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ABSTRACT

3D NAND flash memory with advanced multi-level cell techniques
provides high storage density, but suffers from significant perfor-
mance degradation due to a large number of read-retry operations.
Although the read-retry mechanism is essential to ensuring the
reliability of modern NAND flash memory, it can significantly in-
crease the read latency of an SSD by introducing multiple retry
steps that read the target page again with adjusted read-reference
voltage values. Through a detailed analysis of the read mechanism
and rigorous characterization of 160 real 3D NAND flash memory
chips, we find new opportunities to reduce the read-retry latency by
exploiting two advanced features widely adopted in modern NAND
flash-based SSDs: 1) the CACHE READ command and 2) strong ECC
engine. First, we can reduce the read-retry latency using the ad-
vanced CACHE READ command that allows a NAND flash chip to
perform consecutive reads in a pipelined manner. Second, there
exists a large ECC-capability margin in the final retry step that can
be used for reducing the chip-level read latency. Based on our new
findings, we develop two new techniques that effectively reduce the
read-retry latency: 1) Pipelined Read-Retry (PR?) and 2) Adaptive
Read-Retry (AR?). PR? reduces the latency of a read-retry operation
by pipelining consecutive retry steps using the CACHE READ com-
mand. AR? shortens the latency of each retry step by dynamically
reducing the chip-level read latency depending on the current op-
erating conditions that determine the ECC-capability margin. Our
evaluation using twelve real-world workloads shows that our pro-
posal improves SSD response time by up to 31.5% (17% on average)
over a state-of-the-art baseline with only small changes to the SSD
controller.
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1 INTRODUCTION

NAND flash memory is the prevalent technology for architecting
storage devices in modern computing systems to meet high storage-
capacity and I/O-performance requirements. 3D NAND technology
and advanced multi-level cell (MLC) techniques enable continuous
increase of storage density, but they negatively affect the reliability
of modern NAND flash chips. NAND flash memory stores data as
the threshold voltage (Vry) level of each flash cell, which depends on
the amount of charge in the cell. New cell designs and organizations
in 3D NAND flash memory cause a flash cell to leak its charge more
easily [7, 65, 66]. In addition, MLC technology significantly reduces
the margin between different V1 levels used to store multiple
bits in a single flash cell. Consequently, the V1yy level of a 3D
NAND flash cell with advanced MLC techniques (e.g., triple-level
cell (TLC) [6, 37] or quad-level cell (QLC) [32, 44]) can quickly shift
beyond the read-reference voltage Vggr (i.e., the voltage used to
distinguish between cell Vg levels) after programming, which
results in an error when reading the cell.

To guarantee the reliability of stored data, a modern SSD com-
monly adopts two main approaches. First, a modern SSD employs
strong error-correcting codes (ECC) that can detect and correct sev-
eral tens of raw bit errors (e.g., 72 bits per 1-KiB codeword [73]).
Second, when ECC fails to correct all bit errors, the SSD controller
performs a read-retry operation that reads the erroneous page' again
with slightly-adjusted Vrgr values. Since bit errors occur when the
Vth levels of flash cells shift beyond the VRgr values, sensing the
cells with appropriately-shifted VRgr values can greatly reduce the
number of raw bit errors [6-8, 10-14, 16, 64—66, 84].

Although read-retry is essential to ensuring the reliability of
modern NAND flash memory, it comes at the cost of significant
performance degradation. A read-retry operation repeats a retry
step until it finds Vrgp values that allow the page’s raw bit-error
rate (RBER) to be lower than the ECC correction capability (i.e., the
number of errors correctable) or finds for sure that the page cannot
be read without errors. Recent work [84] shows that a modern SSD
with long retention age values (i.e., how long data is stored after
it is programmed) and high program/erase (P/E) cycles (i.e., how

! A NAND flash memory concurrently reads and writes multiple cells at a page
(e.g., 16 KiB) granularity (see Section 2.2).
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many writes/erases are performed) su ers from a large number of
read-retry operations that increase the read latency linearly with
the number of retry steps. Our experimental characterization using
160 real 3D TLC NAND ash chips, in this work, shows that a read
frequently incursmultiple retry steps even under modest operating
conditions. For example, under a 3-month data retention ageead

P/E cycles (i.e., at the beginning of SSD lifetime), we observe that
every read requires more than three retry steps.

Prior works [12, 13 64 66, 77, 84 attempt to reduce the number
of retry steps by quickly identifying near-optima¥/rgpvalues, but
read-retry is a fundamental problem that & cult to completely
eliminatein modern SSDs. For example, an existing technic@ [
reads a page usingrgpvalues that have been recently used for a
read-retry operation on other pages exhibiting similar error char-
acteristics with the page to read. Doing so signi cantly reduces
the number of retry steps by starting a read (and retry) operation
with the Vrgpvalues close to theptimal read-reference voltage
(Vop) values. However, this technique cannot completely avoid
read-retry:every readstill incurs at least three retry steps in an
aged SSDd4. This is because, in modern NAND ash memory,
the V1 levels of ash cells change quickly and signi cantly over
time, which makes it extremely di cult to identify the exaclVRrgr
values that can avoid read-retry before reading the target page.

In this paper, we identify new opportunities to reduce the read-
retry latency by exploiting two advanced architectural features
widely adopted in modern SSDs: 1) tiACHE REAEommand55
67, 69 and 2) strong ECC engine, 7]. First, we nd that it is
possible to reduce the total execution time of a read-retry operation
using theCACHE REABommand that allows a NAND ash chip to
perform consecutive reads in a pipelined manner. Since each retry
step is e ectively the same as a regular page read, @&CHE READ
command also enables concurrent execution of consecutive retry
steps in a read-retry operation.

Second, we nd that a large ECC-capability margin exists in
the nal retry step. Although a read-retry occurs when the read
page's RBER exceeds the ECC capability (i.e., when there is no
ECC-capability margin), once a read-retry operation succeeds, it
allows the page to be eventually readthout any uncorrectable
errors (i.e., there exists gositiveECC-capability margin in the nal
retry step). We hypothesize that the ECC-capability margin is large
due to two reasons. First, a modern SSD usiesngECC that can
correct several tens of raw bit errors in a codeword. Second, in the

nal retry step, the page can be read by usimgar-optimaNVRrgr
values that drastically decrease the page's RBER. If we can leverage
the large ECC-capability margin to reduce tipage-sensing latency
tR, it allows not only the nal retry step to quickly read the page
without uncorrectable errors but also the earlier retry steps (which
would fail anyway even with the defaultR ) to be nished more
quickly. To validate our hypothesis, we characterize 1) the ECC-
capability margin in each retry step and 2) the impact of reducing
tR on the page's RBER, using 160 real 3D TLC NAND ash chips.
The results show that we can safely redutg® of each retry step

by 25% even under the worst-case operating conditions prescribed
by manufacturers (e.g., a 1-year data retention ag4 pt 1.5K P/E
cycles [73]).
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Based on our ndings, we develop two new read-retry mecha-
nisms that e ectively reduce the read-retry latency. First, we pro-
posePpelinedReadRetry (PR) that performs consecutive retry
steps in a pipelined manner using tt@ACHE REABPommand. Un-
like the regular read-retry mechanism that starts a retry stafber

nishing the previous retry step, PRperforms page sensing of a
retry step during data transfer of the previous retry step, which
removes data transfer and ECC decoding from the critical path of a
read-retry operation, reducing the latency of a retry step by 28.5%.
Second, we introducAdaptiveReadRetry (AR) that performs each
retry step with reduced page-sensing latendR(), leading to a fur-
ther 25% latency reduction even under the worst-case operating
conditions. Since reducintR inevitably increases the read page's
RBER, an excessi¥R reduction can potentially cause the nal
retry step to fail to read the page without uncorrectable errors. This,
in turn, introduces one or more additional retry steps, which could
increase the overall read latency. To avoid increasing the number
of retry steps, AR uses the besR value for a certain operating
condition that we nd via extensive and rigorous characterization
of 160 real 3D NAND ash chips.

Our two techniques require only small modi cations to the SSD
controller or rmware but no change to underlying NAND ash
chips. This makes our techniques easy to integrate into an SSD
along with existing techniques that aim to reduce timemberof
retry steps per read-retry operationlp, 13 64 66, 77, 84. Our
evaluation using twelve real-world workloads shows that our two
technigues, when combined, signi cantly improve the SSD response
time by up to 50.8% (35.2% on average) in a baseline high-end SSD.
Compared to a state-of-the-art research baselifid[our proposal
reduces SSD response time by up to 31.5% (17% on average) in
read-dominant workloads.

This paper makes the following key contributions:

To our knowledge, this work is the rst to identify new oppor-
tunities to reduce the latency of each retry step by exploiting
advanced architectural features widely adopted in modern SSDs.
Through extensive and rigorous characterization of 160 real 3D
TLC NAND ash chips, we make three new observations on mod-
ern NAND ash memory. First, a read-retry occurs frequently
even under modest operating conditions (Section 3.1). Second,
when a read-retry occurs, there is a large ECC-capability mar-
gin in the nal retry step even under the worst-case operating
conditions (Section 5.1). Third, there is substantial margin in
read-timing parameters, which enables safe reduction of the
page-sensing latency in a read-retry operation (Section 5.2).
Based on our ndings and characterization results, we propose
two new techniques, PRand AR, which e ectively reduce
the latency of each retry step, thereby reducing overall read
latency. Our techniques require only very small changes to the
SSD controller or rmware. By reducing the latency of each retry
step while keeping the same number of retry steps during a
ash read, our proposal e ectively complements existing tech-
niques [L2 13 64 66 77, 84 that aim to reduce the number of
retry steps, as we empirically demonstrate (Section 7).
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2 BACKGROUND

We provide brief background on relevant aspects of NAND ash
memory necessary to understand the rest of the paper.

2.1 NAND Flash Organization

NAND ash memory is hierarchically organized. Figure 1 illustrates
the organization of a 3D NAND ash chip. Multiple (e.g., 24 to 176)
ash cells (Figure 1(a)) are vertically stacked and fornNAND
string (Figure 1(b)) that is connected to a bitline (BL). NAND strings
at di erent BLs compose aub-block The control gate of each
cell at the same vertical location in a sub-block is connected to
the same wordline (WL), which makes all the cells at the same
WL operate concurrently. Alockconsists of several (e.g., 4 to 8)
sub-blocks, and thousands (e.qg., 3,77®)[of blocks constitute a
plane A NAND ash chip contains multipledies(Figure 1(c)), each
of which comprises multiple planes (e.g., two or four planes per
die [39). Dies in a NAND ash chip can operate independently of
each other, while planes in a die can concurrently operate under
limited conditions as they usually share the same row decodt.[

Figure 1: Organization of 3D NAND ash memory.

A ash cell encodes bit data using its threshold voltagér(y)
level. As shown in Figure 1(a), a ash cell has a special material,
called a charge traf which can hold electrons without power
supply. The larger the number of electrons in the charge trap, the
higher the cell'sVt level. In single-level cell (SLC) NAND ash
memory, for example, a cell can encode one bit of data by encoding
its high and low \fy levels as "0' and "1', respectively.

2.2 NAND Flash Operation

Three basic operations enable access to NAND ash memory: 1) pro-
gram, 2) erase, and 3) read.

Program and Erase Operations. A program operationinjects
electrons into a cell's charge trap from the substrate by applying
a high voltage ( 20 V) to the WL, which increases the celVgy

level (i.e., program operation can only change a cell's data from "1'
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A NAND ash chip performs an erase operation at block gran-
ularity (for cost reasons). This leads to a high erase bandwidth
because a block consists of hundreds (e.g., 379 ¢r thousands
(e.g., 1,47244)) of pages, but also causes the erase latetByRS

to be much longer than program latendPROG (e.g., 3.5 ms vs.
660" s [37]).

Read Operation. NAND ash memory determines a cell's data (i.e.,
the cell'sVty level) by identifying whether current ows through
the corresponding BL. Figure 2 depicts the read mechanism of
NAND ash memory that consists of three phases:fdtpcharge?)
evaluation and 3)dischargg68].

Figure 2: Read mechanism of NAND ash memory.

In the precharge phase {n Figure 2), a NAND ash chip charges
each target BL and its sense-out (SO) capadiignto a speci c
voltageVpre(@). The chip also applies the read-reference voltage
VRerto the target cell (i.e., WL) at the same tim#@), which enables
the BL to sink current through the NAND string depending on the
cell'sVry level (i.e., the BL can sink current whery Y VREQ.?’
The chip then enters the evaluation phadé {n Figure 2) in which
it disconnects the BL fronVpre(®) and enables the sense ampli er
(SA) @). If the target cell had been programmed (i¥1H i VRED,
the capacitance d€sphardly changes as the BL cannot sink current.
In contrast, if the cell had been erased, charge&ligo quickly ows
through the BL, which rapidly decreases the SO-node voltage below
the SA's reference voltagésr Finally, the chip discharges the BL
(I in Figure 2) to return to the initial state for future operation@)
and@). As a result, the chip-level read latenti® can be expressed
as follows:

tR = #gense ! tPRE | tEVAL | tDISCH© (1)

where# sensds the number of sensing times required to read a
page, andPRE, tEVAL , andtDISCH are thetiming parameters
that de ne the latency for the precharge, evaluation, and discharge
phases, respectively. In SLC NAND ash mematygense= 1 be-
cause there are only twi¥/tH states, while# sensgncreases up to
3in TLC NAND ash memory to identify a speci &/ state out

to "0" assuming the SLC encoding described above). As a set of ash of eight  2°) di erent V 1y states [6, 7].

cells are connected to a single WL in NAND ash memory (i.e., the
same voltage is applied to the control gate of every cell in the same
WL), data is written atpage granularity(e.g., 16 KiB) such that each
cell at the same WL stores one bit of the page.

An erase operatiorjectelectrons from a cell's charge trap by ap-
plying a high voltage { 20 V) to the substrate, which decreases the
cell'sVTy level. As program and erase operations argdirectional
a page needs to be erased rst to program dataase-before-write

2itis also possible to design 3D NAND ash memory with oating-gate cel&T,
but most 3D NAND ash chips adopt cylindrical charge-trap cells (e.g., TCA3,[
p-BICs [38], and SMAIT [22]) [6, 7, 65, 66, 84].

Manufacturers carefully decide the three timing parameters to
ensure correct operation. For example,tFRE is too short to
fully charge the BL andCso, Vso can be lower tharvsrin the
evaluation phase even when the target cell is programmed. A too-
shorttDISCH can also lead to raw bit errors by leaving some BLs
partially charged. Since it takes more time to stabilize all BLs when
there are some partially-charged BLs compared to when all BLs
are fully discharged, the next precharge phase would likely fail to
properly set all BLs to ¥regwithin the tPRE latency.

3To ensure that only the target cell'¥TH level a ects the current through the

BL, the gate voltage of all other cells in the same NAND string is seftass(j 6V),
which is much higher than the highest#; level of any ash cell [6, 7, 12]
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2.3 Reliability Problems in NAND Flash

In NAND ash memory, a variety of sources including program
interference B, 13 48 79, read disturbancell, 2§, and data reten-
tionloss [12 14, 15 64 introduce bit errors in stored datad, 7,9, 10.
Figure 3(a) shows th¥ty distribution of a WL in SLC NAND ash
memory and how it is a ected by various error sources. Reading
or programming a ash cell (i.e., WL) slightly increases they
level of othercells(in other WLs) in the same block by unintention-
ally injecting electrons to their charge traps (i.e., read disturbance
and program interference). A ash cell also leaks electrons in its
charge trap over time (i.e., retention loss), which decreases the
cell'sVty level. If a cell'sVty level moves beyond th¥rgpvalue,

a bit error occurs as the cell's data is sensed to be di erent from
the data originally programmed into it. Prior works show that re-
tention loss is the dominant source of errors in 3D NAND ash
memory [7, 49 65 66 84. Compared to 2x-nm planar NAND ash
memory, 3D NAND ash memory experiences 40% less program
interference and 96.7% weaker read disturbance while it su ers
from a larger number of retention errors that occur faster [66].

Figure 3: V1y distribution of NAND ash memory cells.

A ash cell becomes more susceptible to errors as it experiences
more program and erase (P/E) cyclé$)[35 64. The high voltage
applied to the WL and substrate during program and erase opera-
tions damages the ash cell's tunnel oxide, which causes its charge
trap to more easily get/leak electrons. After a certain number of
P/E cycles, a ash cell igrorn out(i.e., it cannot be used any longer)
as it cannot retain its stored data for a requireeitention agei.e.,
how long data is stored after it is programmed (e.g., 1 yeat B4).

The multi-level cell (MLC) technique aggravates the reliability
problems in NAND ash memory. As shown in Figure 3(b), TLC
NAND ash memory stores three bits in a single cell using eight (i.e.,
29) di erent V1 states (i.e., levels). To pack mdrgy states within
the same voltage window, MLC NAND ash memory inevitably
narrows the margietween adjacen¥ty states, which increases
the probability that a cell programmed into a particularyf state
is misread as belonging to an adjacent)ystate.

2.4 Reliability Management in NAND Flash

Error-correcting Codes (ECC). To guarantee the reliability of
stored data, it is common practice in modern SSDs to employ error-
correcting codes (ECC). ECC can detect and correct bit errors within
a unit of data, called a codeword, by storing redundant bits (i.e., ECC
parity) into the codeword. To address signi cant reliability degra-
dation in modern NAND ash memory, a modern SSD typically
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adopts sophisticated ECC, such as Bose-Chauduri-Hocquenghem
(BCH) [p] and low-density parity-check (LDPCY[/] codes, which
can correct up to several tens of raw bit errors within a codeword
(e.g., 72 bit errors per 1-KiB codeword [73]).

Read-Retry Operation. As modern NAND ash memory becomes
more susceptible to errors, it is challenging even for strong ECC to
guarantee the reliability of stored data: a pageésv bit-error rate
(RBER, the fraction of error bits in a codeword before ECC) quickly
increases beyond thECC capabilityi.e., the error-correction ca-
pability of ECC, de ned as the number of error bits correctable
per codeword). This signi cantly degrades the lifetime of NAND
ash memory since a block's lifetime is determined by the number
of P/E cycles that can be performed until the block can retain the
RBER lower than the ECC capability for a minimum retention re-
quirement [6, 24, 34]. Using more sophisticated ECC (with higher
ECC capability) can mitigate the lifetime degradation, but it also
introduces signi cant area and latency overheads [6, 7, 15].

To address this, a modern SSD commonly adopts a mechanism
calledread-retry[9, 10, 26 54, 84, 93. Figure 4 shows how read-
retry reduces a page's RBER to be lower than the ECC capability.
As shown in Figure 4(a), retention loshiftsandwidensthe V1
distribution of each state, increasing the number of ash cells whose
V1H level moves beyond the correspondiMgiervalue (e.9.VRes
for the PG, 1) state). When the number of such cells becomes
higher than the ECC capability, gead failureoccurs, and the SSD
controller invokes a read-retry operation for the page. The read-
retry operation reads the pagagainwith di erent Vrepvalues (e.g.,
VRrs at the8th read-retry step in Figure 4(a)), which decreases the
number of cells misread as belonging to anothéfy state. The
controller performs further retry steps until it either successfully
reads the page without uncorrectable errors or fails to reduce the
page's RBER to a value lower than the ECC capability even after
trying all of the Vregvalues that are available to the mechanism.

How to adjust theVrgpvalues is the most critical design choice
in the read-retry mechanism. Th¥ty distribution of each state is
very narrowin modern MLC NAND ash memory to store bits
per cell using® V1y states (e.g., 181H states in QLC NAND ash
memory). This causes the page's RBER to be extremely sensitive
to the distance of thé/rgpvalue from theoptimal read-reference
voltageVopT In Figure 4(a), for example, we can see thglrs 10

Figure 4: RBER reduction via the read-retry mechanism.
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leads to a signi cantly larger number of bit errors (i.e., a wider gray
area before/grry 10) compared toVrpe , Which is closer toVopT.

Through extensive pro ling of NAND ash chips, manufactur-
ers provide sets o¥/rgrvalues used for a read-retry operation
which guarantee thé/rgpvalues in the nal retry step to be sub-
stantially close toVppT. Figure 4(b) shows how two pages' RBER
values change in théast fourretry steps when reading the two
pages requires 16 and 21 retry steps, respectively. We measure the
RBER values from real 3D TLC NAND ash chips (see Section 4
for detailed description of our infrastructure and methodology).
As shown in Figure 4(b), each page's RB#HRstically decreases in
the nal (i.e.,# -th) retry stepdue to the use ohear-optimaNVRrer shows that 54.4% of reads incur at least seven retry steps under a 6-
values, enabling the correct reading of the page. month retention age even when the pages haweverexperienced

The read-retry mechanism is essential improving reliability and  P/E cycling (the dot-circle in the left plot). At 1K P/E cycles, at
enhancing SSD lifetime, but a read-retry operation can signi cantly  least eight read-retry steps are needed to read a page only after a
degrade SSD performance duentwiltiple retry steps it causes. In 3-month retention age (the dot-circle in the center plot of Figure 5).
general, the page-read latentR EAD can be formulated as follows: ~ This means that the performance degradation due to read-retry

Figure 5: Read-retry characteristics of 160 3D TLC NAND
ash memory chips under di erent operating conditions.

tREAD = tR , tDMA, tECC , tRETRY @) operations can be signi cant not only under worst-case conditions
) i but also under the common case.
wheretR , tDMA, tECC, andtRETRY are the latencies of sensing Our characterization results clearly show the importance of mit-

the page data (Equatiofi)), transferring the sensed data from the  jgating the read-retry overhead. Prior works propose several tech-

chip to the SSD controller, decoding the data with the ECC engine, pjques that reduce theumberof retry steps [L2, 13 64 66,77, 84,

and performing a read-retry operation, respectively. When a page pyt read-retry is di cult to completely avoidh modern SSDs as

read requirestrr(  0) retry stepstRETRY can be expressed as v/ quickly and signi cantly changes over time. For example, an

follows [12, 84]: existing technique can reduce the average number of read-retry
tRETRY = #RrRr ! tR , tDMA tECC®” (3) steps by about 70% under a 1-year retention age at 2K P/E cycles,

. L . . . but for everypage read, it requires at least three retry steps [84].
Since a read-retry operation increas#®EAD linearly with #rg it ypag q y steps [84]

can signi cantly degrade SSD performance. 3.2 Optimization Opportunities for Read-Retry

3 MOTIVATION We identify two new opportunities to reducéRETRY by exploit-
In this section, we 1) present read-retry characteristics of modern ing two advanced architectural features in modern SSDs: 1) the
NAND ash memory, and 2) introduce two new opportunities for ~ CACHE READommand and 2) the strong ECC engine.

reducing the read-retry latency. 3.2.1 Exploiting the CACHE READFeature. Modern NAND

3.1 Read-Retry in Modern NAND Flash ash memory supports an advanced command cal@CHE READ
To understand how many read-retry operations occur in modern  [93 67 69 71,83 87 that can e ectively reducetREAD by pipelin-
NAND ash memory and how frequently they occur, we character-  INg consecutive read requestsEarly generations of NAND ash

ize 160 real 3D TLC NAND ash chips under di erent operating ~Mmemory support theCACHE REAEature only forsequential reads
conditions (see Section 4 for detailed description of our infrastruc- (I-€-, Only when the target page of an incoming reagfysically next
ture and methodology). We measure the number of read-retry steps 0 the currently accessedpf. However, to improve the random-
for more than10/ pages that are randomly selected from the 160 réad performance, which is critical in popular applicatiorsd 8,
NAND ash chips, under di erent operating conditions. Figure 5 Such as key-value storegffand graph analytics §3, manufactur-
shows the probability of occurrence of di erent numbers of retry €S including Samsung, Micron, and Toshiba have extended the

steps (in gray scale) for di erent P/E-cycle counts argtention CACHE READomma_lnd to supporény consecutive page reads re-
agesA box at G ~) represents the probability that a read requires ~ 9ardless of the locations of the pages to be read (7, 71, 83 87).

a read-retry operation with- retry steps undeiGmonth retention Figure 6 shows how an SSD controller reduces the latency of
age. Figure 5 plots the probability under three di erent P/E-cycle @ P2ge read using th€ACHE READommand. As shown in Fig-

counts, 0 (left), 1K (center), and 2K (right). ure 6(a), with t_he basieAGE REAIDc_)m_mand, an SSD controller

We make two observations from the results. First, a page read €an start reading pags only after nishing the data transfer of
introduces a signi cant number of retry steps especially when the ~PageA. (The data of pagéis decoded by the ECC engine dedicated
page experiences more P/E cycling and/or has a longer retention 0 the channel f], so the SSD controller can concurrently perform
age. While areshpage (i.e., with no P/E cycling and O retention ~ Sensing of pag® with ECC decoding of pagé.) In contrast, as
age) can be read without a read-retry, the average number of retry Shown in Figure 6(b), the SSD controller can issuACHE READ
steps signi cantly increases to 19.9 under a 1-year retention age at command for pagé beforestarting the data transfer of pagé so
2K P/E CyCIeS’ which in turn increasé8EAD by 21 on average. 4The CACHE REABommand requires an additionahche (i.e., page bu & the
Second, a read-retry occurs very frequemly even under modest NAND ash chip to store sensed datg while transferring the prévibﬂs%/-sensed data to
operating conditions, introducing a number of retry steps. Figure 5 the SSD controller.
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Infrastructure. We use an FPGA-based testing platform that con-
tains a custom ash controller and a temperature controller. The
ash controller allows us to access a NAND ash chip using all
the commands implemented in the chip. It supports not only basic
read/program/erase operations, but also dynamic change of timing
parameters for a read by using tf®&ET FEATUREommand PJd.
The temperature controller maintains the temperature of a NAND
Figure 6: Comparison of (a) basic PAGE REABommand and ash chip within 1 C of the target temperature. This allows us
(b) CACHE READPommand (see pageB in each gure). to testa NAND ash chip under di erent operating temperatures
(i.e., the temperature when a page is read or programmed) and ac-
that the chip can concurrently perform both the data transfer of  g|erate retention loss based on Arrhenius's La® (e.g., 13 hours
pageA and sensing of pagB. Since each retry step of aread-retry gig5c 1 year at30 C). We characterize 160 48-layer 3D TLC
operation is e ectively the same as a regular page read, we can NAND ash chips in which tPRE, tEVAL , tDISCH i = 24 s,
also perform consecutive retry steps in a pipelined manner via the g s,10's (i.e tPREZEVAL tDISCH  5:1:2) by default.
CACHE REABommand, which in turn reduces the total execution  pethodology. To minimize the potential distortions in our charac-
time of a read-retry operation. terization results, we randomly select 120 blocks from each of the

3.2.2 Exploiting Large ECC-Capability Margin. We nd that 160 3D NAND ash chips at di erent physical block locations and
there would bea large ECC-capability marginvhen a read-retry perform read tests for every page in each selected block. We test
occursThis may sound contradictory as a read-retry occurs only @ total of 3,686,400 WLs (11,059,200 pages) to obtain statistically
when the page's RBER exceeds the ECC capability, i.e., when thereSigni cant experimental results. Unless speci ed otherwise, we
is no ECC-capability margin. However, when a read-retry operation  "€Port a representative (i.e., maximum and/or average) value across
succeeds, the page is eventually reahout any uncorrectable @l the tested pages from the 160 chips. Faead tesbf a page, we
errors, which means that there exists positiveECC-capability rst read the target page with default read-timing parameters and
margin in the nal retry step if it succeeds. We hypothesize that ~measure the page's RBER. When a read failure occurs, we perform
the ECC-capability margin is large due to two reasons. First, as @ read-retry operation while measuring the page's RBER in each
explained, a modern SSD usstsongECC that can correct several ~ 'etry step. Then, using the samérgrvalues used in the nal retry
tens of raw bit errors in a codeword. Second, in the nal retry ~ Step, we repeat reading of the page and measure its RBER while
step, the page can be read by usingar-optimaNggpvalues that reducing read-timing parameters, in order to evaluate the impact of
drastically decrease the page's RBER as explained in Section 2.4. reducing the timing parameters on the RBER in the nal retry step.

If we can empirically demonstrate and methodically leverage ~ We perform read tests while varying the P/E-cycle count, re-
the large ECC-capability margin in the nal retry step to reduce  tention age, and operating temperature, all of which are shown
the page-sensing latentiy , doing so allows us to redudRETRY to signi cantly a ect a ash cell's error behavior [, 7, 9, 10, 12
considerably. This is becaus® is the dominant factor itRETRY 14,64 66 84. We follow the test procedures of the JEDEC industry
especially when we use theACHE REABommand in a read-retry standard B4 in each read test. To increase the P/E-cycle count of
operation. Although reducingR may increase the page's RBER as @ block, we repeat the cycle of 1) programming every page in the
explained in Section 2.2, we caafelyreducetR for a read-retry block with random daté and 2) erasing the block. For each target
operation as long as the number of additional bit errors introduced ~P/E-cycle count, we test each page while varying the retention age
by the reducedR is lower than the large ECC-capability margin and operating temperature by using the temperature controller.

in the nal retry step. We hypothesize that this is the common case 5 CHARACTERIZATION RESULTS

ig]\f; ?;?Tﬁ;ﬁg:;?rf::;'”;:rsatt'icna”fg;;?t?ow:'gg dparrc?cr,gitse:;:?a We present and analyze our real-device characterization results
P Y P on 1) the ECC-capability margin in the nal retry step and 2) the

tion Llr? 1}5 5253 7t4 3 tl;or e);ﬁmpéi’ a:jn Ol:t“ir BL canthave reliability impact of reducing read-timing parameters, collected
much higher capacitance than other BLs due to its geometry (e.g., across 160 3D TLC NAND ash chips.

thick wire, narrow contacts, and high parasitic capacitance), which
signi cantly increases the time for the BL to be fully charged. Even 5.1 ECC-Capability Margin in Final Retry Step

if the fraction of such BLs may be very low, eliminating all of them  Figure 7 depicté gre% , Ge1), i-€., the maximum number of bit
from a chip either requires extreme e ort or leads to a signi cant  errors per 1-KiB data in the nal read-retry step under di erent P/E-

loss in chip yield. Consequently, such outlier BLs dicté®e, even cycle counts% ) and retention ageskerT, unit: monthsy, at three

though most BLs can correctly operate with reducel. di erent operating temperatures: (85 C, (b)55 C, and (c)30 C.
We also plot the ECC capability at 72 errors per 1 KiB. We make

4 CHARACTERIZATION METHODOLOGY three key observations. First, there is a large ECC-capability margin

To test our hypothesis in Section 3.2.2, we characterize 1) the ECC-

capability margin in the nal retry step and 2) the reliability impact 6Although a page's RBER has data-pattern dependefics, [15 66, we use

of tR reduction, using 160 real 3D TLC NAND ash chips. random data because modern SSDs commonly usata randomizef6, 17, 43 57] to

avoid the worst-case data patterns that may cause unexpected read failures.
- A ash cell's retention loss is signi cantly a ected by ambient temperature. We
SECC-Capability Margisr Maximum Number of Raw Bit Errors a Given ECC can  show thee ectiveretention age aB0 C, following an industrial standard that speci es
Correct per CodewordNumber of Raw Bit Errors Present in a Codeword. the retention requirements of NAND ash-based SSDs [34].
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in the nal retry step even under the worst-case operating conditions our characterization results with the nal timing parameters we
prescribed by manufacturers (e.g., a 1-year retention &tyg 4t decide for reliabldRETRY reduction (Section 5.2.3).

1.5K P/E cyclesr[d). We observe that eveh grg2K, 12) aB0 C is
quite low, leaving a margin as large as 44.4% of the ECC capability.
This shows that, although strong ECC is an inevitable choice for a
modern SSD, its high ECC capability is largely underutilized when
a read-retry eventually succeeds, due to the use of near-optimal
VRepvalues in the nal retry step.

5.2.1 Reduction of Individual Parameters. We rst evaluate
the e ect of reducing individual read-timing parameters under
di erent operating conditions. Figure 8 shows" grgr the max-
imum increaseof raw bit errors per 1-KiB data when we read a
page at85 C° with reduced (aPRE, (b)tEVAL, or (c)tDISCH,
compared to when using the default value.

We make three observations from the results. First, it is pos-
sible to safely reduce read-timing parameters for optimizing the
read-retry latency. Even under a 1-year retention age at 2K P/E
cycles (wheré' grr= 35, we can safely reduct®?RE, tEVAL,
andtDISCH by 47%, 10%, and 27%, respectively. Second, reduc-
tion in tEVAL or tDISCH leads to faster increase ihgrrcom-
paredtPRE, which implies that manufacturers set the defatiRE
more pessimisticalihan the other parameters. As explained in Sec-
tion 2.2, the precharge phase needstabilize every Bht a certain
voltage level {Yprp, which requires a large timing margin itPRE
Figure 7: ECC-capability margin in the nal read-retry step. for outlier BLs. On the other hand, the discharge phase requires

Second, the ECC-capability margin decreases as the page experi-2 relatively-small timing margin intDISCH compared taPRE
ences more P/E cycling and longer retention age (&.grr0, 3) because it only pulls ou¥/prefrom BLs. Third, P/E cycling and
= 15 while" gre(1K, 12)= 30 at85 C). This is due to the inherent retention age also a ect the increase in bit errors due to reduced
error characteristics of NAND ash memory. In fact, unlike whatis ~ réad-timing parameters as well as the ECC-capability margin in
idealistically shown in Figures 3 and%two adjacentVry states the nr_:ll retry step. In particular, we o_bserve non-trivial impact of
slightly overlap even right after programming fieshpage, which retention age on “ ErR When reducm'gPRE by 47%, for exam-
makesno Vgregvalue capable of achieving zero RERERodern ple, _ ERF(ZK_v 12)is 60"% higher thart’ grd(2K, 0) (i.e., a 1-year
NAND ash memory [6, 12,64 66]. As P/E cycling and retention retention age increases" grrby 60% at 2K P/E cycles) as shown

age shift and widenv/T state distributions, even the optimal read- in Figure 8(a). . ‘ .
reference voltage cannot completely avoid the RBER increase. We draw two conclusions based on our observations. First, we

can signi cantly reducetR in a read-retry operatioreven under the
worst-case operating conditigprescribed by manufacturers. Our
results demonstrate thalPRE can be safely reduced kst least
and55 C is higher by 5 and 3 errors, respectively, all other condi- _40% under every tested cor_wdition_, which leads to a 25% re_duction
tions being equal. In 3D NAND ash memory, an electron’s mobility N (R . Second, itisery cost-ine ectivéo reducetEVAL . Reducing
in the poly-type channel, which decreases with operating tempera- tEVAL by 20% introduces 30 additional bit errors (i.e., 41.7% of the
ture, is the dominant factor a ecting the cell current through the
BL [3]. Since an erased cell might be recognized as programmed
due to reduced current, grrslightly increases as operating tem-
perature reduces. We observe the same relationship in all the tested
chips (i.e., the lower the temperature, the higher the page's RBER).
We draw two conclusions based on our observations. First, we
can use the large ECC-capability margin in the nal retry step to
reducetRETRY, unless reduction of read-timing parameters sig-
ni cantly increases the page's RBER. Second, the ECC-capability
margin highly depends on operating conditions, so we should care-
fully decide the reduction amount considering the current operating
conditions.

Third, operating temperature also a ects the ECC-capability
margin in the nal retry step, but its impact is1ot as signi cant as
P/E cycling and retention age. Compared6 C," grrat 30 C

5.2 Reliability Impact of Reducing
Read-Timing Parameters
We rst present the e ect of reducing individual read-timing param-
eters (Section 5.2.1). We then show the e ect of reducing multiple
timing parameters simultaneously (Section 5.2.2) and summarize i o
Figure 8: E ect of reducing each read-timing parameter.

8TheVrH distribution of NAND ash memory is usually described with simpli ed -
gures (similar to Figures 3 and 4) to ease understanding [35, 65, 66, 79, 84]. 9We show the e ect of operating temperature in Section 5.2.3.
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ECC capabilityeven for a fresh pag€his signi cantly decreases
the chance to reduce the other parameters while achieving only
2.5%R reduction due to the low contribution ofEVAL totR (1/8

tR only). Therefore, we decide to excludEVAL from our later
analyses.

5.2.2 Reduction of Multiple Parameters.  Although our results
of the previous experiments promise a great opportunity for reduc-
ing each oftPRE andtDISCH alone, reducing one may decrease

Jisung Park, Myoungsuk Kim, Myoungjun Chun, Lois Orosa, Jihong Kim, and Onur Mutlu

of doing so is larger than the bene t: considering that the fraction
of tDISCH in tR is only 25%, a 7% reductioniBISCH merely
reducesR by 1.75% (i.eQ07 0725, while its cost could be up to
5.6% of the ECC capability (i.e., up to 4 additional bit errors under
the ECC capability of 72 errors per 1 KiB).

5.2.3 Reliable Reduction of tPRE. Asthe nal step of our char-
acterization, we analyze the impact of operating temperature on
the amount oftPRE reduction. Figure 10 plots" grg the increase

the chance of reducing the other (because the discharge phase of in the maximum number of raw bit errors in the nal retry step

a read a ects the precharge phase of the next read as explained
in Section 2.2). To identify the potential for reducing both timing
parameters simultaneously, we test all possible combinations of
(tPRE, tDISCH ) values while reducingPRE by up to 60% and
tDISCH by up to 40%. Figure 9 plotsgrg% , Ge7), the max-
imum number of bit errors per 1-KiB data in the nal retry step
when we read test pages while reducitgRE andtDISCH simul-
taneously under ve di erent operating conditions.

We make three key observations based on the results. First, re-
ducing the two timing parameters simultaneously introduces more
additional bit errors than reducing each parameter individually. For
example, as shown in Figures 8(a) and 8(c), when we retRBR&E
by 54% andDISCH by 20% individually, " grg1K, 0) is 35 and
8, respectively. Unfortunately, simultaneous reduction of the two
timing parameters increasé€sgrrfar beyond the ECC capability;
see the green line with marker in Figure 9(a) (i.e., tDISCH
=20%), which is outside the plot attPRE = 54%. Second, it is
more bene cial to reduceéPRE than to reduceDISCH in most
cases! grris smaller wherh tPRE, tDISCH i = 3% ~% com-
pared to whenh tPRE, tDISCH i = h-% @4 for most values
of Gand~. Third, despite the higher reliability impact aiDISCH
overtPRE (discussed in Section 5.2.1), reductt4SCH by 7%
hardly increases the number of bit errors (by 4 at most) under every
operating condition.

Based on our observations, we conclude that it is e ective to use
the ECC-capability margin in the nal retry step foonly reducing
tPRE. Although the increase in additional bit errors from reducing
tDISCH by 7% is quite low (up to 4 additional bit errors), the cost

Figure 9: E ect of reducing multiple read-timing parame-
ters, tPRE and tDISCH, under di erent P/E-cycle counts
(PEC) and retention ages (GgT, unit: months).

when a NAND ash chip operates €20 C and55 C, compared to
at 85 C. We observe that operating temperature a ect§ grrin a
similar way as it a ects" grg the lower the operating temperature,
the larger the " grgr and the temperature e ect becomes more
signi cant under a longer retention age and higher P/E-cycle count.
The increase in " grris also small: it is only up to 7 additional bit
errors even under a 1-year retention age at 2K P/E cycles.

Figure 10: E ect of operating temperature on the number of
additional errors due to tPRE reduction.

Based on these results, we conclude that we should incorporate
a safety margin into reducetPRE to ensure that a page's RBER is
lower than the ECC capability in the nal retry step under vary-
ing operating temperature. It is also possible to pro le tlogtimal
tPRE for each combination of% , GeT,) ) where) is the oper-
ating temperature. However, we decide to determing@dtPRE
value by considering onlys and e, and plan for su cient
ECC capability that can correct temperature-induced additional
errors. This is due to two reasons. First, the e ect of operating
temperature orl' grpis quite small compared to the e ect &
and GeT, and thus operating temperature does not signi cantly
a ect the reduction intPRE. When we reducéPRE alone by less
than 40%, a substantial ECC-capability margin remains to correct
temperature-induced additional errors under every operating con-
dition. Second, our decision greatly reduces pro ling e ort and
eliminates the need to monitor a wide range of temperatures. In
particular, operating temperature may be di cult or costly to accu-
rately measure for each retry step as it changes much more quickly
than% andGeTt

Figure 11 shows the values we select for safely reducing the read-
retry latency under di erent operating conditions. To minimize
the probability of increasing the number of retry steps for outlier
pages (which could potentially be missed in the set of pages we
test experimentally), we ensure that the select€®dRE value for
each operating condition guarantees an ECC-capability margin of
14 bits in the nal retry step (7 bits for temperature-induced errors
and 7 bits for errors in outlier pages). We conclude that, even with
the 14-bit margin, we can signi cantly reduc#’RE by at least 40%
(up to 54%) under any operating condition, as shown in Figure 11.
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