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TABLE I
AREA, DELAY AND POWER OF FFS NORMALIZED BY TGFF

a=10% | a=100%
FF Area | Delay Power
ACFF 1.05 0.72 0.51 1.21
BCDMR FF 2.84 1.27 2.21 2.73
BCDMR-ACFF | 3.16 1.11 1.16 3.79
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Fig. 9. ADP products at 1.2 V according to data activity normalized by DFF.

SoC chip is typically between 5 and 15% [6]. BCDMR-ACFF
has 27% power of the original BCDMR at 0% data activity.
The ADP product in Fig. 9 of BCDMR-ACFF is about 2.0
at « = 0%, which is almost 3.8x smaller than BCDMR FF
implemented with TGFFs. We can construct a low-power
BCDMR FF by using any kind of low-power master-slave
edge-triggered FFs. It is the most significant advantages of the
BCDMR structure.

III. TEST CHIP

We have fabricated a 2 mm x 4 mm test chip in a 65 nm
CMOS bulk process as in Fig. 10 with the detailed structures and
the cell layout of the BCDMR-ACFF. The cell layout is imple-
mented with the double height cell structure [13]. In the double
height cell, its height is twice as large as single height cells
such as inverter or NAND gates. Single and double height cells
can be correctly handled by commercial place and route tools.
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Fig. 10. Chip micrograph with detailed structure and BCDMR-ACFF layout.
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TABLE 11
No. OF FFS ON THE FABRICATED CHIP

No. of FFs
TGFF 2336
ACFF 2272
BCDMR(3W) 16800
BCDMR(2W) 16800
BCDMR-ACFF(3W) 16384
BCDMR-ACFF(2W) 16384

The critical nodes are separated as far apart as possible without
area penalty to eliminate a simultaneous flip of redundant com-
ponents [7], [14]. The sensitive area of PMOS transistors is
much smaller than that of NMOS transistors [15], [16]. The
double height cell shared N-well (PMOS transistors) region.
The horizontal distance is more critical than the vertical dis-
tance. Therefore, all master or slave components such as ML0/1
and 2C+K(ML) are placed in the checker-board pattern. These
four sorts of FFs are implemented on a die: BCDMR-ACFFs,
BCDMR FFs, ACFFs and TGFFs on the twin-well (2 W) struc-
ture, and BCDMR-ACFFs, BCDMR FFs on the triple-well (3
W) structure. Table II shows bit numbers of these FFs. All those
FFs are connected in series as a shift register. The chip has two
clock pins, SHIFT_CLK and PLL_CLK. The former is used on
the shift operation, while the latter is used during irradiation.
To guarantee the hold restrictions of all serially-connected FFs,
these clock signals are given from the tail of the shift register
(CI to CO), while the shift input is given from the head (SI
to SO). In order to measure soft-error resiliency of these FFs
around 1 GHz, a PLL (Phase-Locked Loop) is used to multiply
the clock up to 80x.

Fig. 11 shows the simplified schematic structure of the shift
register and the clock distribution scheme. All FFs are con-
nected in series on the shift operation (LOOP = 0). Clock sig-
nals are also connected in series from head to tail, while all FFs
are in the loop mode during irradiation, in which 8 FFs form
a loop to capture flipped values. As shown in Fig. 11, redun-
dant FFs are connected by two wires. Therefore a SET pulse
from the previous FF is never captured by two redundant latches
in BCDMR. In the test chip, there is no delay element (§) be-
tween FFs. During irradiation, the clock signal is given from
PLL_CLK. The whole clock distribution tree consists of a clock
stem and clock branches to distribute higher clock frequency
to FFs. If such higher clock is given from SHIFT _CLK through
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Fig. 11. Clock distributions to guarantee over 1 GHz operations during soft-
error experiments and no-hold violations at shift operations.
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Fig. 12. Neutron spectrum at RCNP.

the clock branches in series, it disappears in the middle of the
branches because of the propagation-induced pulse-width fluc-
tuation.

The number of serially-connected buffers along the clock
branches in the BCDMR-ACEFF region is 140. By considering
the pulse width fluctuations along the clock stem, 400 MHz
clock can be distributed to the redundant FFs without disap-
pearing during soft-error irradiation.

The clock pulse width is changed by 3.8 ps/buffer from mea-
surement results. Since 13,032 local-loop units (104,256 FFs)
are integrated on a chip, the total pulse-width fluctuation on the
shift operations is 49 ns from the measurement results, which is
sufficient to the shift operations that can be done by lower clock
frequency.

IV. EXPERIMENTAL RESULTS

The error resilience of the FFs on the fabricated chip are mea-
sured by a-particles from 3 M Bq 241 A, and neutron irradia-
tions at RCNP (Research Center for Nuclear Physics) of Osaka
University [17]. Fig. 12 shows the neutron beam spectrum com-
pared with the terrestrial neutron spectrum at the ground level
of Tokyo. The average accelerated factor is 3.8 x 10 in this
measurement. In this work, all FFs are initialized to 0.

On the a-particles irradiation, clock frequency is 0, 100 M,
300 M, 800 M and 1 GHz. When clock frequency is 0 Hz,
we measured two patterns (CLK = 0 or 1). Flipped values
are obtained every 5 min. Fig. 13 shows the measurement
results of non-redundant FFs (TGFF, ACFF) by «-particles.
ACFF has lower error rates than TGFF over all measured fre-
quencies. Fig. 14 shows the measurement results of redundant
FFs (BCDMR, BCDMR-ACFF) by «-particles at 0 Hz. We
observed a few errors in BCDMR and BCDMR-ACFF regions
only at 0 Hz. BCDMR structure keeps value by two latches and
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Fig. 13. No. of errors (flipped FFs) of non-redundant FFs per 1 kbit by 5 min.
o irradiations at 1.2 V.
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Fig. 14. No. of errors (flipped FFs) of redundant FFs per 1 kbit by 5 min. ¢
irradiations at 1.2 V.

a keeper. If one latch is upset, the other latch and the keeper
hold the correct value. The upset latch recovers when the next
clock is injected to the FF. When no clock is applied, the upset
latch remains upset. If the other latch is upset afterwards, the
output of the FF becomes wrong. BCDMR-ACFF has lower
error rates than TGFF. BCDMR-ACFF has as high reliability
as BCDMR for a-particles.

On the neutron irradiation, clock frequency is 100 M, 300 M,
800 M and 1 GHz. Multiple DUTs (Device Under Tests) were
measured at the same time to increase the number of observed
errors. Flipped values are obtained every 5 min. Fig. 15 shows
measurement results of non-redundant FFs by neutron irradia-
tions. FIT (Failure In Time) is the number of errors in 10° hours.
ACFF has lower error rates than TGFF except for 800 MHz.
However, the number of errors is very few because of smaller
number of bits. It is difficult to compare the error resilience. No
errors is observed up to 1 GHz in redundant FFs. SER of redun-
dant FFs is smaller than 5.1 FIT/Mbit.

We measured power dissipation of the redundant FFs on the
fabricated chip by changing the data activities. It is possible to
give the clock signal only on the specified FF regions in the
fabricated chip. The local loop structure in the upper-right side
of Fig. 11 can be used to change the data activities, «. When
these 8 FFs stores the same value, « is equal to 0%, while it be-
comes 100% by storing the checker-board pattern in these 8 FFs.
Fig. 16 shows the measurement results at 1.2 V supply voltage
normalized by the power of TGFF. FFs implemented with the
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Fig. 15. Soft Error Rate (FIT/Mbit) from neutron irradiations at 1.2 V.
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Fig. 16. Measured power dissipations at 1.2 V normalized by the power of
TGFF.
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Fig. 17. Number of Errors/1 kbit of TGFFs by clock frequencies.

ACFF structure achieve low-power operations at lower data
activities. At the 0% data activity, BCDMR-ACFF has 38.5%
power of the original BCDMR.

V. MEASUREMENT RESULTS OF PROCESS CORNER CHIPS

According to the aggressive process scaling, variations of
transistor parameters are increasing year by year. We fabricated
several corner chips that have slower or faster transistors. We
have four types of chips, FF, FS, SF and SS. FS means that
PMOS is fast, while NMOS is slow. They were fabricated by
controlling doping and channel length. Including TT (PMOS/

Fig. 18. Number of Errors/1 kbit of ACFFs by clock frequencies.

NMOS are Typical) chips, we measured five corner chips by
o irradiations. Fig. 17 shows the number of errors per 1 kbit
of TGFFs by clock frequencies, while Fig. 18 depicts those of
ACFFs. We can not see any specific differences among these
corner chips which is the similar result of 40 nm SRAMs in [18]

Experimental characterization of process corners effect on
SRAM alpha and neutron soft error rates, G. Gasiot, M. Glo-
rieux, S. Uznanski, S. Clerc, P. Roche, IRPS, 3C.4.1-3C.4.5,
2012

VI. CONCLUSIONS

We have fabricated a 65-nm chip including the low-power
redundant FF called BCDMR-ACFF by using low-power
ACFF and the highly-reliable BCDMR FF. The ADP product
of BCDMR-ACFF is smaller than that of the original BCDMR
when data activity is below 40%. At 0% data activity, the ADP
product of BCDMR-ACFF is 2x larger than that of the TGFF.
The error resilience of the FFs is measured by «-particles and
white neutron irradiations. No error is observed in the proposed
BCDMR-ACFF up to 1 GHz clock frequency besides 0 Hz
by the «-particle and neutron irradiation. As for the power
dissipation, BCDMR-ACFF has 38.5% power of the original
BCDMR at 0% data activity from the measurement results.
By measuring 5 process corner chips, we can not find any
specific differences of soft error rates. We expect that the
BCDMR-ACFF has better error resilience than the original
BCDMR for « particles, because BCDMR-ACFF is based on
ACFF which has almost lower error rates than TGFF.
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