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Random Variation and Worst-Case Design: To date, the
worst-case design has been generally accepted. In the worst-
case design, LSIs are designed so that they work even if all the
elements had the worst case delays. However, this estimation
is pessimistic. The probability that the all the elements in a
circuit path have the worst-case delays is extremely low. The
worst-case design worked only because the worst-case delays
were not so far from the typical-case ones, and will be too
pessimistic with the increased gap between the typical- and
the worst-case delays. We cannot expect the same performance
improvements as seen in the past with the worst-case design.

To deal with this problem, a wide variety of methods have
been considered. For example, statistical static timing analysis
(SSTA) is introduced to relax the too pessimistic estimation.
Timing fault detection is a circuit-level technique to avoid the
problem.

Timing Fault Detection: A timing fault is a transient fault
caused by dynamic variation in the circuit delay. In the worst-
case design, LSIs are designed so that a timing fault does not
occur even in the worst cases. Therefore, timing faults can
only occur in unexpected situations such as thermal runaway
caused by a failure of the thermal sensor.

The timing fault detection techniques can avoid the problem
of worst-case design, especially with dynamic voltage and
frequency scaling (DVFS), in the following way. A device
operates with a lower voltage and/or a higher frequency than
given by the worst-case design. As a matter of course, a
timing fault occurs, but it is detected by a detection circuit,
such as a Razor FF [1]–[3]. Then, the device is recovered
to a fault-free state. The voltage and the frequency should be
configured so that the fault rate becomes low enough. The
device operate with the actual delay according to the actual
operating environment of the individual device, and to the
actual performance of the individual elements of the device. In
this way, timing fault detection can transcend the worst-case
design.

Razor can mitigate the varation of actual delay in a stage.
However, it do not care about that inter stages. That is a room
for improvement.

Clocking Scheme That Realizes Ballistic Signal Flow:
We proposed a novel clocking scheme enabling dynamic time
borrowing, which realizes ballistic signal flow. Figure 1 shows
a system diagram for our scheme. The architecture of our
scheme is as follows:

1) This scheme is based on two-phase latch scheme.
2) Pipeline latches with longer path delays are replaced by

Razor-like latches to detect timing faults.
3) The recovery from a timing fault is based on the archi-

tecture state protected from timing faults in the same
way as Razor [2].

4) The error network is added to gather the e output of each
Razor latches along with the pipeline stages to disable
the update of the architecture state with faulty results.

5) An empty stabilize stage is inserted.
Ballistic Signal Flow: Our clocking scheme can enable

time borrowing of the actual delay between neighboring
stages, which means no faults are reported until the accumu-
lation of delay violates the timing constraint. The circuit with
our scheme behaves as a long combinational logic that spans
multiple stages. According to the law of large numbers, the
long combinational logic averages the process variation of the
element delay in the logic. This may reduce the probability
of timing-faults compared to that of Razor. Comparing with a
conventional scheme using single-phase flip-flops, our clock-
ing scheme can double the minimum cycle time relative to the
critical path delay of the circuit.

Method to Avoid Short Path Problem: Razor has short
path constraint. In order to solve the constraint, Razor by
inserting delays into short path. On the other hand, in our
scheme, to enable dynamic time borrowing between pipeline
stages, we apply an method as follows: In Figure 1, short and
critical paths the short path and the critical path of the logic
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Fig. 1: Clocking Scheme That Realizes Ballistic Signal Flow.

merge at the gate (indicated by the circle) in the figure, and
then are connected to the latch. In this case, duplicate gates
○ to join, connect each to main and shadow. Then insert the
delay only in the short path leading to the shadow. By doing
so, you can achieve both of the following:

1) The short path problem peculiar to Razor can be solved
by inserting a delay in the short path leading to the
shadow.

2) Because delays are not inserted in the path leading to
the main, it is avoided that the effective delay in the case
where the short path is activated is elongated. This will
maximize the effect of the dynamic time borrowing.

Application of Our Scheme to Rocket Processor: We
apply this clocking scheme to Rocket [4] and implement it
in an FPGA to evaluate the scheme. We evaluate the effect of
this scheme by measuring its rate of timing faults by frequency
and the maximum frequency where the processor can operate.

For the application, we need to convert Rocket as fol-
lows: (1)Rocket executes instruction in out-of-order after some
instructions. However, if a preceding instruction overtaken
causes a timing fault, the circuit cannot recover correctly. To
avoid this, we need to disable out-of-order commit of Rocket.
(2)We need to convert it from FF to two-latch scheme. We
use our algorithm utilizing maxflow.(3)We need to replace the
end FF of timing risky path with Razor-like latch and add
the circuit with architectual recovery. We show the conversion
is mostly automatable and increases design complexity very

little.
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