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ABSTRACT

A new low-voltage and high-speed sense amplifier based on very simpledirect current-mode comparison ispresented
in this paper. It adopts |ow-voltage reference current generator implemented through trimmable resistor instead of
referencecell to avoid theimmutable voltage drop acrossthe reference cell to generate adaptive reference current, thus
enabling the sense amplifier to work with low power supply voltage at about 1V. The proposed sense amplifier was
simulated in aflash with a65nm flash technol ogy. Simul ated results show aread accesstime of 28.5 nswith a power

supply voltage of 1V and dow corner at 125 °C.
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1. INTRODUCTION

Theflashmemoriesarewiddy used as nonvolatilestorage
in eectronic syssems suchasmobiletelephones, digital
video cameras, microcontroller etc. The ever-increasing
need for portable electronic equipment with high speed
and low power consumption isaccelerating the design
of flash memoriestargeting high speed aswell aslow
power consumption. To satisfy thelow-power condrants
inthe digital circuit domain, the customary way isto
reducethe power supply voltage[1]-[3]. To satisfy the
requirement of very low power consumptionin portable
applications, the power supply voltage hasbeen scaed
down. Thesense amplifiersused to retrieve the stored
datain flashmemory, are one of themost criticd circuits
inflash memories, whichisstrongly related to theread
access time. Accordingly, the sense amplifier as an
important part of flash memory will also vary to be
adapted to thelow voltage and high speed.

There aremany researcheson senseamplifier inthe
literature [4]-[8]. The solution presented in[4] needs
trangistor with special low-threshold-voltage, which will
require additional masks. Consequently, thedie cost will
be added due to additional masks. The solutions
presented in[5]-[8] are based on current-code approach
for enhancing sensing speed. Inthemode, the selected
memory cell current isdirectly compared with reference
current usually generated through another cdllinthesame
array of memory cdll during read operation. However,

thethreshold voltage of diode-connected transstorsin
current mirror tranagtorslimitsthe power supply voltage
inthese solutions, whichwill lead to thet they can’t work
with low power supply voltage. The solution presented
in[9] isbased on voltage-mode approachin which cell
current will be converted into voltage to be compared
with reference current by acomparator. It takes use of
body-drain-driventransistor to increase headroom. As
isknownto all that cell current limitsthe current-to-
voltage conversion speed. Consequently, the solution
can't acquire high senang speed when it workswithlow
power supply voltage. The solution presentedin [10]
avoidstheuse of diode-connected in current mirror by
biasing drain and gate at appropriate voltage, which
enable the solution to work with low power supply
voltage without the limitation of threshold voltagein
current mirror transistor. However, the solutionhassome
disadvantagesover itsstructure. Thereference current
will be greatly affected by the current accuracy of
transstorsM3and M5. Inaddition, the pre-charge Speed
of bit linesisquite dow, which resultsin that the solution
isnot suitablefor high-speed read operation.

The paper focuses on a new low-voltage sense
amplifier based ontrimmableresistor for flash memories,
capable of operating at low power supply without using
specia low-threshold-voltage transistor or diode-
connected MOStransistorsin current mirror. The low-
voltage senseamplifier removestheimmutablelimitation
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of the voltagedrop on reference cell by using trimmable
resstor to substitutefor reference cell inreference current
generating circuit. Thevoltagedrop acrosstrimmable
resistor can vary with the need of the power supply
voltage, which enable the new senseamplifier to work
at low power supply voltage.
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Fig.1 Differential senseamplifier based on current-code

2. CONVENTIONAL CURRENT-MODE
SENSEAMPLIFIER

2.1 Conventional Current-M ode SenseAmplifier

A typical sense amplifier based on current-mode
approachisillustrated in Fig.1, composed of memory
cell current extraction path extracting selected memory
cell current, reference current extraction path extracting
reference current and sensing output circuit generating
output signal that correspondsto digital datastoredin
selected memory cell by sensing voltage converted by
differential current between reference current and

selected memory cell current. ICELL isthecell current
flowing through BL clamp loop and thenismirrored one
time by current mirror. IREFCELL is the reference
current flowing through thereference BL damp loop and
thenismirrored two times by current mirror. 1CELL
and | REFCELL thenarecompared generating differentid
current convertedinto differential voltage onnode SO,
and SOUT representing the output logica valueisthen
issued fromthe comparisonreault. Inaddition, BL clamp
loop circuit isresponsble for guaranteeing the minimal
mismatching between BL voltage and reference BL
voltage, which guaranteesmatching between ICELL and
IREFCELL.

However, the structure till has some limitations.
Frgtly, thestructure can't work withlow power supply
voltage due to the necessary voltage drop across
reference cell to generate adaptive reference current and
the mirror pair. As can be seen that the lowest power

supply voltageisgiven by
VDD(JJD’) = VBL + VDS(J[\’S) + VTH(M’I) e V()V(JJP]) (1)

Where VBL isat least designed as 1Vththanksto the
need for guaranteaing thesize of cell current, whichresult
in the lowest work voltageis at least equal to 1.5V.
Secondly, thestructure can't redlize very high reed speed.
The voltage on node SO may be any value since the
relation between ICELL and IREFCELL is not
determined during pre-charge, and evenworsg, it will
takelong timeto charge or discharge node SO, which
directly affectsread goeed and even leadsto error during
fast accesstime. Thirdly, the structure possesses|ow
senseprecison. The process mismatch between devices
is large due to advent of current mirror pairs in the
structure. Inaddition, the channel modulation effect is
fatal for sense accuracy dueto thelarge output swing on
node SO. Fourthly, the structure has large power
consumption. Whenread operation is carried out, the
reference current isused only one time and much cell
current smultaneously occursdue to many bits of read
operation. Consequently, the equation of power is
expressed asfollows:

]VDD =N * (]CELL I ]REF—COU £ [EL—P}PE) s ]]?EF (2)

WhereN isthe number of senseamplifier required during
one read operation, IREF-COM is the reference
comparison current, and IREF-COM =ICELL*0.35,
and data-0.35 isreference current trip point, IREF is
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the current of reference current generator. IBL-PRE is
BL pre-chargecurrent. Findly, thestructure hasthe bed
power noise. Taking account of high read access speed,
thelarge capacitance can't beinserted into immediate
node. When the VDD suddenly varies, the gate of
PMOStransistor (MP1, MP2, MP3, MP4) or the gate
of NMOStransistor (MN1, MN2) can’t intime keep
up withthevariation, which directly leadsto current gap
between ICELL and IREFCELL, and even worse,
causes error switcheson node SO thus error SOUT.
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Fig.2. Circuit diagram of the proposed senseamplifier.

3. LOW-VOLTAGE SENSEAMPLIFIER

3.1 Description of new structure

The new sensing structureisillustrated in Fig.2, making
muchimprovements comparedto traditiona structure.
Hrstly, thereferencecurrent isnot generated by reference
cell, but based on trimmable resistor, consequently, the
voltagedrop acrossR may vary with the need of power
supply voltage, which enablethe new structureto work
at low power supply voltage. Secondly, two inverters
used to control hit-line voltagein both BL clamp loop
and reference path arereplaced with operationamplifiers,
whichnot only further lowersthe power supply voltage
required by biasing the bit-linevoltageto desrable VREF
but also reducesvoltage variation dueto the variation of

a7

temperature and process. Finally, the sensing output
circuit uses an operation amplifier with one input
generated by a global reference voltage VGREF
generator for enhancing read access peed. Whenaread
operdionoccurs, thesysemfirstly completespre-charge
and maintainsa stable voltage onthe selected bit-line.
Once pre-charge stage ends, the memory cell current
|CELL flowingthroughtransstor M4 into node SO is
directly compared withreference current IREF mirrored
by current mirror to node SO. Consequerntly, thevoltage,
VSO, converted from differential current between
memory cell current and reference current iscompared
with global reference voltage, VGREF, by the
comparator Op3 in the output circuit and then the
comparison result isissued as output sgna SOUT. In
addition, theglobal voltagereference block providesa
good voltagereference to be compared with voltageon
node SO for right and high-speed output.

3.2First Oder M odeling

| ssuesassociated with protection of humanrightsand

First order modeling isnecessary to drivethe design
before smulations. The objective of thesenseamplifier
isto achieve performancetarget intermsof accesstime
and low voltage. Wewill firstly discussthe lowest work
voltage from reference current generator circuit, sense
coredircuit.

the minimum power supply voltagefor sensecore
circuit illugtrated infig.2 isgiven by

VDD,CELL = VBL + VDS(.IH) + Vps(.zfz) 3
Whereif
VBL = VEEF = 0.7V 4
Vps(.114) = 200mV ©)
Vasry = 100V (6)
and then combine (3)-(6), we get
4 DD(CELL) — I (7)

The lowest operation power supply voltage of the
reference current generator circuit illustrated infig.2 is

givenby
v,

DD(REF) — Ve

+V,

oV

+V

T(i1)

+V

DS(i3),

(8)
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Where the voltage VR on node R can be regulated
according to the need of power supply voltage. For
example, when VT(M1), VOV(M1), VDS(M3) are

respectively set at below voltage vaue.
Vi = 0.7V ©)
Voray = 0. 15V (20
VDS(J/S) = O. 05V (11)
Comhbine (9)-(11), if VRisset at 0.1V, wewill get
Voncrery = WV (12)
Consequently, thereference path can also work at low
power supply voltageat 1V.

According to theequation (7) and (12), we caninfer
that the new structure of sense amplifier can work with
low power supply voltage at about 1V.

Secondly, theread operation delay required in new
sense amplifier isdivided into three sections. Thefirst
sectionisthetime TBL required for pre-charging the
bit-line voltageto a desrable and stable voltage vaue.
The second section is the time TSO required for
differentia current between |CELL and IREFto charge
or discharge the lumped capacitance on node SO and
the equationisgiven by

T, = (AV % Cy,))/AT (13)

Where
-7

GREF ‘

-/

AV:\V

S50

(14)

Al = ‘[ CELL HEF‘ (15)

CSO ismetal line capacitance and paragtic capacitance
on node SO, including CM2dg, CM4, Cdynamic
(Dynamic Comparator Op3) and junction capacitance.
The capacitance must be minimized taking amount of
high-speed read access. The final section is the time
Tdynamic required for sense output circuit to sense
difference between VSO and V GREF and then issues
the result in the form of SOUT. Consequently, the
equation of read operation delay of new senseamplifier
isgiven by

/i

total —delay (16)

Inaddition, thegloba voltage V GREF must be designed
carefully for optimizing therelation betweenread access

= L 4+ B 15

lvnamic

time and read precision. It isapparent that the voltage
VSO variesin[VBL, VDD], thusthevoltage V GREF
isdesgnedto benearly equal to (VBL+VDD)/2 through
V GREF generdtor.

SIMULATION RESULTS

To verify the performance of the proposed sense
amplifier, simulations are carried out and the
corresponding Smulationresultsare given in the paper.
Thesmulated waveformsof the proposed senseamplifier
under conditionwhere VDD=1V areshowninFig.3.
Read voltage margin is defined as the voltage drop
between VSO and V GREF at the beginning of dynamic
sense enabled. Ascan be seen that read accesstimeis
divided into three sections including bit-line voltage
precharge time , the time needed for charging or
discharging capacitor of node SO to desrablevalueand
dynamic sense pulse, whichisidentical to the anylysisin
thefirst order model.

It well known that flash memory storesdata-0 and
data-1 intermof the charge quantity stored in floating
gate of amemory cell. The quantity of electric charge
implemented throughinjecting or extracting eectronsinto
or fromthefloating gate of amemory cell corresponds
to differential cell current in given bit-line voltage by
affecting itsthreshold voltage. Thesmulated accesstime
with respect to the selected memory cdl current hasbeen
reported (VDD=1V, T=125° Norma Process)inFg.4
wherethecdl current isdistributed by the cdll current of
O-dataand 1-data. Ascan been observed new system
need smaller sensetimethan old system, and sensetime
isnot sensitiveto cell current inindividual region. A very
limited accesstimevariation can be expected dueto the
memory cell current variation with the proposed sense
amplifier.
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Fig.3. Simulated results of the proposed senseamplifier

Sense Time vs Cell Current
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Fig.4. Sensetimewith respect to cell current

As the power supply voltage scales down, the
performance of the sense amplifier degrades. Fig.5
illugtratesthe sensetimewith respect to the power supply
voltageranging from1V to 1.9V using new proposed
senseamplifier. Asisclear that the sensetime senstivity
is decreased using the proposed sense amplifier
compared to the usual structure. Simultaneously, for
VDD vauesat 1.5V, the proposed sense amplifier till
worksrobustly but the usua onedoesnot do. Therefore,
the proposed sense amplifier isvery suitable for low-
voltageapplications.

According to thoseabovesmulation results, the new
structure has advantages over conventional sense
amplifier that not only can it robustly work with low
voltageat 1V while consuming smdler consumptionthan
conventional senseamplifier but also it hassmaller read
accesstimethan conventiona structure.
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Cell Current vs Power Supply Voltage
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Fig 5. Sense time with respect to power supply voltage

CONCLUSION

Thispaper presents anew low-voltage sense amplifier
for low-power-supply-voltage flash memories
application. By taking use of trimmableresistor instead
of reference cell to generate reference current in
reference current generating circuit, theproposed sense
can work at low power supply voltage at 1v. The
cagpatility of the senseamyplifier presented in above paper
isillustrated by smulation results.
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