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Maximum Time-difference Pipelining
Peisu Xia*

Abstract

This article presents the pr?ciple of maximum time-difference pipelining, an effective
approach to promote the clock frequency threefold or even fivefold of a vector processor
without insertion of storage elements. Its implementation with ECL and CMOS techno-
logy is also described.

1. The Principle of Maximum Time-Difference Pipelining

A pipeline is composed of two kinds of circuits: the combinational logic circuits and
the storage elements as shown in Fig. 1. For each clock, data move from one stage of storage
elements to the next one through appropriate routes consisting of different kinds of logical
circuits and transmission lines. Some routes may be long, while the others may be short.
The clock period T, is equal to or longer than the longest route delay between any two ad-
jacent storage stages plus time spent on the storge element and the clock skew, i.e.,

F.> max[(Tk)max],l‘ +T,4(AT,) pnax
Where

T, is the clock period;

T, is the route delay between two adjacent storage stages;

T, is the time spent in the storage element;

AT, is the clock skew.

It is well known that in a pipelined processor, the vector performance increases linearly
with the clock frequency. To incerase the clock frequency, storage stages can be inserted
in the pipelines. However, the delay caused by these storage stages will result in an increase
of go-through delay which means the time spent on scalar calculation will be lengthened.

To examine the work of pipelines, it is found that the function of some storage stages in
a processor is simply for data synchronization. In Fig. 2, suppose there are only two data
routes: say r and s, between stages 4 and C. Router r is longer than route s between sta-
ges Band C. If route s is deliberately lengthened so that data in it reach stage B at the
same time with those in route r, then data in these two routes are synchronized, stage B is
therefore no longer required and can be removed. There are still two 7,’s between stages
A and C, each clock transmits a set of data.

Practically, the number of routes between storage stages is usually more than two. In
such case, the lengths of all shorter routes are simply increased to that of route r.

If the short routes are further leﬁihcned, then the clock period F, can be decreased so

* EEEEMLL, RVENEREL. FENERIEERFAFALR. BERRRAESSRE, T 1994
FENAEBBRZHE, HWHKATFERREOHEK.
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that there will be more than two clocks between stages 4 and C. T, can be of the value of
the difference of the longest and the shortest routes (or slightly larger) as shown in Fig. 3.
The expression of T, is
T, 5> Max[ (T1) mpx— (T mtnlt + Lo+ (AT ) max
If the first term on the right side of Eq. (2) approaches zero, then
T, T, 4+ (AT,) pasx

storage stage C
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Fig. 2



This is why we call this method maximum time-difference pipelining. This method was pro-
posed by me in 1968, but not shown to be of practical value till 1986, when we completed
the implementation of a very fast processor GF-10/13. In USA, it is now called wave
pipeliring.

It is obvious that the maximum time-difference pipelining method possesses the follow-
irg merits:

« Much faster than conventional pipeliring in vector calculation without lengthenirg

scalar calculation.
« Fewer storage stages.
o Easier for clock distribution because of the removal of storage stages.

storage stage C
A

the longest route

the shortest route

eﬁ—»«—%—»*—ﬁ—-»blﬂ—j

storage stage A
Fig. 3

It can also be seen that therc exist some shortcomings:

« Sophisticated design required.

« Padding circuits necded for lengthening the shorter routes.

« More difficulties exist at the system level. The system can only run within a relatively
narrow range of clock frequencies. If it operates at a substantially different frequency,
the number of clocks between two storage stages might be incorrect.

2. The Implementation of Maximum Time-Difference Pipelining

To implement maximum time-difference pipeliring, ECL techology is more suitable than
CMOS techrology. ECL circuits deliver complemented, outputs at the same time and their
delays are not much influenced by their loads and the number of input. CMOS circuits are
constrained by the following factors:

« Delays are different for different types of gates.

« For the same gate, delay varies with fan-in and fan-out as well as the input data pat-
tern.

« The complement of an input can only be obtained by using an inverter.

However, CMOS offers the advantages of low power and high density, attractive for VLSI

. 3 .
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applications.

The block diagram of an ECL processor GF-10/13 based on the principle of maximum
time-difference pipelining is shown in Fig. 4.

Some data of GF-10/13 are as follows:

« Word length: 32 bits
« Gate delay: 2.0 ns (Motorola 10K)
0.8 ns (Motorola 100K)
« Clock period: 9.8 ns (Motorola 10K)
5.5 ns (Motorola 100K)
« Peak performance: 200 MOPS
« Number of boards: 16
« Board size: 305 x 276 mm?
« Cooling: forced air at room temperature

With the same chips, the clock frequency of GF-10/13 is about 5 times higher than that
of our conventional pipelining design. For scalar calculations, GF-10/13 alsc shows its sup-
eriority in go-though time. Table 1 gives the comparison of go-though time of Cray-1 and
GF-10/13.

For CMOS technology, rules of logical design are laid down as follows:

o fan-in < 3
« fan-out of 3-input gates = 1
« fan-out of 2-input gates < 2

° 4 .



Table 1

' Cray-1 | GE-10/13
tpa(ns) 0.7 | 2.0 0.8
T(ns) 12.5 | 9.8 5.5
addition 25 30, 15,
time (ns) (24 bits) (32 bits) (36 bits)
multiplication 75 50
time (ns) (24 bits) (32 bits)

« fan-out of inverters < 3

To summerize,
fan-in 4 fan-out g 4 (buffers not included).

Chips of 36-bit arithmetic unit and 8 x 8 multiplier are implemented with 1.5y CMOS
laser cut gate array technology. These chips are designed and fsimulated with the help of
ORCAD and SPICE. Pipelinable carry look-ahead scheme is adopted in the design of 36-bit
arithmetic unit as shown in Fig. 5. Modified Booth’s algorithm and Wallace tree are
employed in 8 X 8 multiplier as shown in Fig. 6. The measured values of go-through time
and clock period of these two chips are also shown in Figs. 5 and 6. It can be seen that
the speedup is 2.7.
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Go-through time: 45 ns -
Clock period: 16.75 ns+
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Fig. 5



3. Conclvsion

Maximum time-difference pipelining is an effective approach of boosting the clock fre-
quency of a pipeline without increasing storage elements. Speedup of 5and 2.7 are obta-
ined for urits built with SSI and MSI ECL chips and with laser cut gate array CMOS chips
respectively. Custom-design will improve both the performance and the speedup of CMOS
implementation. Currently, more complicated chips have been designed and implemented
with rebuilt library cells suitable for maximum time-difference pipelining. Meantime, chips
of different technologies including BICMOS, ECL and GaAs are under study.

product

carry look-ahead adder

E:

Wallace tree

encoder

operand registers

operand operand
X : Y
Go-tnrough time: 62 ns
Clock period: 23 ns
Speedup: 2.7
Fig. 6
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