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Abstract—A silicon bipolar transmitter and receiver chip pair
transfers parallel data across a 1.5-GBd serial link. A new
‘‘conditional-invert master transition’’ code and phase-locked
loop are described and analyzed that provide adjustment-free
clock recovery and frame synchronization. The packaged parts
require no external components and operate over a range of
700 to 1500 MHz using an on-chip VCO. The line code and
handshake protocol have been accepted by the Serial-HIPPI
implementor’s group for serially transmitting 800-Mb /s HIPPI
data, an ANSI standard, and by SCI-FI, an IEEE standard for
interconnecting cooperating computers.

I. INTRODUCTION

PARALLEL computers, high-resolution graphics, and
network backbones are among the many applications
that could immediately benefit from inexpensive, com-
pact, and easy-to-use gigabit-rate fiber-optic data links.
Serial links have been widely used for telecom applica-
tions, however, parallel data interfaces are required for
convenient connection to computer equipment.

The use of fiber media for gigabit-rate computer com-
munication has been limited by the lack of low-cost link
interface chips. An earlier four-chip chip set [1] estab-
lished the feasibility of several integrable circuit tech-
niques to achieve these data rates, but was difficult to use
because of the high-speed chip interconnections and extra
support circuitry required.

In this paper we report a monolithic transmitter (TX)
and receiver (RX) chip pair that can be used for the trans-
mission of parallel data, and that requires no external ac-
tive components. From the user’s viewpoint, this chip set
implements a full-duplex “virtual ribbon cable’’ interface
(Fig. 1). For short-distance applications, an on-chip
equalizer is provided to allow the use of coaxial cables
rather than a more costly fiber link. The chips require no
external frequency-detennining elements or user adjust-
ments and operate over a range of 700 to 1500 MHz using
an on-chip VCO. A state machine controller (SMC) is also
implemented on the RX chip to transparently handle a
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Fig. 1. Block diagram of full-duplex link built from two chip-set pairs.

start-up handshake protocol. This work is the highest
speed link interface chip set reported to date at this level
of functionality and integration.

The architecture of the link is largely determined by the
line code design, which is discussed next.

II. LINE CopE, CLOCK, AND FRAME
SYNCHRONIZATION

Codes used for fiber-optic links are dc-balanced to per-
mit the regulation of laser bias current by simply main-
taining a fixed average optical power. Balanced data
streams may also be conveniently ac-coupled at the re-
ceiver without incurring extra baseline wander or jitter.
The “‘conditional-invert master transition’’ (CIMT) code
used in this chip set transmits the parallel data words in
either true or complement form, as needed, to maintain
dc balance on the line.

To make the decision of whether or not to invert a data
frame, the TX chip uses a majority gate, built from a
DAC-like current summing circuit and comparator, to
compute the polarity of the incoming frame. The frame
polarity is compared against the sign of an up/down
counter, which keeps track of the total disparity of trans-
mitted bits. If the two signs agree, the frame is sent in-
verted. Otherwise it is sent uninverted. As shown in F ig.
2, four extra coding bits create a coding field (C-field)
which is then appended to the data field (D-field) during
transmission. The chip set is programmable to allow the
transmission of either 16 or 20 b of data to produce a 20-
or 24-b line code frame. In addition, an extra input FLAG
bit is also available as an extra data bit, thereby increasing
the data bits to 17 or 21, or can be internally toggled by
the transmitter to allow enhanced receiver frame error de-
tection. The 17-b form of the line code has been accepted
as the standard code for the IEEE P-1596 Scalable Co-
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Fig. 2. Line code.

herent Interface Group [2], and the 21-b form of the code
has been accepted by the Ad-Hoc High Performance Par-
allel Interface (HIPPI) Serial Implementors Group [3].

The central pair of bits in the C-field are always com-
plementary and provide a ‘‘master transition”’ phase ref-
erence for the receiver phase-locked loop (PLL). This
master transition is used by the PLL as the phase refer-
ence for both bit and frame clock recovery. The frame
clock is used by the demultiplexer for frame alignment.
Because each frame of the line code incorporates a ref-
erence transition, it is not necessary for the user to send
any periodic frame-sync words, as is the case with 4B /5B
and 8B/10B codes. This allows the link to be conve-
niently used in a synchronous environment where the in-
sertion of extra frame-sync words is undesirable.

The polarity of the master transition is used to encode
the extra FLAG bit. The other two bits in the C-field are
used to signal whether a given frame represents inverted
data, noninverted data, inverted control, noninverted con-
trol, or fill. Control frames are special non-data frames
that can be used as packet headers, trailers, and other pro-
tocol-specific information. Fill frames have only a single
rising edge at the master transition location, and are used
as training sequences to provide unambiguous frequency,
phase, and frame acquisition during link start-up. There
are two logical fill frames: FF0, which is 50% duty-cycle
square wave, and FF1L and FF1H, which are 2 bits light
. and 2 bits heavy, respectively. The two FF1 forms are
sent in alternation to maintain dc balance.

Coding schemes that satisfy the needs of clock recovery
and dc balance are a trade-off between coder complexity
and bandwidth utilization. Simple Manchester coders have
an efliciency of only 50%: two symbols are sent for each
received bit. Other codes, such as the 4B /5B code used
in FDDI [4] and the 8B/10B code proposed for fiber
channel [5], are more efficient than Manchester, but are
more complex to implement. Our code is only moderately
complex to encode, very simple to decode, accommo-
dates variable data widths, and achieves a high efficiency
of 21 /24, or 87.5%

III. CHip BrLock DIAGRAMS

A simplified block diagram of the TX chip is shown in
Fig. 3. The user supplies the parallel inputs, D0-D19, a
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Fig. 3. Simplified block diagram of TX chip.
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Fig. 4. Simplified block diagram of the RX chip.
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Fig. 5. Bit error rate performance with/without equalizer.

frame rate clock, the DAV and CAV inputs, and the FLAG
input (optional). the PLL/clock generator block generates
the high-speed serial clock by phase locking onto the in-
coming low-speed clock, which can be either at the full
or one-half frame rate.

Before transmission, the dc balance of each frame is
determined by a segmented DAC and a comparator. The
long-term dc balance of the previously transmitted data is
monitored by an up/down counter that counts up on ONEs
and down on zEROs. To determine whether a given frame
should be sent in either true or complement form, the dc
balance of each frame is compared with the long-term dis-
parity of the previously transmitted bits.

The frame is then serialized with a circuit that multi-
plexes the parallel inputs into a serial bit stream and per-
forms any necessary frame inversion. The output of this
block is driven off-chip to be transmitted across the link.

The receiver block diagram is shown in Fig. 4. The
data path consists of an input selector, two input sampling
latches, a demultiplexer, a C-field decoder, and a D-field
decoder. The input (DIN) is programmable to select data
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from either the normal data input, a loopback data input,
or an equalized input. The equalized input provides a 3-dB
boost at 600 MHz to compensate for skin loss in long
coaxial lines [6]. The improvement of link BER with the
equalizer used with RG-58 coax is shown in Fig. 5. For
a given BER, the equalizer extends the usable link length
by over 50%.

IV. PHASE-Lockep Loorp DESCRIPTION

The on-chip PLL’s used in both the TX and RX chips
are nearly identical. For simplicity, this section only de-
scribes the implementation of the RX PLL.

The incoming data stream is latched by two matched
D-latches, one on the rising edge, and the other on the
falling edge of the bit-rate VCO clock. When the loop is
locked, the rising-edge retiming latch samples the center
of each data bit and produces retimed data. The falling-
edge phase detector latch samples the transitions between
bits. The transition sample corresponding to the master
transition is selected for use as a phase error indication.
Since the code allows the master transition to be of either
polarity, the sample is corrected for transition polarity by
being xored with the immediately preceding data bit to
derive a binary-quantized (bang-bang) phase error indi-
cation. Because the phase detector and retiming latches
are matched, assuming a 50% duty cycle VCO, the retim-
ing clock phase is inherently aligned to the center of the
bit cell over both process and temperature variation. In
addition, the circuit can operate at the full speed at which
a process is capable of building a functioning latch.

Because the internal VCO is capable of operating over
nearly a 3:1 range of frequencies, a frequency detector is
necessary to avoid false locking problems. The frequency
detector operates only when simple square-wave fill
frames are being sent. A conventional sequential fre-
quency detector determines the sign of the frequency er-
ror. A gating circuit drives the loop filter with the fre-
quency error information whenever the phase error is
greater than +22.5°. When the phase error is less than
this amount, the output of the phase detector is used. Be-
fore data are allowed to be sent, the state machine con-
troller disables the frequency detection circuit.

A. Loop Dynamics

The phase detector described is nonlinear, and conven-
tional linear PLL theory is not useful for design or anal-
ysis. Precise loop behavior can be simulated efficiently
with time-step simulators, but this is cumbersome to use
for routine design. Fortunately a simple decomposition of
the loop provides accurate closed-form expressions for
both loop tracking jitter and loop stability. An outline of
this analysis is given in this section.

A simplified version of the clock recovery loop that as-
sumes a fixed, rising, master transition is shown in Fig.
6. The transition samples are decimated by the number of
bits per frame, M, to isolate the one sample corresponding
to the master transition.
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Fig. 6. Simplified clock recovery loop.

If certain assumptions are met, as described in a later
section, we can consider the system to be composed of
two noninteracting loops. These are the loops labeled
‘‘bang-bang branch’’ and ‘‘integral branch’’ in Fig. 6.
The first loop includes the connection of the phase detec-
tor to the VCO input through the bang-bang branch of the
loop filter, while the second loop includes the integral
branch of the loop filter. The binary control, or ‘‘bang-
bang’’ loop, can be considered a phase tracking loop,
while the integral branch can be viewed as a frequency
tracking loop.

The fact that the phase detector output is quantized im-
plies that the loop behavior will be oscillatory. In steady-
state conditions, the output of the phase detector (due to
inevitable noise and jitter) will be a quasi-random string
of oNEs and zeros, which will program the VCO fre-
quency to switch between two discrete frequencies, caus-
ing the VCO to ramp up and down in phase, thereby
tracking the incoming signal phase. The phase detector
output tends to alternate every frame, so that, other than
the dc component, the bulk of the phase detector output
spectrum falls outside the effective passband of the inte-
grator branch of the loop, and can be practically ne-
glected.

The integrator branch then operates on just the dc com-
ponent of the phase detector output. Its job is to servo the
center frequency of the VCO so that the two discrete VCO
frequencies programmed by the bang-bang input will al-
ways bracket the frequency of the incoming data signal.
This frequency adjustment occurs so slowly that is does
not materially affect the operation of the high frequency
bang-bang portion of the loop.

B. The Proportional Branch of the Loop Filter

With a locked loop and assuming that the integrator
output changes negligibly during a single phase update,
the VCO frequency step programmed by the bang-bang
tuning input is

BVs K.
Fstep = i 4)2 2
where 8 = K,.,/Kp, the ratio of the VCO wide range
tuning gain to the bang-bang tuning gain. V; is the peak-
to-peak voltage from the phase detector, and K, is the
VCO gain constant in hertz per volt.
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Assuming a high dc gain in the loop integrator, the
steady-state duty cycle from the phase detector output will
be very close to 50%, usually alternating between zZErO
and ONE with an occasional doubling-up of bits to com-
pensate for leakage in the integrator. The worst-case walk-
off in degrees is then given by the phase walk-off of two
successive update periods:
3608V, K, .M

FECO

where M is the loop division ratio and F,, is the nominal
VCO frequency in hertz. In our loop, the hunting jitter is
designed to be below 18 ps rms.

Before turning to the analysis of the integral branch of
the loop, we need to derive the dc component, or duty
cycle of the phase detector output stream. As already
mentioned, in steady state the duty cycle is 50%. Because
the loop is phase-locked, the average frequency of the
VCO is, on the average, equal to the frequency of the
serial data stream. If the incoming frequency is switched
from F,, to F,.,, + AF, with —Fyep < AF < F,, the
duty cycle C of the phase detector will necessarily shift
such that

Fvco + AF = C(Fvco + Fstep) + (1 - C)(Fvco -

Jitterpeay /peak =

F, stcp)-
Solving for the duty cycle
AF 1

= + .
2Fyp 2

Unlike a traditional PLL, this result shows that the dc
component of the phase detector output is proportional to
frequency rather than phase. The effective gain constant
of this *‘virtual’’ frequency detector, Ky, in volts per hertz
is

C

V.
K =—.
T 2F
Both the binary-quantized phase detector and the bang-
bang branch of the loop are replaced by an equivalent lin-
ear “‘virtual’’ frequency detector with gain constant K;.
Standard linear feedback theory can then be easily used
to determine the bandwidth and other salient characteris-
tics of this loop. The unusual result is that the low-fre-
quency loop is only first order.

Because the phase-detector dc component is propor-
tional to frequency rather than phase, an implicit integra-
tion does not appear in the loop transfer function. This
means that there is no jitter buildup due to the action of
the low-frequency integrator. The jitter statistics are sim-
ply dominated by the hunting behavior of the high-fre-
quency portion of the loop. However, unlike a normal
first-order loop, the behavior of the bang-bang portion of
the loop ensures that the average loop phase error remains
zero with changes in input data frequency.

C. Loop Stability Criteria

The preceding analysis assumed that the two branches
of the loop were essentially noninteracting. For this to be
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Tuning

Fig. 7. VCO delay cell.

true, it is important that the loop be set up so that, be-
tween phase sample update times (?,p4ure = Fyco/M), the
phase walk-off of the bang-bang branch of the loop,
®,,, (f), must dominate over the phase walk-off of the in-
tegral branch, ®,, ().

Taking the ratio of &,,(¢) and ®,,, (¢) at the end of one
frame update time gives a figure of merit ¢ for the loop
stability:

287
tupdate ’

& =

& must be greater than one for the two loops to be consid-
ered noninteracting. In fact, if £ becomes significantly less
than 1, the ‘‘bang-bang’’ portion of loop will no longer
stabilize the system and large low-frequency second-order
oscillations may occur in the loop.

V. ON-CHIP VOLTAGE-CONTROLLED OSCILLATOR

The VCO is composed of a cascade of three variable
delay blocks as shown in Fig. 7. The low-frequency sig-
nal from the integral branch of the loop drives the main
tuning input which is bandwidth limited to reduce its sen-
sitivity to on-chip noise, and which tunes over a 700-1800-
MHz range by interpolating between delay gates. The
bang-bang tuning input has a wide tuning bandwidth, but
only produces about a +0.1% variation in VCO center
frequency by modulating the base charge in Q1 and Q2.
Fig. 8 shows the measured VCO tuning curve at three
different power supply voltages: —4.5, 5.0, and —5.5.

VI. STATE MACHINE CONTROLLER

Some of the non-data codes are used during link start-
up. An end-to-end handshake ensures that both ends of a
full-duplex link have frequency and phase locked before
data are transmitted.

Fig. 9 is a state diagram describing the start-up hand-
shake procedure for a full-duplex link. Both the near and
far ends of the link independently follow the state diagram
of Fig. 9. At power-up, each end of the link enters the
sequence at the arc marked ‘‘START.”’

Each node in the state machine has three notations. The
top notation is either ‘‘FDET’’ or ‘‘PHASE.”’ FDET
stands for frequency detect mode, and implies that the
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Fig. 9. Link start-up state machine.

frequency detector has been enabled in the RX chip PLL.
When the chip is in this mode, it is important that no data
is being sent, as 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 RX PLL has been
switched to phase detect mode and is ready to allow data
transmission. The middle notation in each state bubble is
the fill frame sent by the node’s TX chip. The last nota-
tion is the ready for data (RFD) status on the TX chip.
When RFD is low, the TX chip signals the user to hold
off any incoming data while it is sending fill frames. When
RFD is high, data are sent if available, and otherwise fill
frames are sent to maintain link synchronization.

The consistent presence of the two master transition bits
is monitored by the RX chip to detect a locked condition.
If the RX chip detects an unlocked condition, then this is
flagged to the start-up state machine as a frame error. The
RX chips at both end of the link are able to detect four
different conditions: frame error (FE), data (DATA), fill
frame 0 (FFO0), and fill frame 1 (FF1). Transitions are
made from each of the states based on the current status
condition received by the RX chip. Each of the subse-
quent arcs in the diagram is labeled with the relevant state
that would cause a transition along that arc.

If either side of the full-duplex link detects a frame er-
ror, it will notify the other side by sending FFO. When
either side receives FFOQ, it follows the state machine arcs
and reinitiates the handshake process. The user is notified
of this action by the deasserting of the RFD signal.

This start-up protocol ensures that no user data is sent
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1.5 GBd.

1

| sigma=8ps

T Y
[WUEY BN S N 1 A

10 ps/div.
Fig. 11. Phase jitter histogram of RX recovered clock at 1.5 GBd.

until the link connectivity is fully established. The hand-
shaked training sequence eliminates the false lock prob-
lem inherent in wide-range random data PLL systems.

For fiber applications, the SMC can also provide laser
eye safety, with the addition of an external timer and an
OR gate, by pulsing the laser at a low duty cycle when a
fiber is broken.

VII. IMPLEMENTATION

The two chips were implemented in a three-level metal,
25-GHz f;, silicon bipolar process [7] using full-custom
differential 4.5-V ECL design. Both chips with their by-
pass and integrating capacitors are housed in a custom 68-
pin surface-mount package. The 1.8-W TX and 2.0-W
RX chips are each 3.5 X 3.5 mm in size and utilize 6100
and 6600 active devices, respectively. Both chips were
fully functional at first silicon.

Fig. 10 shows the TX input clock at the parallel word
rate, the transmitted frame, and the RX recovered clock
at 1.5 GBd. Fig. 11 shows a phase jitter histogram of RX
recovered clock at 1.5 GBd demonstrating a loop hunting
jitter of 8-ps rms.
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