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(57) Abstract: A solid-state drive (SSD) comprises densely packed memory cells that experience inter-cell interference (ICI) of voltage
across memory cells. An [CI block decoder is trained to remove [CI from the voltage stored at memory cells when the SSD is calibrated
and retrained periodically as the memory cells degrade. The ICI block decoder learns to predict true bit values (i.e. true voltage values
without [CI) at each cell based on measured bit values for nearby cells. In response to read operations for the SSD, the trained ICI block

decoder robustly reads memory and recovers the true bit values.
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BECODING OF HIGH-DENSITY MEMORY CELLS IN A SOLID-STATE BRIVE

BACKGROUND
{0001} The disclosure generally relates to memory and to accessing data in memory.
{0062} NAND flash memory comprises an array of floating gate transistors (hereinafier

“memory cells”) that store charge. This charge isencoded as a single bit or multiple bit values
based on the level of charge at each memory cell. The memory comprises several blocks, each
ot which comprises several (e.g. 32, 64, 128, ctc.) pages of memory cells. Many types of error-
correcting codes (e.g., Hamming codes, Bose-Chandhuni-Hocquenghem codes} have been
implemented in NAND flash memory in order to compeansate for bad memory cells. Typical
NAND flash memory systems space out memory cells in order to reduce inter cell interference

(ICT) caused by leaking voltage from adjacent memory cells.

BRIEF DESCRIPTION OF THE DRAWINGS

{3003] Aspects of the disclosure may be better understond by refergncing the accompanying
drawings.
{0004 Figure 1 15 a conceptual diagram of a solid-state drive with densely packed memory

cells and an ICT block decoder in accordance with an embodiment of the present disclosure.

[0003] Figure 2 is a flowchart of example operations for writing data to densely packed

NAND flash memory in accordance with an embodiment of the present disclosure.

[0006] Figure 3 is a flowchart of example operations for reading data from densely packed
NAND memory and decoding with an ICI decoding model in accordance with an embodiment of

the prosent disclosure.
{00671 Figure 4 depicts an example computer system with an inter cell interference (ICT)

block decoder m accordance with an embodiment of the present disclosure.

DESCRIPTION

{6808 The description that follows includes example systems, methods, technigues, and

program flows that depict various aspects of the disclosure. However, it is noted that this
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disclosure may be practiced without these specific details. For instance, this disclosure refers to
block decoding by leaming memory cell weights in illustrative examples. Aspects of this
disclosure can be applied instead to learning other various other parameters of the memory cells.
In other instances, various mstruction mstances, protocols, structures and techniques have not

been shown in detail in order not to obfuscate the description.
0009] Overview

{0010} Solid state drives (S8Ds) have mcreasingly used NAND flash memory due to their
inherently faster read operations than other persistent storage devices. A potential issue in
NAND tlash memory occurs when memory cells are densely packed and expenence significant
inter cell mterference (ICI). In some cases such ICT can be caused by voltage leakage from
adjacent cells. Typical systems therefore avoid densely packing cells so that bit values read from

a memory cell are not corrupted by voltage leakage of nearby memory cells.

{0011] Disclosed herein is a decoding technique for determining bits values in densely
packed NAND flash memory. The techniques described herein provide increased storage
capacity without increasing die size by leveraging diversity gain from ICI ICT has an unexpected
benefit of increasing diversity gain at cach memory cell due to information propagation from
adjacent cells. This increased diversity gain leads to improved performance for read operations
and makes the memory robust to celi errors. The disclosed decodmg technique leverages ICH o
reliably and efficiently recover true bit values (i e. voltage levels) at memory celis. To resolve
ICH when memory cells are deasely packed, a decoder is applied to bit values derived from
voltage levels at memory cells using bit values derived from voltage levels at adjacent or nearby
memory cells. This decoder 1s trained when calibrating the NAND flash memory (i.e. during the
manufactiuring process) and is be retrained periodically as the interference pattern of nearby
memory cells changes over time. The decoder s trained using data patterns from training data
that will be stored in memory. A block decoder comprising the decoder receives the trainimg
data from an external data source via a data bus and stores the data separately for tramning while
writing the data o the NAND flash memory. Based on the resulting voltage values or voltage
level denived thereof at cach memory cell, the decoder learns to recover the data in storage for
future read operations. The decoder can be a convolutional neural network (CNN}) that learns the
weights, at each ccll, of the & adjacent cells using a cross-entropy loss function, or other suitable
function to measure a difference between the cutput of the NN and the data stored separately

for training. The predicted data value at a memory cell 1s a combination of data values at the
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adjacent cells and the corresponding decoder weights, Once trained, the decoder decodes bit
values in memory cells to recover the true data values. This method can be applied 1o single-
fevel cell (SLO), multi-level cell (MLO), triple-level cell (TLC), and guad-level cell {QLC)

memories for which different voltage levels of a cell correspond to different bit values.

[0612] Example Hustrations

[0013] Figure 1 is a conceptual diagram of a sohid-state drive with densely packed memory
cells and an ICI block decoder in accordance with an embodiment of the present disclosure. A
sohid-state drive 100 comprnises a page of densely packed memory cells 105, The page of
memoty cells 105 comprises word lines 1024, 102B, 102C, and 102D and bit lines 1014, 1018,
101C, and 101D, Although depicted with four bit nes, four word lines, and 16 memory cells,
the size of the page 105 can vary. Typical page sizes include 512 bvtes, 2048 bytes, or 4096
bytes. Each block among a set of blocks 106 compnsing block 1 1034, block 2 1038, block 3
103C, through block N 103D comprises a page or set of pages. Block size (1.¢. number of pages)
can vary. Typical block sizes are 16 kilobvtes, 128 kilobytes, 256 kilobytes, and 512 kilobytes.
A ICT block decoder 107 comprising a trained IC] decoding model 109 1s communicatively
coupled to a data bus 111 and receives commands to read memory. A storage controller 117 of
the 55D 10018 communicatively coupled with the 1CH block decoder 107 to send mstructions for
read, write, and erase operations. In response to a read command, the ICE block deceder 107
receives bit values from one or more of the blocks 106 and inputs the bit values into the trained
[CI decoding model 109 to generate decoded bit values which it sends back to the data bus 111
to be forwarded to a client/user interface. The data bus 111 can be additionally communicatively
coupled to the pages of densely packed memory cells with each page {e.g., the page 105) 10 order
to perfonm write/erase operations by adding and nullifving voltage at cach cell respectively.
Although the write operations can be performed for specific pages, erase operations OCCur across
all pages i a block of memory. The ICI block decoder 107 1s communicatively coupled with a
decoding model trainer 113 in communication with isolated memory 115 comprising memory
cells that are not densely packed. The decoding model trainer 113 1s configured to retrain/update
the trained ICT decoding model 109 by comparing data stored in 1solated memory 115 which
expernience nunimal effects of 1CT with data stored in the blocks 106 of densely packed memory

cells.

0014 Figure 1 is annotated with a series of letters A-E. These letters represent stages of

operations. Although these stages are ordered for this example, the stages lusirate one example
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to aid in understanding this disclosure and is not to be construed as being the only order by
which the respective operations can be performed or as imiting the claims. Subject matter falling
within the scope of the claims can vary with respect to which operations are performed as well as
to their order. The stages depicted in Figure 1 describe operations for retraining or updating the
trained {CI decoding model 109 to detect ICT leakage patterns as thev change across memory

cells on the 8§D 100,

§0015] At stage A, the decoding model trainer 113 sends a write command 108 to the blocks
106. The write command 108 comprises a set of addresses in memory and a set of bit values to
store at cach address. These bit values (1.e. voltage values to be stored at the addresses in
memory} correspond 1o training data for a decoding model. As the memory cells populate with
the bit values in the write command 108, voltage leaks across memory cells in a pattern based on

proximity of the memory eclls.

§0016] At stage B, the decodmg model trainer 113 sends training data 114 to the isolated
memory 115, The traming data 114 is identical to the bit values stored in the wnite command
1038 sent at stage A. The isolated memory 115 does not incur the full effects of ICT {for example,
by having memaory cells that are spaced out) and stores the bit values with minimal

leakage/errors.

{6817} At stage C, the decoding model trainer sends a read command 110 to the blocks 106
and recetves the corresponding voltage levels 112, The read command 110 comprises a set of
addresses at which to read voltage levels in memory. This set of addresses can be identical to the
set of addresses at stage A or can be the set of addresses at stage A as well as neighboring
addresses m memory. Inasmuch as voltage levels at neighbonng addresses are affected by the
write command 108 at stage A, the read command 110 attempts to capture these effects. The
voltage levels 112 are retumed from the corresponding addresses in memory mdicated by the

read convnand 110,

§9618] At stage D, the decoding model trainer 113 retrieves the stored data 116 from the
isolated memory 115, The stored data 116 and the training data 114 should be identical when a
ratio of the total memory cells in the isolated memory 115 are reliable, and the isolated memory
115 can run an grror correcting code on the training data 114 stored in memory to detect and
compensate for faulty memory cells. As opposed to reversing the effects of ICT on memory cells

which occurs across all memory cells, the error correcting code detects memory cells that are
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faulty up {o a ratio of total memory cells and reverses bit values derived from voltage levels at

the faulty memory cells.

{0019] At stage B, the decoding model trainer trains a decoding model 118 using the voltage
levels 112 and the stored data 116. The trained decoding model 118 is then
implemented/updated by the ICI block decoder 107 as the trained ICI decoding model 109, The
trained decoding model 118 can be any of the embodiments for the trained 1] decoding model
109 described below. Although depicted as a separate trained decoding model 118, the decoding
model tramer 113 can update the trained ICT decoding model 109 directly (for example, by
performing training iterations on the existing traimed ICT decoding model 109 using the store
data 116 and the voltage levels 112). The decoding model trainer 113 can train the trained
decoding model 118 separately from the 1CI block decoder 107 or can be implemented as a
component of the ICI block decoder 107 (not pictured}. Any of the aforementioned read/write

commands and training operations can be performed by the ICI block decoder 167.

{0020} The trained ICT decoding model 109 is any model that can be trained to predict true
bit values at memory cells in memory based on bit vahues at adiacent memory cells.

Specifically, let y;; be the bit value read from the (I, /)th cell, and let 4;; be the true value stored
at this cell. In order to construct an estimator /1\] for the true bit value, a simplifying assumption
18 made that the estimator is a linear function of the 8 neighboring cell values, A“,J =

N Y WY, j+m. Other simplifying assumptions can be used, such as that the
estimator is any function of nearby neighboring cell values. “Nearby neighboring cell values”
can mean cell values at the & adjacent cells, cell values for cells within a neighborhood of the
given ool according to a metric in the cell array {¢.g. Manhattan distance), etc. The problem of
learning the cstimator Z‘f,; therefore becomes the problem of determining the optimal weights
Wi, So that the error err (A, 2’-‘1} 1s minimized (here, err{x, v} is some error function running over

all cells).

[0021] A convolutional neural network {CNN} learns, in an embodiment, to predict the
weights wy,, at each cell. In the case of SLC memory (1.e. one bit per cell}, a sigmoid function i3
added to clip the estimator to be in the range [-1.1],

A, = sgm{Tle s Yoo WimYisr j+m). Where sgm(x) is the sigmoid function. For MLC,

TLC, and QLC memories, one can use a clipping function



2

e
W

<

0

{

WO 2020/170041 PCT/1B2020/000150

otherwise for some fixed n. Note that in both cases, these estimators are convolutional layers in
a neural network with activation functions, and the weights w,,,, at each cell are learned as
mternal network parameters. Although deseribed above with a single laver and activation
functions, sther suitable CNNg are provided with different architectures and in some
implementations different internal layers. The architecture of the CNN can depend on the

amount of available training data, the size of the pages/blocks in memory, ete.

{00221 When training using any of the above methods to predict true bit values at each cell,
the ICI block decoder 107 recetves true bit values from the data bus 111 and store the true bit
values (denoted A;; above) m isolated memory 115, For example, the isolated memory 115 can
comprise a separate set of blocks that have memory cells that are not densely packed and use
error-correcting codes to reliably decode stored memory in order to store tramning data
corresponding to the true bit values. Depending on the type of algorithm used to compute the
memory cell weights, different amounts of training data can be used. For example, for a CNN,
thousands of sample mputs/outputs (y, A) should be used whereas for the other estimators less
training is appropriate (here, v is a matrx of bit values read from memory cells and 4 is a matrix
of true values for those memory cells). The scale of the above estimator is across all memory,
but estimators can be localized to each block in memory. Moreover, the estimators can be
optimized to more efficiently compute smaller blocks of memory based on a read operation from

the data bus 111,

{0023] Traming operations for the ICI block decoder 107 occur when the SSD 101 1s
calibrated at the manufacturing stage. As memory cells in the S5 become unreliable due to
repeated use, the ICE decoding model is retramned using data to be written to memory in order to
more accurately model the new patterns of ICI. Retraining can ocour, for instance, each time the
S8 101 1s reformatted and new data is added to memory or more often. Retraining operations
occur at varying time scales because each retraiming exerts wear and tear on memory cells. For
example, retramning can occur at fixed mtervals, whenever the data bus 111 sends certain

operations to the 1CI block decoder 107, ete.

[0024] The above estimator estimates the true bit values 4;; using the measured bit values
from § adjacent cells to each memory cell to be estimated. In other embodiments, values from
all cells are be used to cstimate a single cell. As an tllustrative example, for a CNN with

muitiple internal lavers cach output neuron (i.e. each estimated bit vahie) is a function of anv
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combination of inputs to the network. More complex models that incorporate macroscopic

information i this manner may require more training data and more frequent retraining.

[0025] Figure 2 is a flowchart of example operations for writing data to densely packed
NAND flash memory in accordance with an embodiment of the present disclosure. The example
operations in Figures 2 and 3 are deseribed with reference to an ICT block decoder for

consistency with the earlier figure(s).

{0026] At block 201, the ICI block decoder erases memory cells across memory blocks in the
NAND flash memory and formats the memory. Due to the architecture of NANE flash memory,
erase operations occur at the scale of memory blocks. The formatting operation can include
erasing and/or constructing a folder system in memory. The structure of the folder system can be
hardcoded or can be embedded in an erase query from an external device and sent to the 1]
block decoder via a data bus. The erase operation and corresponding query cComprises one or

multiple biocks m memory as specified by a memory address.

§9627] At block 202, the ICI block decoder receives data to write into flash memory, The
ICT block decoder can be communicatively coupled to an external computer-readable medium
and can receive data in a stream, in packets with metadata indicating locations in the folder
system to store each data packet, in blocks of data to be stored at hard coded locations in
memory, etc. In some embodiments, incoming data is stored at sequential addresses in memory

or at addresses in a hardcoded sequence.

[6628] At block 203, the ICT block decoder determines whether to update an ICE decoding
model. A trigger for updating or retraining is time based or event based, and a storage device
can be programmed/configured to use different types of tnggers. This determination can be
based on a predetermined schedule for updating the ICI decoding model, whether the NAND
flash memory has been recently erased/formatted, the amount of time since the ICI block
decoding model was last trained, validation error for the ¥CI block decoding model, ete. For
example, the ICT block decoder can test the ICT block decoding model by storing incoming data
for a write operation 1 separate memory, write the data to memory, and perform a read operation
using the ICI block decoding model to verify that the read data is consistent with the data stored
in separate memory. Using “live” writes io incrementally updates/retrain the decoding model
over time facilitates adaptation of the decoding modet to changing ICH patterns that occurs with

use of the flash memory. If the ICI block decoder determines that the ICI block decoding model
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should be updated, operations continue to block 205, Otherwise, operations in Figure 2

terminate.

§5629] At block 205, the ICI block decoder stores the data received by the ICH block decoder
at block 202 m separate memory. The ICI block decoder can automatically forward received
data to the ICH block decoder or can send the data i response to a gaery from the ICH block
decoder when a determination is made to update the ICH decoding model at block 203. The
separate memory can be separate NAND flash memorv stored on a solid-state drive ($813)
compnrising both the ICT block decoder and the ICT biock decoder or can be any other persisient

storage medium.,

[6630] At block 207, the ICT block decoder reads bit values from memory cells in the

densely packed NAND flash memory and decodes the bit values with the ICT decoding model.
The ICI block decoder can comprise an address bus that accesses word lines at addresses
mdicated by the read query to the NAND flash memory. The read operation can be performed at
a granularity as fine as pages of memory, whereas the erase operation occurs at the granulanity of
a block. The ICI block decoder can comprise a page decoder that identifics pages corresponding
to the addresses in the read query. The operations of reading and decoding data from the densely

packed NAND memory are described m greater detail with reference to Figure 3.

§8631] At block 209, the ICI decoder retrains the decoding model based on the difference
between the data stored at block 205 and the bit values in the memory cells read at block 207.
For mstance, the IC1 decoder reinitializes internal weights of a convolutional neural network
(CNN3Y. The ICT decoder then uses the bit values in the memory cells as input to the CNN and
updates the weights of internal lavers of the CNN based on the difference between the CNN
output and the stored data e.g. by backpropagation. The ICT decoder can maintain part of the
stored data and corresponding bit values as validation data and can test the retrained decoding

model using the validation data.

{0032] Figure 3 is a flowchart of example operations for reading data from densely packed
NAND memory and decoding with an ICI decoding model in accordance with an embodiment of
the present disclosure. At block 301, an ICI block decoder begins iterating over addresses ina
NAND memory query. The memory addresses can be received in a stream or can be received in

batches. The operations in Figure 3 can be performed as the ICT block decoder receives
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addresses, after the ICT block decoder receives a threshold number of addresses, at

predetermined wtervals, ete.

§9633] At block 303, the ICI block decoder reads raw bit values from memory cells at a
current address in memory. The ICT block decoder can comprise a page decoder that determines
the page corresponding to the carrent address. Memory 1s accessed via a word line for the page
of the current address in memory. The bit values are converted from voltage values read at cach

memory cell based on the type of memory e.g. SLC, MLC, TLC, QLC, etc.

{0034] At block 305, the ICH block decoder inputs raw bit values into the trained inter cell
uderference (1CH) decoding model to generate decoded bit values. For cach memory ccll
corresponding to the read address, the ICI block decoder “recovers” or determines the bit value
likely written to the memory cell based on the voltage level read from the memory cell and
voltage levels of the neighboring memory celis. Thus, the 1C1 block decoder iterates over the
memory cells being read and uses the decodmg model with voltage levels of neighboring
memory cells in cach iteration. Depending on the type of trained ICI decoding model, raw bit
values can be mput either for each address in memory or across multiple addresses in the NAND
memoty guery. In emabodiments where the input is across multiple addresses in the NAND
memory query, the raw bit values from block 303 isbe stored in a register or other external
storage medium. The decoding of these aggregated bit values can be performed after the loop of
operations depicted at blocks 301, 303, 305, and 307, The decoded bit values can additionally be
maintamned m a register or other fast storage medium to be aggregated with raw bit values from
other pages. Alternatively, the ICI block decoder can immediately forward the decoded bit

values to a data bus communicatively coupled to an external storage mednim.,

[6635] At block 307, the ICT block decoder determines whether there 1s an additional address
in the NAND memory query. If there is an additional address in the query, operations retum to

block 301, Gtherwise, operations continue to block 309

{0036] At block 309, the ICI block decoder agaregates the decoded bit values across the
addresses m the NAND memory query and sends the aggregated decoded bit values to a data
bus. The decoded bit values can be stored in a register or other external storage medium doring
the operations at blocks 301, 303, 305, and 307, Alternatively, in embodiments where the inpot
to the decoding model is the entire memory for the NAND memory query, the decoded bit values

can be received/aggregated directly as output from the decoding model.
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{00371 Figure 4 depicts an example computer system with an inter cell interference (IChH
block decoder in accordance with an embodiment of the present disclosure. The computer system
includes a processor 401 {possibly including multiple processors, multiple cores, multiple nodes,
and/or implementing multi-threading, etc.). The computer system inclades memory 407, The
memory 407 may be system memory or any one or more of the above already described possible
realizations of machine-readable media. The computer system also includes abus 4053 and a
network tnterface 405, The system also includes an ICI block decoder 411, The ICT block
decoder 411 can receive raw bit vahies from blocks of data in densely packed NAND memory,
can decode the raw bit values to recover true bit values, and can perform read, write, and erase
operations on blocks or pages of the densely packed NAND memory as described varnously
above. Any one of the previously described functionalitics may be partially (or entirely)
implemented in hardware and/or as software running on the processor 401, For example, the
functionality may be implemented with an apphication specific ntegrated circuit, in logic
implemented in the processor 401, 1n a co-processor on a peripheral device or card, ete. Further,
realizations may include fewer or additional components not ithustrated in Figure 4 (e g, video
cards, audio cards, additional network interfaces, peripheral devices, ete.). The processor unit
401 and the network interface 405 are coupled to the bus 403, Although illustrated as being

coupled to the bus 403, the memory 407 may be coupled to the processor 401.
{6638] Vanations

[6039] In some embodiments, for the estimator described above with reference to Figure 1,

the weights wy,,, are computed at each cell using a Iinear nunimum mean square error (LMMSE)
. S . PN 2
estimator that mintmizes the error function MSE { AA) =3y ( Ay — Ay, ) . where the

summation runs over all cells. This minimization can be represented as the optimization

problem rgzyi? M SE ( A, I’i) such that A = Wy. This optimization has a closed form solution, and

the weight matrix W tor the optimal pair (W, b) gives the weights wy,;, to be used at each cell.

[3640] In ancther embodiment, a fast-Fourier transform (FFT) method s used to compute the
io ieclnee e the «f o Hnear et e A = 51 1 ; .
weights Wy, As disclosed above, the simple lincar estimator 4, = /. 4 Y1 WenViek jom
can actually be represented as a convolation A = W + Y, where W 1s a matrix of cell weights and
Y is a matnx of true bit values. In the Fourier domain, the convolution operation becomes
multiplication, 1.e. F4 = FWFY, where F 1s the discrete Fourter transform. Solving for W, we

have that
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W= FYFAFY) )
When A and Y have a scale equal to the entire memory, this computation can be prohibitively
expensive. Therefore, sub-blocks of the matnx W (e.g. 32532, 64x64 blocks) can be computed
separately using the above methods. These sub-blocks arebe merged using, for instance, an
averaging operation on the computed values of the matmx W (1.e. by averaging a certain amount
of surrounding entries to get cach entry in the matrix W), In some embodiments, the averaging

operation can oceur near the edges of blocks to reduce distortion near edges.

{68411 Embodiments

§6042] Example embodiments can include the following:
[6043] Embodiment 1. A method of decoding data from high density memory comprising

reading voltage levels from a first memory cell and a set of one or more neighboring memory
cells of flash memory in response to a read command with an address corresponding to the first
memory cell, inputting the voltage levels into a trained model that has been trained on the flash
memory to estimate bit values written to a memory cell based on respective voltage values read
from the first memory cell and from the neighbonng memory cells according to a layout of
memory cells of the flash memory, obtaining from the trained model an estimated bit value
written to the first memory cell based on the respective voltage levels of the first memory ccll
and the neighboring memory cells having been mput into the trained model, and outputting the

estimated bit value in response to the read command.

{0044} Embodiment 2. The method of embodiment 1, further comprising training a model to
learn voltage value pattems among the memory cells of the flash memory, wherein the training
comprises writing a varety of data to different addresses of the tlash memory, further wherem
the voltage value patterns are based, at least in part, on voltage leakage across neighboring
memory cells, and loading the trained model as a trained decoding model for a decoderof a

storage coniroller that accesses the flash memory.

§3045] Embodiment 3: The method of any of embodiments 1-2, further comprising updating

the trained decoding model based on data of a write command for the flash memory.

{0046 Embodiment 4; The method of any of embodiments 1-3, wherein updating the trained
decoding model comprnises prior to the write command, detecting a trigger {o update the trained

decoding model, writing the data of the write command to an isolated memory that s separate
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from the flash memory and to a first set of memory cells of the flash memory, wherein memory
cells of the isolated memory experience reduced effects of voltage lcakage across neighboring
memory cells, and training the trained decoding model to leamn voltage value pattems at least
with respect to the first set of memory cells of the flash memory to which the data was written,
wherein the training of the trained decoding model uscs the data of the write command and
voltage tevels read from the first set of memory cells to which the data was written and memory

cells neighboning the first set of memory cells.

[6047] Embodiment 5: The method of any of embodiments -4, wherein training the traine
decoding model to learn voltage value patterns comprises mputting the voltage levels read from
the first set of memory cells into a mode! to generate predicted data inputting the predicied data
and data of the write command into a loss function to generate one or more loss values, wherein
the loss function measures a difference between the predicted data and the data of the write
command as the one or more loss values, and updating internal parameters of the trained

decoding model based on the one or more loss values.

{3048] Embodiment 6: The method of any of embodiments 1-5, wherein updating the
internal parameters of the trained decoding model comprises backpropagating the one or more

loss values.

[6049] Embodiment 7: The method of any of embodiments 1-6, wherein training the model
to learn voltage value patterns among the memory cells of the flash memory comprises writing
data of a write command to a memory that is separate from the flash memory and writing data of
the write conunand to a second set of memory cells of the flash memory, computing a Fourier
transform of the voltage values read from the second set of memory cells to which the data was
written, wherein computing the Fourier transform of voltage values comprises forming a matrix
of voltage values corresponding (o an arrangement of the voltage values in the second set of
memory cells and multiplving the matrix of voltage values by a discrete Fourier matrix, inverting
the Fourer transform of the voltage values, multiplving the imverted Fournier transform of the
voltage values by the Fourier transform of the data written to the memory separate to the flash
memory to generate a matrix of Fourier weights for the second sct of memory cells, and
multiplving the matrix of Fourier weights by an mmverted Discrete Fourier matoix to generate a

matrix of weights for the second set of memory cells.
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{0050 Embodiment 8; The method of any of embodiments 1-7, wherein tnputting the
voltage levels 1nto the trained model to estimate bit values written to the memory cell comprises
computing a lincar combination of the voltage levels from the first memory cell and the set of
one or more neighboring memory cells, and inputting the lincar combination of the voltage levels
uto an activation function and thresholding the output of the activation function to generate the

estimated bit values.

j0051] Embodiment 9; A non-transitory, machine-readable medium having program code
stored thereon for reading data from high density memory, the program code comprising
mstructions to read voltage levels from a first memory cell and a set of one or more neighboring
memory cells of flash memory in response to a read command with an address corresponding to
the first memory cell, input the voltage levels mto a trained model that has been trained on the
Hash memory o estimate bit values written 1o a memory cell based on respective voltage values
read from the first memory cell and from the neighboring memory cells according to a layout of
memory cells of the flash memory, obtain from the trained modcl an estimated bit valuc written
1o the first memory cell based on the voltage levels having been input into the trained model, and

return the estimated bit value i response to the read command.

[6832] Embodiment 10: The non-transitory, machine-readable medium of embodiment 9,
wherein the program code further comprises instructions to train a model to learn voltage valug
patierns among the memory cells of the flash memory, wherein the training comprises writing a
varicty of data to different addresses of the flash memory, further wherein the voltage value
patterns are based, at least in part, on voltage leakage across neighboring memory cells, and load
the trained mode! as a trained decoding model for a decoder of a storage controller that aceesses

the flash memory.

{0053 Embodiment 11: A high density solid-state storage device compnsing a flash memory
array including densely packed memory cclls, and a controlier programimed to, based on receipt
of aread command that indicates a first address, read fivst voltage levels from a first set of
memory cells corresponding to the first address, for each of the first set of memory cells, input
the voltage fevels into a trained modcl that has been trained on the flash memory to estimate bit
values written 1o a memory cell based on respective voltage values read from the first set of
memory cells according to a layout of memory cells of the flash memory, and obtain from the
trained mode! a bit value for the memory cell, and return the bit values in response to the read

command.
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j0054] Embodiment 12; The solid-state storage device of embodiment 11, wherein the
controller is further progranumed to train a mode! to lcam voltage value patterns among the
memory cells of the flash memory, wherein the training comprises writing a vanety of data to
different addresses of the flash memory, further wherein the voltage value pattems are based, at
lcast 1n part, on voltage leakage across neighboring memory cells and load the trained model as a

trained decoding model for a decoder of the sohid-state storage device.

§0455] Embodiment 13: The solid-state storage device of any of embodiments 11-12,
wherein the controller 1s further programmed to update the trained model based on data of a

write command for the flash memory.

[3656] Embodiment 14: The solid-state storage device of any of embodiments 11-13,
wherein the controller programmed to update the trained model comprises the controller
programmed to prior 1o the write command, detect a trigger to update the trained decoding
model, write the data of the write command to an isolated memory that 15 separate from the flash
memory and to a second set of memory cells of the flash memory, wherein memory cells of the
isolated memory experience reduced effects of voltage leakage across neighboring memory cells,
and train the trained decoding model to leam voltage value patterns at least with rospect to the
second set of memory cells of the flash memory to which the data was written, wherem the
training of the trained decoding model uses the data of the write command and voltage levels
read from the second set of memory cells to which the data was written and memory cells

neighboring the second set of memory cells.

8657] Embodiment 15: The solid-state storage device of any of crabodiments 11-14,
wherein the controller programmed fo train the tramed decoding model to leam voltage value
patterns comprises the controller programmed to mput the voltage levels read from the second
set of memory cells into a model to generate predicted data, nput the predicted data and data of
the write command into a loss function to generate one or more loss values, wherein the loss
function measures a difference between the predicted data and the data of the write command as
the one or more loss values, and update internal parameters of the trained decoding model based

on the one or more loss values.

{0058 Embodiment 16 The solid-state storage device of any of embodiments 11-15,
wherein the controlled programmed to update the internal parameters of the trained decoding

model comprises the controller programmed to backpropagate the one or more loss values.



10

WO 2020/170041 PCT/1B2020/000150

15

{0059 Embodiment 17: The solid-state storage device of any of embodiments 11-16,
wherein the controller programmed to train the model to leam voltage level patterns among the
memory cells of the flash memory compnses the controller programmed to write data of a write
command to a memory that is separate from the flash memory and writing data of the wrile
command to a second sct of memory cells of the flash memory, compute a Fourier transform of
the voltage values read trom the second set of memory cells to which the data was writien,
wherein computing the Fourier transform of voltage values comprises forming a matrix of
voltage values corresponding to an arrangement of the voltage values in the second set of
memory cells and multiplving the matrix of voltage values by a discrete Fourier matrix, mvert
the Fourer transform of the voltage values, multiply the mverted Fourier transform of the
voltage values by the Fourier transform of the data writien fo the memory separate to the flash
memory to generate a matrix of Fourier weights for the second set of memory cells, and multiply
the matux of Fournter weights by an inverted Discrete Fourier matrix to generate a matnx of

wetghts for the second set of memory cells.

{B86G] Embodiment 18: The solid-state storage device of any of embodiments 11-17,
wherein the controller programmed to input the voltage levels into the trained model to estimate
bit values written to the memory cell comprises the controller programmed to, compute a linear
combination of the voltage levels from the first memory cell and the set of one or more
neighboring memory cells, and input the linear combination of the voltage levels mto an
activation function and thresholding the output of the activation function to generate the

estimated bit values.

{3061] Embodiment 19 The solid-state storage device of any of embodiments 11-18,
wherein the controlier programmed to detect the trigger to update the trained decoding model
comprises the controller programmed to detect one of expiration of a time period, a calibration

event, and formatting of the flash memory.

{0062] Embodiment 2(: The solid-state storage device of any of embodiments 11-19,
wherein the memory cells comprise densely packed NAND memory cells that experience voltage

lcakage across neighboring memory cclis.
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CLAIMS

1. A method of decoding data from high density memory comprising:

reading voltage levels from a first memory cell and a set of one or more neighboring
memory cells of flash memory in response to a read conmmand with an address
corresponding to the first memory cell;

mputting the voltage levels into a traimed model that has been traimed on the flash
memory to estimate bit values written to a memory cell based on regpective
voltage values read from the first memory cell and from the neighboring memory
cells according to a layout of memory cells of the flash memory;

obtaining from the trained model an estimated bit value written to the first memory celi
based on the respective voltage levels of the first memory cell and the
neighboring memory cells having been input into the trained model; and

outputting the estimated bit value in response to the read command.

]

The method of claim 1 further comprising:

training a model! to leam voltage value patterns among the memory cells of the flash
memory, wherein the training comprises writing a variety of data to different
addresses of the flash memory, further wherein the voltage valace patterns are
based, at least in part, on voltage leakage across neighboring memaory cells; and

loading the trained model as a trained decoding model for a decoder of a storage

controiler that accesses the flash memory.

93

3. The method of claim 2 further comprising updating the trained decoding model based on

data of a write command for the flash memory.

4. The method of claim 3, wherein updating the trained decoding model comprises:

prior to the write conunand, detecting a trigger to update the trained decoding model;

writing the data of the write command to an 1solated mermory that is separate from the
flash memory and to a first set of memory cells of the flash memory, wherein
memory cells of the 1solated memory experience reduced effects of voltage
leakage across neighboring memory cells; and

training the trained decoding model to learn voltage value patterns at least with respect to
the first set of memory ceils of the flash memory to which the data was written,

wherein the training of the trained decoding model uses the data of the write
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command and voltage levels read from the first set of memory cells to which the

data was written and memory cells neighboring the first set of memorv cells.

5. The method of claim 4, wheren training the trained decoding model to leam voltage
value patterns comprises:
inputting the voltage levels read from the first set of memory cells into a model o
gencrate predicted data;
mputting the predicted data and data of the write command mto a loss function to
generate one or more loss values, wherein the loss function measures a difference
between the predicted data and the data of the write command as the one or more
toss values; and
updating internal parameters of the trained decoding model based on the one or more loss

values.

6. 'The method of claim 5, wherein updating the internal parameters of the tramned decoding

model comprises backpropagating the one or more loss valucs.

7. The method of claim 2, wherein training the model to leam voltage value patierns among
the memory cells of the flash memory comprises:
writing data of a write command to a memory that is separate from the flash memory and
writing data of the write command to a sccond sct of memory cells of the flash
Memory;
computing a Fourter transform of the voltage values read from the second set of memory
cells to which the data was written, wherein computing the Fourner transform of
voltage values comprises forming a matrix of voltage values corresponding to an
arrangement of the voltage values i the second set of memory cells and
multiplying the matrix of voltage values by a discreie Fourier matnix;
nverting the Fourier transform of the voltage values;
multiplying the inverted Fourier transform of the voltage values by the Fourier transform
of the data written to the memory separate to the flash memory to generate a
matrix of Fourier weights for the second set of memory cells; and
multiplving the matrix of Fourier weights bv an nverted Discrete Fourier matrix to

generate a matrix of weights for the second set of memory cells.



WO 2020/170041 PCT/1B2020/000150
18

8. The method of claim 1, wherein 1nputting the voltage levels into the trained model to
estimate bit values written to the memory cell compnises:
computing a linear combmation of the voltage levels from the first memory cell and the
set of one or more neighboring memory cells; and
inputting the lincar combination of the voltage levels mto an activation function and
thresholding the output of the activation function to generate the estimated bit

values.

9. A non-transitory, machine-readable medium having program code stored thereon for
reading data from high density memory, the program code comprising nstructions to:
read voltage levels from a first memory cell and a sct of one or more neighbonng
memory cells of flash memory in response to a read command with an address
corresponding to the first memory cell;
mput the voltage levels into a trained model that has been trained on the flash memory to
estimate bit values written to a memory cell based on respective voltage values
read from the first memory ccl and from the neighboring memory cclls according
to a layout of memory cells of the flash memory;
obtain trom the trained model an estunated bt value written to the first memorv cell
based on the voltage levels having been input imto the trained model; and

return the estimated bit value in response to the read comumand.

10, The non-transitory, machine-readable medivm of claim 9, wherein the program code
further comprises instructions to:
train a model to leam voltage value patterns among the memory cells of the flash
memory, wheretn the training comprises writing a vanety of data to different
addresses of the flash memory, further wherein the voltage value patterns are
based, at least in part, on voltage leakage across neighboring memory cells; and
load the trained model as a trained decoding mode! for a decoder of a storage controller

that accesses the flash memory.

11. A high density solid-state storage device comprising:
a flash memory array including densely packed memory cells; and

a controtler programmed to,
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based on receipt of a read command that indicates a first address, read first voltage levels
from a first set of memory cells corresponding to the first address;

for cach of the first set of memory cells,
mputi the voltage levels into a trained model that has been trained on the flash

memory to estimate bit values written to a memory cell based on
respective voltage values read from the fivst set of memory cells according
to a layout of memory cells of the flash memory; and
obtain from the trained model a bit value for the memory cell; and
return the bit values in response to the read command.
12. The schid-state storage device of claim 11, wherein the controller is further programmed
to:
train a model to leam voltage value patterns among the memory cells of the flash
memory, wherein the training comprises writing a varicty of data to different
addresses of the flash memory, further wherein the voltage value patierns are
based, at least in part, on voltage leakage across neighboring memory cells; and

load the trained model as a trained decoding mode! for a decoder of the sclid-state
storage device.

13. The sohid-state storage device of claim 12, wherein the controller is further programmed

to update the trained model based on data of a write command for the flash memory.

14. The sohid-state storage device of claim 13, wherein the controller programmed to update
the trained mode! comprises the controller programumed to:
prior to the write command, detect a trigger to update the trained decoding model;
write the data of the write command to an 1solated memory that 1s separate from the flash
memory and o a second set of memory cells of the flash memory, wherein
memory cells of the isolated memory experience reduced effects of voltage
leakage across neighbornng memory cells; and
train the trained decoding model to learn voltage value patterns at least with respect to the
second set of memory cells of the flash memory to which the data was written,
wherein the training of the trained decoding model uses the data of the write

command and voltage levels read from the second set of memory cells to which
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the data was written and memory cells neighboring the second set of memory

cells.

15. The sohd-state storage device of claim 14, wherein the controller programmed to train the
trained decoding model to leam voltage value patterns comprises the controller programmed
o
mput the voltage levels read from the second set of memory cells nto a model to
generate predicted data;
mput the predicted data and data of the write command nto a loss function to gencrate
one or more loss values, wherein the loss function measures a difference between
the predicted data and the data of the write command as the one or more loss
values; and
update intemal parameters of the trained decoding model based on the one or more loss

values.

16. The schid-state storage device of claim 15, wherein the controlled programmed to update
the internal parameters of the trained decoding model comprises the controller programmed

to backpropagate the one or more loss values.

17. The solid-state storage device of claim 12, wherein the controller programmed o train the
model to leam voltage level patterns among the memory cells of the flash memory comprises
the controlier programmed to:
write data of a write command to a memory that is separate from the flash memory and
writing data of the write command o a second set of memory cells of the flash
RICHIOTY;
compute a Fourter transform of the voltage values read from the second set of memory
cells to which the data was writien, wherein computing the Fousier transform of
voltage valuecs comprises forming a matrix of voltage values corresponding to an
arrangement of the voltage values n the second set of memory cells and
multiplyving the matnx of voltage values by a discrete Fourier matrix;
invert the Fourier transform of the voltage values;
multiply the inverted Fourier transform of the voltage values by the Fourier transform of
the data written to the memory separate to the flash memory to generate a matnix

of Fourier weights for the second set of memory cells; and
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multiply the matrix of Fourier weights by an inverted Discrete Fourier matrix to generate

a matrix of weights for the second set of memory cells.

18. The sohd-state dnive of claim 11, wherein the controller programmed to input the voltage
levels into the trained model to estimate bit values written to the memory cell comprises the
controller programmed to:
compute a linear corabination of the voltage levels from the first memory cell and the set
of one or more neighboring memory cells; and
mput the linear combination of the voltage levels into an activation function and
thresholding the cutput of the activation function to generate the estimated bit

values.

19. The solid-state storage device of claim 14 wherein the controller programmed to detect
the trigger to update the trained decoding model comprises the controller programmed to
detect one of expiration of a time period, a calibration event, and formatting of the flash

HeInoTy.

20, The solid-state storage device of claim 11 wherein the memory cells comprise densely
packed NAND memory cells that experience voltage leakage across neighboring memory

cells.
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