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Abstract—Page Isolation, which can be statically imple-
mentable to FTL, lowers the capacity loss, which is caused by the
retirement of the aged blocks, by enabling the use of some pages
of these blocks beyond at least 6.25x their anticipated lifetime,
improving sustainability.

Index Terms—endurance, flash memory, FTL, page isolation,
reliability, SSD

I. INTRODUCTION

Flash memories are widely used in various applications
due to their high density and non-volatility with the support
of reliability techniques for known endurance (number of
Program-Erase (P/E) cycles) limitation [2]. These techniques
include device-level recovery, such as self-healing [3] and
Proactive Recovery [4], or system-level mitigation, such as
over-provisioning, wear-leveling, and read-retry [5]. The goal
is to maintain data integrity at higher endurance levels.
However, to the best of the authors’ knowledge, none of
these techniques address flash blocks that have reached the
uncorrectable error limit. We refuse to abandon aged blocks
and instead give them a second (or multiple) chance with
the Page Isolation technique. This technique isolates pages to
mitigate cell-to-cell program interference, parasitic capacitive
coupling, bias voltage conditions, program & read disturbance
on the same bit-line, and NAND architecture dependencies
[6]. Page Isolation enables the use of end-of-life block pages
after the age at which they reach uncorrectable errors by using
some pages for isolation. This approach helps prevent waste
during “bad block management” in the Flash Translation Layer
(FTL).

II. PAGE-TO-PAGE INTERFERENCE

NAND flash memory blocks are constructed with an array
of floating-gate (or charge-trap) transistors (cells). Rows are
called word-lines/pages (parallel cells), and columns are called
bit-lines (serial cells). Data are stored as threshold voltage
(Vi) ranges (states), and Program and Erase operations
change these states of a cell through electron movements.
Data are read by applying a Read-Reference-Voltage to the
target transistor’s gate and a Pass-Voltage to others in the same
bit-line, and sensing the bit-line’s current. However, these
mechanisms can unintentionally alter the target cell’s threshold
voltage or the sensed current, causing errors. These include
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Fig. 1. The Page Isolation Technique for already aged blocks.

cell-to-cell program/read interference, parasitic capacitive cou-
pling, bias voltage conditions, and program/read disturbance
[6] [7] [8]. The most significant effect is from programming
(and reading) direct neighboring pages ((n & 1)) [6]. The
next most significant effect is from programming the next-
next neighboring pages ((n #+ 2)™), which is less than 10% of
the direct neighbor effect [6]. Even distant neighbor pages can
affect each other as they contribute to the load of the shared
bit-line. These inter-dependencies become more prominent as
blocks age. Our Page Isolation technique aims to minimize
and mitigate these dependencies in already-aged blocks.

III. PROPOSED TECHNIQUE: PAGE ISOLATION

We propose the Page Isolation technique for blocks that
have reached or exceeded their end-of-life, deemed unusable
(“bad” blocks). This technique does not cause any capacity
loss; instead, it prevents capacity loss in aged flash memory.
An FTL in SSD removes “bad” blocks from the free address
list. Our approach prevents at least some from being removed
from the list. Page Isolation simply uses neighboring pages
for isolation and gives a second chance to the rest of the
pages in already-aged blocks. Fig. 1 shows when and how
the technique is implemented, starting with 1-Page-Isolation,
using every other page in an aged block, and switching to more
isolation pages after reaching uncorrectable errors again.

IV. EXPERIMENTAL RESULTS: LIFE AFTER DEATH

We have tested Page Isolation on both 2D [9] and 3D
NAND Flash in SLC (single-level cell) mode. SLC mode
is preferred for reliability-demanding applications, and Page
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Fig. 2. Time-0 retention byte error rate results for the proposed Page Isolation
Technique with 2D NAND flash, which is presented in Fig. 1. The technique
allows the block to be used beyond its lifetime with at least an additional 7.7 x
endurance (calculated based on the total experiment duration). The experiment
is completed at 50 °C, and random data patterns are used. The value of the
ECC limit equals 1/((528) x 8) for the flash we tested [9]

Isolation is primarily suitable for page & word-line matching
architectures. We started with no-isolation (traditional opera-
tion), and after reaching the ECC limit, we switched to 1-Page-
Isolation. After that, we transitioned to 2-Page-Isolation, but
did not switch to 3-Page-Isolation, as no errors were observed
after switching to 2-Page Isolation. The technique presents a
3.5 endurance improvement for 50% of the aged pages (1-
Page-Isolation) and more than a 7.7 improvement for 33%
(2-Page-Isolation) at 50 °C for 2D NAND, as reported in
Fig. 2. No errors were observed throughout the 500k duration
of the experiment with 2-Page Isolation. Therefore, the actual
endurance improvement should be much higher for 2-Page-
Isolation and 3-Page-Isolation.

Extensive experimental results are reported in [1], including
high-temperature retention, decoupling the effect of Page
Isolation on stress Page Isolation and error detection at various
temperatures (25 °C, 50 °C and 95 °C), and decoupling
program interference and read disturbance and cycling latency.
During cycling latency experiments, we measured the average
elapsed time of P/E cycles, as a wear-out metric, in addition
to the error rate. The increase in the latency occurs due to
the repetition of the Erase operation until it is successfully
erased. Unsuccessful Erase operations indicate that the block is
aging. For Page Isolation at 50 °C, the latency remains steady
until 400k P/E cycles. Therefore, we can point out that for
the applications in which performance is crucial, the lifetime
improvement can be expected to be 6.25x instead of 7.7x as
mentioned previously (in Fig. 2).

Page Isolation showed a smaller lifetime improvement at
25 °C compared to 50 °C. Both 2D and 3D NAND ex-
perienced similar benefits from 1-Page-Isolation at 25 °C,
with improvements of 1.27x and 1.19x, respectively; and
2D NAND benefits from 2-Page-Isolation by at least 1.8x. A
smaller improvement in 3D NAND is expected due to its three-
dimensional cell-to-cell dependencies. We plan to conduct
extensive experiments with 3D NAND flash to provide a more
comprehensive comparison.

V. IMPLEMENTATION AT FLASH TRANSLATION LAYER

The FTL manages data transfer and integrity in SSDs be-
tween the host and flash dies [10], using multiple modules such
as wear-leveling, address translation, garbage collection, bad
block management, etc. [10]. Page Isolation can be integrated
into the “address translation” and “bad block management”
modules. During address translation, “logical addresses” are
mapped to “physical addresses” from the free list. When a
block is declared as “bad”, FTL will decide which isolation
method to use (e.g., 1-age, 2-page, etc.), remove only the
isolation pages from the free list, and add the rest. Therefore,
not the entire block will be discarded. We plan to implement
our technique into the FTL in MQSim [11] to evaluate the
system-level implications and capacity improvements.

VI. CONCLUSION

The proposed Page Isolation technique, which is applicable
to any type of flash memory, allows using at least 50% of
an aged block’s pages that would otherwise be removed from
the free block list. The key idea is to reduce the dependencies
by simply using some aged blocks for isolation. Our compre-
hensive experiments prove that Page Isolation reduces waste
by giving abandoned pages a second life. It increases the
endurance of such pages by at least 7.7x (or 6.25x) at 50 °C
for 2D NAND. The preliminary results with 1-Page-Isolation
for 25 °C show smaller but similar enhancement for 3D. Since
it can be implemented statically in the FTL firmware, it doesn’t
introduce any penalty.
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