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Abstract

Wave pipelining is a technique for pipelining
digital systems that can increase clock fre-
quency in practical circuits without increas-
ing 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. ldeally, if all paths from input
to output have equal delay, then the circuit’s
clock frequency is limited by rise/fall times,
clock skew, and set-up and hold times of the
storage elements. In practice, due to the above
limits and variations in fabrication, clock fre-
quency can be increased by a factor of 2 to 3
using the best available design methods.

We present algorithms to automatically equalize
delays in combinational logic circuits to achieve
wave pipelining. For both normal and wave-
pipelined circuits, the algorithms also optimally
minimize power under delay constraints.

An analysis of circuit technologies shows that
CML and super-buffered ECL are well suited for
designing circuits with uniform delay. Regular
ECL is not as good, and static CMOS is sub-
stantially worse.

1 Introduction

Wave pipelining is a design method that can
boost the pipeline rate of a system without us-
ing additional registers.

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

*This work was supported in part by an NSF Grad-
uate Fellowship and a supplement from Stanford Uni-
versity. This research was also supported by the Cen-
ter for Integrated Systems at Stanford. The work was
performed using equipment provided by NASA under
contract NAGW 419. This work was also supported
by NSF, DEC, and AT&T under a PY] award.

Clock Clock
1 |
Combinational Logic
Storage
Element

Storage
Element | 3 I Wave 2 [Wave 1

Transition regions between waves

Figure 1: In wave pipelining, multiple coher-
ent waves of data are sent through combina-
tional logic acting as a pipeline.

the next set of registers before the first set is
clocked again.

In contrast, wave pipelining is the use of multi-
ple coherent “waves” of data between storage
elements (see Figure 1). This is achieved by
clocking the system faster than the propaga-
tion defay between registers. In this method,
the data values at the first set of registers are
changed before the old data values have propa-
gated to the next set of registers. The capaci-
tance in the combinational logic circuit is being
used to store values for pipelining.

For example, a fast 64-bit, floating-point multi-
plier implemented in combinational logic might
have a propagation time of 10 nsec. Instead of
100 Mhz, the multiplier could operate using 3
pipeline waves to achieve a clock frequency of
300 Mhz with the same 10 nsec latency.

To operate at the highest possible clock fre-
quency, all path delays from every starting to
every ending storage element must be the same.
Clock skew, variations in path length, rise/fall
times, and the setup time of the storage ele-
ment limit the maximum pipeline rate.

The possible advantages of wave pipelining are
the following:
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¢ wide applicability to all pipelined digital sys-
tems

o 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 pipeline latency.

The following disadvantages exist:

e requires specialized design algorithms to
equalize the length of all paths.

e harder to use at the system level. A wave-
pipelined chip must be run at the proper
clock frequency; it does not work at higher
or lower rates. When a system using mul-
tiple wave-pipelined chips is assembled, the
chips must have matched speeds.

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

2 The Wave
Project

Pipelining

Previous work in this area includes the follow-
ing:
o Anderson and Cotten first described the con-

cept as used in the floating point unit of the
IBM 360/91 [Anderson67, Cotten69).

e Lin and Xia designed and implemented an
experimental computer using wave pipelin-
ing in its arithmetic units [Lin88).

e Fawcett described the theory of pipelined
system clocking in detail [Fawcett75]. He
developed detailed equations for the maxi-
mum clock rate of Earle latch systems as a
function of many parameters. His experi-
mental work did not include wave pipelining
although his clocking theory applies.

o Ekroot developed some theory of wave
pipelining [Ekroot87]. Assuming gates and
modules with fixed delays, he developed lin-
ear programs to determine where to insert
delay elements to balance the circuit. Also,
he compared the minimum clock period us-
ing wave pipelining and regular pipelining.

Our ultimate goal is to build an actual wave
pipelining chip in VLS|, identifying and solving
the necessary practical problems enroute. We
are focusing on the following goals:

o Analyzing technologies and speed limits.

o Designing the algorithms and developing the
necessary CAD tools to automatically bal-
ance the delays in combinational logic cir-
cuits.
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o Designing, building, and testing a sample
chip design.

The IBM 360/91 and the experimental com-
puter by Lin and Xia were designed using man-
ual design techniques to balance circuits of
fixed-delay gates. In contrast, we are develop-
ing new algorithms to balance the delays using
gates with adjustable delay.

Unlike Ekroot's methods, our methods mini-
mize power consumption and added circuitry.
Also, we use gates with adjustable delay vs.
power rather than assuming fixed delays.

This paper discusses some of the important is-
sues in wave pipelining. First, we explain the
frequency limits of wave pipelining. Next, we
introduce new algorithms that balance delays
to achieve wave pipelining. As a by-product,
these methods can also be used to optimize
power vs. delay for both normal and wave-
pipelined circuits. Then, various technologies
are graded by their suitability for wave pipelin-
ing. We show why ECL and CML are better
suited for this technique than CMOS. Finally,
we state our project status.

3 Increasing the Maximum
Pipeline Rate

3.1 The Minimal Clock Period Re-
lation

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

In Appendix 1, we show that the minimum clock
period at which a wave-pipelined circuit can be
clocked is bounded by

tcp > Atp + 2+ AC + tsy + trr
where
e tcp = clock period

e tp = propagation time of the longest path
in the combinational logic

o Atp = max difference in path length over
worst-case design, process, and environment

o AC = worst-case clock skew

e tsy = set-up plus hold time for edge-
triggered registers.

(For latches, tsy = length of transparent
period plus hold time.)

® tpp = worst-case rise or fall time (10% to
90% voltage swing) at the last logic stage




3.2 Reducing the Minimal Clock
Period

A designer would like to minimize tcp by at-
tacking each of its components. We assume
here that tgy and tpr are parameters that de-
pend on the technology. The clock skew AC
can be minimized using standard design tech-
niques.

Therefore, we consider the problem of minimiz-
ing tcp by reducing Atp. The normal clock pe-
riod tcpn without using wave pipelining would
be bounded by

tcpN > tp + ts (plus possibly clock skew de-
pending on the design technique)

where tg is the set-up time of the storage ele-
ment.

In most cases, tcp can be made much smaller
than this by reducing Atp to a small fraction
of tp.

The path variation Atp arises from several
sources: path differences due to design, pro-
cess and temperature-induced variations within
one chip, and data-dependent delay variations.
Process and temperature-induced variations are
unavoidable, but their effects are limited within
one chip. Data-dependent delays can be limited
by selecting the proper technology. Using our
algorithms, the worse-case Atp can be reduced
to 10-20% of tp in most cases.

For example, assume that in a hypothetical
technology AC, tsy, and trr equal to 500ps
each (or one gate delay). Then the clock period
is bounded by

tcp > Atp + 2 nsec

In this example, Atp can be reduced to 1 to
2 nsec for a circuit that has tp = 10 nsec (20
gate delays), leading to a clock period tcp of 3
to 4 nsec.

Thus, one should be able to fit 2 to 3 waves
within a typical wave-pipelined circuit.

4 Using Wave Pipelining in
a System Design

A combinational circuit like a floating point
adder is the ideal type of circuit for wave pipelin-
ing. Typically, a system designer may have one
of two design goals when using wave pipelining:

1. Build the fastest possible adder that can
handle as many waves as possible. The de-
signer will fit the rest of the system to the
adder after tp and tcp are determined.

In this case, the desired delay tp is equal to
the critical path delay with all gate drives set

at maximum. The tuning algorithms mini-
mize Atp while keeping the delay equal to
tp.

2. Build an adder that has a delay tp deter-
mined by the design of the rest of the sys-
tem. For example, this might occur if the
clock period is based on cache speed and
the semantics of the system design require
that the adder be 3 waves deep.

In this case, the desired delay tp is deter-
mined by external constraints. The objective
is to minimize Atp at that delay.

Our algorithms are designed to balance the
circuits to a user-specified propagation de-
lay called Dpssx while minimizing power and
added area. If desired, the designer can iterate
while varying Dprax to construct a range of
solutions with varying tcp, power and area.

5 Algorithms for Designing
Wave-Pipelined Circuits

If possible, a wave-pipelined circuit should be
designed to have balanced paths under nominal
fabrication and temperature conditions. When
a technology satisfies some assumptions, this
can be achieved by using our balancing algo-
rithms. In section 6, we show that technologies
exist that satisfy these assumptions.

In this section, we describe the CAD algorithms
and tools for automatically taking a combina-
tional logic circuit and balancing its delays. One
of the tools can also be used to set the gate
drives in both normal and wave-pipelined cir-
cuits to achieve the minimal possible power for
a given maximum delay Dps4x.

Our methods are designed primarily to work
with ECL/CML circuits.

5.1 Problem Formulation

Given a combinational logic circuit without
feedback, we wish to insert delay elements and
adjust gate drives so that every path from an
input to an output takes a certain nominal de-
lay Dpax. The added area and power should
be minimized.

The following modeling assumptions are made:

1. Each gate propagates signals one way from
Inputs to outputs.

2. Gate delay can be adjusted by a parameter
(e.g. tail current in ECL).

3. Adjusting the delay of a gate does not affect
the delays of gates connected to its inputs
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or outputs. (This is a good assumption for
ECL/CML but not for MOS.)

4. Path delays can be increased by inserting
active delay elements. These elements are
buffers with one input and one non-inverting
output.

5.2 Rough and Fine Tuning

We propose two ways of attacking the balancing
problem: inserting delay elements and adjusting
gate drives. We combine these in a two-step
process to balance a circuit while minimizing
power and added area:

1. Rough tuning inserts a minimal number of
delay elements so that it is feasible to bal-
ance the circuit by just adjusting gate drives.
Minimizing the number of inserted elements
minimizes the added area.

2. Fine tuning adjusts gate drives so that
the circuit is nominally balanced to a delay
Dpgax with minimal power consumption.

Rough tuning can be performed prior to place-
ment and route using a rough estimate of ca-
pacitative loads. Using gates that have con-
stant area independent of power, fine tuning is
best performed after placement and route ie-
cause the exact value of each wire capacitance
is then known. Following fine tuning, the max-
imum pipeline rate can be determined.

Designers currently perform rough tuning by
hand so that the fine tuning program success-
fully balances the circuit. V\fe have developed a
rough tuning algorithm to automatically insert
delay elements where needed. The rough tun-
ing algorithm guarantees that the circuit can be
subsequently balanced by fine tuning.

In_this paper, we discuss fine tuning in de-
tail. Rough tuning is discussed in another paper
[WongBQf.

5.3 Fine Tuning

The Fine Tuning Algorithm is presented as fol-
lows. First, we describe an abstraction of the
circuit as a directed acyclic graph. Then we
formulate two related problems: Fine Tuning
and Power Minimization. We show that a solu-
tion to the Fine Tuning problem can be derived
from a solution to Power Minimization. Then,
we show that the Power Minimization problem
can be solved by a linear program. Finally, the
effects of uncertain delays and other practical
considerations are presented.
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5.3.1 Circuit Modeling Using a DAG
We model the circuit using a polar, weighted,
directed acyclic graph (DAG). A graph is con-
structed from a circuit using the following steps:

1. Each node i is in one-to-one correspon-
dence with a gate output i. (Note that in
ECL/CML, there are 2 outputs per gate.)

2. A directed arc s(i,j) exists iff the gate corre-
sponding to j takes i as an input. We number
all the arcs from 1 to NumArecs.

3. Each arc (i,j) indicates gate delay by.a tuple
weight

(rising delay R, falling delay F, unate flag
U) where

® R is the delay of j's gate from the tail i
to cause a rising transition at j.

o F is the delay of j's gate from the tail i
to cause a falling transition at j.

o U indicates whether j's gate is positive
unate, negative unate, or not unate with
respect to the tail input.

4. A source node 0 is connected to all primary
input nodes, and a sink node N is connected
to all primary output nodes.

An example conversion from a circuit to a cor-
responding DAG is shown in Figure 2. In
the example, 3 global inputs go to outputs
1 and 2 through an OR/NOR gate. Three
arcs are drawn from the source node to each
node 1 and 2 representing the delays through
that OR/NOR gate. Similarly, output 2 goes
through an OR gate to output 3. The corre-
sponding arc goes from 2 to 3 and represents
the OR gate’s delay.

Path Delays

A source-to-sink path is a sequence of nodes
and directed arcs leading from the source to the
sink. Path delay denotes a pair (X, Y) where

e X = delay to rising transition at sink
o Y = delay to falling transition at sink

It is the sum of the arc weights using the unate-
ness property. For example, for a path com-
posed of positive unate arcs 1..n, the path delay
Is

(Z%1 RE) T, FL).
Using a series of negative unate arcs, the path
delay equals

(.R[n—2]+ F[n-1]+ R[n), ..F[n—2]+ R[n—
1] + F[n])
For paths with some non-unate arcs, the idea of

a unique path delay cannot be applied. How-
ever, max and min delays for a path can be




“

Each global input or gate output is connected to
all of the nodes in its fanout.

Figure 2: Example of converting from a cir-
cuit to a DAG for fine-tuning

defined. For instance, suppose that the head of
arc i represents the output of a non-unate gate.
The max rising path delay up to arc i is defined
recursively as

dmax-risgli] = maz(dmax-riseli - 1] +
R[i),dmax-FaLLli — 1] + R[i])

This dypax -Risg[i) may be used for any max
delay computations with arcs beyond arc i.

5.3.2 Problem Formulation for Fine
Tuning and Power Minimization

Let us define the following four terms:

A. Defn. Combinational Logic Circuit
with Fine Tuning Information

A Combinational Logic Circuit with Fine
Tuning Information is a circuit represented by
a DAG with the following delay model:

1. Drive (power or current) P[i] for each gate
i.

2. Load capacitance L[i] for each gate output
i.

Delay

Figure 3: Delay functions should be convex
and monotonically decreasing with respect to
Power.

3. Power limits Ppn{i] and P ax|i] for each
gate i,

4. Two delay functions for each arc (i,j) where
node j is an output of gate k:
f[4,3,0](power Plk],load L[j]) = time
from tail i to a falling transition at head j.
fli,3,1](power Plk],load L[j]) = time
from tail i to a rising transition at head j.

We assume that these functions are convex
and monotonically decreasing with respect
to P (Figure 3). Technologies nearly al-
ways satisfy these assumptions over reason-
able power bounds Pprsrn and Payax.

5. A user-specified delay Dps4x.

6. D[z,0] = max delay from source to a falling
transition at node i.

7. D[i, 1] = max delay from source to a rising
transition at node i.

B. Defn. Fine Tuning Problem
The following is the Fine Tuning Problem:

Given a Combinational Logic Circuit with Fine
Tuning Information, find a vector of gate drives
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P to

o Make the longest input-to-output path have
nominal delay Das4x and

¢ Minimize § where the shortest path has nom-
inal delay Dasax — 6.

oal is to minimize total power

A secondary s
?:l P[’]'

consumption
a

The parameter § measures the path length dif-
ference due to design.

When gates have different rise and fall delays,
a solution with § = 0 might not even exist.
We therefore postulate a restriction of the Fine
Tuning Problem, called a Simplified Fine Tun-
ing Problem.

We develop a method for finding a solution
to the Simplified Fine Tuning problem. This
method also solves the full Fine Tuning Prob-
lem with a guaranteed bound on 4. If § Is small
with respect to the other components of tcp,
then an efficient wave-pipelined implementation
can be constructed.

C. Defn. Simplified Fine Tuning
Problem

If the gates in a Fine Tuning Problem all have
rising delays equal to falling delays, i.e.,

£[27J10](P’L) = fh’J’l](PvL) Vi, j, P, and

then it is a Simplified Fine Tuning Problem.
D. Defn. Power Minimization Problem

The following is the Power Minimization
Problem:

Given a Combinational Logic Circuit with Fine
Tuning Information, find a vector of gate drives
P such that all input-to-output paths have AT
MOST delay Dpssax with minimal total power
consumption 3, P[i].

5.3.3 [Equivalence of Fine Tuning And
Power Minimization Problems

At this point, we first explain how to solve the
Simplified Fine Tuning problem. We address
the full Fine Tuning problem later.

Let us begin with this definition:
Defn. S-Fine-Tunable Using Power
Minimization
Given a Combinational Logic Circuit with Fine

Tuning Information where all rising delays equal
falling delays, i.e.,

I{[i,j,O](P,L) = f[i,5,1)(P,L) Vi, j, P, and
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the circuit is S-Fine-Tunable Using Power
Minimization iff the following property is true:

If P is a solution to the Power Minimization
problem such that Ppn[i] < P[i] < Prraxli]

are not active constraints, then P is also a solu-
tion to the Simplified Fine Tuning Problem for
the same circuit and D4 x with & as explained
below.

Remarks

An analysis of the bounds on é§ assumes that
a circuit is rough tuned before fine tuning is
applied. Rough tuning is explained in [Wong89).

Given delay elements that can implement any
delays greater than zero, our rough tuning algo-
rithm can always balance a circuit to be S-Fine-
Tunable Using Power Minimization with § = 0.

However, if delay elements can only implement
delays larger than Ts;n, then the circuit might
not be perfectly balanced because delay ele-
ments with smaller delays are sometimes needed
but are not implementable. The rough tun-
ing algorithm guarantees that § < nThn/2
where n is the maximum number of delay ele-
ments with delay less than Ty n that the al-
gorithm would like to insert on any input-to-
output path. In practice, our algorithms may
achieve better results, and nThs;n/2 is consid-
ered small compared to the other parameters
contributing to the bound on tcp (for more de-
tails on rough tuning, we refer to [Wong89]).

5.3.4 Solution Method

The Power Minimization problem can be effi-
ciently solved as a linear program by approxi-
mating the non-linear delay functions f(P,L)
by piece-wise linear functions. This is possible
because the functions are assumed convex. In
practice, the delay functions are roughly hyper-
bolic and can be well-approximated with a few
line segments. Without this simplification, we
would have a non-linear program whose solution
would be costly for large circuits.

This linear programming formulation is re-
lated to a non-linear program used by Marple
[Marple86] for optimizing MOS circuit power
under timing constraints.

A. Linear Program

The Power Minimization problem can be for-
mulated as the following linear program:

Minimize P = "7, P[i].

subject to the following constraints:

1. Pmin(i] < P[i] < Prmax[i] for each gate i
2. D[0,0] = D[0,1] =0




R

3. D[N,0] < Dpmax
D[N,1] < Dmax

4. We build delay constraints from each arci,j)
depending on the arc's unate flag U. Let x
be the gate corresponding to output j.

If U is positive unate:

D[i, 1] + f[3, 5, 1](P[=], L{j]) < D[5,1]
Dfi, 0] + 11, 5, 01(Plal, L)) < DU, 0]
If U is negative unate:

D[i,1] + f[3,5,0)(P[=], L{5]) < D[3,0]
D[s,0] + f[3,3,1)(P(=], L[5]) < D[5,1]
If U is not unate:

D[, 1] + f{4,3,1)(P[=}, L[]) < Dlj,1]
D[i, 1] + f[i,5,0)(P[z], L[]) < DIj,0]
D[, 0] + f[3,3,0)(P(z], L[s]) < D[5,0]
D[3,0] + f[4,5,1)(P[=], L[j]) < D[j,1]

By replacing each non-linear function
f(P,L) (where L is a constant) by a piece-
wise linear function, these constraints can be
made linear. One linear constraint is super-
imposed on each line segment of the piece-
wise linear function. Since the function is
convex, each such constraint is binding only
along its line segment. This turns each con-
straint above into a set of linear constraints,
each using P only as a linear variable.

5.3.5 Properties of the Algorithm
When Delays are Uncertain

Due to process variations and temperature-
induced effects within one chip and data-
dependent delays, a gate's speed is not per-
fectly controllable relative to other gates within
a chip.

Proposition 1. Balancing Using
Uncertain Delays

Suppose each arc i has a delay d[i] bounded by
(1 = a)dpmax|i] < d[i] < drpax|i] for some a,
0<a<l.

The parameter a measures the speed variations
that do not track within a chip.

If Power Minimization is performed using the
dmax[i]'s as the delays and the result satisfies
the definition of S-Fine-Tunable Using Power
Minimization with a bound §, then a similar
bound 6; can be defined to include the effects
of uncertain delays:

62 < o(Dmax —6)+ 6

5.3.6 Solving the Full Fine Tuning
Problem

When rising delays do not equal falling delays,
the Power Minimization method is a reasonable
heuristic for a difficult problem. Since each gate
has only one power parameter which controls
a rising and falling delay per output, solutions
with nearly balanced delays may not even exist
in some cases.

The following defines the use of Power Mini-
mization to solve the full Fine Tuning Problem:

Defn. F-Fine-Tunable Using Power

Minimization

Given a Combinational Logic Circuit with Fine
Tuning Information, define

® dyax(i] = max(rising delay, falling delay)
of arc i

e dpin[i] = min(rising delay, falling delay) of
arc i

Suppose each arc i has delay dpssn[i] bounded
by

(1—a)drma [z] < dminli] < dprrax|i] for some
a,0<a<l.

Suppose that Power Minimization is performed
on the circuit using both the rising and falling
delays.

The circuit is F-Fine-Tunable Using Power
Minimization iff the following property is true:

If P is a solution to the Power Minimization
problem such that Pyyn(i] < P[i] < Ppax|i]

are not active constraints, then P also solves
the Fine Tuning Problem with

§ < a(Dpax —8)+ 6

where ¢’ is explained below.

Remarks

o Any circuit that has been Rough Tuned us-
ing the algorithm described in [Wong89] is
F-Fine-Tunable Using Power Minimization.

Let Tarin be the larger of the minimum ris-
ing delay and falling delay for a delay ele-
ment.

Iif Tmin = 0, the circuit can always be bal-
anced with §’ = 0.

If Tpgin > 0, the best bound that our al-
gorithm can guarantee is §' = nT)n/2
where 7 is the maximum number of delay
elements with delay less than Ts;n that the
Rough Tuning algorithm desires to insert on
any input-to-output path [Wong89].

o If negative unate logic is used, then the
rise /fall differences will tend to cancel out,
so the actual § can be much better than the
definition suggests.
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e Since ECL emitter-followers have more dis-
crepancy between tgsg and tpap; at low
power levels, it may be desirable to set
Parrin relatively high for emitter-followers.

5.3.7 Practical Considerations

Space only permits brief, informal discussions
of the topics below.

ECL/CML gates are actually tunable in small
discrete steps rather than continuously because
resistors have integral dimensions in VLSI. How-
ever, the rounding error should be small com-
pared to other components of Atp such as pro-
cess variations. After rounding, the max and
min paths can be computed again to get a re-
vised Atp.

In practice, even when the Power Minimization
solution sets some P[i]'s at Pprax or Ppin,
this method is still a very good heuristic for bal-
ancing the circuit within the previously-stated
boungs on é. In fact, the rough tuning al-
gorithm is designed to never create circuits
where Power Minimization would fail to meet
the bounds on §. Hence, our combined tuning
procedure always balances a circuit.

5.3.8 Implementation

The above algorithm has been implemented. A
fine-tuning program reads a circuit and gate li-
brary description and produces a linear program.
This is then fed into a standard linear program
solver called MINOS [Murtagh87] that uses the
Simplex method to solve for the vector P. The
fine-tuning program then produces a modified
circuit file with all the tail currents set.

A run on a test circuit of 75 gates took 4.8 CPU
minutes to solve on a uVAX 3200. In the solu-
tion, the max delays of all the primary outputs
were set equal to Dysax. The variation § in
nominal path length was not zero because the
circuit was not rough tuned and had different
rise/fall delays.

6 Which Technology is Best
for Wave Pipelining?

Some technologies are better than others for
wave pipelining. Ideally, a technology should
possess the following properties:

1. Many points of finely-controlled speed ad-
Jjustment which have predictable effects

2. The same gate delay whether the output is
rising or falling
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A—” s—”

F i?ure 4: Static CMOS gates have undesir-
able pattern-dependent delays.

Out=A+B

3. No variation in gate delay depending on in-
put pattern

4. No variation in gate delay depending on pre-
vious input patterns

5. Zero contribution to Atp due to process and
temperature-induced variations within a chip

6. The standard goals of high noise immunity,
low power, high density, and high speed.

Let us examine CMOS, ECL, CML, and super-
buffered ECL with respect to these goals.

6.1 CMOS

Static CMOS (see Figure 4) is difficult to use
because the gate djay depends on the in-
put pattern. Any parallel transistor arrange-
ment will have variable delay due to the varying
amount of resistance. A series transistor ar-
rangement also has variable delay because the
capacitance that must be charged depends on
which transistor in the series is the last to begin
conducting.

Dynamic MOS techniques such as domino
are even more difficult to use with the wave
pipelining method because the gates must be
precharged before each wave arrives.

6.2 ECL

A basic ECL gate is shown in Figure 5. The de-
lay is controlled by adjusting the “tail current”
by sizing the resistors proportionately. A gate
can have multiple, independently-adjustable
emitter-followers for different fanouts.




Vee
Out
Ou2
Vref
R
Vee
Vee
Logic Section Emitter-Follower

Figure 5: Standard ECL logic gate with emit-
ter-follower

The logic section of the gate has fairly balanced
rise/fall delay, but the emitter-follower section
has rising delays which are much shorter than
falling delays. This can be partially overcome
by using a modified emitter-follower which slows
down the rising delay (see Figure 6). Higher tail
currents also reduce the difference in delays.

An example of a stacked ECL structure is shown
in Figure 7. Stacked structures are less useful
for wave pipelining because their speed depends
on the input patterns. The intermediate node
can be charged to different voltages just prior
to switching, thus causing variation in delay.
For instance, suppose the voltage were higher
on the reference side for both the upper and
lower levels. Now suppose that the A input of
the upper level rose momentarily. This would
charge the intermediate node X to a higher
voltage. This would be additional charge to
be drained when the lower level switches, thus
slowing down the gate.

6.3 CML

One way to eliminate the unbalanced rise/fall
delay in ECL is not to use emitter-followers.
Instead, the output of one ECL logic stage is
directly connected to the next in a logic tam-
ily called CML. In non-wave-pipelined designs,
CML is slower than ECL because both rising

Vee

-

R2
——\\— Ou2

po
%R,

Vee

Figure 6: Modified emitter-follower with im-
proved balance between rise and fall delays

and falling transitions are through limited cur-
rent devices. In contrast, ECL has a fast rising
delay that can be used effectively with invert-
ing logic. However, a faster rising delay is not
advantageous for wave pipelining.

Since there are no emitter-followers, one can-
not independently adjust each fanout except by
using additional gates as buffers. A buffer gate
costs 3 transistors and 3 resistors compared to
an emitter-follower of 2 transistors and 1 resis-
tor. In addition, no wired-OR is possible.

6.4 Super-buffered ECL

There are high-performance ECL buffers which
have balanced delay. By using dynamic tech-
niques, such circuits have fast transitions in
both directions, i.e., faster than the static cur-
rent source can achieve. A circuit presented by
Coy et al [Coy88] is repeated in Figure 8 in a
modified form.

The advantage of super-buffered ECL is that it
is very fast and has balanced delay with less
power consumption (since the static current
sources can be smaller). Unfortunately, each
buffer costs 4 transistors, 2 resistors, and 1 ca-
pacitor compared to an emitter-follower of 2
transistors and 1 resistor.

6.5 General Remarks on the
Current-Steering Technologies

In ECL, CML, and super-buffered ECL, the
use of stacked structures increases logic den-
sity but hurts substantially the possibilities for
wave pipelining. One should consider using a
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Figure 7: Stacked ECL logic structures have
pattern-dependent delays due to charging of
the intermediate node.

reduced supply voltage to conserve power if
stacked structures are not used.

The effect of process and temperature-induced
variations within one chip on Atp should be
similar for all the current-steering technologies.

Careful attention should be paid to the power
and ground networks during design. Voltage
drops should be small; otherwise, the result
would be equivalent to shifting the reference
voltages. This would cause a difference in gate
speed depending on whether the input is rising
or falling.

6.6 Conclusions and Tradeoffs

Static and dynamic CMOS are not well suited
for wave pipelining. We are not using these
technologies in the Wave Pipelining Project.

Bipolar ECL, CML, and super-buffered ECL of-
fer a range of tradeoffs between area, absolute
speed, wave-pipelining potential, power, and
number of independent adjustments:

o ECL has medium area density but has un-
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The capacitor C boosts the base voltage of the pull-down
transistor to provide a dynamic pull-down current on Out.

Figure 8: Super-buffer for ECL has balanced
rise/fall delays.

balanced rise/fall delay and fairly high power
consumption.

e CML has high area density and balanced de-
lays with medium power consumption. How-
ever, it offers fewer points of adjustment
than ECL unless additional buffer gates are
used.

e Super-buffered ECL is very fast and has bal-
anced delay, medium power consumption,
and the same number of adjustments as
ECL. However, buffers consume more area
than emitter-followers.

To help decide among the various current-
switching technologies, one needs to consider
the fanout in the circuit. For high fanout cir-
cuits, the need to adjust each fanout inde-
pendently would favor ECL since it has small
buffers.

7 Summary and Future Di-
rections

Wave pipelining can potentially increase a sys-
tem’s clock frequency by 2 to 3 times without
using additional pipeline registers. To maximize
clock rate, we must minimize the variation in
path length.

Some technologies are better than others for
wave pipelining. Static CMOS has substan-
tial pattern-dependent delay variations which
reduces its usefulness. CML and super-buffered
ECL have good delay properties. ECL has
the advantage of small, individually-adjustabie
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Figure 9: Test Structure for Demonstrating
Wave Pipelining

emitter-followers with the disadvantage of un-
equal rise/fall delays.

We have developed new algorithms to automat-
ically balance delays in combinational logic cir-
cuits. An optimal fine-tuning algorithm has
been developed, implemented, and tested on
small circuits. It uses a linear program to mini-
mize power and balance the delays. The rough
tuning algorithm is now being implemented.

The more complex case where the rising delay
does not equal falling delay is a difficult problem
for both rough and fine tuning. Well-balanced
solutions might not even exist. The best that
our methods can do is to guarantee a reason-
able bound on the difference § in propagation
time under nominal conditions. In practice, §
is usually small compared to tp, so an efficient
wave-pipelined implementation can still be de-
signed.

Next, we plan to design a test chip of the type
shown in Figure 9. The chip is clocked very fast
in order to develop pipeline waves in the com-
binational logic. We have selected CML as the
technology for implementing our sample chip
which will be a 32-bit multiplier with possibly
some additional datapath logic.

8 Appendix 1: Deriving the
Minimum Clock Period
Relation

The maximum pipeline rate is affected by tech-
nological parameters. Here, we derive relations
for minimal clock period as a function of varia-
tions in path length, clock skew, rise/fall times,
and the setup and hold time of the storage el-
ements. These relations are extensions upon
those stated in [Cotten69], [Fawcett75), [Ek-
root87], and [Kogge81] in order to include clock
skew and rise/fall times.

8.1 Definitions

e tsy = set-up plus hold time for edge-
triggered registers.
(For latches, tsy = length of transparent
period plus hold time.)

e tp = propagation time of the longest path
in the combinational logic

¢ tg = worst-case shortest path length

e Atp = max difference in path length over
worst-case design, process, and environment
=tp-1g

o The clock transition to start wave 1 is at

time 0.

Wave 1 is captured at the ending storage

element by another clock transition at time

ic.

ACE = worst-case early clock skew

ACL = worst-case late clock skew

AC = worst-case clock skew = ACg+ACL

tcp = clock period

tRF = worst-case rise or fall time (10% to

90% voltage swing) at the last logic stage

8.2 Analysis with zero rise/fall
time

For simplicity, we begin with the case which as-
sumes zero rise/fall times.

1. The earliest that the signal wave could arrive
at the ending storage elements is
tp — Atp — ACE

2. The latest that the signal wave could arrive

is
tp+ ACL

3. The earliest that the clock pulse could arrive
at the ending storage elements is
tc — ACEg

4. The latest that the clock pulse could arrive
is
tc+ACL

5. Since the latest possible arriving signal of a
wave must be captured by the earliest pos-
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sible clock pulse
tc —ACg >tp + ACL + tsy

6. Since the earliest arriving signal must be
captured by the latest clock pulse, i.e., the
earliest signal of the next clock period must
not interfere
tp—Atp — ACg +tcp > tc + ACL

7. Using some algebra, we get the following re-
lation for clock period:
tcp > Atp+ 2+ AC + tsy

8.3 Analysis including last-stage
rise/fall delay

Now we include a non-zero rise/fall time at the
last stage of combinational logic before the end-
ing storage element.

1. Inequality 8.2.6 is then changed:
The earliest signal must be captured by the
latest clock pulse, i.e., the earliest signal of
the next clock period must not interfere
lp—Atp—-ACEg+tcp—trr > tc + ACL
2. This changes the inequality for tcp to
tcp > Atp +2x AC + tsy + trr

8.4 Other Bounds on tcp

In addition to inequality 8.3.2, another bound
can be derived to ensure that waves are not
mixed together at signal points within the logic.

1. Definitions

e tx is the propagation time of the longest
path from the source to a signal X which
is not an input of an ending storage ele-
ment.

® iRF is the worst-case rise/fall time at X.

® tps is the minimum time that X must
be stable for the next stage of logic to
operate correctly.

e Aty is the worst-case variation in path
length from the source to X and is always
less than or equal to Atp.

2. The latest that a wave could arrive at X is
tx + ACL

3. The earliest that the next wave could begin
to arrive at X is
tx — Atx — ACE — tpr + tcp

4. To avoid interference, the next wave must
arrive at least tp,c later
tx + ACL +tys < tx — Aty - ACg -
tRF + tcp

5. This can be simplified to
lcp > Atx + AC + tys + trr

6. The power bounds Ppsrn[i] and Prpax|t
can generally be set so that tgr is smal
enough to make this bound less stringent
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than inequality 8.3.2. In any case, the goal
of minimizing Atp includes minimizing Aty
for all signals X.
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