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I. INTRODUCTION

Modern high-performance SSDs have multiple flash channels
operating in parallel to achieve their high I/O bandwidth. However,
when the effective bandwidth of these flash channels declines, the
SSD’s overall bandwidth is substantially impacted. In contemporary
SSDs featuring high-density 3D NAND flash memory, frequent
invocations of a read-retry procedure pose a significant challenge
to fully utilizing the maximum I/O bandwidth of a flash channel.
In this paper, we propose a novel read-retry optimization scheme,
Retry-in-Flash (RiF), which proactively minimizes the amount of time
wasted in conventional read-retry procedures. Unlike existing read-
retry solutions that focus on identifying an optimal read-reference
voltage for a sensed page, the RiF scheme focuses on determining
early on whether a read-retry will be required for the sensed data.
To know if a read-retry is needed or not at the earliest possible
time, we propose a RiF-enabled flash chip with an on-die early-retry
(ODEAR) engine. When the ODEAR engine determines that a sensed
page requires a read-retry, a read-reference voltage is immediately
adjusted, and the same page is re-read while ignoring the previously
sensed page. By performing the key steps of a read-retry procedure
inside a RiF flash chip without transferring the sensed uncorrectable
page to an off-chip controller, the RiF scheme prevents the read
bandwidth of a flash channel from being wasted due to failed read
data. To evaluate the RiF scheme, we developed a prototype RiF-
enabled flash chip and constructed a RiF-aware SSD simulator using
RiF flash chips. Our evaluation results show that the proposed RiF
scheme improves the effective SSD bandwidth by 72.1% on average
over a state-of-the-art read-retry solution at 2K P/E cycles with
negligible power and area overheads.

II. MOTIVATION AND KEY IDEA

Many previous works have attempted to mitigate the overhead
of frequent read-retry operations in high-density 3D NAND flash
memory. However, while state-of-the-art read-retry solutions [1, 2]
successfully reduce the number of read-retries (NRR) to near-optimal
levels (e.g., 1.2 NRR in Sentinel [1]), their efficiency is still quite
limited. Even with the best read-retry solution, our evaluation with
MQSim-E [3], a modern SSD simulator, demonstrated a 50.4%
average decrease in I/O bandwidth at 2K P/E cycles when compared
to an SSD with no read-retry.

According to our root cause analysis, the main cause of their
limited efficiency is their reactive nature: the read-retry operation is
initiated after it is determined that a read page cannot be corrected by
an off-chip ECC engine. Because an ECC-failed initial page must be
sent to the off-chip ECC engine to activate the read-retry procedure,
even with an ideal read-retry solution (that reduces NRR to 1), at
least two reads are required, resulting in wasted flash channel read
bandwidth for the first failed read page. Furthermore, because the
ECC decoding latency of the first failed pages is typically longer
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Fig. 1: A comparison of execution flow between (a) a conventional
flash die and (b) a RiF-enabled flash die.

than that of the successfully read page, the channel bandwidth can
be less efficiently utilized during frequent read-retry operations.

The limitations of existing read-retry solutions come from inef-
ficient data movement of uncorrectable pages to an off-chip ECC
decoder. To overcome the key weakness of the existing solutions, we
incorporate the concept of near-data processing into the read-retry
mechanism. By enabling flash chips to decide if a sensed page can
be correctable by an off-chip ECC decoder, we can mitigate the read-
retry overhead by avoiding uncorrectable off-chip data transfers. The
key idea of the RiF scheme is to employ an in-flash retry engine
(which we call the ODEAR engine) which can 1) predict if a sensed
page can be unrecoverable by an off-chip ECC decoder and, if so,
2) adjust the read-reference voltages and 3) re-read the same page
using the adjusted read-reference voltage values. Figs. 1(a) and 1(b)
compare the execution flow of read operations when NRR = 1 in a
conventional flash die and a RiF-enabled flash die. In the RiF scheme,
data transfer and an ECC decoding ( 2 and 3 in Fig. 1(a)) for an
uncorrectable page can be avoided by the on-die ODEAR engine.

III. THE RIF SCHEME

The ODEAR engine consists of two main modules: the read-retry
predictor (RP) module and the read-voltage selector (RVS) module.
When a page is sensed, the RP module estimates if the sensed page
can be correctly decoded by an off-chip ECC engine or not. When
the RP module predicts that a read-retry would be necessary, the
RVS module chooses the next read-reference voltage values, and the
flash die re-reads the page accordingly.

A straightforward way for supporting key features of the RiF
scheme is to integrate an LDPC decoder, the ECC decoder commonly
used in modern SSDs, within a flash die itself. This approach
ensures that only error-free data is transferred out after a read-retry
procedure is completed within the flash die, thus causing no impact
on the channel utilization from a read-retry. However, placing a
complex LDPC decoder within a flash die is not practical. As an
alternative solution, we place only the RP module, an efficient error-
correctability predictor, within the flash die. RP only estimates the
RBER of a page that is used to predict the need for a read-retry. Since
the error correction capability of an LDPC decoder is predetermined,
if the RBER of a page were to be known in advance, RP could
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Fig. 2: A correlation between RBER and syndrome weight. Fig. 3: An overall organization of RP.
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Fig. 4: Comparisons of I/O bandwidth under three P/E cycles.

decide whether a read-retry is needed or not without a complex LDPC
decoding process.

To achieve an efficient read-retry prediction with negligible over-
head, RP exploits the positive correlation between the RBER and
syndrome weight of a read page. In SSDs, data is stored with parity
bits (i.e., a codeword) to enable error correction during reads, and
the syndrome bits produced by parity check operations are all zeros
when the page contains no errors. However, as the RBER of the page
increases, it is more likely that bits in the page experience errors,
thus leading to a higher probability of each syndrome bit being to
one. Therefore, the syndrome weight, which is the sum of all the
syndrome bits, increases with an increasing RBER value, as shown
in Fig. 2. The RP module takes a simple heuristic in predicting if a
sensed page can be successfully decoded by an ECC decoder by using
the computed syndrome weight of the page. When the syndrome
weight of a page is larger than the predefined correctability threshold
value ρs (e.g., 3830 in Fig. 2), RP predicts that the page cannot
be successfully decoded by an off-chip ECC engine. We validated
that the RP module can achieve 98.7% prediction accuracy on the
correctability of a sensed page, as shown in Fig. 3.

Upon predicting that a page is uncorrectable, RP initiates RVS to
choose better read-reference voltage values for the page. To this end,
a RiF-enabled flash die incorporates Swift-Read [2], which finds near-
optimal read-reference voltage values without requiring controller
assistance. Unlike the conventional usage of issuing a Swift-Read
command after an ECC decoding failure, in RiF, the RVS module
internally issues a Swift-Read command for uncorrectable pages.

For efficient integration of RP with the flash die, we employ
two optimizations at different levels of RP implementation. First, to
minimize the latency of computing a syndrome weight, we reduce the
number of syndromes by skipping redundant ones that do not affect
prediction accuracy. Second, to optimize an efficiency of a syndrome
computation, we reorganize a codeword layout in a hardware-friendly
fashion. By doing so, we reduce the prediction latency of RP from
10 µs to 2.5 µs, with a minimal implementation overhead of 0.012
mm2 in area and 1.28 mW in power consumption.

IV. EVALUATION AND CONCLUSION

We evaluated the effectiveness of RiF scheme on improving
system I/O performance using MQSim-E [3], a state-of-the-art SSD
simulator. For comparison, we built three more SSDs, SENC, SWR,

and SWR+. SENC and SWR are SSDs based on two state-of-the-art
techniques, Sentinel [1] and Swift-Read [2], respectively. SWR+ is an
SSD an SSD that combines SWR with an advanced read-reference
voltages tracking scheme [4]. Fig. 3 compares the I/O bandwidth
of four SSD configurations, normalized to SENC, under different
operating conditions. (Note that SSDzero represents a hypothetical
SSD that experiences no read retry.) When compared to state-
of-the-art read-retry optimization techniques, RiFSSD outperforms
SENC, SWR and SWR+ by significantly improving the average I/O
bandwidth at all three P/E cycles. For example, RiFSSD improves the
I/O bandwidth at 2K P/E cycles by 72.1%, 61.2% and 50.0% over
SENC, SWR, and SWR+, respectively. Furthermore, the average I/O
bandwidth of RiFSSD is comparable to that of the ideal SSDzero,
with the maximum difference of 1.8% at 2K P/E cycles.

In conclusion, we have presented the RiF scheme, a novel read-
retry solution that minimizes unnecessary data transfers between a
flash chip and an off-chip ECC decoder during read-retry procedures,
thus significantly reducing the overhead of read-retries in modern
high-performance SSDs. The key observation behind the proposed
RiF scheme is that whether a read retry is needed or not can be
accurately predicted without decoding a sensed page by an off-
chip ECC decoder. We proposed an accurate but efficient syndrome
weight-based read-retry predictor which can be implemented inside
a flash die as a part of the ODEAR engine that supports an efficient
read voltage selector as well.
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