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Abstract employing multiple power gating domains to control leak-
age power.

A multiple power domain strategy in which each power |n this paper, we first address test chip measurements
domain has an independent power gating structure is an that indicate inductive noise induced by quick turn-on of
effective means for reducing leakage power consumptionthe sleep transistor in a conventional power gating struc-
in a system-on-a-chip. During an individual power gating tyre. Then we propose a novel power gating structure in
structure power-mode transition, however, serious induc- which inductive noise is reduced through gradual turn-on
tive noise is introduced that may affect normal Operation an turn-off of its s|eep transistor. In PowerSpice simula-
of neighboring circuits. We present a novel power gat- tion with different package models, quantitative compari-
ing structure in which inductive noise is reduced through son is made between the proposed power gating structure
gradual turn-on and turn-off of its sleep transistor. EX- and a conventional one. Our power gating structures re-

perimental simulation results with PowerSpice fixtured in quce the magnitude of voltage fluctuations in the power
different package models demonstrate the effectiveness ofajis, as well as the time required to stabilize them.

the proposed power gate switching noise reduction tech-
nique. 2. Test Chip Measured Results

1. Introduction In this section, we address the measured result of a test
chip designed and implemented to evaluate a conventional

The multi-threshold CMOS (MTCMOS) circuit [1],  power gating structure. Specifically, we show the serious-
called a “power gating structure”, is a well-known tech- ness of inductive noise induced by instant turn-on of the
nique for reducing leakage power in standby mode. By sleep transistor in conventional power gating structure.
turning off the sleep transistor during the sleep period,
however, all of the internal capacitive nodes of logic block
and virtual VDD (VVDD) node is discharged down to
a steady state value near GND. During the power-mode
transition, the instantaneous charge current through the
sleep transistor operated in saturation region creates cur-
rent surges. Because of the self-inductance of the off-chip
bonding wires and the on-chip parasitic inductance inher-
ent to the power rails, current surges result in voltage fluc-
tuations in the on-chip power rails. If the magnitude of the
voltage surge/droop is greater than the noise margin of a j
circuit, the circuit may erroneously latch the wrong value
or switch at the wrong time.

Inductive noise, also known as simultaneous switching
noise, has been a phenomenon traditionally associated to
input/output buffers and internal circuitry [2, 3, 4]. Re- ‘
cently, inductive noise problems due to clock gating have I ]
been introduced in [5, 6]. Until now, however, inductive
noise originating from the power-mode transition between oo
active and standby modes of a power gating structure was
not seriously considered, even though it may become anFigure 1. Microphoto and block diagram of test chip
importantissue in the design of a system-on-a-chip (SOC) used to evaluate a conventional power gating structure.
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Figure 1 shows a microphotograph and block diagram is observed that the relatively small sleep transistor incurs

of the test chip designed and implemented in @rh3
CMOS technology. Two identical DSP 40-bit arith-

a performance penalty on the circuit ranging from 23%
at the lowest operating frequency to 13% at the highest.

metic units (ALUs) were compared, one powered by the This sizing of the sleep transistor, however, provides large

VDDL , grid and the other by VVDB serially connected

reduction in leakage power, ranging from nearly three or-

to the VDDLg grid through a sleep transistor. The sleep ders of magnitude at the lowest supply voltage to nearly
transistor is sized at less than 1% of the total ALU PMOS four orders of magnitude at the highest as is shown in Fig-
and NMOS width and is composed of parallel instantia- ure 3.

tion of standard cells. The ALU critical path is through

a saturating adder with data inputs supplied by two 40-
bit linear feedback shift registers (LFSRs) that generate
random patterns with approximately 50% average switch-
ing factor. Each element in the pipeline includes a data
transition barrier to prevent unneeded switching of ele-
ments when they are clock gated. Results are transferred
from the output register to a multiple input signature reg-
ister (MISR). Repeated tests are made at discrete supply
voltages ranging from 0.9V to 1.5V in which clock fre-
quency is increased until an error signature is detected by
the MISR. The highest non-failing frequency is recorded
at each supply voltage. Standby leakage power is mea-
sured by stopping the clocks and recording supply current.
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Figure 2. Performance penalty.
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Figure 3. Leakage saving benifit.

Figure 4. Non-failing wake-up latency.

We also measure the time required to bring the circuit
out of sleep mode and operate at 95% of the maximum
operating frequency for a given supply voltage, “wake-
up latency”. It effectively excludes the inductive noise
due to clock gating from our measurement, since the mea-
sured performance degradation due to clock gating itself
was around 5%. Initially, we turn off a sleep transistor by
|Vas| = 0 and wait until all of internal nodes and VVDD
node is completely discharged. Then, we turn on the sleep
transistor by{V | = VDD and measure the shortest non-
failing wake-up latency. The test is repeated at discrete
supply voltages. Results are shown in Figure 4, with
wake-up times ranging from 498.38 ns to 807.042 ns over
the measured supply range.

It demonstrates the seriousness of inductive noise due
to power gating structure in terms of performance. To
make it worse, the other circuits sharing the same power
rails are disturbed similarly.

3. Proposed Power Gating Structure

In this section, we propose a novel power gating struc-
ture that reduces the magnitude of peak current and volt-
age glitches in the power rails as well as the minimum
time required to stabilize power and ground rails.

In the previously published power gating structures, as
shown in Figure 5(a), sleep transistor is implemented with
a single transistor or a set of transistors [7, 8, 9]. The
sleep transistor that consists of a set of transistors is effec-
tively a single transistor, since the transistors share both

The measured test results, comparing the performance/DDL and VVDD nodes, as well as a gate-input sig-
and leakage power consumption of the two ALUs are nal. In standby mode, the sleep transistor operates in the
shown in Figures 2 and 3, respectively. In Figure 2, it cut-off region. During this mode, the leakage current is
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Figure 6. Block diagram of proposed gating structure.

Figure 6 shows a block diagram of our power gating
(b) structure with a circuit that generates stepwise voltages.
WhenTURN_ON signal become low, the relaxation stage
is initiated, and a pulse oAT is generated at nods.
The AT is controlled by any delay components such as
a serially connected shift register. During this time, the
limited by the sleep transistor with a high threshold volt- transistor MPO and MNO are turned off, and MP3 turns

age and a proportionally smaller width. By turning off ©n the current reference circuit of diode-connected de-
the sleep transistor during the sleep period, all of internal Vices MP1 and MN1, generating the intermediate voltage
capacitive loads of logic block and VVDD node are dis- Of SLEEP.CTRL VDD - AV, which is determined b_%
charged down to a steady state value near GND. It cause$2tios of MP1 and MN1. The current through MP1 is then
all of PMOS pull-up paths of logic block turned on, even Multiplied by the ratio of MP1 and total sleep transistor
though NMOS pull-down ones are turned off. sizeS, allowing precise current control during the power-
mode transition of the sleep transistor. When thg; is
ificantly, the complete turn-on state is initi-
becomes VDD.

Figure 5. Sleep transistor part of (a) conventional and
(b) proposed power gating structures.

As the sleep transistor is turned on, however, all of dis- ;
charged internal capacitive loads of the logic block and "¢duced sign
VVDD node begins to simultaneously charge through the at€d andVes
switched PMOS pull-up paths of logic blocks and sleep
transistor. The switching activity of entire capacitiveloads 4 Simulation Results
at that momentis close to 1.0. As aresult, a large instanta-
neous current flows through the PMOS pull-up paths and
sleep transistor. The current surge creates inductively in-
duced voltage fluctuations in the power rails.

To solve this wake-up noise problem originating from
the power-mode transition between standby and active
mode of a power gating structure, we propose a novel
power gating structure of Figure 5(b) that consists of
a sleep transistor whog&s| gradually increases with
multiple voltage steps. Our power gate structure min-  Figure 7 shows the block diagram of the circuit used for
imizes the instantaneous current flow through the sleepthe comparison and parameters defined to characterize the
transistor by dynamically controlling itd/cs| andVps. impact of inductive noise caused by the power-mode tran-
The sleep transistor turn-on and turn-off procedure of ours sition. The circuit is the same as implemented on the test
consists of a relaxation stage and complete turn-on stagechip, described in Section 2/ vppL andVyax/vooL
During the relaxation stage, the sleep transistor is weakly are, respectively, the lowest and highest voltage levels of
turned on with|Vzs| = AV (0 < AV < VDD), until its the bounce on the VDDL railVyyn,enoL @ndVvax/enoL
Vps is significantly reduced. During the complete turn- are, respectively, the lowest and highest voltage levels of
on stage, the sleep transistor is completely turned on withthe bounce on the GNDL rails is the minimum time re-
|[Vas| = VDD. When theVpg of the sleep transistor is  quired for both the VDDL and GNDL rails to be stabilized
small enough, the instantaneous current is less sensitive tavithin + 5% of nominal and defines the minimum delay
the variation in Vg s|, thus allowing increase of tH&s before the ALU will operate at its specified performance.
in a non-uniform stepwise manner without increasing in- The measurement dfs is started at the falling edge of
stantaneous peak current. TURN_ON signal of each power gating structure.

In this section, several parameters are defined to char-
acterize the effects of inductive noise caused by the transi-
tion between active and standby modes implemented with
a power gating structure. Then, in terms of these parame-
ters, the proposed power gating structure is compared to a
conventional one by simulating the circuits fixtured in two
package models.
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Figure 7. Block diagram of experimental macro used
to evaluate our power gating structure, compared to a
conventional one.
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Figure 8. Electrical characteristics of (a) DIP-40 and
(b) PGA108M packages supported by MOSIS.

Experimental simulations are made with VDD fixed
at 1.5V and are repeated with MOSIS DIP-40 and
PGA108M package models of Figure 8.

Table 1. Relative inductive noise reduction.

| [ MOSIS DIP-40] MOSIS 108PGA|

VMAX/VDDL 79.09% 79.36%
VMIN /VDDL 67.53% 67.66%
VMAX/GNDL 50.76% 56.21%
VIN/GNDL 76.72% 83.39%
[ Ts | 7444% | 7855% |

The simulation results, in which the size of the transis-
tors in the stepwise voltage generation part of our power
gating structure is tuned for the intermediate voltage of
SLEEP_CTRL and AT to be set as 0.8V and 6.0 ns, are
summarized in Table 1. Values shown for all parame-

ters are performance gains, i.e. reduced bounce or turn-

on latency, of the proposed power gating structure rela-

tive to the conventional one. In particularly, the maximum
magnitude of voltage glitches on power rails in the 40-bit
ALUs with our power gating structure is reduced by up to
79.09% and 83.39%, respectively, compared to the ALU
with conventional one. At the same time, the time required
for power rails to stabilize is reduced by up to 74.44% and
78.55%, depending on package models.

5. Conclusions

This paper investigates the inductive noise caused by
instantaneous charge current through a sleep transistor
during the mode transition of the power gating structure.
We propose a novel power gating structure in which the in-
ductive noise is reduced through gradual turn-on an turn-
off of its sleep transistor. In PowerSpice simulation with
different package models, our power gating structures re-
duce the magnitude of voltage fluctuations in the power
rails, as well as the time required to stabilize them.
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