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ABSTRACT

On-chip power dissipation has become a fundamental de-
sign issue in high performance integrated circuits. A tech-
nique to significantly reduce the power dissipated in the
non-critical data paths of an industrial circuit is demonstra-
ted. The application of this technique with non-zero clock
skew scheduling to the slower data paths is also described.
Simulation results demonstrating the application of this tech-
nique to certain functional blocks of a high performance
microprocessor are presented. A greater than 80% power
savings is achieved in specific circuit blocks.

1. INTRODUCTION

The rapid scaling of device geometries in modern VLSI sys-
tems supports the system-on-a-chip integration of multiple
subsystems, greatly increasing the amount of on-chip power
dissipation. High power dissipation penalizes the overall
system since more advanced packaging and heat removal
technology are necessary. Additionally, wider on-chip and
off-chip power busses, larger on-board decoupling capac-
itors, and more complicated power supplies are required.
These factors increase the system size and cost. Further-
more, with the revolution of portable electronic devices,
power dissipation has become a system level performance
metric since the operation of these devices is limited by the
battery life.

Two of the most popular techniques that are used to re-
duce power dissipation are supply voltage (V;4) scaling and
clock gating [1,2]. V44 reduction is an effective way for re-
ducing power since power dissipation is quadratically pro-
portional to the power supply. The disadvantages of sup-
ply voltage scaling are effects such as subthreshold and gate
oxide leakage and increased sensitivity to noise [3]. Clock
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gating reduces the capacitance being switched by the clock
distribution network [2]. The major disadvantages of clock
gating are the increased complexity of the timing analysis
process and the greater current transients when large blocks
of logic are switched on and off.

Another technique to reduce the dissipated power is the
use of smaller size circuit elements from predesigned cell
libraries in order to achieve significant power savings. The
smaller sized elements introduce smaller load capacitances
albeit with a small delay penalty [1]. When this technique
is applied to non-critical data paths, the delay penalty has
no impact on the overall performance of a synchronous sys-
tem. A demonstration of the application of this technique to
an industrial circuit is presented in this paper. It is shown
that significant improvements in power dissipation can be
achieved. Additionally, conditions to expand this technique
to slower (more critical) data paths are discussed.

The paper is organized as follows. Background on the
concept of the technique is presented in Section 2. The
necessary conditions to apply this technique to slower data
paths are described in Section 3. Simulation results that
demonstrate the achievable power savings on an industrial
circuit are presented in Section 4. Finally, some conclusions
are offered in Section 5.

2. REDUCING POWER IN NON-CRITICAL DATA
PATHS

In a large high performance system, such as a microproces-
sor, the number of critical data paths is small-as compared
with the total number of data paths in the system. For ex-
ample, in a specific system described in [4], less than 5%
of the total data paths are within 20% of the maximum path
delay while more than 65% of the total data paths have path
delays less than half of the maximum path delay. Alterna-
tively, more than 65% of the local data paths are at least
twice as fast as compared with the slowest local data paths.
A similar distribution of path delays is common in the ma-
jority of high complexity circuits.
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Figure 1: Short data path delay as compared to a critical
long data path delay.

The fast data paths of a system are synchronized by the
same clock signal that synchronizes the critical long data
paths. Therefore, idle time (T7) exists in these short data
paths since the data signal arrives at the final register well
before the clock signal arrives at the same register, as shown
in Fig. 1. This idle time can be exploited to slow down these
short data paths in order to save power. One way to accom-
plish this technique is by downsizing (i.e., decreasing the
geometric width) of the latch R; that drives the data path,
as shown in Fig. 2(a), using smaller sized circuit cells from
a predesigned cell library. By downsizing the latch the ef-
fective capacitance of the latch is decreased and the power
required to drive the latch is reduced. Also, the geomet-
ric width of the output driver within the latch is decreased,
thereby reducing the output current of the latch [S]. This
procedure results in a decrease in power consumption, al-
beit with an increase in the data path delay.

There are constraints, however, that limit the minimum
size of an output driver and thereby the additional delay that
can be introduced. One constraint is that the additional de-
lay should not exceed the maximum permissible path delay
constraint as shown in Fig. 2(b). The summation of the ini-
tial data path delay Tpzi01, the additional delay T,44, and
the safety time budget T, . should be less (or, in the worst
case, equal) to the clock period T p.

Another constraint is that the introduction of smaller
sized output drivers should not degrade the signal rise and
fall times below some target level. Due to the reduced size
of the output driver, the output signal transition time of the
latch is slower, increasing the short-circuit power dissipa-
tion within the gates that are driven by the latch. The short-
circuit power dissipation is due to the current that flows di-
rectly from the power supply to the ground of a CMOS gate
when the input voltage is within the range Vi, and Vg +V}p
(when both the PMOS and NMOS transistors are on). When
the transition time of the input voltage is longer, the time
during which both transistors are on is also longer, increas-
ing the short-circuit power dissipation. A close approxima-
tion of the short-circuit power dissipation is given by [6]

1
Psc = ilpeaktbasevddf: ¢y

where Ip..; depends upon the size of the transistors of the
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the fast data paths

: - ! Data
cP ¥ is latched
, ) H here
1 . H
: Tinitiat l Tada o
Additional se-Safety
Delay Time Budget

(b) The added delay of the fast data path does not violate the long
path timing constraint
Figure 2: Increasing the delay of the fast data paths by
downsizing the local latches that drive these paths.

driven gate, tpqs is the input signal transition time, and f is
the switching frequency of the input signal.

As shown by (1), as the size of the output buffer of the
latch is decreased, the input 'signal transition time tp, e in-
creases, increasing the short-circuit power in the load gates.
Therefore, there is a lower limit on decreasing the size of
the output driver to achieve less power.

3. CLOCK SKEW SCHEDULING APPLIED TO
CRITICAL DATA PATHS

The concept of slowing down fast data paths in order to
save power can be further applied to slower, more criti-
cal data paths with the aid of non-zero clock skew schedul-
ing [4,7]. Given two sequentially-adjacent registers, R; and
R;, the clock skew between these two registers is defined
as Tgrew = To; — Tg;, where T, and T, are the clock
delays from the clock source to the registers, R; and R;,
respectively. If the clock delay to the initial register T,
is greater than the clock delay to the final register T¢;, the
clock skew is described as positive. Similarly, if the clock
delay to the initial register T, is less than the clock delay to
the final register T¢,, the clock skew is described as nega-
tive. As described in (4,7, 8], the individual clock skew for
each data path should satisfy the following two constraints:

Tcp 2 Tskewyos ¥ TPDmass 2)

TPDmiI,. > Tskew,.,g + Thold- (3)
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Figure 3: Application of local clock skew to equalize the available idle time between the long and short delay data paths.
(a) Initial timing of the data paths. (b) Timing of the data paths after the application of local clock skew

Tskewpo, (Tskew,.,) is the positive (negative) clock skew [8]
between the registers of a data path, and Tpp,,.,.(TPp....)
is the maximum (minimum) propagation delay of a data
path. Top is the minimum clock period and T4 is the
amount of time that the input data signal must be stable at
the input of register R; once the clock signal changes state.

By applying negative clock skew to the slower, more
critical data paths, the idle time in these data paths can be
increased, permitting these paths to be further slowed down.
However, there is one condition that must be satisfied for
this concept to be feasible. This condition is that the data
path that follows the slow data path should be sufficiently
fast to satisfy the constraint set by (2). An example of the
application of this concept to long data path delays is shown
in Fig. 3. As shown in Fig. 3(a), data path A has a long de-
lay of T4 = 10 time units (tu) and data path B has a short
delay of Tg =6 tu. The clock period of the system is Tcp
= 12 tu. Because the delay of data path B is short as com-
pared to the target clock period, the clock signal that con-
trols the latching operation of the register located between
data paths A and B can be delayed by 2 tu, as shown in
Fig. 3(b). This strategy delays the data signal propagating
into data path B without creating any timing hazards, satis-
fying Tepp = Top — Tskew = T8 + TrTB). Alternatively,
delaying the arrival of the clock signal at the register delays
the latching of the data signal that propagates into data path
A, adding more idle time to data path A. Therefore, both
data paths have sufficient idle time, permitting the drivers to
be downsized so as to reduce the power dissipation of the
overall circuit. If the slow data path A is not further slowed
down, the application of non-zero clock skew can increase
the safety margin of data path A which can be used to relax
the strict timing constraints, making the circuit less sensitive
to process parameter variations [9].

The approach presented above and illustrated in Figs.
3(a) and 3(b) provides an additional technique for saving

power through the application of negative clock skew. The

negative clock skew across data path A can be produced ei-
ther by inserting a delay element along the clock line that
distributes the clock signal to the final register of data path
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A, or by decreasing the transistor size of the clock buffer
that drives this clock line. In the latter case, decreasing the
size of the clock buffer results in less output current, pro-
viding an additional savings in power.

4. APPLICATION TO AN INDUSTRIAL CIRCUIT

In a joint research project between the University of Roche-
ster and Intel Corporation, the process of decreasing the po-
wer dissipation of an industrial circuit [10] by changing the
timing of the non-critical data paths by applying non-zero
clock skew scheduling has been investigated. The tech-
nique described in this paper has been applied to specific
functional unit blocks (FUBs) within a high performance
microprocessor. A graph representing one of these FUBs is
shown in Fig. 4 with normalized maximum and minimum
local data path delays. All of the timing information in the
analysis that follows is described in terms of these normal-
ized path delays.

The concept of slowing down a data path in order to
save power has been applied to the fast data paths, B, C,
and D, of the FUB shown in Fig. 4. Each of these data
paths is slowed down by downsizing the driving latch R,
by using a different latch from an existing circuit library.
The maximum and minimum delay of these data paths prior
to and after decreasing the size of the data path driver is
listed in Table 1. As listed in Table 1, the delay of these
data paths is increased on average by 21.6%.

The effect of downsizing the local latches that drive the
data paths is to substantially reduce the power dissipated
within the circuit block that contains these latches. As shown

Table 1: Comparison between the original and the increased
delay of data paths B, C, and D within the FUB illustrated
in Fig. 4

Data | Original max/min | Increased max/min | Increased

path | data path delay (tu) | data path delay (tu) | Delay (%)
B (21/19) (25/21) 14.7
C (20/16) (25/20) 225
D (19/17) (25/21) 27.5
Average Increase in Delay (%) 21.6
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Figure 4: Circuit graph of an industrial FUB with normalized data path delays

Table 2: Normalized power dissipation within the circuit
block containing the latches

No Downsize latches Downsize latches w/
optimization | w/o clock scheduling clock scheduling
( 100 | 18 [ 17.3 |

in Table 2, the total power dissipation of the circuit block is
reduced by 82% by downsizing a total of 69 latches.

The remaining data paths within the FUB are unchanged.

The effect of changing the latch on the data signal rise and
fall times in data paths B, C, and D is negligible. Also, no
maximum data path delay constraint is violated since the
larger maximum delay of the affected data paths (25 tu) is
less than the maximum delay of the most critical data path
(35 tu). Since the difference between the delay of data path
A and the delays of the data paths, B, C, and D, is signifi-
cant, the circuit performance can be improved with the ap-
plication of non-zero clock skew scheduling, as described
in [4,7]. In this case, the clock period can be reduced to
Tcp = 25+ 352 =30 tw. The performance of the
circuit can therefore be further enhanced by approximately
14%. Furthermore, the application of negative clock skew
using downsized clock buffers results in an additional 4%
decrease in power dissipation as listed in Table 2. This de-
crease is due to the reduced capacitance of the clock buffer
clk; that drives the downsized latches.

5. CONCLUSIONS

A strategy for decreasing the power dissipation by reduc-
ing the size of the driving latches and increasing the delay
of the non-critical data paths has been demonstrated. The
constraints, advantages, and disadvantages have been dis-
cussed. The application of non-zero clock skew scheduling
to increase the idle time of slower data paths has also been
presented. Simulations of specific FUBs within a high per-

formance industrial microprocessor demonstrate that a sub-

stantial reduction in power of up to 82% can be achieved by

applying this strategy.
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