and has con-
tributed to broadband cable
modem design, solid-state
laser charactarization, and the gigabit-link peoject,
Bom in 5an Aafael, California, be meeived his BS
degrea m angmeenng and applied science from the
Califarniz Imstiute of Technalagy in 1982 and his MS
degres in computer scienca from California State
University at Chico in 1982. Ha has authored 16 pro-
fessional papers and his work has resulted in six
petents and twa pending patents, all in the areas of
high-speed links and circuit design. He's a mamber
of the |EEE. He's also an advanced class amateur
radn aperator (WBEGEY! and & private pilat, plays
biess gurtar and five-string bluegrass banjo, and culti-
vates sevarz| dozen kinds of camivarous plants ina

hackyard greanfiousa,

Patrick T. Petruna

Mow RED section managar
fiar link products at HP'S
Commumications Compo-
nents Division, Pat Petruna
Was project manager for the
G-fink chipset. A native of
Allentown, Pennsybvania, he
atiended Pennsylvania State
University, receisang his
BSEE degree in 1976 and his MSEE degree in 1978,
Aftar joning HP in 1978, he designed bipolar transis-
tos, Darlington amplifiers, and digital circuits, and
served &s projact manager for wideband amplifiers,
AGCs, decision circuits, counters, and misltiplexers
He: has coauthored three papers on high-speed silicon
circuits and participates in Sarial-HIPF and ATMW
[asyncheonous transfer mode] standards activities
Pat is married, has fwo childnan, and serves as a Cub
Seout dan beader, Hes interests include astronomy,
astroghomgraphy, swimming, and softhall.

Cheryl Stout has been a
member of the technical
statf of HP Laborataries
since 1333 She has done
research and desgn for
gallium arsenide and gibicon
high-spesd multiplexers,
optical racmivers, and the
aigabit-link chepset. She s a
member of the |EEE and has authored conferenca
papess on high-speed multigbaxers and the G-lnk
chipsat. Bom in San Josa, California, she racaved
her BSEE degres from Califormia State University at

San Jose in 1978 and her MSEE degree from the
University of California a1 Berkeley in 1983 Before
coming 1o HF, she developad optical commimication
praducts at Plantronics, Inc. Her interests include
mountainesring and natural histary

Benny WH. Lai

Enpineer/scientist Benmy Lal
{oined the HP Microwave
Semiconductor Division
{now the Communications
Componants Divisian] in
1381, He designed the HP
HOWEP-2003/4 decisan cir-
cuits and the HOMP-2501
clock recovery data ratiming
carcuit, and did circuit design and layoat and high-
speed testing for the G-link chipset. He has authorad
four paapers on his designs and his work has ragulted
n ang retimirg crcuit patant and two pending patents
o CIMT codirg and a unity-gain positive-feedback
integrator, A graduate of thie Uniarsity of Calilormsa
at Barkeley, he recaivad s BSEE degree m 1552 and
ks MEEE degrea in 1963, Ha wag boen in Hong Kong,
15 mamied, and enjoys woadworking, gardening, and
skiing.

William J. McFarland

HP Labaratories principal
project anginess Bill
McFarland raceved his
BSEE degree from Staniord
University in 1583 and his
MASEE degree from the
University of Califomia at
Berkeley in 1535 With HP
since 1885, he has designed
high-speed ICs for digital test instruments in silicon
hipealar, galfium arsenide, and heterojunction transis-
foe tachnologies. and has done research on Bit emar
rate 1Bsters and pulse paneratars. As a member af
the G-fink project. hve served as technical aditor of the
Senal-HPPI specification, He 15 the author or coatithoe
of & dozan technical papers and is named s an in-
WEIION in two patents related to bit arror rate testers,
Bill was bom in Milwaukes, Wisconsin, His interests
include bicycling, playing guetar, and home brewing




