WD 01/ 75891 PCT/ US01/ 10334 1 CURRENT CONVEYOR AND METHOD FOR READOUT OF
MIJ MEMORIES 5 Field of the Invention This invention relates to MIJ

menori es vaodi/mspe particularly, to apparatus and a met hoRcTf/osowmwasd ng dat a
stored in MIJ nmenories. 10 Background of the Invention Thin film Magnetic
Random Access Menories (MRAMs) can be fabricated in a variety of nenory
cell enbodinents, including a 15 Magnetic Tunneling Junction (MIJ) cell.
The MIJ cell essentially consists of a pair of nagnetic layers with an
insul ating | ayer sandw ched therebetween. One of the magnetic |ayers has a
fixed magnetic vector and thE"BTHE “HEEHE AP I"FEPP has a changeabl e
magnetic vector that is either_aligned W&Th l\(/?ErMO(})QLI))E)osed to the fixed
magneti c 20 vector. \Wen the ﬁ%lbrﬁig TNEELTP s A& & i gned t he resistance of
the MIJ cell, i.e. the resistance to current flow between the nagnetic

| ayers, is a mninmum and when the magnetic vectors are opposed or

m sal i gned the resistance of the MIJ cell is a maxinum Data is stored in
the MIJ cell by applying a magnetic field to 25 the MIJ cell directed so
as to nmeyve the changeabl e magneti&idveet@le tvendise!l €cted orientati on.
Generally, the aligned orientation can be designated a logic 1 or O and
the msaligned orientation is the

This invention relates to MTJ memories and more particularly, to

apparatus and a method for reading data stored in MTJ memories.

10

Background of the Invention

Thin film Magnetic Random Access Memories (MRAMs) can be
fabricated in a variety of memory cell embodiments, including a
15 Magnetic Tunneling Junction (MTJ) cell. The MTJ cell essentially
consists of a pair of magnetic layers with an insulating layer
sandwiched therebetween. One of the magnetic layers has a fixed
magnetic vector and the other magnetic layer has a changeable magnetic
vector that is either aligned with or opposed to the fixed magnetic
20 vector. When the magnetic vectors are aligned the resistance of the
MTJ cell, i.e. the resistance to current flow between the magnetic
layers, is a minimum and when the magnetic vectors are opposed or
misaligned the resistance of the MTJ cell is a maximum.
Data is stored in the MTJ cell by applying a magnetic field to
25 the MTJ cell directed so as to move the changeable magnetic vector to
a selected orientation. Generally, the aligned orientation can be

designated a logic 1 or 0 and the misaligned orientation is the



WO 01/75891 PCT/ USO01/ 10334 2 opposite, i.e., alogic O or 1. Stored data
is read or sensed by passing a current through the MIJ cell from one
magnet i c Wayerssbo the other. The anount of current passi pgrkeiowgds t he MIJ
cell, or the voltage drop across the MIJ cell, will vary according to the
5 orientation of the changeabl e nmagnetic vector. Additional information as
to the fabrication and operation of MIJ genory cells can be found in
Patent No. 5,702,831, entitled "Milti-Layer Magnetic Tunneling Junction

Menory Cells", iss ug rch 1998 and i ncoyrporated herein y. reference.
10 In the pPiesPibFt * ?e’ad‘wﬁ l&a{’ stor ed°FR |\9{T’§ 3t F829 STaRHISEYEW by

passing a current through ser C el udi ng oa reS|s r and
the MIJ celT-.°5thd Tarren pass Snthlrd(;ﬁ etl% cefi netllgdlca At r ol |tt§8 by a

transistor yidh a ﬁlea§ma&%|tt@9%u9£‘erlth8a&ai58 trﬁ%qgﬁrkhe%'foo%n" olLage is

obtained at a junction between the |o0ad résistor and 15 the current

control | i ngydiagsi BBl acrBLs Gnednkt ki NE ARH A Jai@okhiley tb0fnt he MIJ cell
(and other MIJ cells in the array) are clanped at a desired voltage by the

transi stor . oriRAE £ Bnos AWEr landBille PAGIRIL@BBvectbi N hBdS ibYPE iakofhaitdon
readout including the fact that the | oad resistor nust be nuch l[arger than
t he resi st anceoothd febMEhtt@l lapnd FrabiahofakEsmeperyatdldn a&in bewesmapl y
vol tages very difficult. Also, the operation of the circuit is dependent
upon the clampangntydbt agd 02 pr3avi eled thyd t"Nelt¥-dnagesMegnarid Tureebims vol t age.
However, the
Junction Memory Cells", issued 31 March 1998, and incorporated herein
by reference.
10 In the prior art, reading data stored in MTJ cells is achieved
by passing a current through a series circuit including a load
resistor and the MTJ cell. The current passing through the MTJ cell
is controlled by a transistor with a bias voltage on the gate, and an
output voltage is obtained at a junction between the load resistor and
15 the current controlling transistor. Also, a bitline and a data line
for the MTJ cell {(and other MTJ cells in the array) are clamped at a
desired voltage by the transistor. There are several major problems
with this type of data readout including the fact that the load
resistor must be much larger than the resistance of the MTJ cell,
20 which makes operation at low supply voltages very difficult. Also,
the operation of the circuit is dependent upon the clamping voltage
provided by the transistor and the bias voltage. However, the
clamping voltage is a function of the resistance of the MTJ cell, the
bias voltage, and the load resistance, any or all of which can vary
25 with a specific readout process, variations in the supply voltage,

changes in temperature, changes in the resistance of the MTJ cell,

etc. Also, the large load resistance and the other components in this



clanmping voltage is a function of the resistance of the MIJ cell, the bias
vol tage, and the | oad resistance, any or all of which can vary 25 with a
speci fi c weadmsb1 pr ocess, variations in the supply voltageCcT/ustizarngss i n
tenperature, changes in the resistance of the MIJ cell, etc. Al so, the

| arge | oad resistance and the other conponents in this WO 01/ 75891

PCT/ US01/ 10334 3 prior art circuit require large chip areas preventing the
fabrication of high density nmenory arrays. Al so, the input inpedance is
high due to the presence of the |oad resistor. Accordingly it is highly
desi rabl e tBFFFo¥idE APPAr REUS TEMPTE° B ReP G BYSHEAHRTh G ort28eh&A TG MrJ
menory cel |l s_which overcones these prableng. Brief .Descriptiop,of the

O i e 107 ROPBIPREEE SUFREY dF BdengorLoer ey e, 1ERRRGE 14 Bid A4t of a
prior art J ado circuit; F 2.Js a sinplified schematic di agram of
an MrJ reag%-%t&gcﬁ’rre%%?cfe iorfl g%ec%?%%t%gl%o?h the present invention; 15 FIG 3

s a sinplified achemnldo di agramal anathere eBbAY.MENto0a20 M ar eadout

circuit in accordance wth the present invention;. is asinplified

schemat it dhagbaOfeadaigher LABNY MBAtnRbrfpteMd Jigall Qb r&desUideden
accordance with the present invention; FIG 5 is a sinplified schematic

di agr am of grdbobpd €t e readout
Brief Description of the Drawings

10 Referring to the drawings:
FIG. 1 is a schematic diagram of a prior art MTJ readout
circuit;
FIG. 2 is a simplified schematic diagram of an MTJ readout
circuit in accordance with the present invention;
15 FIG. 3 is a simplified schematic diagram of another embodiment
of an MTJ readout circuit in accordance with the present invention;
FIG. 4 is a simplified schematic diagram of another embodiment
of an MTJ readout circuit in accordance with the present invention;
FIG. 5 is a simplified schematic diagram of a complete readout
20 circuit incorporating the MTJ readout circuit of FIG. 4; and
FIG. 6 is a more detailed schematic diagram of the complete

readout circuit of FIG. 5.

Description of the Preferred Embodiment

25
Turning now to FIG. 1, a schematic diagram of a prior art MTJ

readout circuit, designated 10, is illustrated. Circuit 10 includes a



20 circuit incorporating the MIJ readout circuit of FIG 4; and FIG 6 is a
nore detailed schematic diagramof the conplete readout circuit of FIG 5.
Descri pt ivomoofssphe Preferred Enbodi nent 25 Turni ng now t BCHUS1/1D334a
schematic diagramof a prior art MIJ readout circuit, designated 10, is
illustrated. Crcuit 10 includes a WO 01/ 75891 PCT/US01/10334 4 plurality
of magnetic tunneling junction nenory cejls 11, 12, etc. As is well known
in the art, each cell 11, 12, etc. includes an MIJ device, represented as

a resistance RMIJ, and a control or activating transistor. Only cell 11 of
the plural i PYPEEHER0r PEEFTS PP IBE BGF it JEBRFY Felkt a1 Her B, %f' nce

t he operatlono |1 of the cells sim | ar.. Oneter of cell i's
connected td° & Ehal?fﬁ? Yot £t s‘if‘c% s&tta et réui Tt %o n}r‘r‘gSF B 8Uhd. The

ot her term ga);.Qf &%&Ls&&easas copnactechd Quay, blahdu @@ng::%lv\@i’ GReiwsgagnect ed
to one or nore nenory cells (not shown) in a well known manner. The drain

of a colum, 10 decade ransiston JA chs pﬁgggﬁ%/egftn%mghflcje@?s 13:2n4 the gate

is connecte to a colum decoder which selects one colum at a tine to be

readout 5 Thg; RQUELS iQf a&Ql UMk deg0dentd ansi §ilheddh oanshiabk @f tdas of her
colum decode transistors are connected to a data line 15. Data line 15 is

connect ed t gidingr drodleNt&¥imifal l@N&é19t Of k6 cotitt@ted Togat Qur@bntMiie€lird, S
connected to a bias voltage Vbias. The source of
such as a circuit common or ground. The other terminal of cell 11 is
connected to a bit line 13 which is connected to one or more memory
cells (not shown) in a well known manner. The drain of a column
10 decode transistor 14 is connected to bitline 13 and the gate is
connected to a column decoder which selects one column at a time to be
readdut. The source of column decode transistor 14, and all of the
other column decode transistors are connected to a data line 15.
Data line 15 is connected to the drain of a tramnsistor 16, the
15 gate of which is connected to a bias voltage Vpigs- The source of
transistor 16 is connected through a load resistor 17 to a current
supply 18. The source of transistor 16 is also connected to a data
output terminal 19. Here it should be noted that load resistor 17 is

chosen to be much larger than the resistance Rypg to provide voltage

20 gain for the circuit. Current source 18 supplies bitline current sunk

by the resistance Ryrg, depending upon its Rpin Oor Rpmax state.

Transistor 16 clamps data line 15 and the bitlines 13 at a desired
voltage depending upon the bias voltage Vpigs. Transistor 16 provides
for low input impedance for current mode operation, since the

25 impedance looking into transistor 16 from data line 15 is small.

Additional information as to the construction and operation of prior



transistor 16 is connected through a |l oad resistor 17 to a current supply
18. The source of transistor 16 is also connected to a data out put

term nal WOo/Hspe it should be noted that |oad resistor 1PCTASowchesen to be
much | arger than the resistance RMIJ to provide voltage 20 gain for the
circuit. Current source 18 supplies bitline current sunk by the resistance
RMIJ, depending upon its Rmin or Rrax state. Transistor 16 clanps data
line 15 and the bitlines 13 at a desired voltage dependi ng upon the bias
vol tage Vbias. Transistor 16 provides for |ow Iﬁgﬁ i npedance for current

mode oper at ?‘EFnMTglrr?égo‘fthé:lE%“ltﬁp%ftﬁHé% §Y86KT4Ty °F nFr’éhé’l St §Pt9% fPom dat a

line 15 is nﬁglég7ﬁﬂd|t|onal information as to the constructi on and
operation of’ prior WD 01/75891 PCT/ US01/ 10334 5 art MIJ readout circuits

of this type can.ke [ound:i g, U, ocPah ot Noyee B¢ 1853 090, Seysrl . probl ens

arise in this type of readout circuit, ~“which produce a substanti al

del et eri ous,,gf. e;‘t;}od%etJ‘%uQQ&Im@EAP%eQ&th]}@uS %f@'@é@ro}é ghd ePbiacioResH theal | Y,
since load resistor 17 and nenory cell 11 are connected in series in the

current spat ferRfySOUCGE: 18spasi cibg11y, esileanc RMikeot 1BARE YnekBL) cbl1
changes between Rm n and Rmax the voltage at termnals 15 and 13 changes

by a nore thanrrdesinhabts Val dgiedlian tRe therditgbatipit séufeedes)cas athel 5.
Because these lines have a 10 relatively high natural or inherent
capaci t anceredigrgreesWmy ofi rerole caldl tagdargsfubeevaes| Bvinv ety Rmendghei nes (RC
time constant of the |ines)

voltage at terminals 15 and 13 changes by a more than desirable value

due to the high input impedance at 15. Because these lines have a

10 relatively high natural or inherent capacitance, large swings in the
voltage require relatively long times (RC time constant of the lines)

and seriously slow down readout times.

In addition, the clamping voltage (provided by transistor 16 and

the voltage Vpiag applied to the gate) will vary with the readout

15 process, the power supply (e.g. current source 18 and voltage Vpjias).,
operating temperature, and the resistance Ryrg of cell 11. Large
variations of the resistance Ryrg (i.e. a large ratio between Rpin and
Rmax) can render the circuit virtually useless, since voltage changes
may extend beyond the operating region of the circuit. Such large

20 variations of the resistance Rympg will change the current in bitline
15 and lead to output voltage variations which are undesirable.
Further, because load resistor 17 is generally included as part of the
integrated circuit, a very large resistance will require large chip
area. Finally, because load resistor 17 must be very large, operation

25 of the memory at low supply voltages (e.g. 1.8 volts) is very

difficult.



and seriously slow down readout tines. In addition, the clanping voltage
(provided by transistor 16 and the voltage Vbias applied to the gate) wll
vary w tiwohe7iseadout 15 process, the power supply (e.g. BOT/USOW103BIUrce 18
and voltage Vbias), operating tenperature, and the resistance RMIJ of cel
11. Large variations of the resistance RMIJ (i.e. a large ratio between
Rmin and Rmax) can render the circuit virtually usel ess, since voltage
changes may extend beyond the operating region of the circuit. Such I arge
20 variations of the resistance RMIJ wi |l change the current in bitline 15

and | ead to outplt V6Ftde VarPars 61ﬁ§°’€/r’rlﬂe8he’819 "iifdest rABFEE “RPUYTRES,

because | oag reS| gou%r 0}7 s Igeetneral | F,llnnCl Llilrgc dl as_ m%rrt C%fllt he TrZIE e%iriat ed
circuit, a very T‘arge F S5i8PAREE Wi eqqal rel-arge cﬁl area inally,

because | o S S o i ry at
| ow suppl ya\goﬁrta eiOQ{ E‘;L FIG) % voftm%ﬂfise%\r/gr%e %g?%g% chat"gs{ %%F%%%%D

PCT/ US01/ 10384, fard QeQé{&ItCQETPch@ez@QQV%c%%é&Edeb@gt@%hg%g% 1§v§rH:r1'€3ﬁnt
conveyor for readout of a magnetic tunneling junction nmenory cell

di scl osed. AJURRLPGENOW MG FdderyZee1dsSiMRkidfd schewstid dbr@hamd s
illustrated of an MIJ readout circuit 25 in accordance with the present

invention. DiiABtaddeay 26 data Mblas®imabiye @@l | hi2h ff rcdiigesthbolikeawsiard

colums is illustrated. A data readout |ine 28, which in this enbodi nent

is a bitlineldeanscheaging gotcdnm off WD meeomy yetld 23 Dfetbgetihes wenla wel |
known fashion, is connected through a column decode transistor 29 to a
current conveyor designated 30. For purposes of this description,

10 column decode transistors 29 are considered to be a part of each data
readout line 28 with which they are associated, since they are simply
switches included to select a specific line. Further, since the
column decode transistors 29 are well known in the art and not a part
of this invention, in several of the following descriptions they are

15 omitted for simplicity.

Current conveyor 30 includes a transistor 32 (which may be, for
example, a field effect transistor, an HFEf, a thin film transistor,
or the like) having one current terminal (e.g. the source or drain)
connected to data readout line 28 and the other current terminal (e.g.

20 the drain or source) connected to a current source 33. The control
terminal or gate of transistor 32 is connected to the output terminal
of an operational amplifier 35. A negative input terminal of
operational amplifier 35 is connected to receive negative feedback
from data readout line 28 and a positive input terminal is connected

25 to have a bias voltage Vpiag supplied thereto. It should be noted

that the negative input terminal of operational amplifier 35 has a



known fashion, is connected through a columm decode transistor 29 to a
current conveyor designated 30. For purposes of this description, 10 col um
decode t vemoi/z8ors 29 are considered to be a part of eachrpdmuaol/mamdout
line 28 with which they are associated, since they are sinply swtches
included to select a specific line. Further, since the colum decode
transistors 29 are well known in the art,and not a part of this invention,
in several of the follow ng descriptions they are 15 onmitted for

sinmplicity. Current conveyor, includes a transisfor 32 (which be, for
oxampl o | % YO B ¢ SRR ALY G R s JongthFe (4 Hhdrel o o

the like) hawg&gfé)nr%ef urrent term nal, (€49, tRe source or drain) connected

to data readodt fine and 1 he other current terninal (e.g. 20 the drain

or source) connefd @getftidnC Wt ichAUI&R13BierTBE RPLFL thd aicTta vpf gate
of transistor 32 is connected to the output termnal of an operational

anplifier 3b6n dAtfiegatbme 1iAPUs teruy;palanaf by aeehratdrobrd ragpliviel eseddack S
connected to receive negative feedback fromdata readout line 28 and a
posi ti veé i nEldmpt evyll nalvyiSs Corineeta@er@Sicnel hanpeifidsi as Mokt ageeMpiaady
supplied thereto. It should be noted that the negative input term nal of
oper at i onal 1&ephidticgr @5 chas etWPr0Vor7589Yb RET/ USGENI 0834 powWidEyg hi gh
(substantially infinite) input inpedance so that little or no current
fl ows from datrant emdeutpdrrneor28. Clnrepperoavepty, 3o0persati orral lanphpit er 35
conpares the voltage Vbl
" impedance, isolating the data readout line 28 from the high output
impedance of current source 33. The low input impedance combined with
10 the clamping of Vp] limits the voltage swing of data readout line 28

and achieves high speed readout for very high density MTJ arrays.

Thus, current conveyor 30 provides and maintains a constant bias

across the MTJ memory cell 27 regardless of operating temperatures,

changes in the supply voltage, and process conditions. Also, current

15 conveyor 30 provides a small swing in the voltage on data readout line

28 to allow for high speed operation. Here it should be understood

that the term "operational amplifier" is a generic term for any

circuit which will provide the described operation and is not limited

to any specific circuit.

20 Here it should be noted that current source 33 provides a

current equal to the current required by an MTJ memory cell 27 to

yield a voltage drop of Vpijas across the cell. When the resistance
Rytg ©of MTJ memory cell 27 is minimum, current conveyor 30 will
maintain Vpjag across RmTg by increasing the voltage at the gate

25 terminal of transistor 32, and when Ryrg goes to a maximum, current

conveyor 30 will decrease the voltage at the gate terminal of

transistor 32. Thus, the voltage at the gate terminal of transistor



on data readout line 28 to Vbias and by neans of the negative feedback 5
clanps Vbl to Vbias (since operational anplifier 35 | ooks essentially Ilike
a short oveoourissbet ween Vbl to Vbias), essentially provi dPayusurmsgit node
operation. Current conveyor 30 has a very |low input inpedance, isolating
the data readout line 28 fromthe high output inpedance of current source
33. The low input inpedance conbined with 10 the clanping of Vbl limts the
vol tage swing of data readout line 28 and achieves high speed readout for
very high density MIJ arrays. Thus, current conveyor 30 provides and

mRi ntai ns a’tofRstanPIbfadon RF 688 TRES MEIMREMSFTE SPLL 27 r‘égear Hressant
operating tgpperaf ur @r?erefgg%nQQscéxp pbNE.8URRlY 8391% %QSOT%QQr R% Ogglsf%rtﬁs

condi tions. Al %J ‘current conveyor 30 provides a small“swing in't

vol tage on gt FGRUOMS | 1PE1a28s lRedlbd @Wgl %rbggfkﬁpe@&eow abhowy, Here it
shoul d be understood that the erm"operat| onal anplifier" is a generic

termfor anye116i eSuht MYicha Wikl Re¥sdaviha)deserahed pprsat kers and is not
limted to any specific circuit. 20 Here it should be noted that current

source 33 PLOMoUES ide FLhEDswRHY Host Poilh€ol WiERNpeb8GtlAuBe: RiaaibuMIJ
menory cell 27 to yield a voltage drop of Vbias across the cell. Wen the

resi stance ciRMEdt GfonMInbtTBAPranacet lis2d dugridicBLM1taYHE rentetrveyer. 30 wl |
mai ntai n Vbias across RMIJ by increasing the voltage at the gate 25

term nal of thd ahsiget o 32 yrednd swhepoRMkhaljoes the wlrage RNThe gatent
conveyor 30 will decrease the voltage at the gate termnal of transistor
32. Thus, themiohl afjetanstihecrgate- term nal of transistor

Turning now to FIG. 3, a simplified schematic diagram is

10 illustrated of another embodiment of an MTJ readout circuit, generally
designated 40, in accordance with the present invention. Circuit 40
includes a current conveyor 41 coupled to at least one MTJ memory cell
42 by a data readout line 43, generally as described above. In this
embodiment, data readout line 43 is a bitline and includes a column

15 decode switch or transistor 44. Also, a current source 45 is coupled
to data readout line 43 through current conveyor 41, as described
above. A load resistor 47 is coupled to a junction 48 between current
source 45 and current conveyor 41. Load resistor 47 is much larger
than Ryrg of MTJ memory cell 42. An enable switch 49, illustrated

20 herein as a transistor with the gate connected to receive an "enable"
signal, couples load resistor 47 to a current return, such as ground.
An output signal Vg is available at a terminal 50 coupled to junction
48.

Circuit 40 has at least two advantages over MTJ readout circuit

25 25 of FIG. 2. Since the resistance Ry, of load resistor 47 is much
larger than the resistance Rymrg of MTJ memory cell 42, small changes

in the current Ip] through data readout line 43 due to changes in the



WO 01/75891 PCT/US01/10334 8 32 is an indication of the state of MIJ
menory cell 27 (i.e. the state of RMIJ) Therefore, it can be seen that
current oooveyssel 30 performs three functions: it clanps poRUsOl/1033)e acr 0SS
RMIJ (the MIJ nenory cell) to the desired bias voltage (Vbias); it nakes a
smal| data 5 readout |ine voltage sw ng possible for high speed readout and
| ow current consunption; and it is a cugrent-to-voltage converter (i.e
the change in current is proportional to the voltage at the gate term nal
of transistor 32% Tur ni ng now to FIG 3, a si n}()l i fied schemat.i S diagramis
10 i || ust r af 8 S5 EIREr e Saineid Rotx 27 WiES resfdutrcrrRtaitedddher al |y
desi gnated 40, in accordance with the present invention. Crcuit 40

i ncl udes a LeA% éﬁfls(?8ﬁv4e7yor“ﬂ1f E%"’tfmrédlﬁ &ehtey éﬁ%‘irséﬁ‘éd IWJ ‘h‘EﬂﬁrEIhaéel | 42
by a data readout | i ne 43, general as descr.i bed abov

enbodi ment , “UaCH T EddUE M &%tu °%|4tsl PRE “Sn3" PHE?“c?é‘s‘*% WéSﬁLHf“ﬁtw
decode sw tGP Qe La8at Stxgi 24 0w nr QudhUBE €N SN CEL1 D b SarfcObi €d  to
data readout |ine 43 through current conveyor 41, as described above. A

| 0oad reg st gEmhhads cgOthY edrddcary unehiQn cAS At WRRINredidtenAta . source 45 and
current conveyor 41. Load resistor 47 is nuch larger than RMIJ of MIJ
menory cell 42. An enable switch 49, illustrated 20 herein as a transistor
with the gate connected to receive an "enable" signal, couples |oad
resistor 47 to a current (et-urpl)Bueh(lhs YpusrMBurs) AD oULpRL signal Vo is
avai l able at a term nal 50 coupled to junction

for
10 RMTT = Rmin =~ - IL = ILmin
RMTT = Rmax - - IL = Inmax
ATy, = Irmax - ILmin - - AVg = AILRp

15 Thus, the larger Ry, is the larger AVgy will be. A second advantage is
that Vo is a linear function of Vpiasg, since Vphigg is a linear
function of I, as explained above.

Turning now to FIG. 4, a simplified schematic diagram is
illustrated of another embodiment of an MTJ readout circuit, generally

20 designated 60, in accordance with the present invention. Circuit 60
includes a current conveyor 61 coupled to at least one MTJ memory cell
62 by a data readout line 63, generally as described above. Current
conveyor 61 includes a transistor 62 and an operational amplifier 66
connected as described in conjunction with current conveyor 30 of FIG.

25 2. In this embodiment, data readout line 63 is a bitline and includes

a column decode switch or transistor 64. Also, a current source 65 is



48. Circuit 40 has at |east two advantages over MIJ readout circuit 25 25
of FIG 2. Since the resistance RL of |load resistor 47 is much |larger than
t he resi st@ooess®RMIJ of MIJ nmenory cell 42, small changes PCTVUSHIg10634 r ent

I bl through data readout |ine 43 due to changes in the WO 01/75891

PCT/ US01/ 10334 9 resistance RMIJ (i.e. Rmin to Rmax or vice versa) are
amplified by load resistor 47. This feature is better understood by noting
that the current | fromcurrent source 45 splits at junction 48 with part
of the current, IbI fl ow ngcfthrou gh_dat a readout Ilne 43 and the 5

remai nder of°YHEICH FRFR PR WY °C hHERYR” | BAES e SPRYSPT 47 2%0 = (I -
Ibl)RL = ( ldesri)edS/ J)RL = IL RL for 10 RMIJ = Rmin - - IL = ILnin
RMIJ = T PLREX AIL = ILmax - ILmn - - OVo = DILRL 15 Thus, the

Lar ger RL 'S the, vgx?& Qe 'cla\% aé%ﬁqgo{%pﬂy 3t 298inkS1 o @tbe\é%elex§ a

| i near function of 1as, Slnce near function o ,

expl ai ned abOME e TWLRED G sNQWA 10 ELG cBnveRos | d1p! Iéd@%@%ﬁ@@&&%dlﬁgram i's
illustrated of another enbodi nent of an MIJ readout circuit, generally 20

desi gnatsed 8fsenkNaAGCORLRARE W Lirdhe PRSOHE 61 N3Nt hOMaeS) 4 Gitbhs B or
i ncludes a current conveyor 61 coupled to at |east one MIJ nmenory cell

70 having a first current terminal (in this embodiment the drain
terminal) connected to junction 68 and a second current terminal (the
source terminal) connected to a current return, such as ground.
Current conveyor 67 further includes an operational amplifier 71

10 having a first input terminal connected to junction 68 for negative

feedback, a second input terminal connected to receive a second bias

voltage Vpias2 and an output terminal connected to the gate of
transistor 70. An output signal V5 is available at a terminal 72
coupled to the gate of transistor 70.

15 MTJ readout circuit 60 has all of the advantages of MTJ readout
circuits 40 and 25 plus some additional advantages. Specifically,
current conveyor 61 clamps data readout line 63 to Vpigg: (the bias on
the operational amplifier of current conveyor 61). In this manner,
absolute changes of Rmpgy will not change the current Ipj in data

20 readout line 63 and the read operation will be insensitive to RmrJ

changes as long as the Ryvpg variation range is within the linear range

of current conveyor 61. Transistor 62 of current conveyor 61 is a

source follower, that is, the impedance looking into the source

terminal of transistor 62 from data readout line 63 is low. This
25 eliminates voltage swings of data readout line 63 to a large extent

and makes current mode operation possible.



62 by a data readout line 63, generally as described above. Current
conveyor 61 includes a transistor 62 and an operational anplifier 66
connect edv@s1/te8scri bed i n conjunction with current conveypeT/B0010f035H G 25
2. In this enbodi ment, data readout line 63 is a bitline and includes a
col um decode switch or transistor 64. Also, a current source 65 is WO

01/ 75891 PCT/US01/ 10334 10 coupled to data readout line 63 through current
conveyor 61, as described above. A second current conveyor 67 is coupled
to a junction 68 between current source 65 and current conveyor 61.
Current conveyor "B PIRELEER &HE| WG THENEFRE  a&S T r B RDLIFPEYDY° 627 and

i ncludes a tran isk%r a& havi g %3fir t ,Surrent Lgrninal (én.th1%

enbodi nent P EFRIRe 1% ﬁi"hréﬁ;tl oY T 5 Gnct "R B AnY 4°8tShd
current terglnal (dhe 1 SQUEse LerMnald Lennse! od he A GURIEnt, Al . such
as ground. Lirren conveyor %’ urt her rncludes an operatlonaf amplifier

71 10 having; g fiISdanb ORI LI Nl coNeche Gk Bul URBLAR 68 oL d1eg8ti ve
f eedback, a second input termnal connected to receive a second bias

I
vol t age svbi 382 waneh aRoPLRUL ﬂi@m'b@ahsptqr&ee&ftae@ligp ihPEaGRL a0 unddi@ASi St or
70. An output signal Vo is available at a termnal 72 coupled to the gate
of transisted. 70urdatMchvegadQut ofdracdd tasbl dw@snaddy efanpheiadManimpes of
MIJ readout <circuits 40 and 25 plus sone additional advantages.
Speci fi cal | ygspoasitFlentor Grueyor thd sehanpy dateyr esldoat durnentt3hémgedbi asi

(the bias on
(as current sensor 61) and providing an output Vo at output terminal

72. Current conveyor 67 clamps junction 68 to a predetermined voltage

10 such that transistor 62 and current source 65, which in this
embodiment is a MOSFET current, are maintained and kept in deep
saturation under all process, supply, and temperature conditions, plus
all variations of MTJ memory cell 62 within the linearity limits of
operational amplifier 71.

15 Another important advantage provided by second current conveyor
67 is that, like resistor 47 in readout circuit 40 of FIG. 3, Current
conveyor 67 boosts the output voltage based on changes in current
caused by changes in Rmrg ©of MTJ memory cell 62. Since transistor 70
operates in deep saturation, the resistance between the drain terminal

20 and the source terminal (rgg) is very much greater than Ryrg. Small
changes in the current in data readout line 63 (Ip]) due to RmMTJ

resistance changes (Rpin t© Rpmax and vice versa) are amplified by

transistor 70.



t he operational anplifier of current conveyor 61). In this manner,
absol ute changes of RMIJ will not change the current Ibl in data 20 readout
line 63 amolot/hs89r ead operation will be insensitive to RMIBCT/UR@mgest as | ong
as the RMIJ variation range is within the linear range of current conveyor
61. Transistor 62 of current conveyor 61 is a source follower, that is,
t he i npedance | ooking into the source tgrmnal of transistor 62 fromdata
readout line 63 is low This 25 elimnates voltage sw ngs of data readout
line 63 to a |arge extent and kes current node operation possible. WO
01/ 75891 PCT/ USO1/ 10358 =litrn1gﬁdﬁﬁi%ﬁltb\ﬁﬁés e Hvant ages, second
current conveyor 67 provides the follow ng functions/advant ages.
Transi stor 62 isolates data readout line 63 (bitline and dataline in this
enbodi ment) from high Jigped t rrent source 65 and out put inpedance
of transistor 5 70, mﬁicﬂgﬁ¥%25§%§ aﬁﬁighly sensitive and hi gh inpedance at
junction 68. Current conveyor 67 operates as a secondary clanp circuit and
is responsible for sensing the sane MIJ nenory cell 62 current changes
(as curment sensor 6lysgandrquxQyi ding an output Vo at output termnal 72.
Current conveyor 67 clanps junction 68 to a predeterm ned voltage 10 such
that transistor 62 and current source 65, which in this enbodinent is a
MOSFET current, are maintained and kept in deep saturation under al
process, supply, and wempermaisuaed daptkduadnshe pesistantd awdri ati ons of MIJ
menory cell 62 within the linearity lim:ts of

current, respectively, between the drain and

source of transistor 70.
10

It should be noted that the voltage at junction 68 (Vgg) is clamped to
Vpiag?2: ;o that the gate to soufce voltage (Vgg) of transistor 70 must
vary in order to keep Vgg clamped. Since Vgg change (due to changes
in Rvrg) is large, Vgg changes will be large as well.
15
AVgg = (Ids(max) - Ids(min))Trds

= [(I - Vpiasi/Rmax) - (I - Vbiasi/Rmin)lrds

Thus, the larger rgg is the larger AVgg will be.

20 Most importantly; current conveyor 67 can be connected to
provide an offset free output. When two MTJ readout circuits similar
to circuit 60 are connected to operate differentially, as illustrated
in FIG. 5, any input-referred offset at the input of operational
amplifier 71 does not affect the output Vo. Referring additionally to

25 FIG. 5, a simplified schematic diagram is illustrated of a
differential readout circuit 75 incorporating two MTJ readout circuits

76 and 77, similar to MTJ readout circuit 60 of FIG. 4, connected in a



operational anplifier 71. 15 Another inportant advantage provi ded by second
current conveyor 67 is that, like resistor 47 in readout circuit 40 of

FIG 3, ®uoonemns9l conveyor 67 boosts the output voltage baBemuso/wbanges in
current caused by changes in RMIJ of MIJ nenory cell 62. Since transistor
70 operates in deep saturation, the resistance between the drain term nal
20 and the source termnal (rds) is very,nmuch greater than RMIJ. Smal |
changes in the current in data readout line 63 (Ibl) due to RMTJ

resi st ance chan es % to Rmax and vice versa) are anplifie 3’

transi stor ¥gte H%?é‘?@cﬁﬂﬁffi%&al 12208 glf‘f‘“t 7%1 )cﬁﬁ% it f -

Vbi asl / RMTJ) I’dS ne ted to Sgll'lée e c: rlrg %EVGS ?Eeréjscl;adlﬁTm% ?Sh arljxd | ds
equal the r€s5icStance “and current respectlveel et ween ain and

sour ce of trq]qs%%ge L1 .i\/%pudet as&q&ggat tﬁog;e <f haly Lf@cuggl;@?g at junction

68 (V68) is las2, sot ate 10 source vo tage (Vgs) of

transi stor ZQ,ausdy tgaééﬁslsntr%r derrdn@ Kﬁ%pmé(ﬁffychwggl 72l RGeS M6 1ghange
(due to changes in RMIJ) is large, Vgs changes w |l be Iarge as well. 15

5 generally include a similar plurality of cells).
Circuit 76 includes MTJ reference cell 78 coupled by a data line

81 to a current conveyor 82. Current conveyor 82 is connected to a
junction 83, which is also connected to a current source 84 and a
second current conveyor 85. A reference output voltage (Vpr) is

10 available at the gate of transistor 86 of current conveyor 85.
Similarly, circuit 77 includes MTJ data memory ceil 90 coupled by a
data line 91 to a current conveyor 92. Current conveyor 92 is
connected to a junction 93, which is also connected to a current
source 94 and a second current conveyor 95. A data output voltage

15 (Vop) is available at the gate of transistor 96 of current conveyor
95. Both circuits 76 and 77 are connected and operate as described in
conjunction with circuit 60 of FIG. 4. Reference output voltage Vggr
and data output voltage Vgop are connected to separate inputs of a
differential amplifier 100, which provides an output signal Vgp - Vgor.

20 As stated above, a major advantage of differential readout
circuit 75 is that it provides an offset free output Vgop - Vor. This
can be better understood by referring to the following. 1In
differential readout circuit 75, in this preferred embodiment both
transistors 86 and 96 operate in saturation so that the voltage

25 dropped across each transistor 86 and 96 is approximately equal (and

is designated V¢ hereinafter) and the beta of each transistor 86 and

96 is approximately equal (and is designated B hereinafter). The



AV68 = (lds(max) - lds(mn))rds [(I - Vbiasl/Rmax) - (I - Vbiasl/Rmn)]rds
Thus, the larger rds is the larger AV68 will be. 20 Most inportantly,
current ooOVBEYIBP1 67 can be connected to provide an of f sepCct/Us@/mwB34put .
When two MIJ readout circuits simlar to circuit 60 are connected to
operate differentially, as illustrated in FIG 5, any input-referred
offset at the input of operational anplifer 71 does not affect the output
Vo. Referring additionally to 25 FIG 5, a sinplified schematic diagramis
illustrated of a differential readout circuit. 75 incor orating twog MIJ
readout ci r HFES FEVAPY P7ETEPHT TG °F o' 9F) FERMBUTAEF It %60 88 BG4,
connected in a WO 01/75891 PCT/US01/ 10334 13 differential fashion. In

di fferentiaf® r@AHSI circuit 75, circuit 76 is connected to sense the
current of a reference MIJ cell 78 (which wll generally include a
plurality of cells) and circuit 77 is connected to sense the current of a
menory MIJ cell 79 (which gk, .5 gepgral by-includeg, ansinlanzplurality of
cells). Grcuit 76 inc Gﬁdeg\}i I\(/IT3§ref gfgénce cel §L78%(/:0{16’:Ded \%} a data line

81 to agcurrent conveyor 82. Current conveyor 82 is connected to a
junction 83, which is also connected to a current source 84 and a second
current conveyor 85. Ay ef exmpe®!’But pyt - vol-t age « VoR)s/BE/210 avai | abl e
at.the gate of transistor 86 of current conveyor 85. Simlarly, circuit 77
i ncl udes MrJ data nenory cell 90 coupled by a

VoD - Vor = (2I96/B)2 + v - (2186/B)12 - ¢

10 VoD - Vor = (2I96/B)2 - (21g6/P)!72

Thus, it can be seen that the output signal Vgp - Veor from

differential amplifier 100 is independent of the voltage across the
drain-source of transistors 86 and 96, which means that the output

15 signal Vgp - Vpr is not affected by offset voltages in the operational
amplifiers in current conveyors 85 and 95 as long as transistors 86
and 96 are in saturation.

Turning now to FIG. 6, a more detailed schematic diagram is

illustrated of a complete readout circuit 110, constructed in the

20 manner described in conjunction with differential readout circuit 75
of FIG. 5. Circuit 110 includes an array of MTJ memory cells arranged
in rows and columns in a well known manner. For convenience of this
description only five columns 112 through 116 are illustrated and only
a small portion of each these columns is shown. Either of columns 112

25 or 113 is coupled through a pair of column decode transistors 120 to
an MTJ readout circuit 121 (similar in construction and operation to

MTJ readout circuit 60 of FIG. 4). Column 114 is coupled as a



data line 91 to a current conveyor 92. Current conveyor 92 is connected to
a junction 93, which is also connected to a current source 94 and a second
current oo0veyssel 95. A data output voltage 15 (VoD) is aveCT/abbieloais4 t he
gate of transistor 96 of current conveyor 95. Both circuits 76 and 77 are
connected and operate as described in conjunction with circuit 60 of FIG
4. Reference output voltage VoR and data output voltage VoD are connected
to separate inputs of a differential anplifier 100, which provides an

out put signal VoD - VoR 20 As stated above, a nmjor advantage of

di f f er ent i afefeERREUCCIENY ERTIUIRE? | SEARHAEOF t195r Bﬁigd’eET‘érfeSF’f?’éF &8 but put
VoD - VoR This, can be better understood by referring to the followng. In
di fferenti at®’ SatRS S BHPEUFY SPBSS 5Tt §ni9)r° EFFED gﬁ%i‘gi et bot ' o™

transi stors_86 96, operate in saturatipn hat 1 h o] 5 ed
acr oss eacha%Pgﬁgggtg}'8§l§ﬁﬁh55cfguﬁﬁgﬁggfﬁigé%jﬁkaéﬁﬁe%dﬁg%ggg%H§g¥gﬁgted

Vt herei naf&@rc),l%ddgb&f?%sqfst&%cm r@Ngh 948" - 8icaPd.1,96: d §-8pproxi mat el y
equal (and 1s designate 3 hereinafter). The WD 01/ 75891 PCT/ US01/ 10334

14 current {diQWM 09 ihNcddRRSESTAr arBb opdi8B) oRNG Uiy tledBSitStoF96 £0l%) is as
follows: 186 = 0/2(VOR - Wt)2 - - - 196 = 0/2(VoD - Vt)2 5 VOR =

(2186/0) 1/ 216 Vi) - - - VoD = (2196/0)1/2 + V&t VoD - VoR = (2196/0)1/2 + Mt

- (2186/0)1/2 - Wt
Columns 112 through 116 are differentially connected by

supplying a pair of differential amplifiers 130 and 131. The output
signal of MTJ readout circuit 121 is supplied to the positive input of
10 differential amplifier 130 and the reference signal from MTJ reference
circuit 123 is supplied to the negative input. Similarly, The output
signal of MTJ readout circuit 125 is supplied to the positive input of
differential amplifier 131 and the reference signal from MTJ reference
circuit 123 is supplied to the negative input. In this preferred
15 embodiment, the value of the bias voltage applied to the first
operational amplifier in the MTJ reference circuit 123 is selected so
that the voltage of the reference signal from MTJ reference circuit
123 is placed at approximately the midpoint between the voltage of the
output signal of MTJ readout circuit 121 and the voltage of the output
20 signal of MTJ readout circuit 125. For all of the reasons explained
above, the output voltages will retain this relationship under all
process, supply, temperature, and MTJ resistance conditions.
Thus, a new and improved current conveyor is disclosed and
described which greatly improves the operation and reliability of MTJ
25 readout circuits. Because of the new and improved current conveyor,
circuit operation and ocutput signals are independent of all process,

supply, temperature, and MTJ resistance conditions. Because of the



10 VoD - VoR = (2196/0)1/2 - (2186/0)1/2 Thus, it can be seen that the

out put signal VoD - VoR from differential anplifier 100 is independent of
the vol t ag@ontisess the drain-source of transistors 86 anBCB&SOMiBxh neans
that the output 15 signal VoD - VoR is not affected by offset voltages in
the operational amplifiers in current conveyors 85 and 95 as |l ong as
transistors 86 and 96 are in saturation, Turning nowto FIG 6, a nore
detail ed schematic diagramis illustrated of a conplete readout circuit
110, constructed:in the 20 manner described in conjunction with

di f f er enti aP®¥ E20otPTRYTE THEXSH 6P ey SOLBIFCartor167i HEP uttesSatf array of
MIJ menory cell.s arran Qus. and . col S 11k own ner. For
conveni encegotfl TRY aredglslgtruﬁ%?}f S GHIATSF i 57 vegco l}?r’nss’pfvg r(g)ug ri{a are
illustrated n riion c h | 4y

Ei t her of cgfﬁ%ﬁg gllgr %tsl?&ﬁmgl é&coa%% %@ %}%ugﬁreog%gal Foof EO%}decode
transi stors,Jl20.:L9 .29 M&leae%qus%&lcem&eé% (ﬁ%%weaehé rapgm%ﬁ uglsi on and

operation to MIJ readout circuit | unm 114 is coupled as a

WO 01/ 75891 e RCTLUSY 19%11§éd,e£@rlap§@ec9£mtt&E&ughe@su@msn stor 122 to
an MIJ reference circuit 123 (also simlar in construction and operation

to MIJ readout cwhill I hs6@ Shovwnl &nd 4kschHibbledpedt f Lo leuptE mdkdbs @F kb 1S
coupl ed through a pair of colum decode transistors 124 to an MIJ readout
circuit 125pbedesinidvantion,c6wsthenctdddhicardonpeandt irqrovenddEd widadoeturci r cui t
60 of

to those skilled in the art. I desire it to be understood, therefore,
that this invention is not limited to the particular forms shown and I

10 intend in the appended claims to cover all modifications that do not

depart from the spirit and scope of this invention.



FIG 4). Colums 112 through 116 are differentially connected by supplying
a pair of differential anplifiers 130 and 131. The output signal of MIJ
readout ovoourison2l is supplied to the positive input of eOT/@séF®BIENtI al
anplifier 130 and the reference signal fromMIJ reference circuit 123 is
supplied to the negative input. Simlarly, The output signal of MIJ
readout circuit 125 is supplied to the plgsi tive input of differential
anplifier 1glL.and Hhe Lef,erence signal from MIJ reference circuit 123 is
supplied to the negative tnput. In this preferred 15 enbodi nent, the val ue
of the bias voltage applied to the first operational anplifier in the MIJ
reference circuit 123 is selected so that the voltage of the reference
signal from MIJ 1efhereneatCidntbidr £b23rdao a€esl mbnapiy exhnateyy the

m dpoi nt between the voltage of the output signal of MIJ readout circuit
121 and t hejwmgittagecodrit kel Duloputid@gsi gnal of MIJ readout circuit 125. For
all of the reasons explained above, the output voltages will retain this
rel ati onshi p underdagh|reagpecdsse supptted temsetedsyr ene adndfis regiedtizmnce
conditions. Thus, a new and inproved current conveyor is disclosed and
descri bed whitstiien @gmpyy icapkioves the operation and reliability of MIJ 25
readout circuits. Because of the new and inproved current conveyor, circuit
operation and out piF*$tyAaf’<®r e i ndependent of all process, supply,

Lenperature. and, M) reci stange condi Ligns, Becpuse, ol ! he, VO, 01/ 75891
PCT/ US01/ 10334 ’

terminal, and a second current terminal, the first current terminal
being coupled to the current source and the second current terminal
being coupled to the data readout line; and

an operational amplifier having an output terminal connected to
the control terminal of the transistor, the operational amplifier
having a first input terminal connected to the data readout line and a

second input terminal adapted to be coupled to a bias voltage.



new and i nproved current conveyor, voltage swings on data |lines or

bitlines are virtually elimnated so that the speed of the readout process
i s greatwobneiseased. The new and i nproved current conveyPCT/US@Ernaides as a
current-vol tage converter to inprove the operation and 5 the voltage is
anplified, to inprove readout characteristics. Wile | have shown and
descri bed specific enbodi nents of the r,esent invention, further

nodi fications angl iNTRLOMSHEAd S eV [£6@CEdHGout Bt ROSRNEKId Itednémnghe art. |
desire it to be understood, therefore, that this invention is not Iimted
to the part jeidtasn f@mBBy sBOWE aBta dnekOid RUand 1i Buiterappandesy al aédemat o
cover all nodifications that do not depart fromthe spirit and scope of
this invent tomsiVWd0bAVER0A REOELLUSCELDOB34 a FArsWhatrrest cleanired, isid 4. A
current conveyor for readout of a magnetic tunneling junction nmenory cel
conpri si ng: secagdt eunrentgrmingie tonmrfecsedurvendt teedorl orfe thagreebnd
tunneling junction nenory cell; a current source; a transistor having a
control terhfaghster Pping cewpleento ther aiuyant sendca a8dcHhrd seerdemvraed@tni nal
the first current_terminal being coupled to the current source and the
second cur r EfA™PRE rﬁfn’él]Pe Sﬁéi"?fb teaw%ar RS IPREYRLE FBARSHETFINESTHAd an

oper ati onal a ifi n ut term nal connecte
P the ce Ehrgh 9 1nclu a second operatlonaf ampl&gaer having

an output terminal connected to the control terminal of the second
transistor, the second operational amplifier having a first input
terminal connected to the current source and a second input terminal

adapted to be coupled to a second bias voltage.

3. A current conveyor for readout of a magnetic tunneling
junction memory cell as claimed in claim 2 wherein the second
transistor is a field effect transistor with a control terminal

connected to provide a data readout signal.



the control term nal of the transistor, the operational anplifier having a
first input termnal connected to the data readout line and a second i nput
term nal veolapt®dito be coupled to a bias voltage. WO 01/ 7B88B1US01/10334

PCT/ US01/ 10334 18 2. A current conveyor for readout of a magnetic
tunneling junction nmenory cell as claimed in claim21 further including a
second transistor having a control ternignal, a first current termnal, and
a second current termnal, the first current termnal of the second

transi stor being coupled to the current source and the second current

term nal of the seaoB@rtehansinstpsr Kok NEpaaoutploda tnaigle ity E@fHelifg Urn, and
the cell further including a second operational anplifier having an out put
term nal coiwettied reaotheetDdrsr olaimednimallapf 3t beclsdéandn addimgostaor, the
second operational anmplifier having a first input termnal connected to

t he current cbouitdaanerwidtedrdréfnpregnce erhtsas ovaidpsethatlo v eoupled to a
second bias voltage. 3. A current conveyor for readout of a magnetic

tunnel i ng fURSEREAT AeYiFOy2 cEIrPt alPEF af 9rBdn? In CEPRA9FE2 SthéPRiIPERe! second
transistor is a field effect transistor with a control term nal connected
to provide BETFAPA PEatifutcSSPYhAFA"SAB 1 A P88D FopeNT UBBHY F65343119 4. A
current conyeyaor f or readout %f ?enger:rgneti c.tunneli ng sig%ggi on nenory cell

as clained FATEFETM™3 TSiEriaimg 1 AT VEhage outpu

5. A current conveyor for readout of a magnetic tunneling
junction memory cell as claimed in claim 4 wherein the circuit for
providing the reference voltage output signal includes:

a second data readout line connected to at least one magnetic
tunneling junction memory cell;

a current source;

a third transistor having a control terminal, a first current
terminal, and a second current terminal, the first current terminal of
the third transistor being coupled to the current source and the
second current terminal of the third transistor being coupled ﬁo the
data readout line; and

a third operational amplifier having an output terminal
connected to the control terminal of the third transistor, the third
operational amplifier having a first input terminal connected to the
second data readout line and a second input terminal adapted to be

coupled to a bias voltage.

6. A current conveyor for readout of a magnetic tunneling
junction memory cell as claimed in claim 5 wherein the circuit for

providing the reference voltage output signal further includes a



circuit for providing a reference voltage output signal, and a conparator
having a first input termnal connected to the control termnal of the
second t vemei/a8er and a second input term nal connected pPOT/USEIRIOSR t he
reference voltage output signal. 5. A current conveyor for readout of a
magnetic tunneling junction nenory cell as clainmed in claim4 wherein the
circuit for providing the reference voljage output signal includes: a

second dat ar&8ad0ttanksh 8CaMNRG 8edn@ral de@asta10ng MBgheaturend WBARINaNG
junction nenory cell; a current source; a third transistor having a control
term nal, aafd raSSke®hidr €ifrent afel¥iniuadl,, 8R4 farsecopderdUkefiinal esfrichal , t he
first current termnal of the third transistor being coupled to the
current soufoetandrankéstaeboind coupledt t¢ ehai malrent sthecd landdcter aasinsit or
being coupled to the data readout line; and a third operational amplifier
havi ng an oaenerttearmimal of ceréered tornsheteometnd coepifidnhd cofurtrmtt hird
transistor, the third operational anplifier having a first input term nal
connect ed t 5°tH&: FEchRR] gat LurshdodrcliHegandour e OBRR AP AR 18E
adapted to be  coupled to a bias voltage, 6. A current conveyor for readout
of a magnet PVFEnFHeICHRT jtﬁﬁi':‘t"ia&nc‘ﬁ‘é’ﬁﬁg‘iﬂ &8I tPeaSOR A nE AR L 1°4i TS wher ei n
the circuit for grovi_di ng reference VO'gﬁg%ﬂ%ﬁBUt si.gnal _further

t.h
i ncl udes a VG 15*196T/U§8f?1’6 gperation r having a first

input terminal connected to the current source and a second input

terminal adapted to be coupled to a second bias voltage.

7. A current conveyor for readout of a magnetic tunneling
junction memory cell comprising:

a data readout line connected to at least one magnetic tunneling
junction memory cell;

a current source;

a first transistor having a control terminal, a first current
terminal, and a second current terminal, the first current terminal of
the first transistor being coupled to the current source and the
second current terminal of the first transistor being coupled to the
data readout line; and

a first operational amplifier having an output terminal
connected to the control terminal of the first transistor, the first
operational amplifier having a first input terminal connected to the
first current output terminal of the first transistor and a second
input terminal adapted to be coupled to a bias voltage;

a second transistor having a control terminal, a first current
terminal, and a second current terminal, the first current terminal of

the second transistor being coupled to the current source and the



20 fourth transistor having a control termnal, a first current term nal,
and a second current termnal, the first current termnal of the fourth
transi st avobe73isgl coupl ed to the current source and the sepOnN@SoICWB34ent
termnal of the fourth transistor being coupled to a current return, and
the cell further including a fourth operational anplifier having an output
term nal connected to the control termngl of the fourth transistor, the
fourth operatdogfabur@ept idekRindlayt NGedsdddndt tranBPstiort BEfHgNabuQANESEd O
the current source and a second input term nal adapted to be coupled to a
second bi ascurGlehgRturn, AngWHeeBE11C @LYENRT ifAMdERAGOHécl Spdragn@tialc
tunneling junction nenory cell conprising: a data readout |ine connected
to at | eastammefimgheting tunmepingerpimdt comeareadrop cied lconarauresnimnaiour ce;
a first transistor having a control termnal, a first current termnal,
and a seconef ¢heresvontl eynanpidtort Heaef peerndcapgraionadr anmldif ief havhes f r st
transi stor being coupled to the current source and the second current
term nal of f148& #9RUSt teFHAR} SEBReHERNEL CHEpFEderb SrHECe @At seqeiut | i ne;
and a first operational anplifier having an output termnal connected to
t he control TREnF A"t AR FetP] FEMRISSt 67 2 PRSP PE° VBP9t i onal
anplifier having a.first _i nput rmnal connected to the  first cur[ient

te
output terninal OfSFRET FPEPPYANEESE GretahTE decgg cutput signals an

a comparator having a first input terminal connected to the
control terminal of the second transistor and a second input terminal

connected to receive the reference voltage output signal.



input term nal adapted to be coupled to a bias voltage; a second transistor
having a control termnal, a first current termnal, and a second current
term nal wohe78pr st current termnal of the second transPeT/os01b®B3Ig
coupled to the current source and the WO 01/ 75891 PCT/US01/10334 21 second
current termnal of the second transistor being coupled to a current
return, and the cell further including g,second operational anplifier

havi ng an out putst er shnaht Casanegdredot arehbeutc @it & Glaghetid Badnelofigt he second
transi stor, the second operational anplifier having a first input termnal
connect ed tiurichéorcuemeryt ceburagechritied iSecdaih 7i wiptreit ethel nadcuadafired to be
coupled to a second bias voltage; a circuit for providing a reference

vol t age outpwvidimgnahe rpfidrerwecvripasatotrhbivdiggah ickedesinput term nal
connected to the control termnal of the second transistor and a second

i nput termnal ZTESARRT €dte Fepdeddi veng KENPRFELe @ v iASagR L BRPIAT1SI gnal .
WO 01/ 75891 PCT/ US01/10334 22 8. A_current conveyor for readout of a
magneti c t UMFERHRY IPUHECP O XD cel | as clained in claim7 wherein the
circuit for providing the reference voltage output signal includes: a
second dat a read%lﬁ“rfgrffes%ﬂ:ﬁéct ed to at | east one mmgnetic tunneling

] unction menory a(l:%lhlii:d atr%Hsrlrs%g;: hSaQrLJ'!;lgea’ control terminal, a first current

terminal, and a second current terminal, the first current terminal of
the third transistor being coupled to the current source and the
second current terminal of the third transistor being coupled to the
data readout line; and

a third operational amplifier having an output terminal
connected to the control terminal of the third transistor, the third
operational amplifier having a first input terminal connected to the
second data readout line and a second input terminal adapted to be

coupled to a bias voltage.



a third transistor having a control termnal, a first current termnal,
and a second current termnal, the first current termnal of the third
transi st avobe73isgl coupl ed to the current source and the sepcDOdoICWB34ent
termnal of the third transistor being coupled to the data readout |ine;
and a third operational anplifier having an output termnal connected to
the control termnal of the third transistor, the third operational

anpl i fier havinge aaf bhStent NgHvey&F FoRalea@OMN@EL £thdgRet 1€ tusRQeng data
readout line and a second input term nal adapted to be coupled to a bias
vol t age. WO bk 7&8 Qem&6 /cB0 lHs1 083idhed 250 @1la#n GURHERE nCEHRY eyduit ofoxr eadout

of a magnetic tunneling junction nmenory cell as clained in claim8 wherein
t he circui tpfayidingr o diefgrédre refregenoepvoldiggel cutrpudr Shghalesfairt her
includes a fourth transistor having a control termnal, a first current
term nal, &edth weeehtkcruhremy & aonkrall tethigali ratficsl rcanterteregmiakl of t he
fourth transistor being coupled to the current source and the second
current ter?hal serthe Teht therPindisi SHOE1pE FYTEBpFedrins! Lic &Rt ent

return, and the cell further including a fourth operational anplifier

havi ng an offPut tEriiHa® BotifettBdetota kB COREPYt SCBTT ARF OF T#HE™fourth
transistor, the faourth leggagﬁeogalllrt%npl ifier having a first* input

termnal cof&cPed SFE e °8 UtTe A SSurEE AR a s8R 1Sput® % EFH°RAl

adapt ed to P&u%gypa!n%dtﬁeo c%lfeﬁlgggerbiigélu\éq;q& %g%burth operational amplifier

having an output terminal connected to the control terminal of the
fourth transistor, the fourth operational amplifier having a first’
input terminal connected to the current source and a second input

terminal adapted to be coupled to a second bias voltage.



WO 01/75891 PCT/ US01/ 10334 24 10. A current conveyor for readout of a
magnetic tunneling junction nenory cell conprising: an array of magnetic
tunnel i ngv@ancPon nenory cells arranged in rows and col panssoiaopdur al ity
of data readout lines associated with the array, each data readout |ine
bei ng connected to at |east one magnetic tunneling junction nmenory cell of
the array of cells; each data readout lije having a current conveyor

coupl ed thereto 1@nd €aGRnEWdhe8foCeBY a¥aliodtok Udinlgnet iCUtERLiSHPUr Ce, a
transi stor having a control termnal, a first current termnal, and a
second currpictied Menaty ckbe dompsisiegrrent term nal being coupled to the
current source and the second current termnal being coupled to the data
readout |ine, ansh amrapeifatigweaic avwphéelingrjlravioy menoautcplls termmged| in
connected to the control termnal of the transistor, the operational

anpl i fier hesMsngnd celvmtsii nput term nal connected to the data readout line
and a second input termnal adapted to be coupled to a bias voltage. WO
01/ 75891 PCT/ US0A/PLO33U ty2gE Hpta xegdpitedfined AFEYor tearvit8atsut v a

magneti ¢ tunneling i _ ,
each data readout line being connected to at least one magnetic

tunneling junction memory cell of the array of cells;
each data readout line having a current conveyor coupled thereto
and each current conveyor including

a current source,

a transistor having a control terminal, a first current
terminal, and a second current terminal, the first current terminal
being coupled to the current source and the second current terminal
being coupled to the data readout line, and

an operational amplifier having an output terminal
connected to the control terminal of the transistor, the operational
amplifier having a first input terminal connected to the data readout
line and a second input terminal adapted to be coupled to a bias

voltage.



junction nenory cell as clainmed in claim10 wherein each current conveyor
further includes a second transistor having a control termnal, a first
current twoni/maby and a second current termnal, the firBCTUSI®BI4

term nal of the second transistor being coupled to the current source and
the second current termnal of the second transistor being coupled to a
current return, and the cell further ingluding a second operational
anplifier havi ngimanaotifeht t@nePR fof arBGGItCdft 0 rabgetti@ntdmdleliss M nal of
the second transistor, the second operational anplifier having a first

i nput term nalcttonmesded ckdl tdseclaumed ent ciaur e erdean secbnchriraput term na

adapted to be coupled to a second bias voltage.
conveyor further includes a second transistor having a control

terminal, a first current terminal, and a second current terminal, the
first current terminal of the second transistor being coupled to the
current source and the second current terminal of the second
transistor being coupled to a current return, and the cell further
including a second operational amplifier having an output terminal
connected to the control terminal of the second transistor, the second
operational amplifier having a first input terminal connected to the
current source and a second input terminal adapted to be coupled to a

second bias voltage.



