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Wave pipelining can boost the pipeline rate of a system
without using additional registers or latches. In wave
pipelining, multiple coherent waves of data are placed be-
tween storage elements by clocking the circuit faster than the
propagation delay of the combinational logic (Figure 1). If all
the propagation paths from the combinational circuit inputs
to outputs have approximately the same delay, each wave
propagates uniformly to the outputs without interfering with
adjacent waves.

This bipolar LSI chip achieves 2.5 times the normal clock
frequency without the use of additional storage elements.
Related work is reported in References 1, and 3-7. Additional
references are found in Reference 7.

The minimum clock period for a wave-pipelined circuit is
bounded by the constraint: t., > At, + 2AC + tg, + t;, 16,71,
where: t, = clock period, At, = maximum difference between
longest and shortest path delays over worst-case design,
process, and environment, AC = worst-case uncontrolled clock
skew, tg,, = set-up plus hold time for edge-triggered registers,
(for latches, t, =length of transparent period plus hold time),
tgp = Worst-case rise or fall time (10% to 90% voltage swing) at
the last logic stage.

By reducing At,, to a small fraction of the longest path delay,
the clock period using wave pipelining can be made much
smaller than that using the ordinary pipelining period. To
make all the paths have approximately the same delay,
special CAD algorithms and tools have been developed. These
tools convert an ordinary design containing imbalanced de-
lays using algorithms described elsewhere [5, 6, 7]. Fine
tuning changes gate delays by adjusting gate drives, and
rough tuning inserts a minimal number of delay elements
along short paths that cannot be well-balanced by fine tuning
alone. The methods are designed to lengthen short paths to
approximately equal the length of the critical path(s). The
critical path(s) are never lengthened using these methods.

The wave pipelining concept has been tested using a demon-
stration chip. The logic circuit performs a population counter
function: the circuit takes 63 parallel inputs and produces the
number of ones in that vector as a binary number. As shown
in Figure 2, the design is split into two major sections. The
first is a carry-save adder tree that takes 63 input lines and
converts them into two 6b numbers. The adder tree is imple-
mented using 3-2 counters. The second section is a 6b carry-
lookahead adder.

The circuit is combinational logic with 21 gate levels and a
nominal longest path delay of 8.5ns for the core logic plus 1ns
for the output pin drivers. The path length difference after the
design process is about 1.1ns, excluding the effects of differ-
ences in rising vs. falling delays and data-dependent delays.
The total delay variation At, includes these effects plus
process and temperature variation within the chip. Rough
tuning resulted in 6% added cell area.

The circuit is fabricated in a commercial BICMOS process [2].
The minimum-sized npn transistors have the following pa-
rameters: f = 13Ghz, A, = Ix2um?, C, = 6fF, C, . = 6{F, and
C,s = 35fF.

The circuit is implemented in single-level CML using a
standard-cell technique. All the logic cells are OR/NOR gates
using a single level of current switches. The gates are single-
ended rather than differential and use a voltage swing of
500mV. The complete chip has 800 logic gates plus input and
output buffers and voltage reference generators. The supply
voltage is 5V. The nominal current consumption of the logic
circuit, excluding I/0s and voltage generators, is 207mA.

Each resistance in each CML gate is implemented using a
metal-programmable group of four resistors of value 2.5k,
1.5k, 0.5k and 0.5kQ (Figure 3). Any combination of the four
resistors can be wired in series to produce a resistor of any
value between 0.5k and 5k in 0.5kQ increments. This allows
each gate current to be tuned without affecting the placement
and routing of the overall circuit.

The number of input pads is reduced from 63 to 16 by wiring
a few logic inputs to each pin, simplifying packaging and
testing the prototype chip, while still allowing 2' input
patterns to be applied. A micrograph of the chip is shown in
Figure 4. The core logic is 2.5x3.8mm?, and the chip is about
4x6mm? total. Seventy-two chips were packaged from two
wafers from the same fabrication process run. Twenty-six
chips passed a 20000-vector functional test at 40MHz.

To test wave pipelining, a 40000-vector sequence is applied at
vector rate up to 320MHz. The maximum wave pipelining
frequencies for the 26 chips are as follows: 1 chip at 235MHz,
4 chips at 242MHz, 19 chips at 250MHz, and 2 chips at
258MHz. This is 2.4 to 2.65 times faster than the normal
pipelining frequency of 97MHz. Figure 5 is an oscilloscope
trace showing one input and one output pin during the test
applied at 250MHz. Since the propagation delay is about
9.0ns for this part, more than two waves of data are stored
within the combinational logic.

Tests show that wave pipelining works at the maximum rated
frequency while the supply voltage is varied from 4 to 6V.
High temperatures increase the maximum propagation delay
by about 0.5ns and increase the worst-case difference be-
tween longest and shortest path delays by 0.25ns. Theoreti-
cally, this should cause the minimum clock period to increase
by about 0.25ns. Figure 5 is a conceptual cell layout.

Compared to an implementation using ordinary pipelining, a
wave-pipelined circuit reduces the latency, area, and clock
distribution required by pipeline registers or latches. Circuits
having relatively few short paths, such as multiplier trees,
require few padding elements during rough tuning while
other structures, such as adders, require more.
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Figure 2: 63b population counter.
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Figure 3: See page 242.
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Figure 1: In wave pipelining, multiple coherent waves
pass through a combinational logic pipeline.
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Figure 4: Oscilloscope trace of wave pipelining at
250MHz. B00 is input, D00 is output.




