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anplifi catvlggn é\ﬁ‘ﬁ m nimal noise, and in particular, to a%w%er clrcuits
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Rel ated Art A gain-bandw dth product as well as a noise factmmmm mm'mm, -
effect transistor (hereinafter "FET") Tnits the FET' s abil fy
| ow-| evel voltage input signals over a wde range of frequenci egsses
Addi tionally, a gain-ban se factor of a
magneti c tunnel juncti on%&ﬁpﬁ@ﬂéﬁ%ﬁtﬁﬁ#‘qﬁgl? pﬁ%t s the
ability to anplify lowlevel current input signals over a WI de”"“%@ I“I"I“m '
frequencies. In radio frequency and m crowave circui '
anpli fi erBA D:OF VERTION an actlvefllter can belncreased by

narrow ng the pass band of the FET or MIJ. However, that gain responses
are not flat and often have phase discontinuities. Furthernore, the noise

per f or mangigld ©f MPQY I@vemitgy St ages are cascaded. The high frequency -
electronic industry 1s therefore continually striving to inprove the
gai n- bandwi dt h product of anplifying circuits. SUMVARY OF THE | NVENTI ON The
present invent f duality of
Gevi cos to proltRETEra TR asRabieRiedid il Gyl biodis

wideband amplification with minimal noise, and in particular, to amplifier circuits

utilizing pairs of functionally complementing devices.

Description Of The Related Art

A gain-bandwidth product as well as a noise factor of a field effect transistor
(hereinafter “FET") limits the FET's ability to amplify low-level voltage input signals
over a wide range of frequencles. Additionally, a gain-bandwidth product as well as

~ a nolse factor of a magnetic tunnel junction device (hereinafter “MTJ") limits the
MTJ's ability to amplify low-level current input signals over a wide range of

frequencies.

In radio frequency and microwave circuits, the gain of amplifiers utilizing a
— FET or MTJ as an active filter can be increased by narrowing the pass band of the
FET or MTJ. However, that gain responses are not flat and often have phase
discontinuities. Furthermore, the noise performance Is poorer when stages are
cascaded.

The high frequency electronic industry is therefore continually striving to
improve the gain-bandwidth product of amplifying circuits.

SUMMARY OF THE INVENTION

The present invention relates to an amplifier circuit which utilizes duality of
devices to provide high gain-bandwidth product.
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cascade to best utilize the anplification, inpedance, noise, and ob QNlZﬂIL‘;
nmode char ¥%Q @%/3089% cs of each device. This conposite util |%§'§G501§55ﬁ@rg| stic
| mprovenent In the gain bandw dth of such cascaded pair. In one formthe
MIJ input is the load of the FET. In another form the FET Input (gate

el ectrode) is the load of the MIJ. The bET/MIJ conposite matches
respective desirabl e i npedance characteristics while elimnating the noise
i ntroduced by resistors in-conventional cascade configurations. The

f or egoi ng fornk Fﬁ’iﬁam MTTJ drer connebtl inrfasctiondl esscideadsest utilifethel Nnventi on
w |l becone @1’:@3 rent from-the fol| ovmq?nf?ﬁ etal | ed description of the
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the invention er t he 'scope e Taven €l ng
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vol tage %Hidh%b?és;%&béﬂé&ﬁab@n@éabhéé! cﬁéﬁ%&‘ﬂstl@é whilg el d’ tHe W88 | on;
FIG 3b deél cts a current anplifier enploying the duality concept of

the prede Odlui?'ﬂﬁbh! erStOFS lacqwentmaitogseadmmmam vol tage anplifier
enpl oying the duality concept of the present invention; FIG 3d depicts a
smal | signal nodel for the amplifier in FIG 3a; 16 JUN 7005

The foregoing forms and other forms, features and advantages of the
Invention will become further apparent from the following detailed’dﬁeSgriﬁtibﬁ of the
presently preferred embodiments, read in conjunction with the accompanying
drawings. The detailed description and drawings are merely lllustrative of the
invention rather than limiting, the scope of the invention being defined by the
appended claims and equivalents thereof.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts small signal models of a FET and a MTJ;
FIG. 2 depicts cascaded FET and MTJ amplifiers;

FIG. 3a depicts a dual voltage ampilifier employing the duality concept of the
present invention; |

FIG. 3b depicts a dual current amplifier employing the duality concept of the
present Invention;

FIG. 3c depicts a cascaded dual voltage amplifier employing the duality

concept of the present invention;

FIG. 3d depicts a small signal model for the amplifier in FIG. 3a;
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. vm th the present Invention; FIG 5 is a magnetoresistive response!du UNe2085
the FIG : d FIG 6 Is a portion of the FIG 5 ma kad(1 ve
‘response &%@50?%t is applicable to an operation of the g{@@@gﬁgﬁ%l i fying
circuit. DETAILED DESCRI PTI ON OF THE PRESENTLY PREFERRED EMBODI MENTS Two
electrical circuits are said to be dual of one another if they obey
identical circuit equations, but with the roles of current and vol t ages
i nterchanged, In general, a dual circuit can be constructed by the
paranmeter/configuration interchanges set forth in TABLE 1. TABLE | FIRST
ELECTI CAL Cl G. Siscoschemaitored hnwg%nﬁer\@' the preseRpEVeNiOsCct ri ¢
field E magnetic field Mresistance R conductance G inductance L
capaci tance C charge Q nmagnetic flux cU open circuit close circuit series
connection par BG4 isc® Apietarasistivi rédppinse lvenseof the RIGC 4MTY; andl- ef f ect
transistors and the naghetic tunnel junction behave |ike active dual
el enents. The FETs are voltage-controlled, i.e. the voltage at the gates
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| npedance, and erential chann Igh Ideally a current

source. TagplMdbbte &y &n operation-of the FEG! 8al amiplifyingdirewtat t hr ough the control
i nes

DETAILED DESCRIPTION OF THE

PRESENTLY PREFERRED EMBODIMENTS |
Two electrical circuits are said to be dual of one another if they obey identical

circuit equations, but with the roles of current and voltages interchanged. In
general, a dual circuit can be constructed by the parameter/configuration
" interchanges set forth in TABLE 1.

TABLE 1
FIRST ELECTICAL CIRCUIT SECOND ELECTRICAL CIRCUIT -
current | voltage V
electric field E magnetic field M
resistance R conductance G
inductance L capacitance C
— ‘ charge Q - magnetic flux @
open cirbult close circuit
series connection ' parallel connection
node Mesh

The semiconductor figld-effect transistors and the magnetic tunnel junction
behave like active dual elements. The FETs are voltage-controlled, i.e. the voltage
at the gates control the channel (output) currerits, the gate poses a capacitive
impedance, and the differential channel impedance is high — ideally a current
source. The MTJs are current-controlled, l.e. current through the control lines
controls the ou{put voltages, the. control lines poses an Inductive impedance, and
the differential channel impedance is low — ideally a voltage source.



controls the output voltages, the control |ines poses an |Inductive C
| npedance, and the differential channel. inpedance is |ow - ideaIIZ dﬁ.mNJM5
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smal | -si gnal paraneters for the FET and MIJ are listed in TABLE 2. TABLE 2
FET MIJ Transconductance gm Transresi stance rm | nput capacitance C, | nput

I nductance L, GB produce a~, = gm C, GB produce a), =rm L, Voltage gain
A" = gmrmCurrent gain A, = rmg0 Qutput resistance rr = 8vVds / o7as
Qut put conductance go = N / 07,, If one were to cascade |Individual FET

anpl i fier stag®hedmpoianiimali-sigmabparameters forde FETrRnd MZJ asadsiggind al ways
have arrpljl._f bﬂz w th maxi num GB product (0" or co, and noise

char act er 18 wor se than that of individual stage. G ven a sem conduct or
FET 20 with GB product o),, and a MIJ 3§amigo2with GB product (o,, the
dual anplifier 10 in FIG 3a can attain signal gain and power gain for a
bandwi dt h O h, which pPgmreater than either w or cMTJA uni que

- characteristic of this anplifier 10 is that.ls has—no——load—alermenatss the
dual devices FHBn20oBAUCIANGE 80 si nply transduddalyeeisiieet’s currents and

Al

Vi ce ver sa—Hre-voktage—gan—paf—duat—vottage—anptif [T FG&—3a—and
the current gai HWP'-H Caé@ﬁ‘?a%c(ﬁp’ent anplifier 40 fr}l’;?}dtﬂ@ct%céage r epr esent ed
by the forTow @@E%o L£d)7cAn a gnmm (1) weepedase s SMeEL
t ransconduct an?ebg @0 g’%’ld 're\m is the transregistancag o@ ML 30
Voltage gain Ay = gm I'n Current gain A; = fm ge
Output resistance r, = Vs / s Output conductance g. = &V, / ds

If one were to cascade individual FET amplifier stages or the MTJ stages as
depicted in FIG. 2, one would always have amplifiers with maximum GB product oy

or o, and noise characteristics worse than that of individual stage.

Given a semiconductor FET 20 with GB product v and a MTJ 30 dual with
GB product o, the dual amplifier 10 in FIG. 3a can attain signal gain and power
gain for a bandwidth on, Which is greater than elther oy or @.. A u'nique
characteristic of this amplifier 10 is that Is has no "load” elements; the dual devices
FET 20 and MJT 30 simply transduce voltages to currents and vice versa.

The voltage gain of dual voltage amplifier 10 in FIG. 3a and the current gain
of dual current amplifier 40 in FIG. 3b are represented by the following equation (1):

Ah 2 Jmlm (1)

where gmls the transconductance of FET 20 and rw is the transresistance of MTJ 30
at the operating point. The FET 20 stage with high output impedance drives the low
(inductive) input impedance of the MTJ 30 and the low odtput impedance of the
MTJ 50 drive the high (capacitive) input impedance of the FET 60. This results in
the ultra-wide bandwidth response with good gain flatness. If r, is the small-signal
output impedance of the FET (20 or 60), and g. Is the small-signal oﬁtput




~at the operating point. The FET 20 stage with high output inpedance drives
the.low (inductive) Input inpedance of the MIJ 30 and the | ow outpukh JUN 2005

i npedance“% 02%3@9 J 50 drive the high (capacitive) input ﬂd\ﬁﬁﬂﬂg’%@dm t he

"FET 60. This rteSults in the ultra-w de bandw dth response gain
flatness. If rv is the small-signal output |npedance of the FET (20 or
60), and g0 Is the small-signal output 16 JUN 2005 WD 02/50998

PCT/ GBOL/ 05681 5 conduct ance of the MrJ$(30 or 50), the GB product of the
hybrid anmplifier (10 or 40) is given by the followng equation (2): . (Gh

= / L, /r,, 2 L, d C t h t
ndbct ancenALasaatnE M B35t st taiCByopye B tnainyBri ampier ifbat 40
it i ] . tively. Int tingly, (Oh |
[ nacpendon o PhEe Flonty Syl )e30°C ' 46) Yand the T engih br nunber of

the series-connected MIJs (30 or 50). This is because gm C1, and r,'' are
proportional to the wdth of the FET (10 or 40), and rm L,, and g."l are
proportional to the®s et/ (@ hE (B8 30 or 50). The dual anplifier2)10
or 40) each conprising a FET and a MIJ acts |like a single stage with the
GB product representing the correct performance neasure. By al gebraic

mani pul atwhess Li(aBd Careltthe dinputdsciatance éfehemmagrieticatly conglet TP (BFobEG)

vol tage gai pn of the FET (A, ,. g}rg'k% and the (maximum possible) current
gain of t?férp fhegnevt eapacitapee of 5 (10\or 40}, rgepectively. dptesestingly, afls t hi e

Fol | ow nghdfiientr e Rl efine e ta SF4o) Snd deldbf RS g¥ibe 2nq o
are much deafegesornbateduMiTus (30 or 60).| Phis i betawde g5, Cruahd hat & probbaionap” and
co,:. This ‘qs a remarkable result since GB proo[1uct IS the nore 1 nportant
par anet ertodne i dgglag.%Egngq ¢549), and rm, L, and g.™ are proportional to the length

. of the MTJ (30 or 50). The dual amplifier (10 or 40) each comprising a FET and a
MTJ acts like a single stage with the GB pfoduct representing the correct
performance measure. By algebralc manipulations, en can be expressed in terms
of the (maximum possible) voltage gain of the FET (A, = gmiv) and the (maximum
possible) current gain of the magnetically coupled MTJ (Ac =rmgc), the GB product of
the FET (ov), and the BF product of the MTJ (w.) as represented by the following
equation (3):

1/on = (1/Avwc) + (1/A0y) . (3)

If both Ayand A. are much larger than unity, it foliows that wnis much larger
than wy and .. This Is a remarkable result since GB product is the more important
parameter of a wideband amplifier.

There are three specific reasons why the noise of the dual amplifiers (10 or
40) is low: First, an absence of load resistors, and the Johnson noise assoclated
with the resistors. Second, the individual stages are coupled magnetically. Hence
the ground bounce or voltage disturbances in the power supply or ground leads of
each individual stage can be isolated and not propagated through the cascaded
chain. Finally, the widths of the transistors and the lengths of the MTJ or number of
MTJs can be increased without significantly affecting the gain-bandwidth product.
Wide transistors or Increasing the number of MTJs can reduce both the Johnson
noise and the 1/f noise.



There are three specific reasons why the noise of the dual arrpllfler1s :
or 40) @d@)avg |rst an absence of |oad resistors, and the Johnson Néﬂﬂf;
associ at e 8% he resistors. Second, the individual st al’dgéc%”rl@f‘%upl ed
magnetically. Hence the ground bounce or voltage di sturbances in the power
supply or ground | eads of each individual stage can be isolated and not
propagat ed through the cascaded chain. &inally, the widths of the

transi stors and the lengths of the MIJ or nunber of MIJs can be increased
W t hout si gnif*__c ntly affecting the gain-bandw dth -product. Wde
transistors orFiGc} é@ﬁ’ﬁ aﬁwltmjﬁﬁ&ag%amgd@gnﬂweﬂ@@oﬁdual amplifisrsidon

depi ot & UL ﬁ"{'z'ﬁ‘@ @@%U%*Exééfﬁséﬁﬁﬁﬁ@%ﬁ&%é?%% RO GR, cTorefy.

further LmeIMZ'Uthnsdt&)f@uehldlml amphﬂéﬁstagewédim‘émﬁﬁﬂhm*mwm%ﬂ%’ stage.
Thereby, the MIJ ou f each dual anplifier stage is connected to the

FET i nputSYscesaiye @ %restaaaq Fapgiresnasding cascada configerationds ng cascade
confi gur aéthé]ﬂaﬂ)l% u i n(}@%‘ag}é@l ésiagﬂ"c%gm_l F"IGeé%A'O as depicted in FIG |

3b. The schematic srgh nodel for dual
anplifier 10 In FIG 3a. The sel ectlve mat ch of device characteristics is

dil t t.h di ET d MIrJ small signal
oael s depr ot el AORet TRl ad fepiO A Ball sionalmpdebor dushaoiter i |
MIrJ 30 er 23,
i ned o Phe SESEAR maloh 8t EViEs LRAMBIEIRNES 1sTeady bbbt e
El ect r odecarapareddo the jndividea ET BadmiTJ ’smalfesngnabmcmmdemcwdanﬂe d.9. Si,

quartz, N58. Antiferromagnet 25, e.g. MiFe or IrM, is formed on el ect r ode
26. Pinned ferromagnet 24, e.g. CoFe, or N Fe/CoFe, is formed on

antiferr OrfﬁgneRe%ﬁ'inthéﬁFw AHMTI 8D |3§hown9h déﬂaHOWaTJ §oi % Bchodged
ferromagnet 24. -Free ferromagnet 22, g Fe, orrre on tunnel
barri er 21, afree ferromagnet 22, atunnel bamer 3,a plnned ferromagnet 24, an
antiferromagnet 25, and electrode 26. Electrode 26, e.g. Ti, TI/PD or Ta/Pt, formed
on a substrate 27, e.g. Si, quartz, N58. Antiferromagnet 25, e.g. MnFe or IrMn, is
formed on electrode 26. Pinned ferromagnet 24, e.g. CoFe, or NiFe/CoFe, is
formed on antiferromagnet 25. Tunnel barrier 23, e.g. Al2O3, Is formed on pinned
ferromagnet 24. Free ferromagnet 22, e.g. CoFe/NiFe, is formed on tunnel barrier

23. Electrode 21, e.g. Ti, Ti/PD or Ta/Pt, formed on free ferromagnet 22,

Referring to FIGS. § and 6, curves 28 are representative of a change in the

magnetoresistance of MTJ 30 as an internal magnetic fleld decreasing In strength is -

applied parallel to free ferromagnet 22 and pinned ferromagnet 24. Curves 29 are
representative of a change in the magnetoresistance of MTJ 30 as the internal
magnetic field of Increasing strength Is applied parallel to free ferromagnet 22 and
pinned ferromagnet 24. Curves 28 and 29 lliustrate an approximate 36% change
over a range of + 20 Oe. Accordingly, for dual amplifying circuit 10 (FIG. 3a), the
current through FET 20 must be maintained in a range of current levels that
generates the internal magnetic field over the range of +_20 Oe, and for dual
amplifying circult 40 (FIG. 3b), a current input signal |, must be maintained in a
range of current levels that generates the internal magnetic field over the range of +
20 Qe.



-23." Electrode 21, e.g. Ti, Ti/PD or Ta/Pt, formed on free ferromagnet 22.

. Referring to FIGS. 5 and 6, curves 28 are representative of a changé JUN 2ofwe
magnet or esj of MIJ 30 as an internal nagnetic field r j in
'strength i@@%ﬁsed parallel to free ferromagnet 22 and p%ﬁf{é@%ﬁ}e‘)?@%mgnet
24. Curves 29 are representative of a change in the nagnetoresistance of
MIJ 30 as the internal nagnetic field of Increasing strength Is applied
parallel to free ferromagnet 22 and pined ferronagnet 24. Curves 28 and
29 Il lustrate an approxi mate 36% change over a range of 20 Ce.

Accordi ngly, for, dual anpli f'yi ra% circuit 10 (FIG 3a2,_ the current through
FET 20 nust be REaMdibe descrintion zﬁjﬁﬁﬁa%‘ﬁ elestranie charae efistigs ttrigetesk tatET t he
i nt ernal net. el d, i.fying
cireurt o2y i pofiaggtenduit Flos 5y kB, he skp® uRMom il be it e,

range of cand ese duaVehplifyiral cigiteaesordanacs wittrthalpreseitdventfoneibdeeirer t he
range of 20 Qe. 16 JUN 2005 %02’ 509§)§tﬁPCT/ GB01/ 05681 7 Fromthe

7
descri pti OW%EE?&é@TEP fanlaced ky.a rentiype _ eld effact deyicer iﬂﬂﬂigq‘@lly- flem 20
|0 connect i adicfibh BPMTIR RhdBo 1R BERkioh M FIGSCIABhd 48, oRE sRftke 1O
make and.use dual anplityrng Circuits I'n accordance w he'presen
| nventi on jntthearhwilteeaBblETe neale arglLise ddabamplifgingfehoeits in apeoante ellth

ef fect devjce. Addjtionall fro descriptipon of ,MIJs, 30 and 50 In
connect | ortna ireardavertentersyt st 3ars pboed By g aidren ped agive o
make and ug@gAdabr §RtrbAYIdeicel rcui ts in accordance with the present

i nvention whérein the MiJs are replaced by a different type of active

magnet or spintronic device. Wiile the enbodi ments of the present invention
and mod 1 cat i oAGEne BatRelhets B PRt e or MBiefiseE ot #na ccope
of the inveriseatly cdhsidsraite bef prefered, various changes and modifications can be
made without departing from the spirit and scope of the invention. The scope of the
invention is indicated in the appended claims, and all changes that come within the
meaning and range of equivalents are intended to be embraced therein.
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within the neaning and range of equivalents are intended to be enbraced
t herein. 10=12=2002 GBO1 05681 16 JUN 2005 AUS000559 New Page @ﬁ@?
2002 8 CLAIMS 1. A anplifying circuit, conprising: a two or
active deAlSEBDSERch pair of active devi ces conPpewsPage: 18 fﬂe@!mb%lfz
devi ce and a nagnetic tunnel junction active device; and configured so
that one type of active device is the input for all of the active pairs and
the other is the output; and an el ectrgcal connection between said pairs
of active devices whereby a output of a preceding pair of active devices
is an input to a subsequent pair of active devices. 2. The dual anplifying
circuit of claim1l, further conprisi RAMScurrent source device connected
in an output path of each magneti c tunnel Junction active device. 3. The
dual anplifying circuit of claiml or 2, further conprising: a supply of
vol t age cpnne® aplifyimncimuitpoompasihgof field effect active device. 4. The
anplifying circuiit of claiml1, 2 or :3 wherein each field effect active
device is a field effect transistor. 5- The anplifying circuit of claim4,

wherei n a sourCidbEmbreeh it dfasttive devigied, ddchl utueciffae:ﬁtIe decices %bﬁfpn”srﬂgcoupl ed
O e eiocy #ouice 504 5 b e ol 2cHE SevibalShd e 5o
' that one type of active device is the input for all of the active pairs and the other is.
the output; 'and

an electrical connection between said pairs of active devices whereby a
output of a preceding pair of active devices is an input to a subsequent pair of

active devices.
2. The dual amplifying circuit of claim 1, further comprising:

a current source device connected in an output path of each magnetic tunnel
Junction active device.

3.  The dual amplifying circuit of claim 1 or 2, further comprising: - T et
a supply of voitage connected In an output path of field effect active device.
4. The amplifying circuit of claim 1, 2 or 3 wherein

each fleld effect active device is a fisld effect transistor.
5. The amplifying circuit of claim 4, wherein

' a source/drain electrode of said field effect transistor is coupled to drive an
irput electrode of said magnetic tunnel junction active device.

AMENDED SHEET



amplifying circuit of claims5, furt her conprising: a current source
~wherein an input signal is coupled to a gate el ectrode of said flel1cﬁ éUNZﬂﬂ&

t ransi stgy Eggégn out put signal Is detected fr ggl ﬁgp'eggﬁ,

betmeen el ectrode of said magnetic tunn junction. ac |ve devrce
and said current source. 7. The anplifying circuit of claim1, wherein an
out put el ectrode of each magnetic tunngl junction active device is coupl ed

to drive a gate el ectrode of each field effect transistor. 8. The
anplifying circuit of claim?7, wherein an input signal is coupled to an

I nput el gctr . tl é% ti've device and the gate
el ect rodg ‘FE?\ pﬁwﬁg@é{f%%‘@gﬁgw&r 'S @‘?)'suﬁq;ed bet ween t he out put

el ectrode of the magnetic tunnel junction active devicé and a current’

source. . . ANENDED SHEET
a current source, wherein

an input signal is coupled to a gate electrode of sald field effect transistor,

and

an output signal is detected from an electrode coupled between an output
electrode of said magnetic tunnel junction active device and said current source.

7. The amplifying circuit of claim 1, wherein

an output electrode of each magnetic tunnel junction active device is coupled
to drive a gate electrode of each field effect transistor.

8. The ampiifying circult of claim 7, wherein an Input signal is coupled to an

input electrode of the magnetic tunnel junction active device and the gate electrode

of the field effect transistor is coupled between the output electrode of the magnetlc
“tunnel junction active device and a current source. L e

AMENDED SHEET



