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to Achieve 2.5 % Normal Clock Frequency
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Abstract—Wave pipelining is a technigue for pipelining digi-
tal systems that can increase clock frequency in practical cir-
cuits without increasing the number of storage elements. In
wave pipelining, multiple coherent waves of data are sent
through a block of combinational logic by applying new inputs
faster than the delay through the logic. The throughput of a
63-b CML population counter was increased from 97 to 250
MHz using wave pipelining. The internal circuit is flowthrough
combinational logic. Novel CAD methods have balanced all in-
put-to-output paths to about the same delay. This allows mul-
tiple data waves to propagate in sequence when the circuit is
clocked faster than its propagation delay.
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I. INTRODUCTION

AVE pipelining is a design method that can boost
the pipeline rate of a system without using addi-
tional registers or latches.

In ordinary pipelined systems, there is one “‘wave’’ of
data between register stages. When a new set of values is
clocked into one set of registers, the values are allowed
to propagate to the next set of registers before the first set
is clocked again.

In contrast, wave pipelining is the use of multiple co-
herent “‘waves’’ of data between storage elements (see
Fig. 1). This is achieved by clocking the system faster
than the propagation delay between registers. In this
method, the data values at the first set of registers are
changed before the old data values have propagated to the
next set of registers. If all the propagation paths from the
combinational circuit’s inputs to outputs have approxi-
mately the same delay, each wave propagates uniformly
to the outputs without interfering with adjacent waves.
The capacitances in the combinational logic circuit are
used to store values for pipelining.
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Fig. 1. In wave pipelining, multiple coherent waves of data are sent
through combinational logic acting as a pipeline.

In processor designs, wave pipelining can be applied
effectively to increase the pipeline rate of arithmetic units
such as floating-point multipliers.

Wave pipelining can provide the following possible ad-
vantages:

e lower power, area, and delay by using fewer stages
of storage elements;

e very high rates of pipelining without the added delay
of storage elements dominating the input-to-output
delay;

¢ wide applicability to all pipelined digital systems.

The following disadvantages exist:

e specialized design algorithms are needed to equalize
the length of all paths;

o system level design can be more difficult. A wave-
pipelined chip must be run at the proper clock fre-
quency; it will not work at higher or lower rates.
When a system using multiple wave-pipelined chips
is assembled, the chips must have matched speeds;

e delay buffers may be required to lengthen some short
paths. This increases the area of some circuits.

In this paper, we describe a bipolar LSI chip that
achieves 2.5 times the normal clock frequency without the
use of additional storage elements. This is the first pub-
lished bipolar LSI chip that uses wave pipelining and the
first one designed using CAD algorithms developed spe-
cifically for designing wave-pipelined circuits.

Our research goal has been to develop the necessary
analytical tools and design techniques to actually build a
wave-pipelined chip in VLSI, identifying and solving the
necessary practical problems en route. The results of this
research are theory as well as practical methods for de-
signing circuits using wave pipelining.
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We have focused on the following areas:

* analyzing technologies and clocking limits;

® designing the algorithms and developing the neces-
sary CAD tools to automatically balance the delays
in combinational logic circuits;

® designing, building, and testing a sample chip de-
sign.

This paper principally describes the third part of our re-
search effort. For more details on our work, please refer
to [9]-[11].

Research in wave pipelining combines a number of dis-
tinct disciplines including clocking theory, CAD, tech-
nology analysis and selection, and circuit design. Other
work in this field has been performed by Anderson et al.,
who first described the concept as used in the floating-
point unit of the IBM 360/91 [1]. Cotten provided the first
theoretical analysis of wave pipelining [2]. Lin and Xia
designed and implemented an experimental computer us-
ing wave pipelining in its arithmetic units [8]. Wave pipe-
lining was also used in a CMOS time-division multiplexer
circuit [12]. Ekroot developed a theory of wave pipelining
[4]. Assuming gates and modules with fixed delays, he
developed linear programs to determine where to insert
delay elements to balance the circuit. Also, he compared
the minimum clock period using wave pipelining and or-
dinary pipelining. Two groups have recently been devel-
oping the methods of applying wave pipelining to CMOS
circuits [5], [7]. Finally, another research group has been
developing placement-and-routing algorithms for laying
out wave-pipelined circuits [6].

II. THE WAVE-PIPELINING PRINCIPLE

The maximum pipeline rate is limited by technological
parameters. Clocking the circuit at a frequency above the
limit would mix the waves of data together.

The minimum clock period for a wave-pipelined circuit
is bounded by the following constraint [10], [11]":

tep > Atp + 2 - AC + 15 + ty + g (1)
where

tcp  clock period,

Ip  worst-case propagation time of the longest path in
the combinational logic,

Arp maximum difference between the longest and
shortest path delays over worst-case design, pro-
cess, and environment,

AC worst-case uncontrolled clock skew,

s setup time for edge-triggered registers (for trans-
parent latches, tg should instead equal the trans-
parent period),

Iy hold time for either edge-triggered registers or
transparent latches,

'A second constraint described in [10] and [11] ensures that two waves
cannot collide at any node within the logic itself. Typically, the second
constraint bounds the clock period less stringently than the above con-
straint.
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Igp Worst-case rise or fall time (10% to 90% voltage
swing) at the last logic stage. This term prevents
waves from colliding at a node with substantial
rise/fall delay.

In contrast, the normal clock period tcpy without using
wave pipelining would be bounded by

leey > tp + 1oy 2)

(plus possibly clock skew depending on the design tech-
nique) where gy is the setup time of the storage element.

By reducing Atp to a small fraction of #p, the clock pe-
riod 7¢p using wave pipelining can be made much smaller
than fcpy. The path variation Atp arises from several
sources: path differences due to design, process, and tem-
perature-induced variations within one chip, and data-de-
pendent delay variations. Process and temperature-in-
duced variations are unavoidable, but their effects are
limited within one chip. Data-dependent delays can be
limited by selecting the proper technology. Using our al-
gorithms, the worst-case Atp can be reduced to 15-30%
of zp in suitable technologies.

Wave pipelining can be applied to any technology, but
the benefits are greater in some technologies than others.
The ideal technology would have the same gate delays
independent of the data patterns applied to the inputs.
Data-dependent delay variations increase Afp and hence
reduce the degree of wave pipelining that is possible. In-
dividual gates in some common logic families have the
following approximate data-dependent variations [7],

[11]:

¢ ECL, CML, and super-buffered ECL without stacked
(cascode) structures—about 5-10%;

® ECL logic using stacked structures—about 20%:

® static CMOS using two-input NAND only—about
25%.

In addition, crosstalk between signal lines, especially due
to coupling capacitances, can affect delays in any tech-
nology [11]. It is very possible that the worst-case varia-
tion does not sum over a number of levels of logic because
no input patterns can cause all gates along a path to have
the shortest possible or longest possible delays. As found
by Klass and Mulder [7] in the simulations of a 4-b adder,
the delay variations tend to average out over a number of
gate levels due to the logic function of the circuit.

III. ALGORITHMS FOR DESIGNING WAVE-PIPELINED
CIRCUITS

To make all the paths have approximately the same de-
lay, special CAD algorithms and tools have been devel-
oped. These CAD tools take an ordinary design contain-
ing imbalanced delays and apply the following two
algorithms described elsewhere ([9]-[11]).

1) Rough tuning is a graph algorithm that inserts a min-
imal number of active delay elements (noninverting buf-
fers) into the circuit to pad out short paths that cannot be
balanced by simply adjusting gate delays. In many cir-
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cuits, balancing all path delays requires inserting some
delay elements. Consider a circuit example of two gates
connected in series where the output of each gate is also
a global output of the circuit. In this case, the delay from
the inputs to the first gate’s output is always faster than
the delay to the second gate’s output. To balance this cir-
cuit, rough tuning would add a delay buffer between the
output of the first gate and the first global output.

2) Fine tuning balances path delays by adjusting the
speeds of gates in the circuit. This can be done by chang-
ing parameters such as resistor values and transistor sizes
in gates. The fine-tuning algorithm solves a linear pro-
gram to set all the gate parameters to minimize the im-
balance in input-to-output path delays. In addition, the
linear program also minimizes the power consumption of
the circuit while keeping all paths shorter or equal to a
user-specified delay. The fine-tuning algorithm can thus
be used to optimize power versus delay for both ordinary
and wave-pipelined circuits.

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.

IV. TesT CHIP DESIGN

In order to fully test the wave-pipelining concept, we
have designed a demonstration chip. This chip has been
designed to be a demonstration of wave pipelining rather
than a commercial circuit. The logic circuit performs a
population counter function: the circuit takes 63 parallel
inputs and outputs the number of ONEs in that vector as a
binary number. This function is similar to a section of a
high-speed combinational multiplier. The number of lev-
els of logic is only slightly shorter than that required for
a 64 x 64 multiply.

As shown in Fig. 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 6-b numbers. The
adder tree is implemented using 3-2 counters. The second
section is a 6-b carry-propagate adder that adds the two
6-b numbers and produces the population count as a 6-b
number. The adder is implemented using a basic carry
lookahead scheme.

The circuit is a combinational logic circuit with 21 lev-
els of logic and a nominal longest path delay of 8.5 ns for
the core logic plus 1 ns for the output pin drivers. After
tuning, the path length difference due to design is about
1.1 ns excluding the effects of differences in rising versus
falling delays and data-dependent delays. The total delay
variation Atp includes these effects plus process and tem-
perature variation within the chip.

The circuit has been designed in a commercial
BiCMOS process from Signetics called Qubic 1 [3]. One
local metal layer and two global metal layers are pro-
vided. The minimum-sized n-p-n transistors have the fol-
lowing parameters: fr = 13 GHz, Apy = 1 X 2 pm, Cyg
= 6 fF, Czc = 6 fF, and Ccs = 35 fF.

The circuit is implemented in single-level CML using
a standard cell technique. As exemplified by Fig. 3, all
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Fig. 2. 63-b population counter chip.
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Fig. 3. A two-input OR/NOR gate in CML.

the logic cells are OrR/NOR gates designed using a single
level of current switches. The gates are single-ended
rather than differential and use a voltage swing of 500
mV. The complete chip has 800 logic gates plus input and
output buffers and voltage reference generators.

The individual logic cells are similar to the conceptual
layout shown in Fig. 4. The GND and V), lines run hor-
izontally in metal 1, and the logic signal lines, which are
not shown in the diagram, run vertically in metal 2. Min-
imum-sized n-p-n transistors are used throughout. Note
that the cell uses groups of four resistors of value 2.5,
1.5, 0.5, and 0.5 kQ. Any combination of these can be
wired in series to produce a resistor of any value between
0.5 and 5 kQ in 0.5-kQ increments. This allows each
gate’s current to be tuned without affecting the placement
and routing of the overall circuit.

The supply voltage is 5 V, but could be reduced to 3 V
since no stacked current switches are used. The nominal
current consumption of the logic circuit, excluding I/O’s
and voltage generators, is 207 mA.

A. Design Flow
We used the following design flow:

1) First, a schematic netlist and the gate layout cells
were designed.
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Fig. 4. Conceptual cell layout.

2) The circuit was rough-tuned.

3) A layout of the core logic circuit was made from the
circuit schematics using a commercial automatic
placement and routing tool.

4) Parasitic capacitances on each net were extracted.

5) A final fine-tuning pass was performed. Since all the
power levels of each gate occupy the same dimen-
sions, the power levels of each gate can be changed
without requiring any changes in the placement and
routing.

6) Power buses, bias voltage generators, input/output
buffers, and pads were added using manual layout
techniques.

The commercial place-and-route tool is designed to min-
imize total area. The lengths of nets having the same fan-
out can vary substantially, causing a corresponding vari-
ation in capacitance. The final fine-tuning pass compen-
sates for this variation, so that the remaining imbalance
in delays is kept small.

The final chip has 54 pads including the voltage refer-
ence and power/ground pins. The number of input pads
was reduced from 63 to 16 by wiring a few logic inputs
to each pin. This reduction simplifies packaging and test-
ing the prototype chip, while still allowing 2'® input pat-
terns to be applied.

A photomicrograph of the chip is shown in Fig. 5. The
core logic is 2.5 X 3.8 mm, and the chip is about 4 X 6
mm total. The inputs are on the left, and the outputs are
on the right. The power/ground and reference inputs are
along the top and bottom sides. The core array is com-
posed of about 25 rows of cells separated by routing chan-
nels.

At present, the circuit has been fully designed, simu-
lated, fabricated, and tested. As discussed in the next sec-
tion, the tests of the manufactured chips indicate that they
are functional and support wave pipelining.
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Fig. 5. Photomicrograph of LSI chip that demonstrates wave pipelining.

Following the design and fabrication of this circuit, we
also studied an alternative design of the demonstration
circuit including the use of stacked structures and emitter
followers. Stacked structures are equivalent to two levels
of OR/NOR gating where the second level has a fan-in limit
of about 3 (using a 5-V power supply). For logic func-
tions such as 3-2 counters which fit well into a stacked
structure, the number of gating levels is cut in half, thus
reducing the latency. For a population counter, the use of
stacked structures does result in substantially lower input-
to-output latency. Wave pipelining can still be applied,
but the maximum number of waves is reduced due to the
stacked structures. But since the circuit latency is lower,
we found that the wave-pipelining frequency in this alter-
native design would actually be equal to or higher than
the frequency of the actual demonstration chip despite us-
ing fewer waves (see [11] for more details).

V. TESTING THE DEMONSTRATION CHIP

The wave-pipelining demonstration chips have been
tested using a Trillium Delta-Master. Some key specifi-
cations of the Trillium Delta-Master are as follows:

¢ the inter-pin skew is guaranteed <0.5 ns for all
events worst case; in practice, a principal engineer
at Trillium estimates that the skew is typically closer
to 100 ps:

* the tester’s time step resolution is 20 ps, but subject
to the above skew.

Seventy-two chips were packaged from two wafers from
the same fabrication process run. Twenty-six chips passed
a 20 000 vector functional test at 40 MHz.

A. Wave-Pipelining Speed Tests

To test at faster than 160 MHz, a special mode of the
Trillium tester was used. The test used a special program-
ming mode called return-to-complement in which Tril-
lium pin drivers automatically switch to the complement
of the programmed value halfway in a machine cycle. By
using this, the effective maximum vector rate is doubled
from 160 to 320 MHz. Each original input vector is valid
for one half of a cycle followed by its exact complement
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for the second half of the cycle. The total pattern size is
the original 20 000 times 2 or 40 000 vectors of data. In
a 63-b population counter, inverting all inputs causes all
outputs to also invert. Since the new count is 63 minus
the old count, the new output is always a bit-wise inver-
sion of the old output.” Therefore, this test is strenuous
since all outputs switch simultaneously for each inver-
sion.

The 40 000 vector sequence has been applied at various
vector rates up to 320 MHz. The maximum wave-pipelin-
ing frequencies for the 26 chips are as follows:

e one chip at 235 MHz (clock period = 4.250 ns);

e four chips at 242 MHz (clock period = 4.125 ns);

e nineteen chips at 250 MHz (clock period = 4.000
ns);

e two chips at 258 MHz (clock period = 3.875 ns).

This is 2.4 to 2.65 times faster than the ordinary pipelin-
ing frequency of 97 MHz supported by the original, un-
balanced circuit. By using wave pipelining, the clock fre-
quency has been more than doubled without using any
additional registers.

Fig. 6 is an oscilloscope trace showing one input and
one output pin during the test applied at 250 MHz. Since
the propagation delay is about 9.0 ns for this part, more
than two waves of data are stored within the combina-
tional logic.

B. Delay Test

Fig. 7 is a histogram for the 26 chips showing the max-
imum propagation delay from inputs to outputs. This dia-
gram shows that the maximum propagation delay for chips
from these two wafers ranges between 9.0 and 9.9 ns.

Fig. 8 is a histogram for the 26 chips showing the min-
imum time that each wave of data is valid at the outputs
for waves applied at 200 MHz. Every wave of data is
valid for at least this period of time before the next wave
begins to arrive. This pulse width measurement shows the
actual valid period after accounting for the worst-case path
delay difference Arp, the tester’s inter-pin skews, the rise/
fall time tzr, and some tester parameters analogous to fg
and 1.

C. Wave-Pipelining Reliability Tests

To test the reliability under voltage variations, Shmoo
plots have been generated. Shmoo plots are two- or three-
dimensional plots where parameters such as voltage or
clock frequency are varied along the axis dimensions. A
solid square or cube at a particular set of coordinates in-
dicates that the device has passed the test under the op-
erating conditions indicated by the coordinates (e.g.,
clock frequency = 240 MHz, Vg = —5.1 V). Usually,
there is a solid pass region in the plot surrounded by a fail
region representing extreme operating conditions.

>This bit-wise inversion property holds for population counters with
2¥ — 1 inputs. For example. it works for 63 inputs but not for 62 or 64
inputs.
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Fig. 6. Oscilloscope trace of wave pipelining at 250 MHz. BOO is the in-
put, and DOO is the output.
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Fig. 7. Histogram of maximum propagation delays from inputs to outputs.

Twenty-six chips were tested. All times are in nanoseconds.
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Fig. 8. Histogram of the width of the valid period for waves of data.
Twenty-six chips were tested. All times are in nanoseconds. ’

In the test fixture, Vpp is connected to 0 V and GND is
connected to a negative voltage supply called Vgg. In the
plot shown in Fig. 9, the supply voltage Vgg (driven by
the power supply called PS2 in the plot) is varied between
—4.0and —6.0 V, and the clock frequency is vatied be-
tween 80 and 320 MHz. Since the bias voltage generators
are referenced to an externally supplied analog voltage,
this supplied voltage is made to track variations in Vgg so
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PROGRAM NAME: pop_efm_mux_rtc
SHMOO TITLE: shmoos/freq_vs_vee.shm.xy.41
X_AXIS:

81: PS2 INITIAL VALUE= -4.899y  START= -4.000v  STOP= -6.00@v  STEP= -40.000Av GRATICULE:= -40.000my
02: VI1 FORCE INITIAL VALUE= -2.347v  START= -1.350v  STOP= -3.358v  STEP= -40.008my
03: VI2 FORCE INITIAL _VALUE= -2.147v  START= -1.150v  STOP= -3.158v  STEP= -40.000mv
Y_AXIS:
“el: OUT_FREQ  INITIAL_VALUE= +80.008MH2 START=+320.000MHz STOP= +80.000MHz STEP= -12.860MHz GRATICULE= -12.000MH2
82: VECT FREQ INITIAL_VALUE= +62.500Mhz START= +88.086BMhz STOP= +20.080Mhz STEP= -3.880NMhZ
DUT_FREQ FAIL_CYCLE FAIL CYCLE
+80.800MHZ
+184.606MHz .
+128.068MHz -
+152.600MHz
+176.008MHz
+2060.086MH2 -
+224.068MHz
+248.606MH2
3958
+272.696MHz
+296 .000MHZ
+320.6068MHz H
-4.0888v -4,480v -4.808y -5.200v -5.608v -6.000v
Ps2

Fig. 9. Shmoo plot of the operating frequency DUT_FREQ versus supply voltage V. (called PS2 in the plot). The internal
voltage swing is kept constant.

that the internal ECL voltage swing remains at the de-
signed 0.5 V. The plot shows that the part passes the test
for the entire Vgg range between —4.0 and —6.0 V up to
the maximum operating frequency of the part.

We have performed some limited tests of temperature
variations on a few of the functional chips. High temper-
atures increase the maximum propagation delay by about
0.5 ns and increase the worst-case difference between
longest and shortest path delays by 0.25 ns. Theoreti-
cally, this should cause the minimum clock period to in-
crease by about 0.25 ns.

D. Parametric Measurements

We have detected one aberration in voltage levels that
does not affect the ability of the chip to demonstrate wave
pipelining. In this case, the chip outputs are not swinging
as high as they were designed and simulated to do. The
regular 100K ECL swing is about —0.9 to —1.65 V. As
shown in Figs. 10 and 11, the output voltage range on our
26 chips is between —1.12 and —1.08 V for logic high,
and —1.68 to —1.63 V for logic low using test vectors at
40 MHz. This should not affect our ability to test wave
pipelining. The Trillium tester has been configured to
threshold the chip’s outputs at the middle of the actual
output voltage swing.

The oscilloscope trace shown in Fig. 6 confirms these
voltage swings are essentially unchanged at 250 MHz.
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Fig. 11. Histogram of logic low voltage at output pins using 40-MHz test.
Twenty-six chips were tested.
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Fig. 13. Histogram of logic low voltage at output pins using 200-MHz
test. Twenty-six chips were tested.

However, if the Trillium tester is used to find the worst-
case threshold values for the output high and low volt-
ages, the result is a reduced guaranteed voltage swing at
200 MHz compared to 40 MHz. Figs. 12 and 13 are the
guaranteed voltage levels at 200 MHz. The Trillium tester
finds the lowest logic low and highest logic high thresh-
olds such that all 40 000 patterns pass.

At higher frequencies, crosstalk and other noise effects
increase in the test fixture as well as within the chip caus-
ing the guaranteed voltage levels to decrease. Oscillo-
scope traces taken during high-frequency tests show sig-
nificant noise and reflections on the signal lines of the test
fixture which carry the chip’s outputs. Also, as a partic-
ular part approaches its maximum frequency limit, the
guaranteed voltage swing might decrease slightly because
the worst-case patterns might not have time to swing fully
due to slow worst-case output rise/fall times of up to 2.1
ns. This might explain why some parts have less safety
margin in the voltage levels than others at 200 MHz. For
wave-pipelined designs that include storage elements on
the same chip, slow pin drivers would not affect the wave-
pipelining frequency.

E. The Wave-Pipelining Limit in the Demonstration
Chip

The minimum clock period is about 4 ns according to
the chip tests. The wave-pipelining limit is

tCP>Atp+2'AC+Is+IH+IRF. (3)
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This constraint can be used to estimate Azp. In the case of
the demonstration chip connected to the Trillium tester,
the estimated individual parameters are as follows.

® Atp is a number which accounts for the difference
between longest and shortest paths; for this chip, Arp is
equal to 1.1 ns (from the design) plus data-dependent de-
lays, fabrication, and temperature variations within one
chip, and differences between rising and falling delays.

® AC corresponds to the inter-pin skew of the tester,
which is worst-case 0.5 ns but could be closer to 0.1 ns
in practice.

e r¢and t are small because the tester uses comparator
circuits rather than storage elements to examine the chip
outputs. The exact values analogous to ts and 15 are not
known.

e txr = 2.1 ns according to oscilloscope measure-
ments. Since it is possible for the chip to pass the wave-
pipelining tests with somewhat less than the full output
voltage swing, part of fgr might not be included at the
fastest clock period.

Although the parameters are not known exactly, the ap-
proximate values should be consistent with the observed
minimum clock period. Even if tgr were discounted by
50% to 1.05 ns, AC were 0.1 ns, and 7 and ¢y were zero,
Atrp would have to be less than 2.75 ns.

If on-chip storage elements were used and the param-
eters were tgr = 0.5 ns, tg = 0.5 ns, ty = 0 ns, and
2 - AC = 0.5 ns, then the corresponding minimum clock
period would be 4.25 ns if Arp were 2.75 ns. This is com-
parable to the minimum clock period of 4.0 ns observed
using the Trillium tester. The setup using the Trillium
tester has a larger tzr, but a smaller ¢, f,, and probably
AC, so that the differences approximately cancel overall.

VI. SUMMARY

Wave pipelining is a practical method for increasing
pipeline frequency without using additional storage ele-
ments. In our research, we have developed a general CAD
methodology for designing wave-pipelined circuits which
is applicable to current and future technologies. This
methodology has now been successfully applied to design
an LSI chip using wave pipelining.

Using the fine- and rough-tuning algorithms, a 63-b
population counter has been designed in CML technology
using a commercial BICMOS process. The layout has been
performed using an automatic placement-and-routing
methodology. Since the tuning software adjusts delays
based on extracted capacitance values after layout, a well-
balanced circuit can be designed without having to tightly
control capacitances during placement and routing. The
chip is designed to support wave pipelining at 2 to 3 times
the normal clock frequency. Circuit simulations confirm
that the input-to-output paths have close to the same de-
lay, thus enabling a high degree of wave pipelining.

Tests prove that the fabricated chips do support wave
pipelining. All 26 chips that passed low-speed functional
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tests support wave pipelining at about 2.5 times the nor-
mal clock frequency. The chips successfully pass test se-
quences of 40 000 vectors at wave pipelining frequencies.
Furthermore, the chips have been shown to support wave
pipelining robustly over supply voltage and temperature
fluctuations. Tests indicate that Az, appears to be less than
2.75 ns compared to the propagation delay p of 9.5 ns.

VII. CONCLUSIONS

Based on the research in this topic to date, wave pipe-
lining has been demonstrated to be a feasible technique
for designing circuits. In our research, a fabricated ECL/
CML circuit has been successfully tested to verify wave
pipelining. Other researchers report that certain types of
CMOS circuits have been designed and in some cases fab-
ricated and tested to demonstrate wave pipelining [5], [7].

After applying the tuning algorithms, the variation in
path delay not including process/temperature variations
and data-dependent variations is 12% of the delay of the
longest path in the demonstration circuit. This circuit has
been designed using cell-based, auto-place and route lay-
out methods. Circuits designed with a more regular layout
offer better control of the net capacitances and would
probably have even smaller path delay variation after ap-
plying the CAD techniques.

During rough tuning, those circuits which have many
short paths require more delay buffers than circuits which
have few short paths. For instance, we have found that
minimal padding is required for Wallace tree structures
while more substantial padding is required for adder cir-
cuits.
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