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TESTING APPARATUSES, HIERARCHICAL PRIORITY ENCODERS,
METHODS FOR CONTROLLING A TESTING APPARATUS, AND METHODS

FOR CONTROLLING A HIERARCHICAL PRIORITY ENCODER

Cross-reference to Related Applications

[0001] - The present application claims the benefit of the Singapore patent application :
No. 10201400292T filed on 28 February 2014, the entire contents of which are
vrinco.r-porated herein by reference for all purposes. The present application furthermore
clai'ms the benefit of the Singapore patent application No. 102014003‘0'3Y7 filed on -25
February 2014, the entire contents of which are incorporated herein by reference for all

purposes.

Technical Field

[0002] Embodiments relate generally to testing apparatuses, hierarchical priority
encoders, methods for controlling a testing apparatus, and methods for controlling a

hierarchical priority encoder.

Backgfound
[0063] _Fipdingb the most similar matches to a qﬁery vecto-r from a large datai)asé of
vecto;s, also i<nown as Ne_arest Neighbor (NN) search, is a well-known problem in audio,
.vid'eo and other information rétrieval, particularly audio/video ﬁngerprinting, which tries

~ to identify a query audio/video clip from a database of reference audio/video content.
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Exact NN Search is challenging when the vectorsvhave' high dimensions; where no
inde){ing structur\e is known to be consistently faster than brute—fofce search. For
approximate NN (ANN), commonly used méthodé such as Loqality Sensitive Hashing
(LSH) either become slow due to excessive nu_m'b'er of hard disk seeks, or have to use an -
excessive amount of main memory for indexing, when the NN distance to query vector is

far and the database is large. Thus, there may be a need for more efficient methods and

~devices.

Summary |
[0004] . According to Varioué embodiments, é testing apparatus I}lay be provided. The
teétiﬂ.g' apparatus may include: a cell pair combrising two [-bit (or moré generally k;state)
memory cells configured to represent a stored pattern of /-bit (or more generally k-state);
and a converter conﬁgﬁred to convert a query pattern of /-bit (or more genérally k-state)
into at least a pair of voltages deﬁned such that when é\pplied to gates of the cell pair, the
voltages lﬁake the cell pair into either a high resistance mode or a low resistance mode,
- depending on whether fhe query I;attem matches the stqred pattern. In one embodiment,
the voltages make the cell pair into high_résistance mode when the query pattefn matches
the stored pattern and into low resistance modé when the query pattern does not ﬁatch
‘the stored péﬁem; In another embodiment, where the cell is made of a transistor g_éxially
connected to a proéfainfnable resistive element (i.e. NGMEM such as RRAM, PCRAM,
or MRAM), the voltages make the cell pair into low resistance ‘mode when the query

pattern matches the stored pattern and into high resistance mode when the query pattern

does not match the stored pattern.
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[0005] According to various embodiinents, a hierarchical priority eﬁcoder niay be
proivided. Tiw hierarchical priority encoder may include a multi-rﬁatch controller
conﬁgured to report multiple matches in case of multiple matches,

[0006] According to- various embediments, a method for controlling a testing
apparatus may be provided. The method may iﬂclude: controliing a cel‘l pair of the testing
_apparatus, the cell pair combrising two. [-bit (or more generally k-state) memory cells |
vconﬁg,mredr to represent .a stored pattern of /-bit (or more generelly k-state); and
converting a query pattern of /-bit (or’ more genefaily k-state) inte a pair of voltages
defined such that when applied to gates of the cellv pair, the voltages make the cell pair
into either a high resistance mdde or a low resistance mode, depending onrhwvhether the
-query pattern matches the stored pattern. In one embodifnent, the voltages make fhe eell
pair into high resistance mode when the query pattern matches the stored battern and into“.
low‘ resistance mode wllen the query pattern does not match the stored pattern. In another
embodiment, where the cell is made of a transistor serially conneeted to a programmable
resistive element, the Volteges make the cell pair into low resistance m_od'e when t};e
query pattern matches the stored pattern and into high resistance mode when the query

pattern does not match tfle stored pattern.

‘ '[0007] - Aceording to various embodiments, a method for controlling a hierarchical
-prierity encoder rﬁay be previded. ‘The method may include .controliing a mﬁl‘ei-fnateh
controller of the hierarchicall priority encoder to repert .mul’eiple matches in -ca.se of
multiple matches.

[0008]
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* Brief Description of the Drawings
[0009]  In the drawings, like reference characters generaily refer :[o the same parté
throughout the different Views. The drawings are not necessarily to rscale, emphasis
- insteadr gonerally oeing ‘placed upon illustfating the principlos 'o_f the invention. _In the
following descriptioo; various embodiments aré described with reference to the following
_drawings, in which: -
FIG.V 1A showsra.tes'ting apparatus according to variouo embodiments;
/ FIG. 1B shows a server according to various embodiments;

FIG. 1C shows a ﬂow diagram illustrating 5 testing method according to various
embodiments;

FIG. 1D showo a testing appara;us 130 acoording to Voﬁous embodiments;

FIG. 1E shows a hierarchical ‘priority encoder 138 according to various
embodiments; | |

FIG. 1F shows a flow diagram 142 illustrating a method for controlling a testing
apparatuo;

FIG. 1G shows a flow diagram - 1,4\8 illustrating a method for controlling a
hierarchical prioﬁty encoder;

FIG. 2 shows an illustration of an interlocked design;

FIG.‘ 3 shows an illustration'3OQ of an interlocked design according to various
embodiments compatible with .1T1R (1-transistor l-resisto;) version of RRAM, PCRAM
or even MRAM;

FIG. 4 shows an illostration’ of an extended interlocked design according fo

various embodiments;
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FIG. >5’ shows an illustration of a 2-Transistor Flash cell based on standard logic
CMOS process;
FIG. 6 shows an illustration of a 2-cell NAND string based on individual cell in -
FiG. 5;  |
FIGV. 7A and FIG. 7B show NAND F lasil based on standard 10gic CMOS :proce'ss;
FIG. 8 shows an illustration of one layout method for exampie Flash cell arr#y;
FIG. 9 shows an illustration of another layout for example Flash array;
FIG. 10A and FIG. 10B show an example 2x2 NOR Flash cell array;
FIG. 11A gnd FIG. 11B show an adaption of 2TS NOR Flash cells; -
bFIG. 12 gnd FIG. 13 iliuétrate a method according to §arious embodiments for
reducing program disturbs; |
FIG. 14 and FIG. 15 show example operating conditions of SS-CHE split-gate
NOR Flash cells; | |
’ ‘FIG. 16 and FIG. 17 illustrate a shielded bit-line sensing method;
FIG. 18A, FIG. 18B, FIG. 18C, FIG. 18D and FIG. 18E illustrate adapting the 1-
bit NAND-Flash based interlocked design to NOR Flash;
FIG. 19 shows an illustration of an adaption of 1-bit interlocked design to next-
generation memory;
FIG.I 20 shows an illustratién of types of raﬁge queries in an /-bit fGT MLC pair -
“and their semantic meanings; | |
FIG. 21A and FIG. 21B illustrate a circuit for irﬁplementing interlocked-design on

NOR Flash; .



WO 2015/130234 PCT/SG2015/000065

FIG. 22A and FIG. 22B illustrate a _cpmpaﬁson of row-wise and columﬁ-wise cell
programming méthod; |
FIG. 23A, FIG. 23B, and FIG. 23C illusﬁafe implementing row-wise vs. columﬁ—
wi.se eréSe operation for SuperFlash v1-2;
FIG. 24A and FIG. 24B illﬁstrate exaﬁple v;/ays of mérginé' source- diffusions in
_the same column to form a Source liﬁe; ) |
FIG. 25A and FIG. 25B illustrate hierarchical merging of tie-breaking and
7 feedback of which colﬁmn to clear after it is réported; |
FIG. 26A, FIG. 26B, FIG. 26C, FIG. 26D, aﬁd FIG. 26E illustxjate an hie;archical
implementation of candidate column ID repbﬁing and auto-clearing of candidate aﬁer
being reported; ﬁ
'FIG. 27 shows an illustration of a hierarchical merging of sub-array priority
encoders into a large-scale priority encoder; |
'FIG. 28 shows an illustration of a block diagram of a shared priority encoder (and
shared vote counters) among multiple sub-arrays according »tovvarious embodiments;‘
FIG. 29 shows an illustration of a scaléble inter-chip design acéording fo various
eﬁbodiments_; and
FIG; 30 shows an illustration of an exampie timing sequence of the complete

query output process according to various embodiments.

Déscription

[0010] Embodiments described below in context of the devic'es are anaiogously valid

for the respective methods, and vice versa. Furthermore, it will be understood that the
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embodiments described below may be combined, for example, a part of ént; embodiment
may be combined with a part of another embodiment.

[bOll] | In this context, the testing apparatus as described in this descripﬁon may
.includé a memory _which is for example— used in the processing can‘ied out in the fegting '
apparatus. In this coﬁtext, the server as deséribed in this descﬁption may include a
~memory which is for example used in the processing carried out in the server. A memory
used in the cmquiments may be a volatile memory, for example a DRAM (Dynamic
Random Access Memory) or a non—volatilé memory, for example a PROM
.(Programmable R'ea‘d Only Memory), an EPROM -(Erasable PROM), EEPROM
(Electrically Erasable PROM), or a flash mémory, e.g., a floating gate memory, a charge
trapping memory, an MRAM (Magnetoresistive Random Access Memory) or a PCRAM
(Phase Change Random Access M'emory).

[0012] | In an embddimér;t, a "'circuit" may be understood as'any i(ind of a logic
implementing entity, which may be specia1 purpose circuitry or a pfdcesso‘r executing
software stored in a memory, firmware, or any combination thereof. Thus, in an
embodiment, a "circuit" may be a hard—Wired logic circuit or a programmable logic
circuit such as a programmable processor, e.g. a microprocessor (e.g. a Complex
Tnstruction Set Computer (CISC) proCesspr or a Reduced Instruction Set Computer
(RISC) 'procéésor). A "circuit" may ‘also be,a‘prr(‘)ceésor executir}g "software, e.g. any kind
of computer program, e.g. a computer program using a virtual machine code such as é.g.

' Jaya. Any other kind of implementa,tion. of the respective functions which will be

~ described in more. detail below may also be understood as a "circuit" in accordance with -

an alternative embodiment,
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[0013] Prévibusly, a ‘lbw-pOWer hardware desigh called the interlocked désign was
provided to transform NAND Flash memory ‘into a high-performance, low-power
multimedia search engine. In its simplest form, it may use 2 NAND Flasﬁ cells to
represeﬁt 1 bit, with ;1 unique pair of probing voltages for testing == “0” (in other words,
for testing whether a query information i‘s idehtical to “O;"), and another uniqhga pair of
_probing voltages for testing == “1” (in other words, for testing whether a query
information is identical to “1”). The cell pair conducts if and only if probing Volltage pair
matches the represented bit. By concatenating m such cell pairs in a NAND stﬁng (a
'NAND string is a complete serial éhcuit 6f _NAND Fi.ElSh cellS)‘, an m-bit == test
opérationr can be implemented, by m unique pairs of probing voltages applied to tﬁe
WordLines (WLs) of the NAND string. Then, a probed INA:ND string rwill conduct or
draw noﬁ-negligible current if and only if its stored data matches the entire m-bit query
input. Such an m-bit (of moré generally, m-component) query or reference pattern may be
referred to herein as a sub-pattern.

[0014] Finding the most similar matcheé to a query vector from a large database of
vectors, also known as Nearest Neighbor (NN) search; isa wéll—known problem in audio,
video and other information retrieval, particularly audio/video fingerprinting, which tries
to identify a query audio/video clip from a database of reference audio/video content.
Exact NN search is challenéing when the vectors have high dimenéions, where no
indexing structure 1s anWn to be consistently fastér than brlite-forcc; search. For
approximate NN ('ANN), commonly used methods: such as Locality Sensitive Hashing
(LSH) either becomébslow due to excessive numb‘er of hard (_iisk seeks, or have to use an

excessive amount.of main memory for indexing, when the NN distance to query vector is
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far and the database is large. According to Various embodiments, efficient methods and
devices for ﬁhding most similar matched may be provided. |

[0015] FIG. 1A shows a testing apparatus 100 accofding to ‘various embodiments.
The tesﬁng apparatus’- 100 may include 51_1 inpﬁtrcircuit 102 configured to receive query
inpﬁt data. The testing apparatus 100 may ﬁlﬁher include: at least one cell 104. The at
‘least one cell 104 may include a memory circuit configured to store reference data. The
cell 104 may fuﬂher iﬁclude at least one resistance cqupled to the memory circuit. In case
of a plurality of c¢lls, each éell may include a respective memory cjrcﬁit, which together
- may store the ref»erencer data, and each one of thé reépeétive memory circuits may be
coupled with a‘ respective resistance. Therrtesting apparatus 100 may further include a
control circuit 106 configured to selectiveiy shortcut the at.least one résistaﬁce based oﬁ
the query input data. The testihg apparatus 100 may further include a determination

circuit 108 configured to determine whether the query input data corresponds to the

stored reference data based on a staterof the at least one cell 104. The input circuit 102,
the at least one cell 104, the control circuit 106, ana the determinatioﬁ circuit 108 may be
-coupled with each other, like indicated by lines 110, for eXample électripz}lly coupled, fc‘)r'
example.usin_g alineora cable; and/ or mechanically coupled. |

[0016] According to vari(;us embodiments, the at least one cell 104 may include a
plurality of transis;ors, each of the transistors cormected to a cOrresbonding resistance.
Acci)rding to various .émbodiments, the control circuit 106 may be conﬁguredy to
+ selectively shortcut at least one of the resistances to which the ‘plurality of transistors

correspond based on the quéry‘ input data.
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[0017]  According to various embodiments, the at least one cell 104 may include a
first transistor connected to a first resistance. According to various embediments, the at
least one cell 104 may include a second transistor connected to a second resistance.
>Accord.ing to various embodiments, the confrel circuit- 106 may be conﬁ;gured to
selectively shortcut the first fesistance or the second resistance Based on the query input
_data.
[0018] According to various embodiments, a “0” may be stored as a (H L) pair in fhe
‘ﬁrst transistor and the second transistor, wlrlere L denotes low-reSistance state, and H
denotes high—resis_t‘ance state.
[0019] According to various embodiments, a “1” may be stored as a (L H) pair in the
first transistor and the second transistor, where L. denotes low-resistance sfate, and H
denotes high-resistance state.
[0020] According te various embodiments, the first resistor may be connected with a
first MOSFET in parallel. According to various embodimehts, the second resistorv may be .
connected with a second MOSFET in parallel.
[0021] According to various embodimeﬂts, the first MOSFET is a ﬁrst-niVIOSFET: |
According to various embodiments, the second MOSFET is a second nMOSFET.
Accerding to Varioils embediments, for query input data equal to “0”, a hi voltage may be
applied to the first nMOSFET, aﬁd a lo voltage may be applied te ti_le Seeond nMOSFET .-
Accerding te various embodiments, hi may be a Voltage high enough te make the first
| nMOSFET turn ON, and lo may be a voltage low enough to make the second nMOSFET

turn OFF;

10
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{0022]  According to »variousv embodiments, the first MOSFET may be a first |
nMOSFET. According to various embodiments, the second MOSFET niéy be a secénd
nMOSFET. Accofding to various embodiments, for query input data equal to “1”, a lo
voltage. may be applied to the ﬁrsi nMOSFET“, and a hi ‘voltage may bé applied to the
second qMOSFET. According to various embodiments, hi may be a voltage high enough
to make the second nMOSFET turn ON, and lo may be a voltage low enough to make the
first nAMOSFET turn OFF. |
-10023] Accc;;diﬁ-g to various embodiments, the memory circuit may include at least
one ‘circuit selected from a list of circuifs consistiné of: of a NAND flash architecture; a
NOR flash architecture; a 2-fcransistor source;select NOR ﬂash,éell; a Sé-CHE split-gate
NOR flash cell; and a Supei‘Flgsh v1-2 or v3 NOR type céll. | |

[0024] | FIG. 1B shows a server 112 according to various embodiments. ~The server
112 may include a receiver 114 conﬁgqred to feceive a éuery input data from a client.
The server 112 may further inélude a testing apparatuys (for example the testing apparatus
| 100 lil;e shown in FIG. IA). The server 112 may further include a transmitter 116
conﬁguréd to t/ransm_it a result determined by the determination circuit of the testing '
appératus 100 to the client. The receiver 114, the testing apparatus 100, and the
transmitter li6 may be coupled with each other, like indicated by lines 118, for example
electrically coupled, for exaﬁple ﬁ_sing alineora cablic,vand/' or Iﬁechailically coupled.
[0625] According to various embodiments, the vserve_r 112 may further include a
hierarchical priority encoder (not sh;)wn in FiG. 1B) conﬁgured to report a match based

on the determination of the determination ci_rcuit.

i1
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' [0026] f‘IG. 1C shows a flow diagram 120 illustrating a testing method according to
Various‘embodiments. In 122, query input data may be received. In 124, at least one cell
may be controlled, the cell including a memory circuit configured to store reference data,
fhe cell further includiﬁg at least one résistance coupled to the memory circ'uit.- In.L.126, the
at least one resistance may be selecfively shoftc%utted based on the query input data. In

128, it may be determined whether the qﬁery input data corresponds to the stored
reference data based on a state of the at least one cell.

[0027] Accordiﬁg to various embodiments, thé at least one cell may include a
plurality of transistors, each of the transistors conﬁected to a corresponding resistance.
According to various embodiments‘,v thg testing method may further include selectively
shoftcutting ‘at least one of the resistances to which thé plurality of transistors corr¢spond
based on the query input data.

[6028] According fo various embodiments, the at‘ least one cell may include a first
transistor connected to a first resistance. Aécording to various émbodiments, the at least
one cell may further include a second transistor connected to a second resistance.
According to various embodiments, the testing method may further include selectively
shortcutting the first resistance or the second resistance based on the query input data.
[0029] According— to various embodiments, a “0” may be stored :;.S a (H L) pair in the
first -transistor: and th,e‘second transistor, where L denqtes low-resistance state,wapd H
idenotes high-resistance state.

[0030] ‘ According to various embodiments, fci “'1-” may be stored as a (L H) pélir in fhe
ﬁrst transistor and the second transistor, wheére L denotes low—resistance sfat'e, and H

denotes high-resistance state.

12
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[0031] According to varieue embodiments, the first resistor may be connected with a
ﬁrst MOSFET in bpérallel. According to various embodiments, the second resistor may be
connected Witi‘l a second ‘MOSFET in parallel.

[0032] | According to ~-vari0u,s' embodiments, the first MOSFET may be a first .
nMOSFET. According to various embodimente, the second MOSFET may be a second
‘nMOSFET. According to various embodiments, for query input data equal to “0”, a hi
voltage may be applied to the first nMOSFE"I",. and a lo voltage may be applied to the
secdnd nMOSFET. According to various embodiments, hi may be a voltage high enough
to make the first nMOSFET turn ON, and lo may Be a voltége low enough to make the
second nMOSFET turn OFF; o |

[0033] According to varieus embodimeets, the first MOSFET may be a first
nMOSFET. Aecording to various embodiments, the second MOSFET may be a second
nMOSFET. According to various embodiménfs, for qﬁery input deta equal to “1”, a lol
voltage may be applied to the first ntMOSFET, and a hi voltage may be applied to the
second nMOSFET. According to various embodiments, hi may be a voltage high enough
to make the second nMOSFET turn ON, and lo may be a voltage low enough to make the
first nMOSFET turn OFF;

[0034] Accerding to various embodiments, the memory circuit may include at least
one circuit selected from a list of circuits consistiﬁg of: of a NAND flash architecturej a -
NOR flash arehiteeture; e 2-transistor source-select NOR flash cell; a Ss-CHE split-gefe
- NOR flash cell; and a SuperFlash v1-2 NOR type cell.
[0035] FIG. 1D shows a testing apparatus 130 .according to varioue embodiments.

The testing apparatus 130 may include a cell pair 132. The cell pair 132 rhay include or

13
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may be two [-bit (or more generallyfrk-srtate) memory Celle configured .to represent a
stored pattern of l—bi’i (or mbre generally k-state). The testing apparatus .1307may further
include a eon\ierter 134 configured to convert a query pattern of [-bit (or more generally
k—sta’ie) into a pair of voltages deﬁned such that when applied to gates. of the cell pair 132, -
the voltages make the cell beir 132 into either e high resistance mode or a low resistance
‘mode, depending on whether the query pattern matches the stored pattern. In one
embodiment, the voltages make the cell pair 132 into high resistance mode when the
-query pattern matches the stored pattem and into loi)v resistance mode when the query
pattern does not maich ihe stered pattern. The celi pair 132 and the converter may be
vcoupled with each other, like indicated by lines 136, for e)iample electrically coupled, for
example using a line or a cable, and/ or mechanically coupled. It will be understood that
“l—bit” may be understood as “having a length of 7 bits”, and that “k-state” may be
understood as “able to iake on one out of k unique etates”, and that a “k-state value” may
be understood as “a numerical value assigned td denote one of snch k unique states”. In
anothef embodiment, where the cell is made lof a transistor serielly connected. to a
programmable resistive element, the voltages make the cell pair into low resistance mode
when the query pattern matches the stored pattern and inte high resistance mode when the -
query pattei’n does not mateh the stored pattern.
[0036] Aceording to \iarious emb.odiments, [ may be equal to 1. According to various
embodiments, the cell pair 132 may include et least one of 1-Tr NOR Flash, 2TS NOR
| Flash default, 2TS- NOR Flash wiih mid—only voltage to word lines, 'SuperF‘lash vl-2,

" SuperFlash v3, or NGMEM (e.g. RRAM, PCRAM, or MRAM).

14
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[0037] According to various embodiménts, [ may be an integer number larger than 1.
Accordilig to various embodiments, the cell pair 132 may include a;t least oﬁe of 1-Tr
NOR Flash, 2TS NOR Flash default, SuperFlash v1-2, SﬁperFlash v3, or NGMEM. .
[0038] - " FIG. 1E shows a hierarchical priority encoder 138 .ac';:ording to. Variéqs '
embodiments. The hierarchical priority encodef 138 may include a multi-'m'atch controllef
140 configured to report multiple matches in case of multiple matches.
[0039] “According to various embodiments, the hierarchical priority éh_coder 138 may
further include a merging circuit (not shown in FIG. 1E) configured to providé
hierarchical merging (e.g. with the merging formulés for PE decision and PE column ID
like described herein).
[0040] | According to variéus embodiments, the mulﬁ-match controllef 140 may be
conﬁgured to report multiple matches by clearing a previously réported match after each
report. |
[0041] According fo various embodiments, the multi-match controller 140 may be
_configured to provide a hierarchically back-traverse mechanism. |
- [0042] ._ According to variousv émbodiments, the multi-match controllef 140 may be
Conﬁgured to provide a general column-ID to N decoder.
[0043] According to Variou; embodiments, the hierarchical_ priority encoder 138 may
bbe cpnﬁ'gl_ired fof multi-aﬁay operation.
[0044] ‘Acc_ording to various embodiments, the hierarchical pﬁoﬁty encoder 138 may
be conﬁgurgd forr multi-chip operation.
[0045] . FIG.A IF shows a ﬂow diagram 142 illustfating a method for 'controlling a

testing apparatus. In 144, a cell pair of the testing apparatus may be controlled. The cell. -

15
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pair may include or may be two /-bit memory cells configured to represent a stored

patterﬁ of [-bit. In 146, a (iuery pattefn of' [-bit ma\y be converted into a rpair ofv Voltéges

defined ‘such that when applied td gatesrof the cell pair, the voltages make the cell pair

- into hith vrésistanqe que when thjc' query pattern matches the stored pattern and into low
resistancé mode when tﬁe query i)attern does ndt match thé stored patterﬁ. .

“[0046] Accordihg to various embodiments, lv may be equal to 1. Acéording to varibus
embodiments, the cell paif may include or may .be at leaét one of 1-Tr NOR Flash, 2TS
NOR Flash default, 2TS NOR Flash with inid-only Véltage fo word lines, SuperFlash v1-

| 2, SuperFlash v3, or NGMEM. .

[0047] - According to various embodiments, wherein / mayr be an ‘integer number
largér than 1. According to various embodiments, the cell pair may include or may be af
Jeast one of 1-Tr NOR Flash, I2TS NOR Flash default, SuperFlash vi-2, SuperFlash v3,
or NGMEM. |

[0048] FIG. 1G shows a flow diagram 148 illustrating a method. for controlling a
hierarchical priority engodér. In 150, a multi—match controllér of the hierarchicai priority
encoder may be controlled to report multiple matches in case of multipie ma’t’ches_.

[0049] chdrding to various. embodifnents, the m_ethod_ may further include
controlling é merging circuit to provide hierarchical mefgin_g. .

[0050] According,,t‘(’)- varipus' émbO'diments; the multi—matchv cd_ntroller ‘may report
multiple ma’_tches by élearing a préviéusly repérted lﬁatch after each report.

[0051] v -According to 'various embodiments, the multi-match controller may provide a

hierarchically back-traverse mechanism.

16
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[0052] According to various embodirnextts, the multi-match conttoller may provide a |
general'column-:ID to N decoder.
[0053] - According to various embodiments, the hierarchical priority encoder- may
provide multi-array operation. |
[0054]  According to various 'embodirttente, the hierarchical priority encoder may
_provide multi-chip operation.
[0055] Aecording to various embodimente, a low-power design using Vpre (instead of |
Ground) le\‘lelr shielded Bit-.line sensing for NAND Flash may be provi(ied.
[0056] Aecording to rvarious 'embodttnents,, .an interlocked ‘design for NAND |
architecture of NGMEM tnay be provided. |
[0057] According to Vat‘ious embodiments, a't’vey of convertiltg 2TS NOR Flash to |
NAND Flash while not requiring process re-engineering may be provided.
[0058] According to various embodiments, scetlable Fuzzy search systents may be
provided. |
-~ [0059] FIG. 2 shows an illustration 200 of the interlocked design for the above-
mentioned 1-bit quantization case. In other words, FIG. 2 shows an iliustration 200 of the
interlocked design for 1-bit == test case.
[0060] NAND Flash cells are ﬂoating gate transistors, which has the notion 'rof
»threshold voltage Vi (for example as Vlewed from its Control Gate). If- the applied -
Voltage to the cell’s Control Gate (i.e., WL) VCG is below Vi, the cell does not conduct;
7 ie., draws very little current. The cell’s current grows (at least substantially; in other
words: roughly) exponenttally with respect to Veg, until Vee becomes much larger than

V. By contrast many of the next-generatlon memories (NGMEM) such as RRAM

17
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(Resistive RAM), PCRAIMV (Phase-Change RAM), MRAM F(Magnetic RAM), are

inherg:ntly resistive deviceé with programxﬁable resi_stancé, as opposed to é transistor with
programmable threshold Volfage. Although a tyansistbr is often used together with th¢
» resisti\;e element in such memories, the tfansistor serves ‘bnly as a selector switcl} and
generaliy has no proérammable Vin. Therefore; even if a relatively low iﬁput voltage is
‘applied, generally to the bit-line (BL). instead of the WL, a non-negligible current
generally may still flow through the reéistive eleﬁlent even if it is in a high resi‘stance.
state (unless the high resistance is very high).

[0061] In c;)nventional RRAM, PCRAM, or evéﬁ MRAM, within each column their
cells follow a pafallel layout similat to DRAM or NOR Fiash. Now if their cells are
instead éoncaténated to follow a NAND/serial layout, this serial circuit may also be
called a NAND string, then we are measuring the sum of resistance across all cells in
such a NAND string. ‘Suppose a low resistanée state L Has resistance Ry, and high
resistance state H has resistance Ry. .

[0062] If we want to use the interlockgd low-powér design, for example by using a
(H, ‘L) cell state pair to represe‘nf a “0”, and using a (L,H) cell state pair to represent a
“17, then we have difficulty distinguishing between a “0” and “1” if we only observe the .
BL _(bit—lin_é) current (or ifs corresponding BL volfage). This is because the 2 select

' trap’sis@rs in the cell pair both‘.n'eed to be ON to‘test each cell’s resiétance state, and yet
- the total reéistance,is tfle same for both represented "‘.0” and “1”; RL + Ru (assuming
selécf transist01'$ have equivalent resistance << Ry in the ON staté).

[0063] Ac;:ording to Varioqs rémbodiments, an iﬁterlocked design may be provided,

for example for next-generation memories.
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[0064] In the following, a .‘baseline case. of one cell pair accqrding to various -
embodiments will be described.

[0065] To resolve the above-mentioned ambiguity, we can selectively “by-pass” one
-;,f the ﬁvo resistive elemehts in the cell pair. We can ‘add. a “by;pgss” transistor in parallel
cdﬁncétion to the resistive element in the celi. :So for each cell pair there will be 2 “by-
_pass” transigtors. It is- to be noted that, to save input pins, we can borrow from the conceptr
' of interlocked design, and use 1 nMOSFET and 1 | pMOSFET ‘ag the 2 “by-pass”
transi;tors énd with a commoﬁ cdnﬁol voitage input referred to as Pfobe or Query.

[0066]  This is illustrated in FIG. 3.

[0067] FIG.3 shqws an illustration 300 of an iﬁterlocked design according to various
embodiments compaﬁble witﬁ ITIR (l—transistof 1-res;istor) v‘efsion of RRAM, PCRAM
or evenbMRAM. Tl’s corresponding resistive elément R1 is drawn beneath T1, although
Ri may also be above T1, though this doesn"rt really affect the design here.

[0068] To test for == “d”, Pfobe = 3V (high voltage) is used. It will turn on T2 and
‘by—pass top cell’s -resisfive élement R1, Yet 3V will turn off the pMOSFET T4 (assume
Vop - £ 3V), so only béttom cell’s resistive element R3 will be measured. Assuming the
select and by;pass transiétdfs have much lower resistarice than Ry, if == “0” is 1rue, then -
we get NAND string BL current I ~ (Vpp — Vss)/Re. If == “0” is false, I = (Vpp —
Vss)/Ru. For ﬁRAM, whiqh ca}__n-ha've a fairly high iOO:.l resistance ratio ‘of, above, this
will result in'a 100:1 current rat10 or above, which may be easy to distinguis.h..‘Plus, the
non-matchiﬁg cell pair Will draw much less current, similar fo NAND Flash interlocked
design where non-matching celi pair draws almost zero curreﬁt; The design in FIG. 3is

also applicable to PCRAM and MRAM, or any‘ programmable resistive memory device,
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_as long as the resistance ratio is sufﬁciently high, and/or the noise in measured vcurrent
ratio (caused by Vaﬁability in programmed resiétance and/or ciréuit medsurément noise)
~ is sufficiently small, so 'that the cufrents between == and = | afe sufficiently

distingﬁishable. 7

[0069] " To tesf for — “1”, Probe = OV (loW voltage) is used. Tt will furn off T2, bﬁt
“will turn on T4 and bybéss R3. Théref_ofe, the top cell’s resistive element R1 will be

measured. If == “1” is true, I = (Vop — Vss)/Ri. If == “1” is false, I ~ (Vop — VSS)/RH-

Therefore, for both — “0” and == “1” .tes‘ts, a match corresponds to a largé currenf and

no-match corresponds to a small current.

[0070] In the folléwing, advanced uses according to various embodiments, for
~ example multi-bit == tests and transistor count minimizatioh, will be described. |
[0071] Multiple cell pairs may be coﬁcatenatéd in series to support == test for
niultiple bits. If all n bifs in a pattern match and the NAND string is ﬁpairs long, fhen BL
current I = (Vpp — Vsé,)/(n*RL); othelwiée, I =(Vpp — Vss)/(Ru H(n-1)*Ryr). If ceus haves
100:1 resistal_ice ratio, then current differentiation will still be fairly good for n = 32.
[0072] - >It is to be note that T2 and T4 in FIG. 3 are similar to a CMOS-based (whel;ein
CMOS may stand for Complementary ﬁetal—oxide—éefniconductor) inverter. Such an
inverter has the_: pMOSFET closer to Vb for more stable operation, and we can move T4;
T3, R3 together to the tbp to be closer to Vpp é}s well, but Wheﬁ concétenating'lﬁulfiplé
cell -pairs, the loWe; pairs’ ;;MOSFET ,w‘ill still not be clo..ée to Vpp no matter how we
arrange the pMOSFETs. | |
[0073] Furthermore, because T1 and T3 are alWays féd with 3V (high voltage), they

can actually be omitted without causing any trouble. If there are multiple NAND étrings_
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per colutnn/BL (often the case), then we only need a T1 (one select transistol‘) per NAND
string to preVent unwanted current from unprObe(l NAND strings. ? v
[0074] In tl1e following, extensions according to various  embodiments to the
interloeked desig_n;: will be described, for example illustrating how to allow data
initialization and modiﬁeatlon.
[0075] 7 The new interlocked design in FIG. 3 can be concatenated in cell pairs to form

a long NAND string, andlthis'works as long as the da_ta vin_ these cells heve been properly
initialized. However, the working mechanisms of MRAM, PCRAM and RRAM all
require applying some Voltege or current to alter the cell state. So if multiple cells are in
series, the applied voltage or current»will éenerally affect all of these cells, instead of the
one intended to be programmed or altefed.

[0076] FIG. 4 shows an illustration 400 of an extended interlocked design according

to various embodiments after omifting unnecessary select transistors and making
" interlocked probe input pair independent. |

[0077]  For example like ehown in FIG. 4,'FVIG. 3 may be extended by changlng T4
‘frem a pMOSFET to an nMOSFET, and T2 ancl T4 each will have independent input line.
During searcll/tluety mode, T2 and T4 will be in interlocked voltages, that is, to. test for
=="“0”, Probe to T2 and T4 will be 3V and 0V, respectively; and to test for == “1”, Probe
to T2 and T4 will be OV and 3V, respectively. Wherees during data Wﬁting, all by-pass t\
transistors.will' have 3V'(l1igl1 volt‘age)v SO that their corfespdnding reslstlve elements are
not (significantly) affected. Only the bypass transistor whose corresponding reSistiﬁve'

element is to be programmed or altered will have OV (low voltage). Assuming the
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combined vresistance of all Bypass transistors is still relati\}ely small,. such modiﬁcation
will work. -

[0078] FIG. 4 illustrates how this can be done. Since select transistors liké T1 and T3
in FIG 3 may Be omitted, in FIG. 4 eacﬁ transistor and resistive elément afe renamed to
make it easier to fead. It is to be noted that the Probé_i inputs are now essent‘iaily like
‘WordLines in terms of functionality. For example, to test for == “01” in FIG. 4, Probe 1
thru Probe_4 should be 3V, oV, 0V, 3V, respective_ly, with-1 = (Vpp - Vss)/(Z*RL) if |
patterﬁ mafches. | | | | - |

[0079] In the following, weak-bit representatioﬁ according to various embodiments
will be described. | |

[0080] For media ﬁngefprinting or other appiicationé of neafest neighborhood ééarch,
the concept of _“wt\:ak—bits”has been introdﬁced to represent bits that are most likely to
have flipped from original to query within a codeword. Typicélly, to improve thé
robustne’ssr of the search algorithm those “weak-bits” are ignored during matching
operation. “Weak—bits” can be identiﬁed‘by'ﬁngerprinting generation algorithm duﬁng
database generation (da’gab_ase- or reference- side weak bits) or during query generation
(quéry side weak bits). Pattern matching with weak-bits is Suppoﬁed natiVely in the |
NAND Flash interlocked design, with the advantage that no enumefation of weak bits (2% -
- enumerations for w Weak bits) is needed, 5nd thé pattei‘n match can be done in just one -
NAND Flash access cycle.

[0081] Weak-bits can be implemented using the interloék design illustrated in FIG. 4.
To ré};resent a database side weak-bit, store (L, L) to both interloci(ed transistors (e.g., Ti ‘

and T2) so that a match will be generated regardless of the probe voltages. To represent a

3. .
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- query side weak—bit, probe both inteflqcked trapsistofs wifh high voltgge (3V) so that
both by-pass transistprs are conducted and a ma’pch will bé ‘éenerrated regardless of the
memory status. Such representation has the same advantage that no weak-bit enumeration

* is required, and the péttém match can be done 1n just one mempry access cycie (though '
this cyclé mﬁy be soni‘cwhat longer thaﬁ thé cpnventional’memory access cycle because
.the serial circuit of a NAND string will introduce more delgy than the paraﬂel circuit in |
convcntional RRAM, PCRAM aﬂd MRAM, etc.). o

[0082] Therefore, to test for %= ‘fO);” in FIG. 4, Probe 1 thru Probe 4 silould be 3V,7
0V, 3V, 3V, respectively, with- I = (Vpp — Vss)/R.L‘ if pattern matches. Referencefside
weak-bit can be désigned as a (L,L) cell étate pair, although this will result in a resistance
of up to 2*Ry if probe pair is (OV,OV); Whefeas the resisfance will be Ry if probe pair is
(3V,0V) or (OIV,3V)', and the resistance wﬂl be very small if probe pair 1s (3V,3V),
assuming by-pass transistors have much loWer resistance than the resistive elements.
Therefore careful current estimations nepd to be done to come up with appropriate
current threshold(s) for checking whether the pattern is matching.

[0083] The resistive elements may 'suppbr‘t MLC (multi-level cell) b}; different levels
of resistanc‘e._ This may l‘)re used to provide fuzzy pattern matching, although the exact |
functionality may be different from weak ranges or range quantjzers in‘NAND Flash
based_inte_rlocked design.r '

[0084] In the following, generalizations for other embodimenfs will bé described.
[0085] It is to be notéd that FIG. 3 and FIG. 4 are‘ illustrative embodiments only, and
various othér embodiments and generalizations may be made from them. For example,

- we may assume T1 thru T4 all have the same threshold voltage Vi which is substantially

23



WO 2015/130234 PCT/SG2015/000065

smaller than‘3V but also substantially larger than OV In practice, Tl and T2 may have
different Vi, and the inputivol‘tage to T1 and T2 can alsoibe adjusted accordingly, so that
Ti should be ON, while T2 should be ON if == “0” test is to be performed. Also, the
representation in FIG. 3, where a top-bottom pair of (H L) represents a “0” and (L H)
represents a “1”, can be S\ivapped to create an ialternative/dual representation. Similarly,
‘due to the duality of nMOSFETs and pMOSFETs, the nMOSFETs and pMOSFETs in
FIG. 3 and FIG 4 may also be swapped to create an alternative/dual representation. Such
duality swapping should be familiar to people of ordinaryskill in the art of MOSFET.
[0086] If the equivalent resistance of the sele-ct andlor by-pass transistors is non-
negligible, such equivalent resistance can be estimated and incoiporated into the
calculation of the nominai current value for eaeh test result, efg., the true or false result
for a == test operation. The word “equivalent” and “estimate” are used here because
transistors have a nonlinear relationship between its Vcg and current, thus a changing
resistance with respect to its bias conditions. The best estimation of such a transistor’s

. equivalent resistance at the expected bias condition will result in the best estimation of
nominal current, and hence how “distinguishable” various test results are among each
other. /

[0087] According to various embodiments, a method for performing == test operatidn
using query input data against stored dat_a may be provided,

[0088] | - where stored data are stored in resistive mernory deviees; and/ or
[0089] - where a “0” is stored as a (H L) pair, and a “1”is stored as a (L H) pair,
where L denotes ldw-resistance state with resistance Ry, and H denotes higli;resistance

state Ry; and/ or
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| ,[0090] - where the 2m resistive elements of the 2m resistivé memory devices -are |
con;:atenated in series to form a NAND ’string; and/ or
[0091] - where each of the 2m resistive elements is connected with a MOSFET in
parallel; and/ or
[0092] - where an m-bit == test opefation is divided into m i-]bit == test operations,
~and a 1-bit == test operation il,;_volv'es generating a pair of voltages to the Gate terminals
of the two MOSFETs corresponding to the pair of rel:sibsti‘ve éleménts being tested; and/ or
[0093] - whére for the case of 6n1y nMOSFETs are béing useél for parallel connection
to-the resistive elemenfs, for == “0”, a (hi, lo) voltalge paif is used, and for == “1”, a (lo,
hi) Voltgge pair is used, where hi is a voltage sufﬁciently}high to make the nMOSFET
turn ON, and lo is a voltage low eﬁough to make the nMOSFET turn OFF; and/ ér
[0094] - where the NAND string is applied a \}oltage drop of (Vpp-Vss) and Id is the
current flowing thrOugil the. serial circuit of resistivé elements, and == test opc;.ratiqn is
- declared TRUE if anci only if I = (Vpp — Vss)/(m*RL); and/ or
| [0095] - where the “‘0” aﬁd “1” representations, ‘the choice of nMOSFET vs.

pMOSFET, are swaﬁpcd according to the “duality” paradigm; and/ or

[0096] - where a (hi, hi) voltage pair is used'to implement a query-side don’t care bit;
and/ or
[0097] - where a (L L) pair is used to-implement a reference-side don’t care bit.

[0098] According to ‘various embodiihents, various. ways of implementing .the
interlocked design may be provided, augmenting it with essential hardware components,
and extending it onto more versatile hardware architectures, in order to create a highly

scalable, very low power fuzzy search system. a
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[0059] In the following, ;cldéption of vinterlocked design to more hardware platforms
according to »Vaﬁ(;us embodiments will be described. | |

[00100] In the following, adapting NOR flash cells to NAND flash architecture
accordiﬁg to various embodiﬁents will be described.

[00101] in ‘the following, limplenienting NAND ﬂash on standard logic CMOS process
~will be described. | \

[00102] = The interlocked design may require modifying NAND Flash, thus requiring
semiconductor process support for NAND Flésh. However, native NAND Flash process
support is not widely available, especially among sénﬁconductor foundries. Therefore, it
is desirable to effectively create NAND Flash process suppoi’t from standard logic CMOS
proce,sses.. Standard logic CMOS brocesses generally has at least 1 poiyéilicon (also
known as poly) layer and supports MOSFE;fs of both -n-channel and p-phannel type.
[00103] Individual Fvlash‘cells have been created using standard logié CMOS processes,
where the wo‘rkiﬁg principle is: (1) degenerate a pMOSFET into a capacitor by shorting
its Drain,_ Source, Bulk; (2) connecting the Gate of the pMOSFET to the Gate of an
nMOSFET using poly layer to form a floating gate (FG); (3) ﬂle ‘shorted Draiﬁ, Sourcé,
Bulk of thc pMOSFET then becomes the Control Gate (CG) of the newly formed Flash
cell._This 1s illustrated in FIG. 5.

[00104_] | 7 ' FIG. 5 show's.an il_lilstration 500 of a 2-Transistor Flash ¢ell based on staﬁdard
logié CMOS process. |

[00105] Commonly, énly individual Flash cell operations or NOR Flash based
operations are deScribgd. To create NAND Flash out of such cells, FIG. 6 shows an

embodiment example with ‘ohe NAND string consisﬁng of two. Flash- cells, although a
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longer NAND strihg can also b¢ crea.ted in the same manner. Also, additional NAND
string(éj can be added to the side of the shown NAND stl;ing, so that all crclls on the same
word-line will bé p_robed'simultaneously.

[070106.] FIG. 6 shows an illustration 600 of a 2-_cell NAND string Based én individuai
cell in FIG. 5. WL denotes Word-Line and BL cienotes Bit-Line. |
[00107] © The cell in FIG. 5 may be programmed using either channel hot electron
injection at nMOSFET (NCHE write), or Fowler-Nordheim (FN) tunneling at
-nMOSFE_T-side (NFN write); ‘and it can be erased froﬁ either nMOSFET-side (NFN
erase) or pMOSFET-side (PFN erase). The working‘pﬁngiple‘is based on capacitive
coupling befweeﬁ the capacitor in the degenerated pMOSFET (Cgp) .and, the implicit
capacitqr in the nMOSFET (Cg), in brder to produée the necessary Voltégevs, for write and
erase, and to do so, the following criteria are used:

[00108] -ifa= Cgp/an < 1, NCHE write and PFN erase is used,;

[00109] -ifl<= a <=3, NCHE write and NfN erase is used;

[00110] - if o> 3, NFN write and NEN is used.

[00111] An NFN érase requires applyiﬁg a high erase voltage at the Drain and .S‘ource
of the nMOSFET, but the NAND stﬁng configuration in FIG. 5 implies that only the bit-
line and the other end of the NAND string can be applied extérnal Voltages.. Therefore, on
a long NAND string, éll inside cells méiyl not see a high enpugh voltage to achieve erase
operation. This leaves only PFN erase as the erase option, which implies o < 1 an‘d.
NCHE write. However, NCHE write 1is h’a‘fd to model analytically,_ hence may :
significantly increase the difficulty and non-recurring engineeﬁng (NRE) cost of creating -
a working circuit. Fugther'more, NCHE write efﬁciency dcgrades in‘ a NAND string
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conﬁguratibn, especially for long NAND strings, making it a sccondfrate choice for
NAND 'Flash based write operation. Iﬂ compaﬁson, NFN write which is ';urineling based,
is easily modeled analytically, but a criteria may requires as 3 to use NFN,Wﬂte, which
. conﬂiéts with thé v'condifion of o< 1 to use PEN erase.

[00112] Therefore, it may be de_:sirable to creafé é new type of Flésh cell that can také
: advantagé of both NFN wﬁteand PFN erase in a NAND: configuration. This is illustrated
in FIG. 7A, where 2 (instead of 1) pMOSFETSs with .independently controlled Control
Gates are used to couple to the nMOSFET, with the additional ﬁMOSFET preferably
having a rhighevr capagitahce thran' the ofher 'MOSFETS in the sarhe cell. When w"riting
(using NFN tunneling), both Control Gates (CGs). are set to the >same (or similar) high
voltage Vprog, and Drain and Source of nMOSFET is set to OV, resﬁlfing in a high
coupling ratio from CGs to ﬂoéting gate FG, and hence a high voltage at FG and hence a
high electrical field between FG and nMOSFET channel, facili,tating FN tunneling of
electrons from nMOSFET channel to FG and thus programming the cell and raising the '
cell’s threshold voltage V.. When erasing, the CG of original pMOSFET is set to a high
erase véltage Verase, but CG of additional pMOSFET is set to a low voltage, preferably
0V, and Drain and Source of nMOSFET is set to IOV, resulting in a weak coupling ratio
from first CG to FG, and hence a low'voltdge .at' FG, and hence a high electrical field
between FG and ﬁrst’Cé, ,faéilitating FN tunneling of electrqns from FG vto first CG and
thus efasing the cc;,ll and reducing t“he cell’s Vin. ‘ |

[00113] FIG. 7A and FIG.. 7B show‘NAND Flash based on standard logic CMOS

process.
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[00114] FIG. 7A shows an illustration 700 of a 3fTransistor‘ Flashvcell on standard
logic CMOS process, allowing both NFN write and PFN érase. |

[00115] FIG. 7B shows an illustration 702 of an example NAND Flash embodiment
- using FiG. 7A, with a NAND string length of 2 ce_lls. |

[00116] FIG.> 7A shows such operation and gives example values of éapgcitors and
“voltages. The electrical field is the letage drop between FG and the other terminal of FN
tunneling, divided by thickness of the oxide or insulator in between. A field of around
10MV/cm ié étrong enough to generate substantiallFN rt'un'rneling. Therefore, to select an
appropriate underlying CMOS process for implefnenting such Filash‘cells, the oxide
thickness (Tox) of the MOSFETs must allow strong enough tunnéling field, and—fhe oxidé -
must be able to tolerate the corresponding electrical field. A typical 0.35um standard
CMOS process, for example, has ;1 Tox of around 7.7nm, which in FIG. 7A’s example
configuration would le.ad to an initial 10.8MV/cm field between FG and nMOSFET’s
Soﬁrce, Drain and Channel, assuming FG is initially charge-neﬁtral. As eléctrons »tl'mnel
- to FG, both Vrg and the FN tunneling field will. decrease énd eventually étabilize.
Conventional NAND Flash programming techniques, such as setting a program—inhibjt
voltage on unselected Bit-lines, including thé self-boosted pfogram inhibit,» may be used
with the NAND Flash array based on the 3-Transistor cells illustrated i'n FIG. 7A and
FIG. 7B.’ | |
[00117] - For read operation, both CGs may use the same (or similar) voltage Vread, then
it wiil have same of similar high coup]iﬁg ratio as in the NFN write case, except Viead 18
‘b genqally noticéably smaller than Vpl-;g. Also, in read mode the Drain of nMOSFET is sef

to a low voltage such as Vqq and Source of nMOSFET to Ground/0V. To implemeﬁt

P
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multi-level cells (MLCs), multiplé values of Vg and corresponding Vread may be used.
For interlocked based quéry operation, it is treated .as‘ | if it were a read oi)eration, except
that each word-line may have its unique voltage, whereas in read for NAND Flash only
the row being read hgs a voltage lower than a pass voltage, where the pass voltage is high
enough to ensure conductance of the cell irrespéctive of the cell’s state.

[00118] lOf course, in program and read operaﬁons, voltages at CG and CG’ may be
diffe@nt, as long as it achieves the desired FN’tunn_el_ing effect (for prograrvn)‘ or accurate
enough readout (for read)..For erase noperations,v Volfages at CG’ need not Be 0V, as long
as it achiegles the desired erase effect. The voltagé,s at Drain and Source of nMOSFET
may also be adjusted from the hoxﬁinal values descﬁbed ébove, aé long as the circuit still
achieves the desired funcﬁonality. In additio’h, mdré tﬁan two pMOSFETé may be uéed
for each such Flash cell, and by calcﬁlating the capacitive coupling from each pMOSFET
to the cell’s nMOSFE’f, a set of voltages for these pMOSFETs’ CG in the cell may_bc
‘determined to acliieve the desired FN tunneling effect for program and for erase, usiﬁg
the same principle of high capacitive cdupling tatio to Vprog auﬁng program, and lo§v
capacitive coupling ratio to Ver?se during erase.
[00119] The trade-off of the above CMOS-based NAND  Flash implemerlltation'
includes a larger area per cell, because each pMOSFET in each such cell may require its
own n—w”eﬂ, and the m_inimﬁm spacing between n-wells in order to meet practically any -
'CMOS process’ iiesign rule is substantial. This avrea,p,en.alty can be reduced by laying out

- the cells more efﬁciently, for example, ‘using the approaches accérding to various

embodiments described next.
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[00120] FIG. 8 shows an illustration 800> of one layout method for example Flash cell
array based on 3-Transistor Flash ceil in FIG. 7A and FIG 7B; Metal layer wirings are
drawn illustrafiveﬂly instead of strictly geometrically; Each dot at the end of a metal layer
wiring arc represents a contact point, which would be a Via centaet poinf if it is at a
‘diffusion area.

.[‘00121] FIG. 8 shows one embodiment example, by sharing an n-well between two
adjacent cells on the same row. An n-well is shared by the additional pMOSFETs (CG’),
and another n—well is shared by the original pMdSFETs (CGj. A large dashed closure
delineates the outline of one'Flash cell, and a small> dashed closure delineates the outline
,Of one nMO_SFET in' this Flash cell. Note that to form a NAND string, anether
nMOSFET’ belonging to a Flash cell above the delineated cell can ne concatenated to the
nMOSFET in FIG. 8,either by elongating and merging the n+ diffusion between these
two nMO_SFETs, or ny metal layer wiring to connect the Source of the higher up
nMOSFET to the Drain of the lower nMOSFET. The positions, sizes and shapes of
diffusions, poly lines; metal wires, etc; in FIG. 8 are for examples only, and other
positiens, sizes and shapes may be used while following the same approach of sharing n-
. wells between adjacent cells on the same rdw. The word-lines WL]V and WL’ ma}; also
be poly wifes (and preferably silicided to reduce resietance) or other conductive wires
_ vins‘tead of metal'wires. If WL, and WL;’ etc. are at 20 poly,layef (assnming a double-
poly procees is available), then fhe nMOSFETs’ Drain Iandt Source diffusions may be
- directly extended to connect adjacent cells in the same NAND string. If WL, and WL}’

~ etc. are at 1% poly layer, then the nMOSFETs Drain and Source dlffusmns usually must

use metal layer w1r1ng to connect adJacent cells in the same NAND string, because 1St
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poly layer i_s usﬁally used a;s a self—aligneydrmask for n+ diffusions and WL and WLy’
would therefore “cut” the elongatéd n+ diffusions iritd two unmerged hélves. It is to be |
noted that for ease of cbncept iltustration, FIG. 8 is not drawn to scale to reflect the exact
~design irules of a given CMOS process since such rules may vary from i)rocess to process, -
~but an act.ual layout should follow tﬁe correspoﬁding design rﬁles. |
{00122]  Another approach to reduciﬁg area overhead is by sharing ’ghe} n-well across
more than- two (up to all) cells in a row, where inultiple first pMOSFETs (CG)inarow -
shafe a horizonfal n-well, and multiplé second pMOSFETs (CG)ina roW share another
horizontal n-well, as illustrated in FIG. 9. . |

[00123] FIG. 9 shows an illustration 900 of another layout for ¢xample Flash arrayr
bbased on cell in FIG. 7A-7B; with the same legends as in FIG‘7 8.

[00124] Because with this approach the nMOSFETs in the same column but in
adjacént rOwWSs are now separatéd by the horizontal n-wells, metal layer wiring will Eet
needed bet;Jveen such nMOSFETS in order to form a NAND string, as shown by the long
wires in FIG. 9. FIG. 9 illustrates the example where WL, is the top wprd—liné, and a
string select transiétor from higher up is connected tb the hMOSFET at this WQrd-line. If

a different word-line were used in FIG. 9, then the upper long wires méy go to
nMOSFET vSource of cell above. If the last word—liﬁe in a NAND string were usedrin ‘
FIG. 9,\ then the bottom long wires may go to a,‘ groun(i select trénéistor below it..r.The '
positions, sizes and shapes of diffusioﬁs, poly lines, mefal wires, efc. in FIG 9 are for
examples only, and other positions, sizes and shapes may be used While.fv'ollowing the
same approach of Sharing n¥Wells, one for first PMOSFETs (CG) vand another for second

pMOSFETs (CG’) among many (more than two and up to.all) cells on the’same row. In
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FIG. 9, the nMOSFETs are located between the two shared hoﬁzbntal n-wells; but these
| nMOSFETs may also be placed aBove or below tﬁe two n-wells, which may then allow
n+ difquion based connection befwee’n nMOSFETs in adj a;:ent cells on the same NAND
string, élthbugﬁ such connection cénnot be -extendéd beyond two adjacent cells without
. using metal layer wires. Notev that for ease of cdncept illustration, FIG 9 is not drawn to
_scale to reflect the exact design »ml'es of a given CMOS process si;wé such rules may vary
from process to process, but an actual layout should follow the corresponding design‘
rules. |
[00125] . In the following, implémenting NAND Flésh with 2-Transistor Source-Select
(2TS) NOR Flash Cells écob’fdi'ng to various embodiments will be described.
[00126] Conventional NOR Flash based on 1’-'T‘ransvist0r Flash celis can be re-arranged
to a NAND layout to \i“mplément NAND Fiash, assuming operating voltages can be
adjusted accordingly ahd still fall Within the safe ranges supported by the underlying
NOR Flash semiconductor process. Some NOR F:lash ‘memories are based on a 2-
Transistor Source-SeIept (2TS) Flash cell design, where 1 MdSFET serving a.s. a select |
tfansistor conhecting to the Source line and 1 floating-gate transistor serving as the
storage élem_ent, forms a cell. .The select traﬁsistor is used to. deal with “over—erase’? .
problem iﬁ NOR Flash, ‘Where an excessive erase.may decrease a floating-gate
btiransistor’sr'Vth below .the Vbltage' applied- to uﬁsele_cted r‘ows. (e;g., OV),;_aﬁd cause
unsei;ected éells to -dfain current from the bit-line ahd interfere with the read-but of the
select row’s cell. | |
[00127] FIG. 10A énd FIG. 10B show an example 2x2 NOR Flash cell array based on

2-Transistor Source-Select (2TS) Flash cell, with example operating voltages for (in FIG.
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10A) pro'grammihg the eell at the crossing of WL, and BLi; or (in FIG. 10B) erasing the
cells at WL, Note thatA voltages in () indicate »’inhibited (i.e. unselected) celumns Or TOWS;
Source line may be set to floating, i.e., not connected to any particular _voltage, in both
cases. | |
[00128] ‘FIG. 10A shows an illustration 1000 of programming the cellr at WLz and BL;.
[00129] | FIG. 10B shows an illustration 1002 of erasing the cells at WL,
[00130] bFIG.Y 10A and FIG. 10B illustrates such a design with a 2x2 cell array, wi‘thk
example voltages shown for programming the cell located at the crossing of word-line 2 ‘
and bit-line 1. The -4V 'gpplied to the select transiAstor at SEL; reducee leakage current
during cell programrhing, ‘a‘nd the voltage (e.g. -4V) applied to the selected bit-line BL;
B (denotedeBL_sex)v keeps the, channel ‘potential at the programmed ﬂoating—gate transistor at
VL sel. Bulk is generally biaeed at VBL_sel or below, to prevent the P-N diode from
turning on betWeen Bﬁik and Drain of the programmed floating-gate transistor (Which
cennects to the programming bit-line). To prevent cells in unselected rows from being
programmed, .Voltage(s) on unseleeted word-lines (denoted VwL unse) are mueh lower
than that of the selected word-linev (denoted VWL_unsd), e.g. set to OV. To prevent cells in
unselected bifc-lines’ from being programmed, voltage(s) on unselected bit-lines (denoted
VBL unsel) are higher than Vi, sel, €.8. eet to 4V, and the channel potential of floating-gate
: tragsiSfOr(s) on the s"elected Werd-line but not on the selected bit-line, will also be foreed
" to “VBL_unsel- This will reduce the eleetrical field between FG and Drain/Bulk of the -
unselected floating-gate transistor, and hence reduce undesired FN tunheling effects also
known as pfogram disturbs. With the availability of a select tranistor for each cell, FIG. -

10B shows it is bdssible to erase in the unit of a page (e.g., a row), instead of in the unit
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of a whole block of cell array. FN tunﬁeling disturbs on unselected pages will be very
small Vdue to the relatively*.small voltage difference between unselected Word-line(é) and
Bulk. The voltages shown in FIG. 10A and FIG. iOB,are examples only, and other
Voltagés _may‘be used to achieve desired ceil programming and er_asing ﬁmctionglities.
Note that for FIG.lOAr gnd'FIG. 10B and all ﬁgures thereafter, voltages in‘()v (brackets)
_ indicate inhibited (i.e. unselected) columns or réws during programming or erasing.
[00131] If we assume a CG to FG coupling fatio_ CR of say 0.65, and a Tox ‘of say
11nm, the initial FG bv‘oltAa;ge Gf the ééll is initiallyvcharge-neutral) and initial FN

tunneling field can be estimated as stated in Table 1.

Vg (initial) Eox (initial)
Programmed Cell Vwe set*CR + Vpi_s*(1-CR) = 6.4V (6.4V - Vi1 se))/Tox = 9.5MV/cm
Gate Disturb - Vwr_se*CR + VB unser™(1-CR) = 9.2V | (9.2V - Vi1 unset)/ Tox =
(selected row, 4, 7MV/cm
unselected column) | . o ‘
Drain Disturb Vwe_unset*CR + Vi, se®(1-CR) = - - (-1.4V - VL se)/ Tox =
(unselected row, 1.4V 2.4MV/cm '
selected column)

Table 1. FN tunneling ﬁeld for to-be—pfogrémmed celi and unintended cells in 2-'Tr NOR
~ Flash of FIG. 10A and FIG. 10B, assuming CR=0.65 and Tox = 11nm.

[00132] In this case, vGate Disturb and Drain Disturb are fairly small, because FN
tunneling cﬁrrent'reduces gxponént_ially .vs;ith respect to tunneling field, and a reduction of

- 4MV/em in ﬁeld”(c()mpared to the tunneling field in thei to-be-programmed cell) Will
likely lead to a reduction in tunneling curfénf By 10 to 108 times.
[00133] However, when adapﬁng the above 2TS NOR Flash‘archit_ecture‘ to NAND, as
illustrated in FIG. 11A and FIG. 11B, it Will require the introduction of a nev;' word-line

| _ ,V_ovltage‘ Vpass, applied:to unselectéd worﬂd-iines in the selected NAND string. The role of

" Vpass is to ensure (a) all cells above the to-be-programmed cell and in the same column
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foﬁn a conducting channel; (b) all cells in any unselected column will maintain the -
channel potential at VBL _unsel, In order to‘réduce program disturbs; (c) Vpass should not be
too hlgh to céusé program disturbs on uns\elected rows. As described next these 3
requifeﬁents have certain cdntradictioils, and may lead to uﬁdqsirable ope_raﬁng
conditions.

.[00134]  FIG. 11A and FIG. 11B show an adaption of 2TS NOR Flash cells to an
>exemplary 4x2 NAND array, with example operating voltages for (in FIG. 11A)
programming the cell‘ at fhe croSsing of WL, and BL;. (in FIG. 11B) erasing the cells in
the entire selected NAND blovck.\ Note that voitages in () ihdicate inhibited (i.e.
unselectcd) célumns or'rows. Source line may be set to floating in both cases.

[00135]‘ FIG. 11A SilOWS an iilustrétion 1100 of programming the cell at crossing of
WL and BL;. 7 |

[00136] FIG. 11B shows an 'iIluStration 1102 of erasing the cefls in the entire selected
NAND block.

[00137] Especially, to meet reqﬁiremeﬁt (b), the following muét hold:

Vpass X CR + Vay, unset X (1= CR) + Myrog = Vin 1 + Vit unser (1)
where AVog is the.FG volfage at 0-bias when the cell is programmed (i;e.,‘has an excess of
electrons), aﬁd Vin_rg is the threshold voltage of the ﬂoaﬁng-gate transistor when viewed from
tl.levpoint of FG (instead .of from fhg usual {/iewpoint-of Contrél Gate CQ), i.e., how much VfG -
Vs is needed to make its channel con‘d'uct’. If we éésume AVpT;, g =3V and Vy, rg = 0.7V, then we
get Vpass = 9.'7V. Whe_n this V45 15 app}ied to the selected column, it will generate a fairly high

tunneling field, causing strong program disturbs, as shown in Table 2 below.

1. VroGnitia) " By (initial)
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Programmed Cell Vwi,_sei*CR + VBL se*(1-CR) = | (6.4V - VBL se1)/Tox =
L ' 6.4V 9.5MV/cm .**
Gate Disturb (selected | Vwr_se*CR + VBL_unset™(1-CR) = | (9.2V - VBL unset)/Tox = h
row, unselected 9.2V 4,7MV/cm
column) . - ' '

) Drain Disturb ] Vpass*CR +_ VBL_scl*(-l‘CR) = (37V - VBL_sel)/ Tox =
.(unselected row, 149V 8.1MV/cm -
selected column) » : ‘
Drain Disturb Vpass*CR + VBL_unsel*(1-CR) = (7.7V - VBL unsel)/ Tox =
(unselected row, 1719V 3.4MV/cm
unselected column)

Table 2. FN tunneling field for to-be-programmed cell and umntended cells in NAND
Flash made from 2-Tr NOR Flash cells in FIG. 10A and FIG. 10B and Table 1; Eox
calculated for Vopass = 9.7V.

[00138] AS shown in Table 2, with the above-assumed operating vélues, program
disturb ornr-unselected row in rselected colufnn will be 8.1MV/cm, tbo clpse to ther
9.5MV/cm of the intended cells. Yet fhe‘requirement of Vs 2 9.7V is needed to énsure
the channel potential in unselected column(s) equalize t0 VBL unsel. If Vpass is reduced,
there is either the l'ikelihood of the channel potential on unselected column(s) not meeting
VBL_unset Which may be needed to sufpress program disturbs on unselected columns, or
eveﬁ worsé, a lower V,;ass may have the effect (;f sélf-boost‘e(‘l program inhibit, which will
in;:féase éhannel potential on unselected columns to much higher than VBL_unsel. Although
this will reduce program disturbs, it will raise both channel and drain/source potential,
pbssibly to the point of junction breakdqwn. If if is rcqﬁired that no semic_:onductor
process Changé (especially in junction voltage engineering) is needed (e. g to reduce both
NRE time and cos;t‘ of pi‘ocess en‘gin.eering), then a loWer Vopass cénnot bie ﬁsed forv chip

1;e1iability concerns.
- [00139] In th-e following, a way éccording to various. embodiments _to' solve -this

problem will be described, as illustrated in FIG. 12 and FIG. 13.
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' [00140]  FIG. 12 and FIG. 13 illustrate a method aécording to— various embodiments for
reduq_ing program disturbs for NAND Flash adapted from 2TS NOR Flash cells requiring |
no process change, with operating conditions, time sequences, and example voltage
Values.>801>1rce line may be set to floating, | '

[00141] FIG. 12 shows an illustration 1200 bf operéting voltages fof programming fhe
‘row on WLy, with BL2 being inhibited (i.e. unselected) columns.

[00142] FIG. 13 shows an illustrati_on 1300 of an example voltage timing sequence for '
seflectéd row, ‘selected column(s), unseleéted columﬁ(s), and the unselected fow(s) that
are above the selected row.

[00143] Instéad of always using a high Vpass, we first apply a Vypass ni which meets
equation (1), e.g. 10V, and also apply VBL_l;nsel (or a Vbltagg noticeably higher than
VL set) to the selected bit-line, ‘and Wait for the channel potentials on unselected
column(s) to stai)ilize t6~VBL_u§se1 (or whatever voltage the selected bit-line is hereby first
applied). Then, reduce the \}oltage(é) on unselected row(s) from Vpass ni to é Vpass_lo which
meets Vpass 10 X CR + Vi set X (1= CR) + AVyroq 2 Vt,.l_fé + VBL_sez , e.g 2V, and also
increase thé séle(;ted bit-line’s voltage to VL i, and wait for the actual cell
; programming to take place. By af)plying VBL _unsel to the selected bit-line, program disturb
field is reduced to only §3.4MV/cm, and after the éhannel p(_)tentiéls on the unselected
“column(s) staiﬁilize/equaliié 10 VEL_gnse1, then Vpass_1o and VBr sel are applied, and the
program disturb ﬁ?ld oﬁ unselected row, selected cblunin would still bé kept réaéonably
~low, e.g. in tfn's case to ~3.5MV/em if Vpass 1o = 2V. When Vpass reduces from Vpass ni to
"Vipass_ 1o, due to capacitiVe éoupli'ng the channel potentials on unselected ,cdluﬁm(s) may

also decrease, but such decrease will neither cause appreciable increase in unwanted
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tunneling field because FG to channel Volfage drop will generally decrease due to
capacitive coupling, nor‘le;dd to any junction breakdown since the jﬁnctibn volt_'crlgerdrop ’
will only decrease whén channel potential decreases. For word-lines below the selected
row, fhe Voltagesimay be set to.a value IS Vpas;_]o, S0 that the celvls on these word'—lines‘do
not get hoticeablé p;ogrém disturbs. Note thaf the ‘let‘age values shown in FIG. llA-
.11B, 12 and 13 are examples only, and other voltages may be used to achieve desired cell
programming and erasing functionalities by followiflgr the concept just déscribed.
[00144] In the following, impleménting NAND Flésh with SS-CHE Split-Gate‘ (1.5-
Transistor) NOR Flash Cells accdrding to various ¢1ﬁbodiments will be described.
[0014_5] Another important type of NOR Flash design is the split-gate, also kﬁown a s
1.5-Transistor cell ciesign, Whefe half of the cell functiéhs as a select transistbr, aﬁd the
other half as the floating-gate transistor. Such design generally uses the much more
power-efficient Sourée;Side Channel Hot .Electron (SS-CHE) injection (also known as
Sourc.e-Side Injection or SSJ) for cell programming. FIG. 14 and FIG. 15 illustrate the_
operating conditions of SS—CHE split-gate cells, with Supiér‘Flash as an exahﬁple.
[00146] FIG. 14 and ’FIG. 15 show example 6perating conditions of VSS.-CHE split-gate
- NOR Flash cells, with SuperFlash as the illustrating example;‘Vcc is typically the sﬁpply
~voltage; The values in () denote voltages to be used on unselected Word—lines or bit-lines.
| »{00,147] . FIG. i4 shows an illustration 1400 of SuperFlash v1 and v2.
-[00148] FIG. 15 showé an illustration ISO0,0f SupefFlash v3 with addit_ion of Erase
Gate (EG) and Control Gate (CG).
[00149] In all SS-CHE split-gate NOR Flash:cell designs, ‘t‘h'ere is" a word-_liné gaté :

immediately on top of the channel at the Drain side, and a ﬂbating gate immediately on
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top of the channel at the Source side. To program such a cell, a high voltage Vs _pgm NoR is
applied at the Source ané a Vp _pgm_quR ~ 0V is appliéd at the Drain, and .the‘ word-line is
applied a Vwr,_pgm Nor Which slightly turns on tﬁe channel immediately beneath the word-
line gate. Vp _pgm;NQR may also be generated By a émall current source instead of being a
fixed voltage. During read, Ve, rtypically V;c, is applied to the word-line, and Vien,
~usually around 1V, is applied to the bit-line, which is the Drain side of the cell. In
SuperFlash v3, as illustrated in FIG 15, the word-‘line gate is further split into a select
| gate SG (which may still be called word-line gate), and a control gate CG which is on top |
of the floating gate, and an additional erase gate EG'is added to facilitate éfa_sing data. EG
is shared between a pair of adj acent SuperFlash v3 éells, aé shown in FIG. 15.

[00150] In the folloWing, low-power techniciues for iinplemeﬁting interlocked design
according to various embodiments Wili be described.

[00151] Inthe interlécked design, a NAND string éonducts only if its reﬁresented data -
pattern matches the query data pattern. The presence (or‘lack of) of the .NAND string’s
conduqtive state can be measured by a sense-amplifier. Any sense-amplifier designed for
‘conventional NAND Flash read operation may be used, since all such sense-amplifiers
are designed#_tc‘) test whethef a NAND string conducts. For ‘low-power operation, Voltage-
based se_nse-ampliﬁers may be preferable to current-based sense-ampiiﬁers, since no
'referencerc'urr.ent_ is heedéd' m a voltage-based sense-amplifier, apd having a reference
current for each column/bit-line >may incur non—negligible péwer overhead. A} voltage-
based sense-‘ampliﬁer may work by ﬁrst pre-charging the meaéﬁred NAND string’s
belonging bit-liﬁe toa pfe-deﬁned voltagé Vore (€.8. Vec), then float thé bit-line from the

" Ve .input, and then - apply corresponding word-line Voltéges to test NAND string
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conductivity by checking whether the bit-line’s voltage has decreased to below a certain
level. If the string is not conductive, the bit-line voltage will still be almost the same as
Vpre. If the string is conductive, the bit-line will gradually discharge to ground and its-

voltage will measurably decreaoe‘by the end of the sensing time window.  One such

voltage-based sense-amplifier usesb a double-inverter based latch, where the pro—charging

“stage forces the latch to an initial state, and if the NAND string conducts and bit-line

discharges, once beyond the trip point of the inverter, the latch will toggle and reach a
new bi-stable state. Therefore the lotch state corresponds to the 'NAND string’s
Conductivity state. |

[00152] = FIG. 16 and FIG. 17 illustrato a shiolded bit-line sensing mothoo and its
modification for low-poiver sensing, example given ‘for sensing .the rodd bi.t-line(s)..In
conventional soheme (as illustrated in FIG. 16), dodd 18 }righ during pre-charging, then low
to “float” the bit-line ond activare the nvord-lines to test any discharge on the bit-line,
w}rereas deven may be held high during both pre-charging and sensing; In rnodiﬁed
scheme according to various embodiments (as illustrated in FIG. 17), when sensing odd
bit-lines, the even bit-lines are also initialized to Vpre and held at snoh voltage to achieve

shielding. C; denotes parasitic capacitance between adjacent bit-lines. Here word-line

voltages correspond to an interlocked query sub-pattern of “01” if using the convention in-

" FIG. 2.

[00153]  FIG. 16 shows an illustration 1600 of a conventional method (a ground
shielding scheme).
[00154]  FIG. 17 shows an illustration 1700 of a modified method according to various

embodiments (a Vp,-e level shielding scheme).

41



WO 2015/130234 PCT/SG2015/000065

[00155] | Due to potentially high parasitic capacitive-coupling interference between
adjacent bit-lines in NAND 'Flash, the Shielded Bit-line sensing method may be used to
suppress such interference, by pre-charging and then sensmg the even bit-lines first while
simultaneously groundlng all odd b1t-11nes followed by pre-charglng and then sensing the
odd bit-lines first while simultaneously grounding all even b1t-lmes (or vice versa). As
Jillustrated in FIG: 16, this reduces .interference between adjacent bit-lines, and
interference from non-adjacent bit-line(s) is much smaller.‘To save transistors, the same
sense-amplifier is typically shared between a palr of even and odd bit-lines. However
~ this scheme will always discharge all even or odd (and typlcally both even and odd) bit-
lines by groundmg them. This means the energy spent on pre charging the even and/or
odd bit-lines are lost during groundlng/shieldlng It also defeats the low-power purpose of
the interlocked design, because instead of a matching bit-line consuming energy (through
the discharging of its hit—line), at least half (and typically all) bitilines will consume
energy by pre-charging then discharging these bit-lines. To avoid this overhead, the All-
Bit-Line (ABL) architecture may be used, where ,all bit-lines (whether even or .odd) are
sensed ‘simultaneously. Then, all the bit-lines are pre-charged t0 Vpre, and during Al3L-
based sensing only matching bit-lines will: discharge, and at the next matching operation,
all the bit-lines will be pre-charged again, but only those bit-lines that matched in the
previous matching operation will need re-charging _and consume energy, resulting in low-
power sensing for pattern matching. Note that in ABL V.arChitecture, current sensing
instead of voltage sensing may be preferred due to speed and accuracy, and in such case,
the pre-charge voltage Vp;e in current sensing is typically'lower than the Vpre used in

voltage sensing, and the bit-lines may need to be held at Vpl-e for a brief time (as opposed
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to eirnply discharging in 'voltagesensing) due to technicél implementation requirement of
.current Seneing.

[00156] If Shielded Bit-line sensing has to be used instead of ABL architecture, the

shielding Scheme can vbe modified from ground-shielding to prefeharge level shielding to

make it lew-nower. That is, when pre-charging and sensing the even bit-lines, the odd

bit-lines are also pre-charged to the same pre-charge voltage Vre, but during sensing the

odd bir-Iines will be held at the Ve input, instead of being floated from the Vi input and

tested for any di‘scharge as in the even bit-lines’. Aseuming that moet Bit—lines don’t match

the query input, then only very few odd ‘bit-lines wrll draw current during sensing. Then,

when pre-charging and eensing the odd bit;lines, the even bit-lines are also pre-charged to’
Vipre, 'but' will be held at the Vire innut, instead of being floated from the.Vpl-e input and

tested fer any discharge as in the edd bit-lines. This is illustrated in FIG. 17. Assurning

that most bit-lines don’r mzrtch the query input, then only very few shielding bit-lines will

draw current during sensing. However, to further reduce such current draw, one may

allocate a pair of interloeked Flash cells either in each NAND string or in eachr bit-line,

and such pair on any even bit-line m‘ay,s,tore a represented “0”; and on any odd bit-line '
may store a represented “17. The query input pattern can then be augmented with an

additional naﬁem bit with the same value as the value representing the even/odd bit-line

denominatien that is to Be sensed, i.e., 1n this case with a “0” when sensing the even bit-

lines and with a “1” when sensing the odd bit-lines. Then, the snielding brt-lines need not

be held at Vp,.e, because the (iuery innut patrem will not match them. In addition, with

such angmented pattern bit, when sensing tbhe‘even bit-lines, knoWing that the odd bit-

lines cannot discharge, $odd may use the same signal as Qeven, i.€., Podd may be low during
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senéing SO rthat the odd bit-lines eire floated after pre-charging to V. Similarly, when
sensing the ocid bit;lines, deven may use the same signal as Qodq, i.€., ¢;ven may be low
during sensing so that the even bit-lines are ‘ﬂoated after pre-charging t0 Vpre. Therefoie,
deven and ¢od(i may be‘ the same signal and hence may be laid out as ar single word-line
(simpler layout and smaller chip area) zis oiiposed to two separate word-lines. Also, in
-Shielded bit-line sensing scheme one sense-amplifier may be shared by two (one even,
one odd) bit-lines, éometime_s even by an additional_ two bit—lines.fiom its néighbor array.
| Our pre-chaige leilel shielding method and FIG. 17 will still work in the pfesence of » such
sharing, by noting that in_stead of each up—pyointing -ai’row ini FIG. 17 going to a separatc
seilse-ampliﬁer, each pair oi' adjacent up-point ai‘rows in FIG. 17 will go to a‘sepav.rate
sense-amplifier, and that thcb corresponding éense-ampliﬁer may further be pciinted to by
another two such arrows in arneighbor ;1rray. Of course, the bpposité convention may also
be used, by “0” representing all odd bit-lines and “1” representing all even bit-lines. Also7
such a pair of cells inay be MLCs representing more than 2 values, but only 2_different
values are needed for the above modified shielding scheme. |

[00157] In the following, adapting interlocked desigli to. NOR Flash architecture will
be described._ : 7 |
[00158]  Although the interlocked_ design niay 't.)e baseii -on NAND Flash, in the
following, a method cif adapting it to ._NOR Flash afchi_tec;ture accor_ding ti) various
embodiments will be described. Instead of only a matciling NAND;stririg’s bit-line will
conduct aind draw current, with the NOR adaptation only a mismatchiiig colilmn’s bi‘iQIine 7
will conduct an(i draw i:urrent, and consequen’dy only a maichiilg columh’s bit-line will

not draw current.
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[00159] In thg following, a 1-bit Case (and ef{tension to Next-Generation Memories)
according to various embodimehts will be described. |

[00160] FIG. 18A, FIG. 18B, FIG. 178C', FIG. 18D, and FIG. 18E illustrate adapting
the l-bit NAND:Flash based interlocked.design as describéd abc;vé to NOR Flash. As in
FIG. 2, for éase of Vdrawing, a solid-filled ellif)ée beside the floating gate (FG) dénotes
‘negative charge that is present on a programmed cell, _althoUgh in practice the charge
resides on the FG itself. The bit-line may be at Ve or.Vdd or any appropﬁate voltage for

sensing;' and is typically pfe-charged .to such voltage aﬁd then fésted for dischérg‘e; as

described above, or by steadyfstéte current sensirng.v Viefi in’FIG. 18C may be as defined
above.

[00161] FIG. ‘1 8A\shows aﬂ illustration 1 800>of adaptihg to 1—'fr NdR Flash.

[00162] FIG. 18B and FIG. 18D shows an illustration 1802 and an illu'st‘rationb 1806 of

adapting to 2TS NOR Flash in FIG. 10A and FIG. 10B, respectivély: | |

[00163] FIG. 18C and FIG. 18E shows an illustration 1804 and an illustration 1808 of

adapting to SuperFlash v1-2 and v3 in FIG. 14 and FIG 15. '

[00164] FIG. 18A, FIG. 18B, FIG. 18C, FIG. 18D, and FIG. 18E show the adaptation
»of- 1-bit interlocked design in fIG; 2 to NOR Flash. Instead of having two voltages cglled
- mid and hi,.two voltages called lo and mid are used, where thc value of mid may be the
same as in the NAND case (i.e. mid is able to make an erased cell conduct but not makéa‘
,prégrammed cell conduct), while /o is a voltage lower fhan mid such that Jo must cause
‘an erased c_ell not to conduct. As seen from FIG. 18A, FIG. 18B, FIG. 18C, FIG. 18D,
+ and FIG. IS_E, a (erased, pro.grammed) cell pair is used to represent/encode a “1”, and to

test “== 17, a probing voltage pair (lo, mid) is dpplied to the control gates (word-lines) of
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the pair of cells. If the stored encoding is “17, then the cell pair w1ll not conduct (i.e.,
neither of the two cells will conduct). If stored value is ‘;1” and (nﬁd, lo)r is applied, then
fop cell will conduct, and bottom will not conduct.\As shown‘in FIG. 18A, FIG. 18B,
" FIG. 178C, FIG. 18D, and FIG 18E, a (programmed, erased) cell pair is used to _
represerlt/enCOde a “0”, van>d to test “==10", a probing voltage pair (mid, lo) is applied. So
if (lo, mid) is applied to cell pair with stored encoding “0”, then bottom cell will conduct,
and top cell will not conduct. Similarly, if store.d encoding is “0” and (mid, lo) is applied,
then nei'ther cell wrli conduct. FIG. 18A sflows the case of adapting. 1-Tr NOR Flash tov
interlocked design. FIG. 18B shovs'lsvadaptation for QTS NOR Flash such as in FIG. 10A
and 10B, where gates of all Source-side Select transistors involved in pattern -matching v
are applied a high enough turn-on voltage, e.g. Ve, and the control gates (i.e. word-lines)
of the floating-gate transistors corresponding to these Select transistors are still applied
the same voltages as in the 1-Tr NOR Flash case like in FIG. 18A i.e. a (erased,
programmed) cell pair represents/encodes a “1”, and to test “== 1", a probmg voltage
pair ,(10’ mid) is applied to the control gates ‘(word—hnes) of the pair of cells, and a
(programmed, erased) eell pair is used to represent/encode a “0”, and to test “== 07, ba
probing voltage pair (mid, lo)_ is applied. The case of FIG. 18B is thus also referred to as
2TS NOR Flash default. Furthermore, because the voltage /o may be negative and
poSSibly inconye_nientr'to generate, in 2TS NbR l;Iash, as shown in FIG. 18D, only mid
voltage may instead be applied to both word-lines of a cell pair, whereas a low enoagh
tom-off voltage, e.g. 0V, may be aoplied to the gate of the top Sourc\e;side Select
tr'ansrstor in the_cell pair iff it would have been applied a lo voltage in the case of FIG.

18B, and whereas a high enough turn-on voltage, €.g. Ve, may be applied to the gate of
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the top Source-side Select transistor in the cell pair iff it would have been applied a mid |
voltage in the case of FIG. 18B. bTheh, it would achieve the samé effect of FIG. 18B,
without requiring a /o voltage. The case of FIG 18D 1s thu'sra'lso referred to as 2TS NOR
Flash vﬁth mid—oﬁly voltage to word lines. |

[00165]‘ Read and query sehsiﬁg can Be dbne by either voltage, or current. If by -
“voltage, generally the bit-line is pre-charged to a given blevel Vpre (typica_liy Vee or V),
then the bit-line is floated from Vi, and the word-lines are probed with correqunding
voltages, and ‘the‘ sense aﬁlpliﬁér testé for prése;née of | discharge on the bit-line to
‘determine presence of current flow, same as expiained above. AltematiVely, :current-.
based senée amplifiers, such as described above may be used.

[00166] - Although FIG. 18A, FIG. 18B, FIG. 18C, FIG. 18D, and FIG. 18Eonly show
examples with one pair of cells on a bit-line, additional cellvpair(S) may be added to a
column by connecting éach cell’s Drain terminal to thé bit-line (iustllike in conventional
NOR Fla;h archite'cture_:), and to perfonn a pattem- match, prdbing,. voltage paifs
corresponding to the query pattern are applied to the word-lines éf correspon&ing cell
* pairs. Only if the pattern cofnpletely matches, then thevbibbt-line will not draw current.
[00167] Bgcaus’e each bit-liné of a typical NOR Flash cell array may attach inany cells,
for cell paif(é) not participating in aﬂparticular pattern match, then fheir‘ corresbonding
 word-lines * should be applied low enough’ \'lolt_age(vs)’ (e.g. rlo) ‘to guéréntee non- g
conductivity in the. cell channel irrespective of the cell State, so that they don’t contribute
- bit-line cufrent spuriously. For exémple, if there are 32 c¢ll pair(s), i.é. 64 cells attached
on a bit-lihe, and quély pattern corresponds to only top 16 bits, then the bottom 16 cell

pairs” word-lines can all be applied /o. In addition, for 2TS NOR Flash (e.g. FIG. 18B),
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all cell pair(s) not participating in a particular pattern match may also have their select
transistérs’ gate(s) applied low enqugh voltage(s) (e.é. ov) ;[o guarantee hon-condﬁctivity
in the channei of every select transistor, especially if over-erase of cells is a concern and
would have othemise contributed spurious bit-line currént.

[00168] | By treating SupefFlash v1-2 cells as if they are 2TS NOR Flash cells like in
'FIG. 18B, we can adapt the interlocked design to it as well. This is. illustrated in FIG.
, v1._8C, where Vieri in FIG. 18C is defined as the word-line read voltage of SuperFlash,
’t}.lpically Ve, where in FIG. 18C the left cell pair ehcodes/fepresents a “1” and its gate
voltages implements a “== 17 test, andr the right celi pair encodes/represents a “0” and its |
gate voltages implements a “== 0,”. test. For SupefFlash v3, there are select gate (SG),
control ggte (CG) and erase géte (EG) for- each cell, with EG shared within a cell pair. To
adapt interlécked design to SuperFlash v3, the conventional read condition in v3 (e.g.
| SG=CG=Vcc, EG=0V)-has the equivalént effect of mid in FIG: 18C, and to create an
equivalent lo effect in v3, one or more of SG, CG and EG voltages need to be reduced,
e.g. to SG=CG=EG=0V. Then, the samé approach in FIG. 18C can be appiied t07V3. This
is illustratéci'in FIG. 18E, with example operating Voltageé, wherg: in FIG. 18E the left
cell pair enches/represents a “1” and its gate Voltages as an example implements a ‘==
17 test, and the right ceil pair encodes/represe»ntsr a “0” and its gate voltages as an
example implements a e 0” test. Of course, there may exist multiple voltage
combinati(;ns of SG, CG, EG that has the equivalent effect of-/o and r}nid, and any such
combination may ' be ﬁsed tc_)' implement NOR \}ersion of interléék‘e’d design for

SuperFlash v3.
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[00169] Weak bits, also known as dqn’t care bits, cban also be implem;:nted in' the NOR
adaptation of interlocked design. A (programmed, pfogralﬁmed) cell paif may be uséd to
implement a reference-side weak bit, BeCause both (lo, mid) and (mid, lo) will ndt be able
to maké either of the two cells conduct, thus designating a mat_qhed query bit. Although
not allowed in FIG. 18A in non-weak-bit matcﬁing, a (lb; lo) i)robing voltage.‘pair may be.
| “used to implement a query-side weak bit, because neither. cell will conduct with such
~ -input irrespective of its cell state. When using a (lo, l_(_)) query—side‘wcak bit in 2TS NOR
Flash adaptation in FIG. 18B, the select transistors may be é'pplied low enough Voltage(s)
(e.g. OV) to deal with over-erase concern. A (mid, mid) may be used to impiément a
query-side anti-match bit, that is, it will alWaYs be a miématch because; it will draw
current on at least oné of the twé cells (uﬁless the cell pair is a referehce—side weak bit).
When using a (mid, mid) query-side anti-match bit in 2TS NOR Flash adaptation in FIG.
18B, the select transistbrs should be aﬁplied high enough Voltagé(s) (é. g.. Vec) so that tl.lei
select transistors does not become a Barrier to current flow.
[00170] .FIG. 19 shows an illustration 1900 of an adaption of 1-bit inteﬂocked design
to next-gencrgtion mémOry Whi}h also has éNOR—type architcctﬁre. lo should not cause a
select transistor to conduct (e.g. 0V), and mid should cause a select trénsistor to‘cénduct |
(e.g. Vo). |
[00171]_ In additi;)n to adapting’ the i-llter'locked design to NOR ‘Flash architecture,,it
“can also be adai)ted to nex.t—genex;ation memories (NGMEM), such asbPCRAM (Phase
Change), RRAM (Resis%ive), and MRAM (Mflgnetic). The BaSic pharacteristic .of
NGMEM is a prdgrammable resistor connected in series to a select ;cfansistof, where the

resistance state (low resistance vs. high resistance) may be changed by applying certain
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signals (e.g. voltéges or for MRAM a current with a certain-electron spin) on the bit-line. | ,
As illﬁs’trated in FIG; 19, Ry and RL design::l’telthe high and low pesistaﬁce Value of the
programmable resistor storage element in such a memory cell. Actual Ry and R may
follow ‘a probabilistic distribution insteéd of being a single” value. In addition to the.
arrangemént in FIG. 19, the i)rogrammable 're.sistor may also reside on the Drain (Bit-
line) side of the select transistor. As seén from FIG. 19, a matching cell pair will draw
only a small current of VﬁL/RH, whereas a mismat_che_d cell pair will draw a large current
of VBIJRL. As in the-case ill NOR Flash, for cell pair(s) not participating in a pattern
ma,tch,v their correspoﬁdirlg wor’d-livnes should be abplied low enough vvoltagé(s) such as
lo, so that these cells do not coritribute bit—line current spuriously. j |

[00172] In addltion,“a (Ru, Ry) cell paif maby“be uéed to implement a reference-side
weak-bit, because it wlll draw a small current of Vp1/Ry per cell pair, irrespective of
input (lo, mid) or (mid,' lo).VSimilarly,’a (lo, lo) may be used to implement a query-side
weak-bit, because it will always draw.no current. HOWever, this no current more
accurately speaking isAthe cell leakage current when applie(l (lo, lo), and is‘alm‘dst Z€ro,
whicll makes it slightly differenl from VBJRH lthe match current for 1 cell pair without
_ (iﬁery-side weak-bit) e\spvecially when Ry is not very large, therefore the sense amplifier
may n’éedlo take into account the existence of qllery-side ‘weak-bit to use a proper
reference current leyel for ‘sensing.

[00l73] 'In. the following, a multi-bit and range qﬁerjr caseravccor,din‘g to \larious
émbodiments will be described. o

[00174] To extend the interlocked design _of NOR FlaSh to multi-level cells (MLCs),

for convenience of description, we use the oppoSite encoding convention to FIG. 18. So 0

SN
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designates an erased celi, a larger number designates a more progrémmed cell (i.e.‘with
" more negative charges on tﬁe floating gate), and 2/-1 designates a most pfogrammed cell,
where the cell is [-bit. To encode a pattem value of i, a cell pair of (i, 2’-i-1‘) may be used.
. To testi for - rif’, an interlocked query pattern of (i, 2-i-1) may be used, which is then
transformed to a Voltage pair of f(i), f(2’-i—1), where (i) is a monotonic incfeasing |
function of i, and also sétisfying f(d) >= Va(i-1) && f(i) < Vw(i), where V(i) is the
‘threshold 'vbltage (as seen from the control gate or Word-line) of a cell With stafe i. For
robﬁétness, f(1) may be deﬁned as (Vu,(i)+Vth(i-41))/2, and for i=0, f(i) should be |
substantially lower than Vi(0), so that f(_O) will not éause any erased cell to conduct. .
| [00175]  Then, it can bé proven that the above écheme implerﬂents the multi-bift exact
match fér NOR Flash, including for l=1. More- generally, if the referénce cell pair 1s (a,
2/-b-1), and the query pair is (x, 2/-y-1), then it is testing for the expressionx <a && y =
b. This .may be_: used té implement complex search functionalitiesr such as‘ range query,
similar to ;che range query, but with different mappings, because the direction éf the
inequality operators for x vs. a, and y vs. b may be opposite compared to those comrﬁonly
used. The mappings for NOR Flash is illustrated in FIG. 20.7
- [00176] FI_G.AZO shows an illustration 2000 of types of range queries in an [-bit fGT
MLC pair aﬁd their semantic meanings. | |
‘ [00177] Alsd, instead of an /-bit cell, more generally a k-state cel:l may aléo bf: ﬁsed; -
- simply by r¢placiﬁg "2’ with k in thé..interloc‘ked notation for [-bit cell, includirig Variéus

forms of range query in FIG. 20.
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[00178] Again,.for celi_ pairs not partici;ia,ting in the pattern match, their corresp(inding
word-lines shouid beiapplied a low enough Voitage, e.g. f(0), such that none of these cells
can conduct irrespective of their ceil states.

[00179] Although a 'rno'nortonic’allyi increasing f(i) is used in this section, a
monotnnically decreasing f(i) may also be liscd provided‘ the cell state déﬁnition is
‘reversed such thzit‘ state 0 is the most programmed and state 2!-1 is erased. Also, instead
of n-channel Flash cells which are the‘ default here, p-channel Flash cells may also be
used. P-channel Flash cells implements a <= logic instead of nfchannei’s >= logic. The
. conversion of this section’s NQR Flash inierlockéd design t(i, p-channel Flash can be
done following the same procédures for porting NAND Flash interlncke(i design to p-
channel Fiash, and ishould be familiér to those skilled in the art of p-channel Flash.
Similarly, notation convention oi' what/encodes;/represents a .“O”‘ vs. “1”, and what
probing voltages corresponding to a query tesi of “==0” vs‘..“==, 17, may be swapped for
FIG. 18A;18E and FIG. 19 to produce a dual version of interlocked design for NOR
Flash and NGMEM. In all these adaptations, e;g. FIG. 18A-18E, 19, v20, aind even
including tiie' k—state generalizations, the commonality is that the voltages applied to gate§
- of the cell pair make the cell pairinto high resistance mode when the query pattern
~matches the stored pattern‘ and into low rcsistance mode when_the query pattern does not
match the stored patiern. |

[00180] With the NOR adaptation of the interlocked design, most columns would have
current- flow because most columns will likely be misniatched, and this could lead to
signiﬁcantly higher power consumption compared to the NAND version of the

interlocked design. To curb power conéumption, one may use type(s) of sense-
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amplifier(s) 'with early mismatch detection , i.e., detectihg a mismatched column (which
Would have a relatively high mismatch current) early onA in the sensing cjlcle and then
immediately cut off g;irrent flow to such a column.

[001811 In the followin‘g, interlocked désign without double; storége requirement
acbording to various embodiments will be descfibed.
[00182] The interlocked design and its extension to NOR—Flash architecture described
above all use two I-bit (or more generally k-state) (;ells to represent an /-bit (or more
- generally k-state) value or rangé. According fo various embodiments, a method of using
only one cell instead of two cells may be provided to achieve the ‘same functionality of -
== test wifhout actually réading fhe cells. Tilat i.s, if the == test is false, the a;:cessing
circuit does not necessarily know what value is stored in thosé cells. This “not necéssarily
know” characteristic is similar to the interlocked design and its extension to NOR-‘Flash
as described ébove.

[00183] = In the following,va NOR flash case according to various embodiments will be
described. | | | |
[00184] FIG. 21A and FIG. 21B illustrate a circuit for impiementing interlocked
design on NOR Flash Wit}houtv the' doubled storage requirement. Note the current-basebd
sense amplifier’s 2" input from transistor T3 may implicitly connect to Ve (shown i_n
7 »dabshedlline) in order to creaté a flowing current ffo’m T3 tofhe probed cells which can be -
compared by the sense amplifier against a reference current I@f. Cell state 0 designates
erased cell, and (i) is a voltage that will turn cell with st-ate i on but not state i+1 on, f(i)

typically may be (Vlh(i)+Vm(i+‘1))/2.
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[00185] FIG. 21A shows an iliustration 2100 of a read/qheiy sensing circuit according
to various embodiments.i i

[00186] FIG. 21B shows an illuStx‘atiori 2102 of a signal timing diagraiﬁ for accés.sing'
~cell 1 oi1 WL,. | | |

[00187] FIG. 21A aild FIG. 21B illustrate. this met}io'd with ci'rcuit schematic. Its
_Working mechanism is similar to dynamic logic. Signal C1 pre-c}iarges T4’s Gate (Vr4G)
close to logic high level, typically Ve - Vi due to Via loss of nMOSFET T1. Note here
Vi is the threshold voltage of the rnMOSFETs, not of the Flash cells. Note the threshold
voltages of Flash cells with state i is described by fimction Vin(i), distinguished from Vi
‘with both a diffierent.subscript hame and a state index. Similarly, C2 pfe—charges the bit- -
line Vg also fo Ve - V. Then C2 is held high while C1 is held low, and to probe cell 1,‘
word-line WL is applied a voltage of f(i-1), which will be just enough to turn on cells
with state <= i-1. Note here f(i) is enough to just turn on a cell with state i but no“c turn on
a cell wi’ih staie i+1, same asr the baseline definition, whereas above, a different (i) is
defined such that .f(i) is enough to just turn on a cell with sta'te.i-l but not siate i | |
[00188] The f(i-1) pulse of WL; will drain the bit-line’s pre-charged level fio‘m Ve -
Vi to OV,V if cell 1 state (denoted S_1) is i-1 or smaller, because .the cell would have ..
conducted. Because’ C2 is still held high, the draining/diéchargi_ng of the bit-line will also
cause the parasitic capacitor at Gate of T4 to discharge, also from Vcc i Vi to OV. This
' impli.esvT4 Will not turn on afterwards (until the next .rieéd/query cycle). I\.'Ilote while Cé is
held high, the pMOAS_FkET T3 will rémain off. " |
[00189] After the f(i-1) pulse of WL; and any potential ilischarging of bit-line and

T4G is complete, C2 is then held low (which would turn on-T3), and WL, is applied a
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voltage of f(i), so if cell state S; > i, the cell will not conduct. If Sj = i, the cell will
conduct, and since C2 is now low implying T2 is now off, Vr4c will rerhain at Vec - Vi
instead of discharging to OV, keeping T4 on. Then conducting current Iy is compared
against. a refereﬁce current Lier byra current-based sensé amplifier, which can then report a
légic output of whether I3 > Irer. Because I3 reqﬁires a Voltage source, an implicit chrmay
‘be rcontainéd inside the sense-ampliﬁgr, as illustrated by the dashed line FIG. 21A.
[00190] The method in FIG. 21A and FIG. 21B may be extended to query-side range
query. HTo tes,t‘ whether a cell’s State S e[x,y], its corresponding word—liﬂe (e.g. WL1 in
case of FIG. 21A and FIG. 21B;s example) isr-ﬁrst> applied f(x-1), then applied f(y) and
tested fo;‘ presence 6f buﬁent. If S <= x-1, then the bit-line"andr T4G would have
, dischal‘ged, and when f(y) is appliéd the bif—line will not draw current because T4 will be
turned off. If S >y, then when f(y) is appiied the cell will not conduct and the bit-line
will not draw curreﬁt either. Only if S € [x,y], will the cell conduct aﬁd the bit-line draw
current. _

[00191] FIG. 21A and FIG. 21B illustrate 2 cells attached on one bit—liﬁe but iny
shows the operation of probing one‘ cell/word-line at a time, but it is also possible to
‘probe multipl_e word-lines simultaneously. For cell j on row/word-line j, if == qJ test is to
‘be performed} where qj is fhe state value in the query sub-pattern at line j, vthen WL, can
iﬁe ﬁf‘sf'applied'f(qj - 1), then applied f(q;), énd tested for presence of currcnt. Each celi Js
if it passes the == g fest, Will contribute to the bit-line Qurrent. If suc‘h__contribut'ion is
roughly the same folr every match cell j, and if ~_pef matching cell’s bit-line current is
api)roxhnafed as Io, then for m matching cells, the total bit—liI;e currént ~ m-Ip. One

p'racﬁcal challenge is to determine whether all probed cells matched, because for m -
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probed cells, a difference be’iween m-Ip and (m-1)Ip is oiily lo_, yvhich may be relatively
small to distinguish in a current-based sense amplifier. | |

[00192] Similar to fan’ge query for one cell, multiple; i:ells can also be probed with
query-side range query. To test Whetlier a cell j (on row j)’sr state S; e [Xj,y_i]; its.
corresponding WL, can be first applied f(x; - 1)., then applie(l- f(y;) and tested for presericé
-of current. Compared to the more strict == g; test, a range query is not only more relaxed
in matching cthtraint, bui also may generate a more diverse (i.e. more widely
distributed) levels of matching current. This is because for any ==.i test, if f(i) =
('Vﬁv(i)+Vth(i+l))/2, then the wofd-line voltage is e)iactly AV/2 higher than Vu(i), where
AV = Vm(i+1)—va(i)', and AV is typically same or similar for all i’s. Thisv implies that the
conducting/matcliing current will be similar across all i’s, e.g. Io. Whereas m range i]liery,
during 2" WL pulse, if matched, WL; - Vin(S;) may be much higlier than AY/Z, and the
matching current may be much higher than Io. Or, the matching current may be just lo.
Then, thé total bit-line cilrrent where all m cells match may spén from m-Io to much
higlier, and wheié m-1 cells match may span from (m-1)-Io to much higher, and note thé
two current ranges Will generally pverlap. Therefore, it may become challeilgihg to
accuratvely determine whether all m cells matched.
| [00193] In the following, a NAND flash. case according to 'vari'c?us ¢mbodiments will -
‘be described. | ‘ B o
 [00194] Fbr NAND Flash, the 1% WL pulselias to be applied to each wqrd-line
without overlapping iri time.‘In addition, when applying tlie lSt WL pulse of voltage f(x; - .
" 1) on row j, then all other Word-lines must be supplied a Ai voltage where hi 1i1u’st ensure

-cell condiictance irrespective of cell state. If the bit-line did not discharge after testing all
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probed cells in the 15t WL pulse, then it can be concluded that Sj >= x;. Then, when
appiying the 2nd WL pulse of voltage f(y;) on row j,‘ all probing worrd‘-liners can be applied
simultaneously instead of sequentially. Then, if the bit-line conducts, it can be concluded
that S; <= i, hence Sj € [x,yj]. The diSadvantége.of this method for NAND Flash is tﬁe '
longbdelay, é randbfn access cycle re‘quire(yl fdr Aeach probihg word-line during the 18t WL
pulse.‘ |

[00195] In the following, a m‘emory architecture suitable for writing data in column-
wise manner according to various einbodiments will be described.

[00196] In applications where the fuzzy se_arch databéée .dqe_s not change fréquéntly, '
conventional write operations, e.g., writing in i)age4wise manner wﬁére a page is
generally a fow of merﬁory cells, ‘n‘lay be used. Howevér, in cases where the database
needs to change or update freciuently, especially if the refgrence data patterns becpme
available in a real-time.streaming fashion, if may be ﬁore time-efficient to write data in a
column-wise manner, because waiting for reference data patterns to accumulate to the

| point of filling the whole memory array may incur unde_sirable latency. Next we show
how to adapt NOR, NAND an(i next-'geﬂeration memory architectures, so that reference

. data patterns can be vﬁitten to the array in a natively coiumn—wise manner. In additién,
such native support may also support column-wise érase or reset operations nativély, SO
that'_thevdataba_se may Be updated in-place. incrementally; Without'having to erase an -
enﬁfe bldck before'ilpdatiﬁg (a limitation usually found in NAND and NOR Flash
memories). — ‘

[00197] In the following, adaption for SuperFlash v1-2 NOR Type according to

1

various embodiments will be described.
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[00198] - In conventional SuperFlash v1 and v2, in the cell array.SOrJrce diffusions in |
the same row are ty;rically extended and merged together to form a Sourr:e line, and only
up to 1 row of cells are programmed at a time, with the selected row’s Source line applied
8-10V gnd other Source lines appii‘ed 0V, asvrillu_vstra‘red in FIG. 22A.

[60199] FIG. 22A and FIG. 22B illustratr:. é comparison of cdnventional (rOw—wiSe)
‘and new (column-wise) cell prOgrammrng method, with éxample 4x3 cell array and
example operating voltages. Voltages ir1 () mean program inhibit, i.e., unselected columns -
or roWs. | |

[00200] . FIG. 22A shows an illustration 2200 -of r;ell progrermming r(row-wise) m
conventional SuperFlash v1-2; | Celis on WL], specifically at BL; and BL3 are
programmed. | | | |
[00201] FIG. 22B shows an illﬁstration 2202 of a cell programming method according
to Varir)us embodiment's‘(column-wise) in Adapted version of SuperFlash v1-2; Cells on
BL, specifically at WLl, WL3 and WL4 are programmed. |

[00202] In the adapted archrtecture, in the cell array aA Source line is merged from
Source diffusions in the same column, and each word-line may be applied a non-0V
voltage for programmrng, and the column selected for programming is applied a bit-line
voltage of ~0V, and other bit-lines are applied Ve to inhibit programming on unselected
cqlgmns. This iis illustrated rn FIG. 223. Such concept of merging source diffusiors in
the same column can be exfencied to SuperFlash v3 as wéll.

[00203] If each Source line can be indeperrdéntly controlled, then conventipnal
SuperFlash would allow page-wise (row-wise) erase, as opposed to having to erase by the

whole block. When adabted to the simultaneous column-wise programming method
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illustrated in FIG. 22B, because the Source line is merged per column, it accordingly
allows column-wise erase, provided each SoUrce line can be independently controlled.’
This means not only incremental insertion/appending operation is allowed on the
database of reference data patterns, but also in-place update operations. Because WL is
high voltage (i.e. VwL _pgm_NOR @S descrihed herein) during‘erase in SuperFlash Vl-'2, SO
‘we need to inhibit programming on unselected columns, and one way is to supply all
unselected columns’ Sources with a high voltage,‘ _e.g. 8-10V (i.e. Vs pgm NOR as in
deacribed herein, which .w0u_ld not require additional junction;voltage engineering), so
. that Sources will couple to its corresponding FGa to a relatively highly Voltage (due to
typical high couphng ratlo between Source and FG) to inhibit erase due to FN enhanced
tunneling. Such approach is illustrated in FIG. 23B, but it is power-inefficient due to the
need to feed high voltage to many places. However, SuperFlash typic'ally has triple well_
support, so it may be possrble to bias the P-well (which is where the cell array is placed)
ata substant1ally negative voltage Vwen, €.g. 10V (or at least -Vs . pgm NOR if no additional
]unct1on engineering is wanted), and the selected Source line also at a negative Voltage no
lower than Vwell, €.g. -10V, and unselected Soulce lines at a Voltage much higher than
| Vel €.8. O_V,_ float the bit-lines, and bias the WL at a small voltage e.g. OV, then for the
selected cell (on the selected column/Source line) its FG will see a relatively negative
* voltage due to high capacitive coupling from itsl‘Sou’rce— and‘ thus creating a relatively
large Voltage drop between FG and WL, facilitate tunneling. On unselected cells, ‘hecause
Source is (lV, it will form a conducting ,channel of OViisolating the Bulk (i.e. the P-well),
hence coupling ratio from Source to FG will be even greater than l)efore, keeping FG at '

close to OV. This more efficient approach is illustrated in FIG. 23C.
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[00204] FIG. 23A, FIG. 23B, and FIG.Y 23C illustrate implementing row-wise Vvs.

column-wise erase operation for SuperFlas_h v1-2. | |

- [00205] FIG. 23A rshows an illustration 2300 of SuperFlash v1-2 (Conventional) Page-
wise Efase. ' o _ . | |
[00206] FIG. 23‘B showé an illustration 2302 of SuperFlash v1-2 according to Vaﬁous
“embodiments column-wise erase: Option 1.
[00207] FIG. 23C shows an illustration 2304 of SuperFlash v1-2 according to various
embodiments column-wise Erase: Option 2.
[60208] It —is to be noted that it is also possible ito connect all Source lines (whether
they are_horizontz;l or vertical lines) in an array together all the time, and the scheme in
FIG. 22B can ‘still be used to program in a column-wise manner. However, in such case,

~ when programming data, the unselected bit-lines must be applied with > 0V Voltage; e.g.
Ve, to inhibit pro'graniming, since all Sources of the whole array .w'ould be at a high
programming voltage of Vs psm Nnor (as described above), e.g. 8-10V. Despite the
simplicity of Wiring (i.e. just Wire all Source lines together), the drawback withr such an
appfoach is that during programming the high programming voltage will be supplied to
Source diffus_ions on éll crells in the array, significantly increasing the load of the driver
circuit driving the Sources. Also, during erase, the selected word-lines are supplied a high
erase. voltagé VWL _erase NOR, ‘and in order to suppoft cdlumﬁ-wisé erase, unselected
columns ‘must have its bit-lfnes | supplied with a ,>-‘OV Voltage, possiﬁly close to
VWL_erase_ﬁOR, to inhibit erasing.
[00209] FIG. 24A and FIG. 24B illustrate exarriple ways of merging source diffusions

-in the same column to form a.Source line. A 4-cell long section of a column based on
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‘Suli)erFlash v1-2 is shown. The higher-up line (which connects to D/Drain diffusions) is
 the metal layer bit-line.

[00210] FIG; 24A shows an illustration 2400 of source diffusions merged in the same
diffusion layer. | | | |

[00211] : FIG. 24B shows an illustration 240_2 of souree ‘diffusions merged in‘metai
layer. |

[00212] The merging of Sources into the Source‘line may be realiied by diffusion
extensions, as illustrated in FIG. 24A, or by metal layer wiring, as illustrated in FIG. 24B,
“or by poly wire (preferably silicided for lower resistance) which would have a wiring
layout siinilar to FIG. 24B. It is to be noted that FIG. 24A and FIG. 24B use SuperFlash
v1-2 as an example, but SuperFlash v3 can also be adapted in the same rnanner b)i joining
the Source line per column as opposed to per row, therefore the correeponding schematic
adaptation for v3 is nearly the same as.FI‘G. .i22B is therefore'ornitted for brevity. Ther
only difference is that in SuperFlash v3 there is an Erase Gate (EG) on top of the Source
diffusion, so metal or poly based merging has to extend the Source diffusion slightly at
the diffusion layer, to pass (and not touch) the Erase Gate, before merging can bé begin.
Also, because the Erase Gate which has high voltage during erasing, is shared between
- the two cells in a eell pair, the conventional Superl?iash;,ﬂ ‘page erase would have a
smallest granularity of a pair of rows, as »oppOsed to—one' row in v1-2. Whereas‘in the
~adapted column-wise Source line version for SuperFiash v3, the smallest erase unit
would still be a column (within an array block), rather than 2 columns.

[00213] In the folloWings a highly scalable and hierarchical priority encoder for

reporting matches according to various embodiments will be described.
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[00214]  In the following, a hierarchical desigh and efficient logic implementation
according to various embodiments Wiil be vdeséribed.
i00215] ‘Both the original (one pr'ojecétion compared at a time) and enhanced (multiple
projections compared at a time) vote éoﬁnt algorithm déséribed abové may increment a
vote counter ¢; for each column i upon eachr sub-pattern ‘match (whethér such a sub-
pattern corresponds to a sihgle projection/dimension or fnultiple projections/dimensions).
Tﬁe columns whose vote counter exceeding or meeting a specified threshold T (i.e. ¢i >=
T) are then considered caﬁdidate matches and their column IDsr (i.e. ‘index numbers) |
should then be reported using a priorify encoder. Such a priority encoder has N inputs,
with a 1 indicating a candidate, 0 ofherwise, and it shQuld‘ report whether there is any
candidate, and if So, the column IDs of all or part of rfhe candidateé. Because the vote
count algorithm is intended for large databases, the number of columns N may be very
large, making cohveﬁtional i)ri(.)rityi encoder (PE) design inefficient. Also, most
qonventional PEs can onlyvreport 1 rc'andvid_ate'mat’ch.
[00216] According to vaﬁous embodiments, a hie_rarchical priorify encoder may be
provided, .Which has a highly scalable (iesign. According to various embodiments, tie-
breaking decision niay be made in a hierarchical ihstead of global manner. This is shown
in FIG. ZSA, where a “left side wins” criterion is used for tie;breaking at every level. Let
j denote ﬂiel level/layer of the pﬁoﬁty encoder, where j¥0 con‘esponds to the inpufs
‘ (whiéh would be the logic result of expression ¢; >= T when used vﬁth the original or
enhanced vote count élgorithm). Then, the decision of whether there is at least one

candidate may be calculated as follows:

Pj,i = Pj—1,2i|Pj—1,2i+1 » | o ) )
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where P;; is the i-th vélue of the hierarchical priority encoder at j-th layer, and i starts
from 0 at eaéh 1ayer, and ¢|” is the l(.)r.gicélv OR ‘operato‘r. Equation (2) abové als'o‘ applies to
“right side wins” criterion which is illustrated in FIG. 25B.

[002171  FIG. 25A and FIG. 25B illustrate hie‘;archical merging of tie-breaking and
f;cedbacvk of which éolumn to clear after it is réported. A 16-input configuration is
.illustrated. j designates the hiérarchical values at j-th level, with j=0 corresponding to the .
inputs. A solid arrow ,designafes who ris, the Wiﬁner‘during a tie-breaking event, and a
solid un-directed line denotes either no input of 1 ér the input of 1 was not the winner. A
dashed arr(;w designate;,s reverse travel to find whiéh input should be cleared after it has
been repqrted. Here “~” is the logical NOT operator, and “&” is the lpgical AND
opérétor. .In this disclosure the. vgeneral convention of “~” having a higher operatof
precedence than “&” is used. Symbol A and B may be defined like in Table 3.

[00218] FIG. 25A sﬁows ém illustration 2500 of a “Left side wins” criterion. ‘1’ and
' ‘0’ denofes logic true and félse, respectively. '

[00219] FIG. 25B shows an illustration 2502 of “Right side wins” criterion, with the ~
‘same inpu't as (a) at level j=0 ; Note that lines, arrows, and Iabéls marked in bold shows
the specific difference to FIG. 25A. .

[00220] At the‘lc‘Jw\est, i.e. root layer (j=logaN+1) (note we assume N is a power of 2, -
énd if not, the rémaining coli;mns may be padded with input of 0 tp make it a power of 2).
it will be known whether there is at least one match. Then, the cc;lumn ID of this match

(if there is ohe), can also be determined hierarchically (for both left-side and right-side

wins criterion) as shown in Table 3.
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A= i—120 Bi=Piq0i4q where := denotes a definition operator
Cu=~A Ga) O =B (b
Gi=GCillG 1kwherek—21+C,l» 4
where “||” is the concatenatlon operator for concatenating two strings of bits.
€y =C3; i.e.Cyy =nullstring forVk. — (5)
(a) “Left side wins” criterion.  ° | (b) “Right side wins” criterion.

Table 3. Equations for deriving reperted column ID hierarchically;

"[00221] Tt is to be noted that Equation (4) in Table 3 effectively uses a 2:1 mux, and
such a mux can be implemented'-using,logic gates, -ae illn'strate'd in FIG: 26A. Tt is to be
‘noted that Equations (3a) and (3b) are the simplest logic formuias for implementing
column ID reporting, this isb because when A=B=0, the value of Cj,; is don’t care, and
therefore conld take on either 0 or 1. Etpiation (3a) corresponds to the case of (;; taking
on 1, and Equation (3b) correspends to the case of Cj; taking on 0, when A =B =0.0f
course, an alternative formula for C;; takingon 0, e.g. ;; = ~A& B may be used as an
alternative to Equation'(3a), and similatly an alternative formula for Cj‘i‘taking on i, e.g.
Cii = B | ~A may be used as an alternative to Equation (3b). Note again “ has higher
op,eratot precedence than “|”, the logical t)R operator.

[00222] After a winner candidate column is reported, it should be cieated te.g. by
‘clearing its cerresponding input at j=0 layer) so that the priority encoder can rei)ort the
next Winner candidate. One embodiment of implementing this is ny having a decoder
circuit whose input is the ju.st-t‘eported colnmn 1D and whose outnut are N logic signals
with only the 81gna1 corresponding to the Just-reported column ID being 1 and the rest
~ being 0, and these signals can then be used to control the clearing of the 1nput at j=0
layer. To efficiently clear the‘input at j=0 layer (instead of having a general decoder

which may add additional -cir'cuitry,overhead), we also present a hiérarchical reverse
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traversal mechanism (for both left-side and right-side wins criterion), as shown in Table

4.

SEL :=SEL;; where SEL;; = P;; for root layer,e.g.j = 4in Fig.19. (6)
alternatively, SEL;; = P;; pur) & CLR1 for root layer, (6a)

where P;; wur) is a flip — flop buf fered version of P,

and CLR1 is 1 only when clearing the currently reported column. (

SELy :=SEL_L;y = SEL;j_15; (7
, SEL, :=SEL_R;; := SELj—1,2i+1 8)
SEL’_ : A &SEL},l = Pj—1,2i &SEL]',_ SELr =~B &A&SELLL = i
(O o ~(Pi-12i41) & Pj_1 &SEL;;  (7b)
SEL, = ~A&B & SEL;; SEL, = B&SELj; = Pj_12i41 &SEL“
= "'(Pj—1,2i) & Pj_12i+1 & SEL;; (8a) | (8b)
- (a) “Left side wins” criterion. : (b) “Right side wins” criterion.

Table 4. Equations for efficiently determining Whiéh column input to clear after this
column has just been reported, so as to implement the hierarchical reverse traversal in
' FIG. 25A and FIG. 25B.
[00223] The sub-expression & SEL;; in Equations (7a), (7b), (8a), (8b) in Table 5 are
" important for properly implementing hierarchical.réver'se traversal as illustrated in FIG.
25A and FIG. 25B, because without it, locally winning ai*ro_Ws at all branches énd atrall
levels will be activated and cause all lécally winning input at level j=0 ‘(insj[ead 6f the
Just -reported candidate) to be cleared
: [00224]  As illustrated in FIG. 25A and FIG. 25B, SELl and SEL w111 gu1de whether
‘to réverse traverse left or right, up the hierarchical tree. At each j-th ,layer, if SEL; is logic
true, then reverse traversal goes left, and if SE LT ié logic true, then reverse traversal goes

right. By the time the traversal reaches j=0, then input at column i should be cleared if

and only if SELg; is logic true, and if SELy; is false, the input at column i should not be
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modified. This is illustrated _in FIG 26B, whére an R-S latqh is used, a_ﬁd the S pin is fed
with the vote counter thresholding output (ci >=T), and R pin isr fed with SELy;. To
avoid conflicting input conditions, the S pin should not be logic high when performing
re'verser traversal, so that there is no chance for both S and R‘pinrto be logic high at the
same time for any R-S latch. The elegance of ‘the scheme in FIG 26B is’thaf no clock
_input is required. Each column is fed SEL, ;, and ‘tyhe computation of SE L;; at each layer j
may be implemented with combinational logic inétgad of'sequ'ential' logic, and if CMOS
logic is used (which is typicélly the case),.static pbwer consumption can be 1ow provided
fransistor léakage is low, and dynamic energy is éonsumed ohly if the value of SEL”
changed, and the change should only occur along fhé successfully reverse-traversed path,
hence consuming very rlittle energy. The use of an R-S latch reqﬁires no clock and
reduces the need (and the energy required) to push the clock signal tb all columns whg:n
.lqldwing at most only 1. column wiil be cleared at a time (e.g. per éldék cycle). In
addition, P;; and C;; (except for the root/bottom layer and possibiy the input/t(_)p layer)
can also be ﬁnplemented with combinational logic instead of éequ.ential lovgic, to both
save on trénsistors and save on energy consumption, especially tlh“e' energy dﬁe to
distribution of clock input. Of course, the input to i)livoﬁty.enéoder may also use 'deviCes‘
other than R-S latch, including a clocked (D, J-K, etc.) flip-flop, perided that input at
column i (i;e. the output from its corresponding latch or flip-flop) éhould be cleared'o'nlj )
if SE Ly, is logic true, and if SELo is false, the input at column i shbuld'ﬁot be modified.
[00225.] To allgw reset of all column inpﬁts at level j=0 at the beginning of priority

' i‘e‘ncoding, SELy; as illustrated in FIG. 26B may be logic'ally'OR;ed with a RESET signal

‘before being fed to the R pin of its corresponding R-S latch, and this IiESET signal may
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)

be prépagated to all column .inputs 50 as to be able to reset all R-S latches when RESET
is logic‘high.' This is illustrated in FIG. 26D as the RST éignal. Aftef a RESET, an input
initializétion signal, e.g. INI in,FiG. 26D, may be used to latch the comparison results (i
>=T) into the latches (_)r'ﬂip-,ﬂops correqundingto thé PE input. To ensure stAabl‘e logic
opération' when clearing t‘he.currently (jq'st or fo—be) reported (input) column ID, firstly
‘the current PE decision (P;; at root layer) and ité cénesponding column ID are buffered -
into flip-flops using é clock signal such as ACLK in FIG. 26C (which \doesn’t have to be
a continuous running clock); then, a signal such as CLRlV may be used as illustréted in
FIG. 26C to. generate the seed _of the reverse traVerSal signal at the right time. FIG. 26E
shows an example timing diagram incorporaﬁng all these feaﬁlres de‘scribed in this
paragraph. Note the buffered column ID méy be reported any time before the next ACLK
pulse arrives, and when the next ACLK pulse rarﬁ'yes, it will buf_fef thé next (just or to-be)
reported column ID. | | |
[00226] In addition to binary brarches withvhi'erarchical tie-breaking criterion which
has been described above, 'm-'ary.‘ branéhes where m inputs at level j is merged into 1
intermediafe/ﬁnalnoutput Witﬁ a hierarchical tie-breaking criterion, may be 1_1’se£1. The
formulas for _deriving the output decision,v column ID (identifier), clearing after report, -
can all be derived following vthe working principles described for binary case, and should
be ‘-fami.liar to those skil]éd in the art of digital desigﬁ,in view of the examples éBoye. '
[00227] FIG. 26A, FIG. 26B, FIG. 26C, FIG. 26D, ‘and ‘FIG. 26E illustrate an

, hiefarchical' implementation of candidaté’ column ID reporting and auto-cleaﬁng of

_ candidate after being reported.”
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[00228] FIG. 26A shows an illustration 26OQ of a hierarchical implementation - of |
reporting coiumn ID determination (example s}iown for “left side wins” cese). ‘When S =
0 (logic false), 2:1 Muxvoutputs value of X (on the Z pin), otherwise it outputs value of
Y. | | |

t00229] FIG. 26B shows nn illustration 2602' of a clock-less input auto-clearing with
_hierarchical reverse traversal and R-S latch.

[00230] = FIG. 26C shows an illustration 2604 of a reﬁnement of FIG. 26A at root layer
for stable operation; D[] denotes a multi-bit D ﬂ1p ﬂop with multl—blt 1nput
] [00231] FIG 26D shows an 1Hustrat10n 2606 of a refinement of FIG 26B for stable
operation |

[00232] FIG. 26E shows an illustration 2608 of an example tirning diagram for FIG. |
- 26C and FIG.26D. It is to be noted that the pulse in RST may also be plaeed during-or- |
after “Vote Counting;’ nhase and before the comparison (ci >= T) phase.

[00233] In the following, interoperation among priority encoders (Inter-SubArray and
Inter-Chip) aecording to various embodiments will be described. |

[00234] In tile follonving, Inter—SubAiray will be described.
'[002’35] When a memory “chip suppomng vote-count contains. multlple sub-arrays -
(where a sub-array is defined as the smallest memory cell array that can be operated upon
with rea'dv and Write operations), the queries can be carried out either for specific sub-
- 'erray orfor the entire chip. Each sub—arra>y inay have its own set of vote counters and
priority encoder, and then the priority encoder for each sub-array (als.o referred to as a

stage-1 priority encoder) may- be merged together, hierarchically, into a liarge‘-scale
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priority encher for the wholé chip (the whole encoder mmus the stage-1 encoders is _alsQ
referred to asa stage-2 priority encoder). This is illustrated in FIG. 27.

[00236] FIG. 27 shows an illustratién 2700 of a h'iera;rph‘icalymerging of sub-array
priority encodets into a large-scale priority encoder, with an example 16 sub-arrays (4x4
configuration). It will be understood that for Brevity, only 4 sub-arrays in the vertical
_direction atre drawn tvith their stage 1 priority‘encoders.

[0Q237] When merging, SEL;; and C]*l at the root (i.e. bottom layer) of the _sta.ge—li
priority encoder are wired to the stage-2 priortty encodetrrvia' the light-blue data buS
shown in FIG. 27. By wiring only SEL;;; and G atv the Vroot. layer (instead of all layers),
only ‘a small amount of wires are needed on the data bus, providing an easy way to do the
chip level layOut.. Note that SEL;; and C, j‘fi at root layer for eacth_ sub-array may again be

transmitted and operatg:d on using cpmbinational logic, as oppose,ti to seciuential logic.
Also note that the SEL; and SEL, signals from -the tbp layer of the stage-2 priorityr
encoder must also be propagated Eack to the root layer of the corresponding stage-1
priority encoder, so that the just-reported column’s input can be cleared rautomati‘cally.
This will ztdti 1 wire going to each stage—l‘-pr»iority encoder from the. stage-2 priority -
encoder, and is iﬁdicated by a red curved arrow for eat:h stag.e,-’bl 'pﬂoﬁty. encoder in FIG.
27. Note that this design with stage-1 and stage-2 pri01:ity enct)ders is essentially the same
as a_rstandalone hierarctlical priority encoder-a's' descrilt;d above énd in FIG. 25A and
FIG.A 25B, with the only difference in t'hev géométric layout, becausé m FIG. 27 the stége—
1 priority encoders tn the same vertical direction, despite'l;eing functitmaﬂy on the séme

levél/layer, they do not-appear at the same horizontal locatidn geometrically.
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[00238] The m_ethod of having sfage—l and stage-2 pri‘ority encoders, as illustrated in
FIG. 27, may ﬁot be very efficient in resource uéage (such as transistor céunt). According
to various embodiments, a more efﬁéient method may be provided with multiple sub-
arrays sharing a same set of vote counters and a priority encoder as long as all the sub-
| arrays share a common set of columns. FIG. 2875hows the biock diagram of the methéd.
[00239] FIG. 28 shows an illﬁstration 2800 of a block diagram of a shared priority
encoder (and shared vote counters) among multipl_e sub-arrays according to various
embodiments. | |
[00240]  The rhajor concept is to have a simple ‘cont.rolr logic ‘v‘moder” to let the chip -
work on sub-array level or on chip level. Suppose there are N blocks totally 6n thé chip,
- Because different blocks share a common set of columns, there coﬁld be only olne; block
being activated at one moment during the query process. We use BE; (i € {1,...,N}) to
denote block enab.ling éignals (‘0’ active) generated from the on-chip controller. We use
SA;; i€{1,..,NDto denote“ the 1% sub-array in block i as shown in FIG.28, all thése
“sub-arrays share the same set of columns marked as 1, (M € {1, ..., M}) 7 '
~ [00241]  The difference between sub-array level and chip level is that the former
requires 'th@ ‘priority encoder (and the vote ’counteré) to work for each SA4;, (i €
{1, ..;,N ) and repott the matched column IDs in the respectivé sub-arrays separately
while the latter _1"_eq1‘1iresvvthe priority elvlcoder‘v to vs;ait until all the SA;, (0 E {1,..,N})
have been .activéted' (ie., tﬁeir sub-pattern matching and vote-counting d'one) and then
yl‘eport'.the matched column IDs. BE; (i € {1,...,N}) Signal_ sequences are the same in
both modes. There are Z'tasks for the control logi(.:'signal “mode™ to do, one is to control
the timing of PE’ (the enablihg signal for the ¢ollective sequence of vote counting,

=,
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threshold count coml'aar.ing and‘prioritky encoding) beiﬁg activated, the other is to have the -
matchéd column IDs to include the location information of each sub-array when working |
on sub-array level. These are achieved by the on-chip logics as shown iﬁ FIG. 28 and are
summafize;d as following:

[00242] 1) Sub-array level (méde = O)
'PE' = BE{ N BE, N..N BEy , it is assu_méd that in this mode PE = 1;

PD = BD||PD’ when PO’ is ‘1’; |

where BD is log2N bit encoded block ID and the symbol ‘;||” means concatenating BD
and PD’ together, i.e., prefixing the matched columﬁ ID (PD’) with BD. The symboi “n”
denotes logical AND operator.. | '
[00243]  2) Chip level (mode = 1)"

PE'=PE;

PD = "0"||PD’ when Pb’ is “1°;
where PE is the priority encoder enabling signal beiﬁg assigned frpm outside,'which will
be ‘0’ when it ié time to pérfbrm the collective sequence of sub-pattern matching, vote
counting, threshold count comparing and priority enCodiﬁg, and can be used for infer-chip
case.

[00244] In the following, Inter-Chip according to various embodiments will be
described. | |

[00245] When a query is performed among multipler memory chips supporting ori'rginal‘
or enhanced {Iote count (each generally referred to as’ a VC éhip), it is expécted tﬁat the
input of query string to the VC-chips and the outpu"[ of the matched column IDS should be

the same as those for single VC-chip. According to various embodiments, a hjghiy
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 scalable serialized design, for example as shown in FIG. 29, may be provided, which can

be used for large database applications.

[00246] ‘

FIG. 29 shows an illustration 2900 of a scalable inter-chip design according to

various embodiments.

[00247]

[00248]

According to various embodiments, the following signals may be defined::

PE - Priority encoder enabling signal which is ‘0’ active, i.e., the priority

encoder will only start to work when PE = ‘0’. Note that PE is also the serialized input

signal of the VC-chip.

[00249]

PO’ — Priority encoder output indicating signal which is ‘1’ active, i.e., there

is at least one mat(_:hed column ID only when PO'=’1 7

[00250]
[00251]
[00252]

[00253]

PO — The serialized output signél of the VC-chip.
PD’ — A sequenced output of matched column IDs from the priority encoder.
PD - The tri-state output which can be connected to the output channel.

The Input Channel and Output Channel in this design refer to the shared data

bus among all the VC-chips, which, could be a number of PCle lanes, a numbér of

AMBA AXI channels, etc. It will be understood that according to various embodiments,

[00254]

- various different specific data bus standards may be used.

The ori—chip logic for the above defined signals may be;
PE; = PO,y = PE,_1 UPO';_,

PO’ = {1, ~ if 3 matched column ID in chip i, and PE; = 0
77 L 0, if A matched column ID inchip i,or PE; = 1

_ PDIL' lfP0,l=1

Pm‘{mz if PO"; =0

with initial ‘conditionPEl =0. The symbol “U” denotes logical OR operator.
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[00255] | There ﬁ1ay be seiferal advantages according to various embodiments:
© [00256] 1) Simplicity. — The entire query oﬁtpﬁt process (also can be refeﬁ‘ed to as
“aggregated priority encoder output”) is started by asserting PE; to ‘0’ and the ending of
the proéess is indicated By PO&, where N is the total number of VC-chips.
[00257] 2) High efficiency — There is nd single éycie being wasted.between the
“outputs from any 2 consecutive VC-chips. In case chip i (i € {1, ..., N}) has no matched
column ID to output, the priority encoder of chip i+1 will be starte(i immediatefy.
[00258] 3) Scalability and flexibility — As long as the first and the last VC-chips are
concerned, there could be any number of VC—chiﬁs in between. .Any VC-qhip caﬁ, be
removed fro;n the chain by simply shott-circuiting its PE and PO piné. Similarly, adding
one VC-chip intq the chain is alsor straightforWard. |
[00259] FIG. 36 illustrates those advantagés through a timing seqﬁence of the
complete query output brocess. |
| [00260] FIG. 30 shows an illustration 3000 éf an example timing séquenée of the
complete query output procéss‘ according 7to yarious embodiments. o "
[00261] In the following, design optimizatidﬂs fof IC layout and heat dissif)ation
considerations according to various embodiments will be described.
[00262] in the vote count algorithm without the interlocked design, activating all sub-
arrays sirriultahedusly (for matchiné against a query sub-pattern) may use too much -
power. To address this high Vpower'consumption and its resulting high heat dissipation
issue, it can be arranged such that,, only some sub—érrays may be 'actiVated at a time

instead. For example, all sub-arfays on the same horizontal level may be activated
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simultaneously, while,other levels are not activated. Then; on the next access cycle, all
sub-arrays on the next horizontal level are acﬁvated simuitaneously, and 50 on.

[00263] In addition, such mode of operetion allows saving of transistors for priority .
encoder and vote counters, By sharing such circuits across various horiéont_al levels. For
example, in contrast to FIG. 27 where eacn 'sub;array has its own vote counters and stage-
1 priority encoder,- those may be shared within the same vertical direction and FIG. 28
shows one way to implement such sharing. However, this »wrill require many more wires
to send the c¢i >= T signals to where the Shéred vote counters and pﬁonty encoder are
located, which may mean more and longer wifing overhead and potentially more -
electrical noise interferencedue to these long wires. To reduce'wiring difficulty, a single
shared metal line at a higher metal lbayer may be used per column and the multiple sense‘
amplifiers on that column (e.g. one sense-amp per. sub-array) may ettach their oufputs to
this metal line via a seiect transistor such that only tne select transistor corresponding to
the activated sub-array will be tnmed on. Once the priority encoder end note counters are .
shared by sub-arrays in the same verticalr direction, the priority eneoder hae to wait for the
entire vote connting procedure (e.g. comparing L projections) to ﬁni‘sh‘, for fhe.sub-array
level (mode =’0°) in FIG. 29, tne VC chip has to execute all L (or L’ = L/m when m
projeetione .are compared at a time in enhanced vote count) rounds of vote counting for
ali sub-errdys in the sarne horjéontal vl_evel, perform priority enco_ding and reporting,
b,efolze rit ean perform all L projection comparisons, vote'counting and priority encoding
and reporting for all sub-arrays in the next horizontal level, and so on. And, the reported

candidate column ID has to be prefixed by the sub-array ID, as illustrated in FIG. 29.
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- [00264]  Also, if a VC chip with no priority encoder or vote counter shéring is designed
_to report say the first 8 céndidélfes,' and there are 4 sub-arrays in the S'c;me 'vert’ic:al
rdirQétic.)n, then using pﬁoﬁty encoder.and vote counter sharing we may ask the VC chip
to repdrt the first 2 candidates -per horizontal level, so that after ﬁrocessing 'alvl 4
horizontal levels the chip will at most reportA8 candidates. However, the exact lvi‘stAof
“reported candidates may differ between the shariﬁgv and non-sharing case even when the
database is the same and the same. query pattern is ‘used across the two cases. This is
‘because by sharing the priprity encod¢r, the output priorify is also changed. For some
applications, this discrepancy may not be a real issué.
[00265] DRAM, Whichv' can be. used for implementing‘the' vote count algorithm,
generally rshellreis a sense-amplifier bétween two adj ;clcent bit-lines fro_rri either two
adjacent sub-arrayé (in Open array architecture), or two adjaéent columns in the same
sub-aﬁay (in Folded aﬁ‘ay architecture). Only one of these two bit-lines may be sensed at
a tixﬁe, because the other bit-line is/uéed to provide a reference voltage to th'er sense-
amplifier. This is similar in spirit to NAND Elash’s Shiélded bit-line sensing séheme as
descﬁbed above, therefore for all such bit-line pairs, we also refer to them as even and
~odd bit—lihes,_fespectively.
[00266] In the presence of such sénse-ampliﬁer sharing, if transistor saving is
preferred; the vote counters and pribrity encoder may a;l'so be shared by the even and odd
bit-lines, then sim'ilar to the sharing of vote countéré and priority encoder described
above, the VC chip would need to perform the entire .Vote counting and priority encoding
‘ aﬁd reporting procedure for the even bit-lines before performing the ‘same procedure for

the odd bit-lines (or vice versa). And similarly the priority encoder’s reported candidates
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coﬁld be different conipgred fo the case with no priority encoder or vote counters sharing.
When no priority encoder or vote counters are shared in DRAM-bdsed voté count
implementation, a 1:2 demux may be needed to route the shared sénse amplifier’s output
to the \_;ote counter circuit corresponding to either the even or odd bit-line.

[00267] Because NAND Flash’s Shielded bft-line sensing scheme as described above,
_typically shares the se'nse-ampl’iﬁer between two adjacent bit-lines, sometimes even with
two additional such bit-lines from an‘adjacent Sub—#nay, it is quite similar in spirit to
DRAM’s shared sense amplifier, énd therefore in such ;:ase the vote countérs and priérity
encoder may also be shared by those bit-lines shariﬁg the éense amplifier, just like in the
DRAM case, and it woulq need to perform the entire vote counting énd priority encoding
and reporting procedure for the egfen bit-lines befdre pérforming the same pfocédure for
the odd bit-lines (or vice versa). If the sense—ampliﬁei' is shared by another two bit—lines’
from an adjacent sub-varray, then the entire vofe c.ounting and priority enépding and
'repoﬁiﬁg>pr0cedure haé' to be performed for the even and followed by odd bit-lines in.one
sﬁb-array (or vice versa), before the same steps can ber a;;plied'to the even and followed
- byodd bit-lines in the othér, adjacent sub-array. | |

[00268] While the invention has been particularly shown and ’descrribed with reference
to specific émbodiments, 1t s”houlc-l l')e understood by those skilled in the art that various
changes in form and detail méy be made therein Withdut departing rf.rom‘ the spiritv and
Scope of the invention as defined by the appendéd claims. The scépe of the invention is
thus indicated by the appended claims and all changes which come within the meaning

and range of equivalency of the claims are therefore intended to be embraced.
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Claims
‘What is claimed is:

1. A tésting apparatus éomprising:
a cell pair comprising fwo k-state merriory cells configured to represent a é.tored
pattérn of a k-state value; and
a conVertér configured to convert a query pattern of a k-state value into avt. least a
pair of voltages defined sﬁch that when applied to gates of the cell pair,r the
voltaées make the cell pair into either a high resistance mode or a low resisténce

mode, depending on whether the query pattern matches the stored pattern.;

2. The testing apparatus of claim 1, where the said Voltageé make the cell pair into
high resistance mode when the query pattern matches the stored pattern and into

low resistance mode when the query pattern does not match the stored pattern.

3. The tésting apparatus of claim 1, where the cell is rmade of a transistor s}eriallyr
connected to a programméble resistive element, the voltages make the cell pair
into lowA resistance mode when the query pattefn matches the stéred- pétterh and
into high resistance mocie ‘when the query pattern does not match thla étored

pattern.
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4. The testing apparatus of claim 2, where the k-state memory cells are /-bit memory

cells, i.e., k= 2,

5. . »The testing apparatus of claim4,
wherein the cell pair comprises at least.on‘e cell t&p‘e of of 1-Tr NOR Flash, 2TS |
NOR Flash, SuperFlash v1-2, SuperFlash v3,
Whgrein state 0 designates an erased cell, and a lglrger state number désignates a
mor'erpfogram»med cell, and 2"-1 designates é most progranimed cell,
wherein the cell pair with a state pair of (i; 2l-i-1) is used to represent a stored
pattern of value i, |
wherein a query pattern of value i is converted to a pair of Voltbagevs (i), f(2i-1),
where (i) is a mqnotonic increasing function of i, and also satisfying (i) >= Vm(i-
1) && (i) < Vﬂ;(i),' where Vm(i) is the threshold voltage (as seen from the control
gate or word-line) of a cell with state i, and the said voltage pair is then aﬁplied to

the word-lines of the said cell pair.
6. The testing apparatus of claim 4,
‘wherein / equals 1; and
wherein the cell pair comprises at least one cell type of Qf 1-Tr NOR Flash, 2TS"

NOR Flash, SuperFlash v1-2, SuperFlash v3, or NGMEM.

7.  The testing apparatus of claim 6,
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wherein the cell typé is one of 1-Tr NOR Flash, 2TS NOR Flésh, SuperFlash v1-
2, SuperFlash v3,

rwherein a cell pair with (erased, programmed) state pair is used to represent a
stored pattern of “17, and'with (programmed, erased) stélte is used to represent a
stored pattern of “0”, |

wherein a query pattern of “1” is converted to a pair of (lo, mid) voltagesr which .
are then applied to‘the word-lines of the said cgll pair,

vwherein a query pattern of “0” is converted- to a p.air of (mid, lo).voltages which
are then applied to the word-lines of the said-cell'pai’r,’ |

wherein a voltage sufﬁciently hig‘h’to turn on the sele_ét transistor in the dase of
2TS NOR Flash, denoted as Ve, is applied to the gates of the select transistérs of

the said cell pair.

8. | The testing apparatus of claim 6,

wherein the ‘cell type is 2TS NOR Flash,
wherein a cell i)air with (erased,‘progrémmed)~state pair.is_ used to represent a
stored patterri of “1”, and a cell pair\ with (programmed, erased) state is used to
represent a stored pattern of “0”, |

“wherein a query pattern of “:1” is conVeﬁed to a pair of (mid, mid) vqltagés which
are then applied to‘ the Word-lines of the cell pair, and also tor a pair of oV, Vcc)
voltéges which are theﬂ applied to the gétes of the se]ect transistors of thé said‘

cell pair,
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wherein a query pattern of “0” is éonverted to a pair of (mid, mid) voltages Which "
are then applied to the wérd-liﬁes of the cell pair, and also to a pair of (Vee, OV)
voltages which are then applied to the gates of the select transistorsrof the said
rcell pair, _

wherein V;c is a voltage sufficiently high to turn on the sélect transistors of the

said cell pair.

0. ‘rThe testiﬁg aﬁparatus of claim 6,

| wherein the cell type is NGMEM,
wherein a Ceil pair with (L, H) resisténce state pair is used to represent a stéred
pattern of “1”, and with v(‘H, L) resiétahce state pair is used tp vr.e:bresent a stored
pattern of “0”,
wherein a Query pattern of “1” is converted to a pair of (lo, mid) voltages, and
applied to the gates of the said cell pair, | |
wherein a qﬁery pattern of “0” is converted to a pair of (mid, lo) voltéges, and
applied to the gates of the said c¢11 pair,
wherejn mid denotes a vdltage sufﬁciently high to turn on the transistor in an
NGMEM cell, and /o denotes a voltage sufficiently low to turn off the transistor

inan NGMEM cell. "
10. A hierarchical priority encoder comprising;

a multi-match controller configured to report multiple matches in case of multiple

matches.
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11.

12.

13,

14.

15.

16.

17.

The hierarchical priority encoder of claim 10, further comprising: |

a merging circuit configured to provide hierarchical merging.

The hierarchical priority encoder of claim 10,
wherein the multi-match controller is configured to report multiple matches by

clearing a previously reported match after each report.

The hierarchical priority encoder of claim 12,

wherein the multi-match controller is configured to provide a hierarchically back-
traverse mechanism.

The hierarchical priority encoder of claim 12, |

wherein the multi-match controller is configured to provide a general column-ID

to'N decoder. ’ -

The hierarchical priority encoder of claim 10,

wherein the hierarchical priority encoder is configured for multi-array operation.

The hierarchical pﬁority encoder of claim 10,

wherein the hierarchical priority encoder is configured for multi-chip operation.

A method for controlling a testing apparatus, the method comprising: -
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18.

19.

20.

21.

PCT/SG2015/000065

controlling a cell pair of the testing appératus, a cell pair comprising two k-state

memory cells configured to represent a stored pattern of a k-state value; and

converting a query pattern of a k-state value into at least a pair of voltages defined

such that when applied to. gates of .the cell pair, the voltages make the cell pair .
into either a high resistance mode or a low resistance mode, depending on

whether the query pattern matches the stored pattern.

The method of claim 17,
wherein the said voltages make the cell pair into high resistance mode when the
query pattern matches the stored pattern and into low resistance mode when the

query pattern does not match the stored pattern.

The method of claim 17,
~ where the cell is made of a transistor serially connected to-a programmable
resistive element, the voltages make the cell pair into low resistance mode when

the query pattern matches the stored pattern and into high resistance mode when

the quei‘y pattern does not match the stored pattern.

The method of claim 18, where the k-state memory cells are /-bit memory cells, -

ie,k=2L

" The method of claim 20,
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22,

23,

wherein the cell pair comprises at least one cell type of of 1-Tr NOR Flash, 2TS
NOR Flash, SuperFlash v1-2, SuperFlash v3,
wherein state 0 designates an erased cell, and a larger state number designatés a

more programmed cell, and 2/-1 designates a most programmed cell,

~ wherein the cell pair with a state pair of (i, 2-i-1) is used to represent a stored

- pattern of value i,

wherein a query pattern of value i is converted to a pair of voltages f(i), f(2™-i-1),
where f{(i) is a monotonic increasing function of i, and also satisfying (i) >= Vu(i-
1) && f(i) < Va(i), where V(i) is the threshold voltage (as seen from the control

gate or word-line) of a cell with state i, and the said voltage pair is then applied to

~ the word-lines of the said cell pair'.

The method of claim 20,
wherein / equals 1; and
wherein the cell pair comprises at least one cell type of of 1-Tr NOR Flash, 2TS

NOR Flash, SuperF lash v1-2, SuperFlash v3, or NGMEM.

The method of claim 22,

wherein the cell type is (‘)nesof 1-Tr NOR Flash, 2TS NOR Fiash, Syp,erFlash Vl-"/ -
2, SﬁperFlash v3, | | |

wheréin a cell. pair with (erased, programmed) state pair is»use"d to represent a
stored péttem of “1”, and with (proérammed, reréséd) state is used to. feiareseht a

stored pattern of “0”, -
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24.

wherein a query pattern of “1” is converted to a pair of (o, mid) voltages which -
are then applied to the word-lines of the said cell pair,

wherein a query pattern of “0” is converted to a pair of (mid, lo) voltages which

are then applied to the word-lines of the said cell pair,

wherein a voltage sufficiently high to turn on the select transistor in the case of
2TS NOR Flash, denoted as Vq, is applied to the gates of the select transistors of

the said cell pair.

The methqd of cléim 22,

Whéreiﬁ the cell type is 2TS NOR Flash,

whefein a cell 'pair with (erased, programmed) state paixl is used to represent a
stored pattern of “17, aﬁd a cell pair with (programmed, erased) state is used to
represent a storéd pattern of “0”,>

wherein a query pattern of “1”.1s converted to a pair of (mid, mid) yoltageé which
are then appligd to tﬁe word-lines of the c¢11 pair, aﬁd also to a pair of (OV, Vo) |
voltages which.z;re then applied to the gates of the select transistors of the said
cell pair, |

wherein a query pattern of “0” is converted to a pair'of (mid, mid) voltages which

" are then épplied to the word-lines of the cell pair, and also to a pair of (V¢, 0V)

voltages which are then applied to the gates of the select transistors of the said
cell pair,
wherein V. is a voltage sufficiently high to turn on the select transistors of the

said cell pair.
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25.

26.

27.

28.

The method of ciaim 22,
wherein the cell type is NGMEM,

wherein a cell pair with (L, H) resistance state pair is used to represent a stored

pattern of “1”, and with (H, L) resistance state pair is used to represent a stored

~ pattern of “0”,

wherein a query pattern of “1” is converted to a pair of (lo, mid) voltages, and
applied to the gates of the said cell pair,
wherein a query pattern of “0” is cohverted to a pair of ()nid, lo) voltages, and
applied to the gates of the said cell pair,.
wherein mid denotes a voltage sufficiently high to turn on the transistqr in an
NGMEM cell, and [o denotes a voitage sufﬁc‘i'ently l(;w to turn off the transistor

in an NGMEM cell.

A method for controlling a hierarchical priority encoder, the method comprising:

controlling a multi-match controller of the hierarchical priority encoder to report

- multiple matches in case of multiple matches.

The method of claim 26, further comprising; |

- controlling a merging circuit to provide hierarchical merging.

The method of claim 26,

wherein the multi-match controller reports multiple matches by clearing a

_previously reported match after each report.
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29.

30.

31,

32.

" The method of cléim 28;

wherein the multi-matchr controller  provides a hierarchically back-traverse

mechanism.

The method of claim 28,

wherein the multi-match controiler provides a general column-ID to N decoder.

The method of claim 26,

wherein the hierarchical priority encoder provides multi-array operaﬁon.

The method of claim 26,

wherein the hierarchical priority encoder provides multi-chip operation.
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