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(57) ABSTRACT 
Rank modulation has been recently proposed as a scheme for 
storing information in ?ash memories. Three improved 
aspects are disclosed. In one aspect the minimum push-up 
scheme, for storing data in ?ash memories is provided. It aims 
at minimizing the cost of changing the state of the memory. In 
another aspect, multi-cells, used for storing data in ?ash 
memories is provided. Each transistor is replaced With a 
multi-cell of mm transistors connected in parallel. In yet 
another aspect, multi-permutations, are provided. The para 
digm of representing information With permutations is gen 
eraliZed to the case Where the number of cells in each level is 
a constant greater than one. In yet another aspect, rank-modu 
lation reWriting schemes Which take advantage of polar 
codes, are provided for use With ?ash memory. 
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RANK-MODULATION REWRITING CODES 
FOR FLASH MEMORIES 
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Gad and Jehoshua Bruck ?led Mar. 8, 2012 and claims the 
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entitled “Multi-Cell memories and compressed Rank Modu 
lation” by Anxiao Jiang, Eyal En Gad, and Jehoshua Bruck 
?led Mar. 8, 2012 and claims the bene?t of US. Provisional 
Application Ser. No. 61/725,347 entitled “Rank-Modulation 
Rewriting Codes for Flash Memories” by Anxiao Jiang, Eyal 
En Gad, Eitan Yaakobie and Jehoshua Bruck ?led Nov. 12, 
2012. Priority of the ?ling dates is hereby claimed, and the 
disclosures of the prior applications are hereby incorporated 
by reference for all purposes. 

BACKGROUND 

[0002] The present disclosure generally relates to data stor 
age devices, systems and methods. In various examples, data 
modulation techniques in data storage devices such as ?ash 
memory devices are described. 

[0003] Flash memories are one type of electronic non-vola 
tile memories (NVMs), accounting for nearly 90% of the 
present NVM market. See, for example, the Web site of 
Saifun Semiconductors Ltd. (available at WWW.saifun.com) 
and Web-Feet Research, Inc. (available at WWW.Web-feetre 
search.com). Today, billions of ?ash memories are used in 
mobile, embedded, and mass-storage systems, mainly 
because of their high performance and physical durability. 
See, for example, P. Cappelletti et al., Chapter 5, “Memory 
Architecture and Related Issues” in Flash memories, KluWer 
Academic Publishers, 1st Edition, 1999), and E. Gal and S. 
Toledo, ACM Computing Surveys, 37(2):138-163 (2005). 
Example applications of ?ash memories include cell phones, 
digital cameras, USB ?ash drives, computers, sensors, and 
many more. Flash memories are noW sometimes used to 

replace magnetic disks as hard disks, such as the 64 GB hard 
disk by SanDisk (see “SanDisk launches 64 gigabyte solid 
state drives for notebook PCs, meeting needs for higher 
capacity,” available at the Web site URL of http://biZ.yahoo. 
com/cnW/070604/sandisk.html?.v:1). See also the Web 
article on the 256 GB hard disk by PQI (“PQI unveils 256 GB 
solid state drive,” available at the URL of vvWW.guru3d.com/ 
neWsitem.php?id:5392). Based on the popular ?oating-gate 
technology, the dominance of ?ash memories is likely to 
continue. 

[0004] Some problems exist that may limit the improve 
ment of ?ash memories With respect to their speed, reliability, 
longevity, and storage capacity. Flash memories may have a 
limited lifetime due to the quality degradation caused by 
block erasures; a ?ash memory can endure only about 
105~106 block erasures before it becomes no longer usable 
(see S. Aritome et al., Proceedings ofthe IEEE, 81(5):776 
788 (1993), and P. Cappelletti et al., ibid. Removing charge 
from any single cell for data modi?cation may require the 
block to be erased and all the 105 or so cells in it to be 
reprogrammed (or programmed to another block). The Writ 
ing speed may be constrained by a conservative cell-program 
ming process that is about ten times sloWer than reading. One 
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purpose of such conservative programming is to avoid over 
programming, a serious error that may only be correctable by 
block erasure and reprogramming. Data reliability may be 
limited by errors caused by charge leakage, disturbs, and the 
like. See S. Aritome et al., ibid; P. Cappelletti et al., ibid; and 
P. Pavan et al., Proceedings of The IEEE, 85(8):1248-1271 
(August 1997). The errors become more common When 
multi-level cells are used to increase the storage capacity. 

SUMMARY 

[0005] In some examples, a minimum push-up scheme to 
store data in ?ash memories is described. In some embodi 
ments, the minimum push-up scheme starts With data values 
v:[vl, v2, . . . , vn]ESn that are received to be stored in data 

storage containing current values u:[ul, u2, . . . , un]ESn. 
Next, v is de?ned as an element of S Where S is de?ned as a 
set of symbols in a rank modulation coding scheme. Further, 
n is de?ned as a number of ranks in v to be stored in a group 
of n rank locations in data storage of the data device. The 
group of n rank locations are programmed according to the 
rank modulation coding scheme and the value v such that for 
i:n—1, n-2, . . . 1 the programmed value of a rank location vi 
is increased until it is greater than the value of a rank location 
vi+1 by a minimum cell differentiation amount. 
[0006] In some embodiments each of the n rank locations 
may comprise a cell of the device data storage. In further 
embodiments, each rank location may comprise a plurality of 
cells of the device data storage. In other embodiments, each 
rank location may comprise an equal number of cells of the 
device data storage. In still further embodiments, program 
ming may comprise increasing the value of all cells in the 
rank location vi until the value in each of the cells V, is greater 
than the value in each of the cells in the rank location V1+l. In 
other embodiments, the current values of u:[ul, u2, . . . , 

un]ESn are read from the device data storage before the pro 
gramming of the group of n rank locations With v. 
[0007] In another aspect, a neW scheme, multi-cells, used 
for storing data in ?ash memories is provided. NAND ?ash 
memory is the most Widely used type for general storage 
purpose. In NAND ?ash, several ?oating gate transistors are 
connected in series Where We can read or Write only one of 
them at a time. Each transistor is replaced With a multi-cell of 
m transistors connected in parallel. The control gates, the 
sources and the drains of the transistors are connected 
together. That Way, their current sums together in read opera 
tions, and the read precision increases by In times, alloWing 
the storages of mg levels in a single multi-cell. In Write 
operations, the same value is Written to all the transistors, 
such that the sum of their charge levels provides the desired 
total level. 
[0008] In some embodiments processes for manufacturing 
and operating a data device are provided. A plurality of tran 
sistors, each of Which is capable of storing charge, are dis 
posed on a device. Each of the plurality of transistors com 
prises a gate, a source, and a drain. Connections are formed 
betWeen the sources, gates and drains of each of the plurality 
of transistors. Each connection is capable of carrying electri 
cal current. Next, data is stored in the plurality of transistors. 
The data corresponds to a sum of charges stored in each of the 
plurality of transistors. In further embodiments connections 
may be formed betWeen the gates of each of the plurality of 
transistors. 
[0009] In yet further embodiments, a process for operating 
a data device is provided. First, a code Word is generated that 






















































