METHODS AND SYSTEMS FOR STABI LI ZI NG AN AMPLI FI ER Technical Field [0001] The
I nvention generally relates to nethods and systens for stabilizing an
anpl i fi erwoldbromopent i cul arly, the invention relates to wrerhsdsioartosyst ens
that use a conbination of open |oop and closed | oop control systens for
stabilizing the anplifier. Background Information [0002] Typically, a
magnetic res ' ; madi ncy (RF)
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anplifier to coils na naln magnet structure of the
MRl system The RF anplifier accepisi@prippput a series of pul ses generated
by an external RF source and genETal]?lE'S_a'S_Out put a series of pulses of

I ncreased power. The RF anplifier's output is used to drive the RF coils.

[ 0003] [0081] T dvetticnigegeratiy adlatey to mettiedwandagsteins ghratabllédh@ammgpkfia. ar e
requi red, necessitating greater RF anplifier output power. Providing a

gr eat effoRdbRHEul R RRe indEWRMEElatcs 36 miefHod 9 S & sBmsaiR! st b @bmB&iation of
non-linearities and phase non-linearities into the system and,
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Background Information

[0002] Typically, a magnetic resonance imaging (MRI) system employs a radio frequency
(RF) amplifier to drive RF coils located within a main magnet structure of the MRI system.
The RF amplifier accepts as input a series of pulses generated by an external RF source and
generates as output a series of pulses of increased power. The RF amplifier’s output is used
to drive the RF coils.

[0003] As improved image quality is demanded, higher Tesla magnets are required,
necessitating greater RF amplifier output power. Providing a greater output power, however,
can introduce RF amplifier gain non-linearities and phase non-linearities into the system and,

consequently, can result in distortions in the MRI image.

Summary of the Invention

[0004] The present invention provides methods and systems for stabilizing an amplifier.
Typically, the methods and systems stabilize a pulsed RF amplifier used in an MRI system.
However, the methods and systems of the present invention may also be used to stabilize
amplifiers used in other systems. For example, they may be used to stabilize a pulsed RF
radar amplifier.

[0005] In one embodiment of the present invention, a stabilization module of the present
invention combines hardware and software for stabilizing the amplifier. The stabilization

module includes both an open loop control system and a closed loop control system.



Summary of the Invention [0004] The present invention provides nethods and
systens for stabilizing an anplifier. Typically, the nethods and systens
stabil i zewea 2pri®etoRF anplifier used in an MRl system Howmasesio/obize2 met hods
and systens of the present invention may al so be used to stabilize
amplifiers used in other systens. For exanple, they may be used to

st abi | [0886]aUsing & slpsed-loopgantrelrybiemias the $ay00i pulse ehds tlerpud ipppitabdlityt he
present invention, a stabilization nodule of the present invention conbines
har dwaegz.,ahegainhhdvphase fparanstab bf theictoged lepaoptrolfsystem tdibtosteatyivien t@at i on

nodul e i ncl udes both an open | oop control systemand a cl osed | oop control

Syst eMheir KRBl s nfindurk hIBed. MRS cEMOlIMIntSHThefeddnt ilRntibide BE a pul se
tends to result in instability (e.g., the gain and phase paraneters of the
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val ues) Iments o e present 1 nvention use operP | oop

control tem at t.he start | se to stabilize the a if.ier. The open
| oop c?ﬂ??l%g?ysg%?@ﬁﬂﬁséh? P‘in?géerﬁjﬁggoéﬁﬁ??l?]iee?m%%hefl?ﬁutgﬁgﬁg&é‘fn 1.Y'g the

i nput power of an input signal received by the_stabilizatjion nodqule. Once
the anpend reeivgady b %t@l@la%aqtoﬁén?ﬂ% danqedbpamplifigrdias §§F§?£ e 3%%‘3&0& 0

further stabilize the anplifier. [0007] In sonme enbodi nents, the systens
and metdnodbsysfem isaisedhtociutthenrstahskzedhe amplifiert i on routine for inproving the
performance of the open | oop control system The calibration routine, in
sone epooti hesohk, engredanaits shosyisteuisantl atethsi of yhetiheervipamst eogitwatnim ol  syst em
based on outputs previously generated by the closed | oop control system

The calduRhatdr $RpfoRitld e ptifsriiYe 6NBRLES 108F cOMES] shaemn. qvBichirasyst em to
| earn fromthe ¢closed | oop control system Consequently, the open | oop
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t he i nventi’on generally 1 nvdlves a or” st zing an anplifier. The
met hod, i ncl udes four .steps. e, St is ovi ding a stahbilizati nodul e
that i QasphoRPURPY ipé%‘fm‘bsgﬁﬁ‘iﬁ?%%d[ ?yoﬁg\x}%ﬁﬂqqg 08%& YHEp- gﬂ’ﬁ ¢ ﬁ‘%ﬁa&:&hcl udes an
open | oop control system and a cl osed | oop control syste Anot her step is
usi ng XowEne therebly sepblevie 0pen loppcanrelsystemte Jeam frowd M%Q lopR PRty i stic of
an input signal received by the stabilization nodule and to pass control to
t he cl gstth.l Capeqantlyothe spen mop contoal sgstemisgpriosmaniengimpreved ogestimeoop
control systemto nodify the at | east one characteristic of the input

si gnal [0008EI dridalspedt.@Re infveiticVieterndly ifelvesdithétbed forptabilizirgnal anlifiche

anmplifier.

v The method includes four steps. One step is providing a stabilization module that is in
electrical communication with the amplifier and that includes an open loop control system
and a closed loop control system. Another step is using the open loop control system to
modify at least one characteristic of an input signal received by the stabilization module and
to pass control to the closed loop control system. Another step is using the closed loop
control system to modify the at least one characteristic of the input signal. The final step is
providing the modified input signal to the amplifier.

[0009] In various embodiments of this aspect of the invention, the at least one characteristic
of the input signal is an amplitude of the input signal or a phase of the input signal. In one

embodiment, the open loop control system is used when an input power of the input signal is

above a threshold level. In another embodiment, the closed loop control system is used after



[ 0009] In various enbodi nents of this aspect of the invention, the at |east
one characteristic of the input signal is an anplitude of the input signal

or a phaswoabiodees2onput signal. In one enbodi nent, the epest@op2r2ontrol
systemis used when an input power of the input signal is above a threshold
| evel . I n another enbodi nent, the closed | oop control systemis used after

usi ng wsieg hpeper loop coatrlispstensyfor eprefdsterminndegeried of Hingalyripg Mhich asfinpytre
during which an input power of the input signal is above a threshold |evel.
Fi | t er gowen of tie inpuisemhal BapowonthreasholefstebnFilfersanehectbsedi loemeormobsystant | al | zed
by the open | oop control system based on outputs of the open | oop control
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nmeasured. I n sone such enbodi nents, the open |oop control systemis used to
nodi fy, characterlstlc of the input signal based on the
i nput %%@g?ﬁ§?%ﬁg§§5§%§h enbodi ment, the open | oop control systen1nDd|f|es

t he at one ract ristic, of th ut nal base nava elna
| ookapl0 T OB BURURGoT 2h gt Borrthche Bt SEHE meSRE, 3 sfpe
updat ed based on_ out uts of the closed | oop control systen1 In gggﬁgfuch

enbodi erabpdimenis.ithe @PenelP% Fondeal westem dsesed fpiodidy gheaat lesions grarsgls i gnal
representative of an output signal of the anplifier and a second error

bet weethe titpeit sigpaltbasédgemethe anpit poreert dedbesuchsimjredimentsthebpen leensomtedd.  The

cl osed | oop control systemin one such enbodinent is used to nodify the at

| east @RERnrciadifies teias ldast dife chiceriptit ofthginplit gt Based onhevaluwiuta lpekser , t he
first error, and the second error. I n another such enmbodi mrent, the cl osed
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[0011]&$n séﬁe %%@bggnentg pthe g osedoloog contfg é%sten1accounts for at
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€ system accounts Or ‘at least one

non-1lipearit duc stabi]i zat fier in
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resonance |nag|ng system [0012] In another aspect, the invepti
gener acgnd erve|beBecea th‘%]ﬂ)%ﬁlgl@ﬂl apd theifeedhack signal preplsomeanytng o e osed
stabilizing an anplifier. The systemincludes a first control nodule and a
secondloopeoutod] spwetulie ond hiehfembotincanisused ododidy the at bastymefcbatartegstichr ee
functions: (a) receiving a first signal representative of an input signal
r ecei vegkhbinpubhsighdl dasdd arothe @ipubPemiérethe (23t error, and the second error. In another

such embodiment, the closed loop control system adjusts both the first error and the second

error.

[0011] In some embodiments, the closed loop control system accounts for at least one non-

linearity introduced by the stabilization module. In other embodiments, the open loop control

system accounts for at least one non-linearity introduced by the stabilization module. The

amplifier is, in some embodiments, a pulsed radio frequency amplifier of a magnetic

resonance imaging system.

[0012] In another aspect, the invention generally involves a system for use in a stabilization

module for stabilizing an amplifier. The system includes a first control module and a second

control module. The first control module is for performing three functions: (a) receiving a

first signal representative of an input signal received by the stabilization module, (b)



generating a second signal capable of being used to nodify a first
characteristic of the input signal using an open | oop control routine, and
(c) sendiwg 2e10doog2d si gnal capabl e of being used to pas®crasteiio2i2oz a
second control nodule. The second control nodule is for generating a fourth
signal capable of being used to nodify the first characteristic of the

i nput gingrading aseendaignabeapable ob peingmsaddb npaslifyi anlérst ¢lowacsiristia o theanput

enbodi ments of this aspect of the invention, the first control nodule is
capabl ggmeil usiag en 6per logp cdntes routjngt ampidieksendingtavhird Rijpukl Gipablabf baingbsede a
threshold | evel and of generating the second signal capable of being used

t o modiofpssd Bl o5 seeia] @il indbihie. The b&BnH BOMECl Ph&P is ¥8H gzﬂeltaﬂﬁ%apen | oop
control ‘routine when the input power is above the threshold |evel. In sone

enmbodi . ' I . ' . 1.4 i f 1he
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pre-determned period of tine during which an input power of the input
signalaaﬁgﬂgﬁﬂ%gnﬁngﬁﬁg@ﬁold l evel . In some such embodinents, the first
control nodule sends the third signal when the foregoing criterion has been
mot . 1903 lrmeiombdimentspl @i PRt SEMSARNcalif- b 18 eeMtEol medlsdss f |t er s,
the systemnmay further include a calibration nodule for generating entries
f or i néapablkiof detgrnyiningfif hnt Bpst povier of ithesitpwteignabis ahovkid threshnlddeeel god pf

enbodi nment, is capable of using the entries to initialize the filters in

t he segaeehtiagid bomdghat cafaBlletibelng Wwod modiddihedirstchataberibtic sttheont r ol
nodul e is capabl e of generating a fifth signal capable of being used to
modi f yinﬁutss@%rﬁm Gsifd tHefpR Idopldohitr8f rolifie WhRtihe S BbweiSis ABove tBe Gi?8holdoOP
control "routine and the second control nodul e is capable of generating a
sixth signal ¢ .0f hej ' .char pstic of
the. 1 ripte- f SPEF SRbFBenRe St 3ER Y G SREL ks b SEAREMFREISRL BT
enbodi nents, the systemincludes a calibration _nodul e for.generatipg a
FTret GamabmogtlE S0P HE NG ABHOOR BTG 3 e clet CruadeEnt 6 P o
the input signal and a second value representing an apmount to_nodify the
secondtimp dreng whichtandnpit power oiipeinpyf gjgral warghove ¢ tyeshaldJevelnin $ome second
val ue may be used by the first control nodule. In one enbodi nent, the first
cont r oduchedbbédinents; dpdiktconfrolimbdygle sérels the third signalkewhen the fiencgeingt he second
signal and of using the second value to generate the fifth signal. In a

r el at eghitefiOOBHsBRBA met. By @edrhBydahéfin WK tBe kot paiitct nefdulpideluderg the first
val ue and the second val ue based on outputs of the second control nodul e.

In yet ﬁﬁé}g,ttﬂﬁjyfg?égggﬁ%%er ihdHEdCALA1BEARoh AbFIRASE geﬂe?atﬁ%%@ié% fgf generating

the first va he second value to account Tor at 1east one

non-linearity jntroduced.by the . .stabilization nodul.e. 0 I
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of the input signal and {he second characteristic of the input signal is a
phase B enfies fisifalize &T?aél.teﬁ I 'g? sgoongd gentrpl m di ments, the second control
modul e is capable of generating the fourth signal to account for a

non- | i 944} Insometenaehdoraentsthe fiest cordtsll moduleiis papsbléuif gengratingrefifbsignal cont r ol
nodul e is capable of receiving a first error signal and a second error

si gnal capatleof baitp wséd tognbddify 4 sacehd eiarauteriitig bfthedngitisipmabesimmiie eperor  si gnal
to conpensate for a non-linearity present in the first error signal and the

second|RplcBhtrsliritle andthSdcbhd &SR nRUBRAS BBAbR of tgBRerbfifS4 sik@tigAl nodul e
accounts ' for a non-linearity introduced by the stabilization nodule in

gener agépggletoli}%eﬁlﬁ%g&pto%gﬂﬁl the second characteristic of the input signal using the closed

loop control routine. In some related embodiments, the system includes a calibration module
for generating a first value representing an amount to modify the first characteristic of the
input signal and a second value representing an amount to modify the second characteristic of

the input signal. The first value and the second value may be used by the first control



[0016] In yet another aspect, the invention generally features an article
of manufacture for use with a stabilization nodule for stabilizing an

anpl i fi erwoBhe/@od20cl e i ncl udes neans for receiving a fiPCIUSI019N2d202
representative of an input signal received by the stabilization nodule, for
generating a second signal capable of being used to nodify a characteristic
of t hempdidet Inséngreabodéneny, tha fioy enntrel apodsidmis capabloofi using the figstiveluesendi ng a
third signal capable of being used to pass control to a second control

modul egenéfae: e bédhe s@halandifhisiigshedansd Yadie Waraemta the fithfstpnal. Hnsi gnal
capabl e of being used to nodify the characteristic of the input signal

usi Ng R0 diAR, G IANRhIGPHMbENS is caplBld 6F updhtidkithd fiRPeiIREindBPeCt . the
invention relates to a nethod for stabilizing an anplifier. The mnethod

i ncl .ljdfe%o cmaﬁ"l?e 54 g({l) 3n %ﬁts.sotf?lﬁ)eé Sond &bl ﬁ’lgfh?lg. ![rpgé‘ftang gpé{xlt)&iiﬁlgntathe
stabi | 1731 on nodut e ¢ i ncludes an open oop control system and a cl osed
| oop control system Another step i i ng.the en |lo contr ol stemto
moal £ yolbpRgs S cafin it asnepare s apd B Fratb iR eReaE ity of
the anplifier and to pass control to the closed |oop control system The

ot her atlegst ons nondingatityoriraduced Smthesstailization sdld oop control systemto
using the closed |oop control systemto nodify the phase of the input

si gnal [08h8] Imisomeiendotlheens$) dlsefirsbeharactermtic o thefinput sigaals ah amplitfdeoidie | n one
enbodi ment of this aspect of the invention, the nethod includes

t ransi inp@igial add B se®ind @hiraeteAgR oflthoRpasigiabdls Sptekeof the input pigaaldéh er ni ned
period of time during which an input power of the input signal is above a

thres hﬁhpﬁulgﬁé’ﬁémbddﬂn?ﬂl@}tﬂ@ﬁec@ﬁ@&ﬂih@ Rlodulch® ca{ﬂﬁBfléQﬁ cbierhil®s the fedriides usi ng

t he open op control systemto initialize afilter in the closed | oop
control. system b t 18 [ 0019]
T Pt EZRdRIEEe B el itlodfisd LT BEB AR, SORLE Bhd MESLERY, |

nodul e for stgbi l.i zi nglﬁa? anpl.i fiFr. The.sl%?g%i}f*i zation m)dulafi i(?c%udes a
first SOHOIBPINEHFPIBIRE! 2o Uy IEh AFPLTE 2 SCOPRE SFPT BN B Pol  modul e
is for performng three functions: (a) receiving a first signal

repr es@cgusém'g\ﬂee st emori signal and hia second elrpyegnalyo eorapensalpitey ¥RAN-BReaRBHUl e, (Db)
generating a second signal capable of being used to m ninm ze a phase

non- | i pesonk frythe firdt Reroasiphalfané thewecomidirforisippal IpktB etlef embedimeptst thei gnal
usi ng an open | oop control routine, and (c) sending a third signal capable

of bei Aght bR HOJIRIR AN foPh nbA-liReHf§ Mitebduoet bPihe KRBt o HRdSIRGONd
control nodule is for generating a fourth signal capable of being used to

m ni m / Jngarity of the anplifier by nodifying the phase of
t he in%ﬁeﬁéﬁg%eseg%%ggﬁcl osed | oop control routine. [0020] The invention,

in ano spect .. featur a stabilization nodul e for stabillzi an MR
power _ WBEPL B Ehapernibéfiabe Fufn it sepBlb REuiReh furfar @At oo,
control routine for_ anal C)(zi ng at | east one‘ff ee 1tiack_ Eeiﬁ%nal of the MRl power
del | velse eyise gapiligptiananadile STvabilzgan aeplificsr | he pickiprlides meansdor rr
isolator. The stabilization nodule nodifies at o

receiving a first signal representative of an input signal received by the stabilization module,

for generating a second signal capable of being used to modify a characteristic of the input

signal using an open loop control routine, and for sending a third signal capable of being used

to pass control to a second control module. The article also includes means for generating a

fourth signal capable of being used to modify the characteristic of the input signal using a

closed loop control routine.

[0017] In still another aspect, the invention relates to a method for stabilizing an amplifier.

The method includes three steps. One step is receiving an input signal with a stabilization



| east one characteristic of an input signal with the closed | oop control
routine and provides the nodified input signal to the MR power delivery
system [WO02djo/ddm2sone enbodi nments, the stabilization nedwlus2emwobizdes an
anplifier nodule and an RF out put coupler, wherein the RF isolator is
electrically coupled to an output of the anplifier nodul e and an input of
t he RFnoditlpthat molydeean open loopreondrob eytitene aed a clohed IRPp contpltsygemplAaothsut put s
an RF signal that is provided to an error anplifier, wherein the error
anpl i f4tqy is @sinp WheSorRh 16800l &yseantltophadify s bhrsalos tHednputpigrabagianinimirer ei n
the processor outputs control signals to one or nore control nodul es that

i pl enppda st REn-GhORRH of @RRNHHEEF Md toPeid db%%roit@qgghog_éaqobﬁ&&ﬁidl QfsterhN anot her

aspect, features a power delivery systemfor an MR device. The MR power
deliv stem.i ncl ude F ksSo L L: t hat
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signal of the MR power delivery system wherein the .stabilization nodule
rod 1 1108p gniiol Suerh fmorldy s ke 8 BE GPusend) gud min s Bkbadiin’e) oved

| oop control routine and provides the nodified input signal to the M
pover lirsarityeofithegraplifaer. [ 0023] I n sone enbodi nents, the power delivery
systemincludes an anplifier nodule and an RF out put coupler, wherein the
RF i s0J0a18)r Inihe elrbotlimend bf thicasppdted tHednwmtion; themetifodtingdudesgtansitioningodul e
and an input of the RF output coupler. In sonme enbodi mnents, the RF out put

coupl e4frepubinb tife ¢pen RbopSdcmal sylstat fora ppé-ateagided perddl @frtings during whitle an
wherein the error anplifier outputs RF nmagnitude and phase signals to a

pr OCGS@B{%%‘%EBF{ itﬂﬂlﬁs QLS SBRNe LitRHIIA IGRD! Fldnofled BAbSdihRnOMR Or nore

contro s tha enent the closed |oop control routine. Brief
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[0019] In a further aspect, the invention generally involves a stabilization module for
stabilizing an amplifier. The stabilization module includes a first control module and a
second control module. The first control module is for performing three functions: (a)
receiving a first signal representative of an input signal received by the stabilization module,
(b) generating a second signal capable of being used to minimize a phase non-linearity of the
amplifier by modifying a phase of the input signal using an open loop control routine, and (c)
sending a third signal capable of being used to pass control to a second control module. The
second control module is for generating a fourth signal capable of being used to minimize a
phase non-linearity of the amplifier by modifying the phase of the input signal using a closed
loop control routine.
[0020] The invention, in another aspect, features a stabilization module for stabilizing an
MRI power delivery system. The stabilization module includes a closed loop control routine

for analyzing at least one feedback signal of the MRI power delivery system, wherein the

MRI power delivery system includes an RF isolator. The stabilization module modifies at



[0025] FIG 1 is a flow diagramof a nethod for stabilizing an anplifier in

accordance with an illustrative enbodi nent of the invention. [0026] FIG 2
i s al so awbl2ow/moeegr am of a nethod for stabilizing an amrphridseen/oe1zo2
accordance with an illustrative enbodi nent of the invention. [0027] FIG 3

is a block diagramof a systemfor use in a stabilization nodule for

st abi | leait nge elpragigristieiod an inpuh sigos eificibe glosed leap contd redineaad @seyadisment  of
the invention. [0028] FIG 4 is a circuit diagramof a stabilization nodule
for stthbimddificdgnpurt sgamal tofthe MRInpoveee delifeeny eystant.h an il | ustrative enbodi nment
of the invention. [0029] FIG 5 is a flow diagram of a nethod, including an

open | pOR1CRbiRenitddirhéifts, MstabihZAiD8 tndRRPINEIRAES 2 aniliftdr Afbdufeddnd an
stabilizing an anplifier in accordance with an illustrative enbodi nent of
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amplifier module and an input of the RF output coupler. In some embodiments, the RF
output coupler outputs an RF signal that is provided to an error amplifier, wherein the error
amplifier outputs RF magnitude and phase signals to a processor, wherein the processor
outputs control signals to one or more control modules that implement the closed loop control
routine.

[0022] The invention, in another aspect, features a power delivery system for an MRI device.
The MRI power delivery system includes an RF isolator and a stabilization module that
includes a closed loop control routine for analyzing at least one feedback signal of the MRI
power delivery system, wherein the stabilization module modifies at least one characteristic
of an input signal with the closed loop control routine and provides the modified input signal
to the MRI power delivery system.

[0023] In some embodiments, the power delivery system includes an amplifier module and
an RF output coupler, wherein the RF isolator is electrically coupled to an output of the
amplifier module and an input of the RF output coupler. In some embodiments, the RF
output coupler outputs an RF signal that is provided to an error amplifier, wherein the error
amplifier outputs RF magnitude and phase signals to a processor, wherein the processor

outputs control signals to one or more control modules that implement the closed loop control

routine.



[0031] FIG 7Ais a circuit/block diagramof a closed |oop, fast feedback
magneti c resonance imaging (MRI) transmt stabilization nodule. [0032] FIG
7B is a cwocuinoddock di agram of a closed | oop, slow feedbaskowBb2202 ansmi t
stabilization nodule. [0033] FIG 8 is a circuit diagramof a stabilization
modul e for stabilizing an anplifier in accordance with an illustrative
enmbodi nent of the inventi drieffDesoripticn of thoRrgvaings and 9A-2) is a
circuit/block diagramof a closed |oop, fast feedback magnet i C resonance
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accordaqce with an illustrativ nmbodi nent aof the inven ?T
1 become more apparent and may be better understood by referring to the following

description taken in conjunction with the accompanying drawings.

[0025] FIG. 1 is a flow diagram of a method for stabilizing an amplifier in accordance with
an illustrative embodiment of the invention.

[0026] FIG. 2 is also a flow diagram of a method for stabilizing an amplifier in accordance
with an illustrative embodiment of the invention.

[0027] FIG. 3 is a block diagram of a system for use in a stabilization module for stabilizing
an amplifier in accordance with an illustrative embodiment of the invention.

[0028] FIG. 4 is a circuit diagram of a stabilization module for stabilizing an amplifier in
accordance with an illustrative embodiment of the invention.

[0029] FIG. 5 is a flow diagram of a method, including an open loop control routine and a
closed loop control routine, for stabilizing an amplifier in accordance with an illustrative
embodiment of the invention.

[0030] FIG. 6 is a flow diagram of a calibration routine that is used in one embodiment of the
invention.

[0031] FIG. 7A is a circuit/block diagram of a closed loop, fast feedback magnetic resonance
imaging (MRI) transmit stabilization module.

[0032] FIG. 7B is a circuit/block diagram of a closed loop, slow feedback MRI transmit
stabilization module.

[0033] FIG. 8 is a circuit diagram of a stabilization module for stabilizing an amplifier in
accordance with an illustrative embodiment of the invention.

[0034] FIG. 9A (9A-1 and 9A-2) is a circuit/block diagram of a closed loop, fast feedback

magnetic resonance imaging (MRI) transmit stabilization module.



[0036] FIG 11A (11A-1 and 11A-2) is a circuit/block diagramof a closed

| oop, fast feedback magnetic resonance imaging (MRl) transmt stabilization
nodul e, awoandimg2bo an illustrative enbodi ment of the Povrastei0n222pPH037]
FIG 11B (11B-1 and 11B-2) is a circuit/block diagramof a closed | oop,

sl ow feedback MRl transmt stabilization nodule, according to an

i 11 ust 0833V Ge Dol oieewit diégrameotiarsiabilization modolkgpr Fattlizing @n amphifier in
circuit/block diagramof an error anplifier, according to an illustrative
enbodi sseoddande witiean Nvstiti@remioddn&it oFthe.indehBlohs a circuit/ bl ock di agram of
an error anplifier, according to an illustrative enbodi nent of the

| nvent jogse] F1e049A ('ﬂ&l aJn%i 1129 fé'a%@x’éhf‘t/bﬂicﬁﬂ'i&%?ﬂrﬁ%f ﬁcﬁ)%&plobbzﬁ&' on nodul e
for stabilizing an anpl | ier i'n accordance with an illustrative enbodi ment

f th t t
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[0037] FIG. 11B (11B-1 and 11B-2) is a circuit/block diagram of a closed loop, slow

=

feedback MRI transmit stabilization module, according to an illustrative embodiment of the
invention.

[0038] FIG. 11C is a circuit/block diagram of an error amplifier, according to an illustrative
embodiment of the invention.

[0039] FIG. 11D is a circuit/block diagram of an error amplifier, according to an illustrative
embodiment of the invention.

[0040] FIG. 12 is a circuit diagram of a stabilization module for stabilizing an amplifier in
accordance with an illustrative embodiment of the invention, according to an illustrative
embodiment of the invention.

[0041] FIG. 13A (13A-1 and 13A-2) is a circuit/block diagram of a closed loop, fast
feedback magnetic resonance imaging (MRI) transmit stabilization module, according to an

illustrative embodiment of the invention.

Detailed Description

[0042] FIG. 1 depicts a method 100 for stabilizing an amplifier according to an illustrative
embodiment of the invention. The method 100 may be carried out by a stabilization module
that is in electrical communication with the amplifier and that includes an open loop control
system and a closed loop control system. In the illustrative method of FIG. 1, an attribute of
the input signal is measured (step 104), the open loop control system is used to modify at

least one characteristic of an input signal received by the stabilization module (step 108), the



Detail ed Description [0042] FIG 1 depicts a nmethod 100 for stabilizing an
anplifier according to an illustrative enbodi nent of the invention. The

met hod 10@omaw/des2carri ed out by a stabilizati on nodul epChats2019/022202

el ectrical comunication with the anplifier and that includes an open | oop
control systemand a closed |oop control system In the illustrative nethod
of FI Gloskd lenp eontrol $ystesn sfpasded confpelt(stsp ¢ @l upos thresasisfactiion efians ot @rs t he
open | oop control systemis used to nodify at |east one characteristic of
an i npedntrsl gir@hetesqsiey ¢d2)ynd the ctdsadidobzahirelsysetiul asddsb epodifidhe att he cl osed
| oop control systemis passed control (step 116) upon the satisfaction of

one orleiRbRe SRR QLstiR T HEhAItSidnal @Rp128). TR WodiRied e @ignz!tl(iﬁ)ﬁro‘}ﬂiéﬁ rol
systemis used to nodify the at Ieastp one characteristic of the input

signal . (.81 en )1t i £ [ ' j [ lifier
duri ngtottﬁel’;e‘1 Jg%g egfd lﬁgﬂg;ﬁég Oth%gOpg}gg%&)oﬁ%hgys grenﬁl((g{eg\gbgg%)& @ﬁ%@ﬁ%«ﬁgﬁg t he
use of e closed | oop.control s e st ). .The net hod 100, begi ns
ipon By pibsedigon SV SEh fae LD s ogh 00 seihd Guo% et SYgHEl Cand ray
be repeated on each separate instance of a pulse. The nmethod may be

i npl entiehibieption sroduleaaph Bulsedingpianignal ard may hepancated on sachaspiRiC iB§taeEm

[0043] Step 104 is the nmeasurenent of an attribute of the input signal. In
one entfedpuientThetnhet may baimplemented, fonprammpeve stabilize ke ainppifier afiagnal . | n
anot her enbodi ment, the attribute is the voltage | evel of the input signal.
I n yetMmmigydi@n. enbodi ment, the attribute is the current of the input
signal. The attribute is neasured, in one enbodi nent, by an elenent in the

st abi | @ﬁﬁ%]'ds)‘ TOAY tRe nlcQQfdhedtdr 8 SiRithA8 of thE SRR SBnAIO IR 0ROBBMimRHEt €M i S
I ?@ at

used t | east one characteristic of the input signal. For

exanpl L. on nbodi f dy.0 I . e nt r ol
cvet ertiaUPTED FRITH RN & bR rpnglEsFbmboaihidh BRGNS BT 10
enbodi nent, the open | oq ontrol system npdifies th hase of the .input

si gnal {’T‘ﬁﬁgﬁeéfﬁl off g pjt ?E’?fﬁaﬂrbﬁﬁé‘m %%@%‘H?f}t’&‘ﬁé&ﬂﬁ‘étg 1 %ﬁmggﬁto?g}e syst em
modi fies both the anplitude and the phase of the input signal in step 108.

[ 0045] inpriesignsbnT heodpitaitmis mesaserpd.tia one smhediment bigaictopmank i e stabBizatioz e
characteristic of the input signal based on the neasured attribute of the

i nput mibdulal . I n one enbodi nent, the open | oop control system uses a

| ook-up table indexed by the neasured attribute to nodify the at |east one

char acfopadsini step FOB! tHRX6PER Icdp doRtreN steie diedeid tmodifyet ISt anileristint € i s
t he i nput power of the input signal, the at |east one characteristic is

anpl i t yeg. i,%tafisig FBPLLAAE bhd SAbAin@fhe hEd¥ALY FIGS, Ageh st f OF

each i nput power [eve described 1 n greater detal

control system modifies the amplitude of the input signal in step 108. In another
embodiment, the open loop control system modifies the phase of the input signal in step 108.
In yet another embodiment, the open loop control system modifies both the amplitude and the
phase of the input signal in step 108.

[0045] The open loop control system is used to modify the at least one characteristic of the
input signal based on the measured attribute of the input signal. In one embodiment, the open
loop control system uses a look-up table indexed by the measured attribute to modify the at
least one characteristic. For example, in one embodiment, the measured attribute is the input
power of the input signal, the at least one characteristic is amplitude, and the table identifies

an amount to vary the amplitude for each input power level. As described in greater detail
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bel ow, the nodified input signal is then provided by the open | oop control
systemto the anplifier to stabilize the anplifier. [0046] In step 112, one
or nore cwotwmliospmnaneters are checked to determ ne if iPCTIUS2@0/0292p2 Opri at e
time for the open | oop control systemto pass control to the closed | oop
control system Wen the one or nore control parameters are satisfied, the
open | mipwv.gbamodifiedyinpus signakis dsenquenided byt the open opseutrdloypicmdntheol syst em
at step 116. When, on the other hand, the control paraneters are not

sati sfareldiﬁe&ktestalﬁﬁﬁeihe@mp@iﬁat,rol systemis used (step 108). In one

enbodi nent, a control paraneter is a counter value. In another enbodi nent,

a cont pghgPRrspRLer orSor2loreloBRR ShaP RS af cHebER to HeteRhinklc ROk T

enmbodi nent, a control parameter is the anplitude of the input signal. In
one artlc r control
par et e BT rﬂo&ﬁ‘?%n&‘%ﬁ%é%%f’q BERtaRty ?%ﬁ*eic?s%@ e oboB) Fer

el emrent can t he cont roI t 047 116, th

| oop c%yﬁe%ﬂ@%t APE QRMPAS €Ot BhbRamets whtislahe pRsplogbAOEN s5y&em I n

one enbodi ment, described in greater detail below the open |oop control
syst enpasmsmpaurcplzteéhqqieseéllmmr@bwsts@h@trs&ﬂp Idps tVehet, nthﬁs@hel[lee@a}le After the
cl osed | oop control systemis passed control, the closed | oop control

syst emdnsrolis@emetersrael ndtysatisfeedathelopers tooprtentr.cbiaswacmeis usedi (stepfl 08 hdnionput

signal (step 120). The closed | oop control systemreceives a feedback

si gnal erhigdlir&@nd adritkod pfanter M4 @oiintegivglel [9indthe eatbollinidrera canrol/ar i ous
enbodi nent s, the at | east one characteristic that is nodified is the

anpl i wgn@@#{s% erapeed;g%e Phindeh an 5P YhothérIaHodirhht SPEBRtRIPATERALS, the
oop contro

cl ose tem measures a first error between the input signal
and th fee t S op control
oyst enareB s o MsdhRl:sigedl, 98 The SHARuERRRAOTRRRD the (hen oot oP, ©

f eedback si The closed |l o ntrql system t hese .enhodi nents, is
used t%’SWBH‘f Sctlkf% C%‘Etr‘?lé’é%a@e&?’f&e %&F%‘@F‘é‘?l?’ ?Eloé?d lopp coMplSYLSH LI based on

t he i nput power, the first error, and the second error. The nodified input
si gnal ariogher klsmept eani cheek thewontrelpatapeeterty). t he cl osed | oop control systemto
the anplifier to stabilize the anplifier.

[0047] In step 116, the open loop control system can pass control to the closed loop control

system. In one embodiment, described in greater detail below, the open loop control system
initializes the closed loop control system for use.

[0048] After the closed loop control system is passed control, the closed loop control system
is used to modify the at least one characteristic of the input signal (step 120). The closed
loop control system receives a feedback signal representative of an output signal of the
amplifier. In various embodiments, the at least one characteristic that is modified is the
amplitude and/or the phase of the input signal. In some embodiments, the closed loop control
system measures a first error between the input signal and the feedback signal. In some such
embodiments, the closed loop control system also measures a second error between the input
signal and the feedback signal. The closed loop control system, in these embodiments, is

used to modify the at least one characteristic of the input signal based on the input power, the

11



[0049] In various enbodi nents, the closed | oop control systemincludes one
or nore filters for use in determning howto nodify the at |east one

char act erwetzom/b2ohe i nput signal. In one enbodi ment, aciriustew/oerorsed to
determ ne an appropriate output for use in nodifying the anplitude of the
i nput signal. In another enbodinent, a filter is used to determ ne an

appr ophistereoroutdihe sfoond gger.i ‘Phamddifipd input signghathen ofovided, imgsert 120, §nal . I n
one enbodi nent, second order filters, as docunented by A J. Viterbi, are
used i thetclheedloop eonttalapstemans el ansplfiee o stibiliad the anplifive enbodi ments, the
cl osed | oop control systemuses any other type of filter, including, but

not i {(iﬂhﬂdInF\ﬁarioﬁs ShBSREhQ AL cio@é@ﬁbﬁboﬁt}dl%%texﬁ@ﬁcl@dd@ I0RBOF troflterk Nt egr al
derivative filter. In one enbodinent, a filter includes one or nore

i nt egr : . i t : o] temis
it o S SR AP ARl e e e e B R O i PRI G5
initializing the filters, o nore particul arl the Lnteqgrators, based on
out put S BERR Bkt 1 G551 o SierBiiepRpRiRPrpE Gutt Airee S PSSR hart of a
met hod 200 for_ stabilizing_ an anplifier in accordance with the invention.
I n con@aplitadmofihe Mpuhdignalt ko apothry egtedineay 3 fltarisaised to defermige Ad 200
depicted in FIG 2 includes three additional steps. In particular, the
i | | ustamproprietenetpsdonisekh @odXyihgtthe phase of theenmu signile Inone embedifignt, usi ng t he
open | oop control systemis satisfied (step 106), determ nes whether the
Cri t ersedoddérdeofiltdrs) wk dgcurferisdEby Ael. cliasEidark asql maht clobedlpsp eonticd sat i sfi ed
(step 124), and updates open | oop control paraneters (step 128). Cenerally
speaki fgiens gﬁ%gte&lgﬁe ér%@@di&l%gt’s, thd Blos@op SontR] s§dtéen udestn§ otheityRIoft O the

Wi

steps 1I'n FI the sane nunber, and are inplenented in a simlar
manner 0 . Th El . k | hﬁﬂﬁ- dul e
recei v%lééra%a%hlﬁlét g%tiqg)%gﬁ&e@fﬁ% alpgop%ot%n@fag %rﬁ?gr%%r?g@ﬁggdfﬁp e, 1@@3 ﬁga from an
external. pul s RE source. ..In st 104. an attribute of the,input signal is
neasur %"ﬂ‘."%‘ﬁbﬁ%‘ i‘ﬂ OB§ QBg(i‘B%l,enﬁ’ ta?%?@r L R SR R SR 2 e e%?{(glqgllg nor e
criteria for using the open |oop contral systemare satisfied. |n one
embodi #88# to stapeld 61 the clased nopseriel Hftema indtialized by thegsniedr pdicbm it sel f .

I n other enbodiments, another elenent in the stabilization nodule perforns
step 1€6ten in ssoremdodooknteby itidizingahé filkeds oor, wore paponatly, the integraterasur ed
attribute of the input signal. For exanple, in one such enbodi nent, when

t he | npdgkd Qﬁ)w@ﬂpu@fof&ﬁtﬁ)rjeﬁ%ﬁp &ngBBRdysiem.above a threshold level, the open
| oop control systemis used at step 108. On the other hand, if the input

pover @25?]“?{(1. PRV MRIAZL of £ nRBloAW0b 6 &miﬁﬁﬂgwmhﬁnﬁér ihBeddi@dnc8 Wo@di ment ,

the op oop control systemis not used and tThe 1 nput power of the input

signal ,i.s_again asured at.st.e 4 . . until the
Tout eveRAge T Ao SR uR Bty 100 Su Rl d RS RS 11

enbodi nent s, . an riteria used.i.n determinin et h to.use th pen | oop
cont r ofiersged ’é‘?ﬁlﬁs S\APFé’t“iFéngﬁég‘HHﬁ‘H piers inPariquiayt! emga?metﬁi‘ﬁg 0gri teria

may be considered in determ ning whether to use the open | oop control
syst enFI(. @oBsirmines sthsghet 68, critéria lopusing dsppen tropsronggktysten i§ sitsdigd (demodi f y
a characteristic of the input signal and to mnimze an anplifier
non- | i h@@r detgrmasesontiestic thendritérid foacowhmirgctbarse fitei odosed nop, controlystepeist i cul ar
enbodi nent, the open | oop control systemmy initially be used, at step
108, t gntidBél fsiepa 2@}%@ updlatéd\Gpeh NGB} cobtrBNFdradbdrsbtep T8E Gerhalye
non-linearity of the anplifier. This step may be inplenented in a way
simla ridat i f f 0 : tep: 112, it
is dec%pc?%%n%\hmg?pggrmt 1od%‘fIr1<§1)2f11’51?t%i %{rﬁﬁ?ro (])021%111%{2151]% me’]‘aéﬁ‘éfk]‘% %eﬁ% 1@%%1??% 1ﬂ;[ystem to
usi ng the closed | oop control stem In one enbodi ment, for exanple, the
Lransi HEGHRSaREPE: 38 we RlsmesIad I SIS MAET oyst em s used for 4
pre-determ ned period of tine during which an input power of the jnput
si gnal (0051 bhsmethod pf ol begins when g stabilizatiopimeduierepevesan igputesignah st ep
112, the closed | oop control systemis passed control in step 116. In one
enbodi Feainput signad pery, fooeparnple; comte Sytaerexiema pulsedBE svtree.clsemll 04pop
control systemfor use.

attribute of the input signal is measured.
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The initialization may be considered part of the transition fromusing the
open |l oop control systemto using the closed |oop control system [0055] In
step 120,wohelmdaed | oop control systemis used to nodipCy/is2@loaerot eri stic
of the input signal and to mnimze a non-linearity of the anplifier
associated with that characteristic. In one enbodi nent, for exanple, the

cl osed0032pAcssent 1QS, itdy determimediivhether the phaisemofe drlterid fopusing ithenelen donp

m nimzes a phase non-linearity of the anplifier. [0056] At step 124, it is
det er ngonedl Whrhhge shiivfieds I 6fid EmbalimenNiteH U106 pefotiB& bhthe ®pes Radpl oop
control systemis satisfied. The determnation is made, in sone

enmbodi ggafRhBsysi¥n f%é%ﬂs ITH QR Qm%ﬁn{éﬁ%séd{o%ﬁer%leﬁﬂénpﬁi tBe SabiiBStiddRBauIsi gnal . For
exanple, in one e odlnent mhen the i nput power of the I nput signal is

above rfo?ﬁ'xg §t?g 696 me éﬁ %g)ne%?lpenh (RQ:E)HQALP ﬁXsS{oetm: }ﬂek%‘ﬁ&i’ ntinue to be

used i nput si gnal

i s bel gw,t he reshold ueln hat enbodi ecI ed Ioo cotrol
syst erAtiioue qffﬁ? ¢ vt el tlelé)‘ho%i it SEI%B@H%P Ty ngpjaer of
enbodi ments, other criteri a can, alternatively or addi t| onal | be used by
the stipinnusignadis shaygladhieshaldieyehihsi qunmq?&mk fystegy isdiser #t %/?;9 18nt r ol
system shoul d continue to be used. For exanple, in one particular

enbodi Oe tie, ot hiand,tifithe ivpw powsed the inpwt sigmltihb&low thentbteshold lewegbin thater i s
active is considered in addition to the input power of the input signal in
det er ghibddm¥REth @beit DopEenfrblesysitRse dot @6 atdihe iput pywtesl thé HPoTdigll st ep
128, in the enbodi ment of the invention illustrated by FIG 2, the open

| oop cg %%%H mRASBABL K551 Y. estég@l@h @Guld bR r@ﬂ'@éﬁé@'uﬁﬁ%@ ,mpiﬁ%swexb&c{hé fhp@f eat er

det ai | ow W th respect to 6, a calibration routine is run'to update

a | ook-.up,t.abl [

o T HOR ol At B I8E tn ABARAAL Bhe & t?%%ﬁle&plﬁtd%ﬁﬂﬁ%%ed on
out puts. of the cI osed p control 0058 system
300" orhll 1P RS ORGR |CPEOTEH ITHE WEReLHEBRPISEHS aaiva P hatone
according to an illustrative enbodi ment of the invention. The system 300

i ncl uderieria mpy be consideres) indstyméningwhether ta use thsrper MAPrONIrAbYSICE. 308. I n one
enmbodi nent, each of the first control nodule 304 and the second control
modul e[OBSE] Insstépnifi8etherupen lavp cantolf systamds psaigo amdif a draremtariset 9f then anot her
enmbodi nrent, the first control nodul e 304 and/or the second control nodul e

308 arﬁrﬁohtsﬁgr{ﬁphﬁ@%ﬁﬂnﬂzé afAgplfieNiureliltarigasecided vl shatlcharaterigitbodi nent ,
the first control nodul e 304 uses an open |oop control routine and the

secondy H&HH&L ggﬁ%i eHﬁ)%gm?en? | iRS65kn!18 n{i‘ﬁf&aﬁﬁken'i Bl ifiGially Be ORA, at

enbodi nent ware device 1's an thon-specific integrated

Fi ol d- prboTaivasti §aRear B PRI él?%%ﬂli%@daﬁee%??‘?%nﬁgﬂs §6Pfer type of

har dwar e device.is used 0059] The fi rst contr?1 nodul.e 308 of 8SP/stem 300
is forarﬁglllﬁq;r ,Jf“lhwgstqprfp@ébq ipplemppied 1n a way similar to the description of step 10

FIG. 1.

[0054] At step 112, it is decided whether to transition from using the open loop control
system to using the closed loop control system. In one embodiment, for example, the
transition occurs after the open loop control system is used for a pre-determined period of
time during which an input power of the input signal is above a threshold level. If the criteria
is satisfied in step 112, the closed loop control system is passed control in step 116. In one

embodiment, the open loop control system initializes the closed loop control system for use.
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(a) receiving a first signal 312 representative of an input signal received
by the stabilization nodule, (b) generating a second signal 316 capabl e of
bei ng usewotzo1wmmdi2by a first characteristic of the inpurcsiuge@ab/oeRing t he
open | oop control routine, and (c) sending a third signal 320 capabl e of
bei ng used to pass control to the second control nodule 308. The second
cont r ofhavpitigligatzwgnaest b epnsklpradaartagthy warmsiondrome psing thy epehdeantdongphnal 324
capabl e of being used to nodify the first characteristic of the input

si gnal systenmtg using thé clesd loop portmisyssdm.r out i ne. [ 0060] I n sone enbodi nents,
the first control nodule is capable of generating the second signal 316 to

accounfoossySInfsedpt 10! tHéQssed R JBRIrOMSysteRN is AsddABThddiBAH dHaYacteMstiOdphed by the
stabilization module. In sone enbodi nents, the second control nodule 308 is

capabl @g@tf %%ﬁg% ior{r?&iﬁlf}@ afrﬁ%}'lﬂfémg?llﬁtbr%?ﬁ{eta?gpﬁiﬂep a@s%&‘% Alwittpihaf U L her

descri a non- n uced by the stabilization nodul e
har dwar.e. 0061] In s . enhodi nent he first control nodule.304 is
capabl a5t By TR, F G e Sasedipee ST sl AP RIS Aroct 1y a
second characteristic of the input signal_ using the open |oop control

rout i nidhasg ﬂfa t§e mpubtigpalend suniveizes 2 phrec %%Bw%ﬂ{ﬁhswwﬁﬁm- e 308 i s capable
of generating a sixth signal 340 capable of being used to nodify the second
char acl08pélsAt steri24; litds deteumingd whetheuibe prjteriadordontiaeing dopsectbaelostd loopit i ne.
[0062] In one enbodinent, a first controller 376 is used to nodify the
first ahavbgisen Stshisfiell. The detepninaiogisahade) in saneteadrodanding ibyenhsidaingecond
controller 380 is used to nmodify the second characteristic of the input

si gnal the ¥QG3¢d AisREBr @ERGHI BBAAIS Fok BinidlE,Sh ofidahBEdifiehs When @e ihp@ | nput
signal is an anplitude of the Input signal and the second characteristic of

the i %‘}r%k ?ﬁghﬁt?@agﬁaﬁ&eoz{ th?r&ﬁolidrl%tl, tﬁé 9384 101)}2 c@rﬂrolq‘ls%s%rﬂ ijive

enbodi aracteristrc of the 1 nput sigha s a phase of the

i nput signal, and the second characteristic,of the in signal. is.an

ol T ¢ RAGgg gt RS PR 8 e it i ' opfrioh B oS el 15y

control nodule 304 includes a transition Iogic nodul e 332. In s%Fe such
enbodi briew she threshald yaluedn Higt erhedimeply theelassd loapesoriolyiyateny WHpRt bessder i a
and determnes if the open | oop control routine will be used. In one such
enbodi argrstep t0evillrtemerforroed. | lngitiber rothotlien<3®2 othsr erigtib an, eltemetiealyrbni ng

whet her the anplifier is active. In another such enbodi nent, the transition
| ogi ¢ adeétivnall 32 used bafiabilifatioe dalerih detetrhindip wWhgthdr thowesedddsp of t he

i nput signal is above a threshold level. If so, the first control nodule

304 W {dnt@L8RIA ShoultBéRBinhd'e RARRI.! PORexaRPId, Y odettidiBar dliRdBRGRANME Si gnal
316 capabl e 'of being used to nodify the first characteristic of the input

si gnal I , . Lt | . ecks
one. or NP AR IR PR 0 WApRAGTE LR [ Rl Bt E°C et on
control nodul e 8.. In one such enbodi t, the transition | ogic nodule 332
o o BBt QLA A1) 1 eI S TOEBTH P P WS URES 98 oSt Pusi ng

t he open | oop control routine for a pre-determ ned period of tinme during
whi ch [0887]i Aptiep pRuin thezanberingns of heurvesfign Hlusated ApdVE. 2 thoprsHerr! | evel .
If so, the first control nodule 304 will send the third signal 320 to the
secondcantrot pahmatedidre ufded. In embodiments, described in greater detail below with

-

respect to FIG. 6, a calibration routine is run to update a look-up table used by the open loop
control system. In one such embodiment, the calibration routine updates the look-up table
based on outputs of the closed loop control system.

[0058] FIG. 3 depicts a system 300 for use in a stabilization module for stabilizing an
amplifier according to an illustrative embodiment of the invention. The system 300 includes

a first control module 304 and a second control module 308. In one embodiment, each of the
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[0065] In a further enbodi nment, the second control nodule 308 is capable of
receiving a signal 346 representative of an input signal received by the

st abi | i zavoaniommdezbe and one or nore error signals 344 aow/U34@.0/02220ET I OF
signal in one such enbodi nent may represent an anplitude error between the
i nput signal received by the stabilization nodule and a feedback signal

r epr esknst eonirobmeflulg 304 ang the ss¢apdadontypl mpdule APS isfimplementedaasragrof®iagmal , i n
anot her such enbodi nent, nay represent a phase error between the input

si gnal pragrdni. heltdrestiiehg kn snaginalembbiienene ahafirse cottrod inodoibld 04 aa0&r then one
enbodi ment, adjusts the one or nore error signals 344 and 348 to

conpengaémi confrof Mb&ie R 08 afpik iMpRmRAleWs oh®br RoRkAArdwAte dbVibss. Ah@aENt in a
first error signal and/or in a second error signal. [0066] In sone

enbodi [ i it gic
rodul e gl B TR 0P b Hh6h 1ol MRS rdredBE e Pl
checks one, or re criteri.a and determnes if the.closed,| gop control

Fout | rie@ne] Fofdle ysesd dosediuremgbratar " are epibogimnbby BERE IS cont r o
nodul e 304, via a connection 352. .In one such enbodi pent, the transition

| ogi ¢ 3B apPRiicatign-sreciligintngrtest Ciraitd ARLG). g appdehepbedimenisfieiardyare s acti ve.
I n anot her such enbodi nent, the transition | ogic nodule 332 is capabl e of
det er ndavioegs & fielrprogrammabiegate 328y APPGAe Inwther ewbgdisientss arasesréype afhr eshol d
| evel. If not, the second control nodule 308 will pass control, via the
connechdrédmarddavice s usb& first control nodule 304. [0067] | n anot her

enbodi nent, the system 300 includes a calibration nodule 360. The

cal i br@hmnrﬁ@ﬁw &nd8PnidBilc B8 oY R BICH fospaforRidgdi® MA@Wnem and may use
a calibration routine. Alternatively, in ano?her enbodi nment, the

calibratj Ih$n i - i Ge. i
onboo (ke R e S0 5T LR BRIV O Ainfh VAL BB OPY) SR ot idlEn |
har dwar e . devjce is an FPGA., Ln r enbodi nents,,.anot her e of hardware
devi cemf’g‘ﬂﬁ’ hgeneraiig ) seqnd 36%13? %f‘gﬁﬂpaﬁ%ﬁghﬂfl% usgio nf’?fﬁ n%hé odi nent, is
capabl e of generating entries for initializing one or nore fjlters, used by
the sedwragiesishe phihe i signalosingthe opsiylepr eR &Ut%cﬂﬂdéchﬁﬂd@&ﬂt{‘ﬁ‘én
retrieve, via a connection 364, the entries fromthe calibration nodul e 360
and ussgidhd2@papablefibeingnised tl pasecortispl testhe gecond wentrdl amodudgy3@8. ndgul e 332,
the one or nore filters in the second control nodul e 308.

second control module 308 of the system 300 is for generating a fourth signal 324 capable of

being used to modify the first characteristic of the input signal using the closed loop control
routine.

[0060] In some embodiments, the first control module is capable of generating the second
signal 316 to account, as further described below, for a non-linearity introduced by the
stabilization module. In some embodiments, the second control module 308 is capable of
generating the fourth signal 324 to account, as further described below, for a non-linearity
introduced by the stabilization module hardware.

[0061] In some embodiments, the first control module 304 is capable of generating a fifth
signal 336 capable of being used to modify a second characteristic of the input signal using

the open loop control routine. In a related embodiment, the second control module 308 is
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[ 0069] In another enbodi nent, the calibration nodule 360 is capabl e of
generating a first value, representing an anount to nodify the first

char act erwetzom/bo2ohe i nput signal, and a second val ue, pceusese/oki2og an
anount to nodify the second characteristic of the input signal. The first
control nodule 304 is capable of retrieving, via the connection 364, the
first caphhleofgehetdtimgsesixachdignal 148 dapahie vhecicgiiseldrtamodify tcisdcend360. The fir st
control nodule 304 is capable of using the first value to generate the
secondchatagReikti3dfthanguekighglithgtthecloewidoep valitee rdutingener ate the fifth
signal 336. [0070] The calibration nodule 360 is, in another enbodi nent,

capabl @ogf) MR LB [ it contbier Biads LR 18 eI NALiMe CRASRE SRR oput put s

recei ved, 'via a connection 368, fromthe second control nodule 308. In a
further enbodi nen t cal.i hration 2} I 4t to

gener at%lg THYeS e 'sim %qqﬁ%r eghnbc(i’ B%Iﬁéent’saesgg&r)fg}j‘%/oglltrgggrt %k%alg 8%@& ngogc{sl ftg‘%nt her
descri bed cg]:g}ow far ﬁélpl,east, onle non-linearity introduced by the

st abi | ¥£2RY GRE NS OhRPe AHAL &180%n f urt her embodi ments, the calibration
modul e 360 can receive, via a_connection 372, data fromthe first control
nodul e[0863]. In[sowe gmboriments, espfitst chagactarishe pf thadnm sigsalis an applitude of the
stabilizing an anplifier 404 in accordance with an illustrative enbodi nent
of t heinpuwsigial amd the sedolnd charhctstistatdftlee mphitodignabista sHasewof the ipug sighall ilzat i on
nodul e 400, which is in electrical conmunication with the anplifier 404,

i ncl udgBalREERD ERBbAIREnE thd BFstviRiRt@tc sofHeWar sighbleis a@hhswesfehd wmpst on t he
processor 408. [0072] The stabilization nodule 400 receives, froman

exter nﬁ-!vna?%ﬁ &g fé&rﬁg'chaﬁc@ﬁ H@{glpﬁ% sigl id APahpIRLANGH thé ipubbighal

pre-anmpfifier n one e ooi ment, e input signal 412°is a pul sed RF
i nput g . A directional, coupler 41 h AL €= |l f.ed
oot gl st R BRE e Bl PO SRS S A AR,
while a second sanple 428 is jnput to a first controller 432 and.ta a
second3 Porlfseme sichsengbo 11??313}%&1%&%‘6%‘?%%1," I’P‘?f{%ﬂ? ?&s‘fheﬁ%sn‘?r}e&rlné‘?re 585185 a

gain controller, used to nodify an anplitude of the input signal 412. In
anot heandeletaoutiines if the ohen bep santrel spwting| willibessed. | ki enesHelsemBedipert theysed to
nodi fy a phase of the input signal 412. As described below, a nodified

i nput  Bugitih 1440 malute 33t cipablehsf determininpwhetbéd the aiplifiemid active. decond
controller 436 and input to the anplifier 404. [0073] In one enbodi nent,

t he ampldfer 8fictAQbddEmentPtie $2dsifRbn &ER mbihge 332 s cApaBlbef dasiddingefin t he
anplifier 404 is used in an MRl system A feedback signal 444,

repr esﬁl@%ﬁ%cjvye? 39{3 o?@g?ﬂé@%gnﬁf g Q%ve‘laﬁ@gﬁfmlﬁ h&ef rrﬁlasb,f th€Fird Wntrd1SndudO | nput

to the ranpli n one e Iment, t error anmplifier includes

| ogari 1 ¢ internmedi ate frequenc OG.lF),amlifi.er 6 _f Lifying
thect 1 O beeite og e oed Trabiekiou brin Faand 4iEh 536 Bpr e TR ¥, 0
generates a first error signal, 452 and a secand error, signal 456, The first
error iedramodyy the Gt efiancierisye of thgrimput signal dn spme sheh enbRsimprisythe
representative of an anplitude error between the input signal 412 and the
f eedbatknsitigriagic4detiuld 38 2¢hetkeoneanrivoue eteria anddettiniges iécoairolsiiibval 452 /
second error signal 456 is representative of a phase error between the

i nput  pasgeBlo tHd gecondl coied] heldaBo8. Sh gidbuchA4mbodiment, the transition logic

module 332 is capable of determining if the first control module 304 has been using the open
loop control routine for a pre-determined period of time during which the input power 328 of
the input signal was above a threshold level. If so, the first control module 304 will send the
third signal 320 to the second control module 308.

[0065] In a further embodiment, the second control module 308 is capable of receiving a

signal 346 representative of an input signal received by the stabilization module and one or
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[0074] In one enbodi nent, the stabilization nodule 400 includes three
analog to digital (AID) converters 460. The A/D converters input digitized
repr esentwoizormood2oa first signal 464 representative of pCmaszeyor2282 gnal
412, the first error signal 452, and the second error signal 456 to the
processor 408. The processor 408 perfornms signal processing to generate the
cont r omossiegreakignale 384 and 368t puetrevisigenl ihenaliugh embodimenh miap genreyen) an
converters 468. In one enbodi ment, the processor 408 includes the first
cont r oAmpptirddd @rci®étwdehehsmpongged rdceived by thd BabildSitioantbduleeandal febdbatk on
nodul e 360. I n one enbodi nent, the processor executes the first control

modul egi 304 rdnPese ARl TN ARpRREMal AR SBPEAQ! ArP&driGenal, tn 8RR R0ch
enbodi nent, "t he processor executes the second control nodule 308 to

i npl e o] r.ol i ne. . i , the

i gi ¢ v R0 ool PR Enb OO o ok Plip PR Re SERAGK SBEN Lo
408, d t he A converters 468, i ntirel) | aced by an anal control
syst ent MAE %ﬂ“it‘i?gwgulfﬁg §d‘|’“g§’i“? a@e@meflia @dﬁ.@é?@qﬁr}esordﬁ%ﬁ °pat flgﬁﬁgepl aced
by an anal og control system [0075] In _one enbodi nent,, when the processor
408 i n%ﬂ‘leam%f@ te pempsate} Hoyrterfies@ibed bglomn dor a naa-lingasity prssant By 2 ﬁﬁam e 304
generates a first signal 472 capable of being used to nodify a first

char actrerrisignalkcandfortihe seenpdterroi gigadl. 412 and a second signal 476 capabl e of
being used to nodify a second characteristic of the input signal 412. In
anot hepoesitiadonekinbodiiaents, i Rcoeksmanl mophle3od ixlides adtaasidon lopgop contr ol
routine, the second control nodule 308 generates the first signal 472

capabl g,@fle BS6 NG aRAuER efﬁﬁgﬁiﬁiélnﬁsbﬁlefﬂah&ioﬂ haicmbaile St6 ehadks bheor Mpret

signal 412 and the second signal 476 capabl e of being used to nodify the
second_c¢h o [SELG . t ' t. S . - ' e first
characggggéﬁF%E%%ﬁ§%%lfﬁfﬁpgg?gﬁ Foﬁ%@@?@n@ﬁéﬂgﬁbsﬁ?ﬁaﬁﬁ%@gyﬁﬁﬂ?%gg? si gnal
412 and the second characteristic af the inpu ignal 412 i .he ase of
the i npfupassddndhe grfb‘fon[”@g?’é’ﬁull%éogn@aémﬁ%ﬁcﬂg‘h%itﬁ’e"“ﬁ/s}&c 6‘?16%&?‘8?‘2 68

i nput anal og representations of the signals 472 and 476 to the controllers
432 antans8®n lpgis peaduie/A6yis canabler deteppthingwhethenibe pmplifierds agtivst I1er 432 uses
the anal og representation of the first signal 472 to nodify the anplitude
of t hearotiputuchi aguixddiraad, thdmesitiomlagicmadulad32isplapablelof deserniinimgafant y of t he
anplifier 404. In another enbodi nent, the second controller 436 uses the
anal oginpefFcRwee PR8LE R ifbut sipRalsie abiM@ SthiRR01d4kR1.t B noRdhd secolbcqpiebe of t he

i nput signal and thereby m nimze the phase non-linearity of the anplifier

Aﬁ]o?u]‘ilé%k ggrg _pésggzgga?r?l, be éﬂpédrﬁlbafbrﬂ P¥RUL, thik gb&%o&ﬂﬁ nh&luldamy. provi ded to

t he anp Ier Fl 5 depicts one enbodi nent of a software

routin i ngl udi .an en 100 ont,r r QUi | osed | oop
contr oﬁm?glg]?ﬁ %8%58‘&8%”’83@ ﬂéen%%tgfn%@tl?dy %es ao%g#alggg 8‘90%8%%?68? ﬁ% uti ne 600
i s executed by t$ﬁ%first ont r ol nngule 304. In anoth&r enbodi nent, the
cl osedcalibapiondnrduln Sebmey Remplemeated 252 SATBYATE pragram 3B BIRY UsHA LA BB ul e
308. In one enbodi nent, when the input signal is first received by the
st abi | fouting.oAlterpativedy,(ie agothensnehpdirhentcthe ealifatianonedude 36Q sHmplementsd asxanpl e,
t he power supply, is first turned on), the software routine 500 defaults to
usi ng 4 herdeperddvivep I ond emabodimeht, the HaBvare device is an ASIC. In another

embodiment, the hardware device is an FPGA. In other embodiments, another type of

hardware device is used.

[0068] The calibration module 360, in one embodiment, is capable of generating entries for

initializing one or more filters used by the second control module 308. The first control

module 304 can then retrieve, via a connection 364, the entries from the calibration module
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[0078] At step 604, the open |loop control routine 600 extracts the input
power of the input signal received by the stabilization nodule. At step
608, the wpeanodmogor outi ne 600 then determ nes whet her trhe/useeerizez f or
using the open | oop control routine 600 is satisfied by determ ning whet her
t he an&llfl er is active (i.e., enabled) and whether the input power of the
i nput  ¥i0gmdiuse heabtries tairfitiglive, bihvsdagivansitionfloginencshld 332 the ans oemeid ed and
the input power of the input signal is above the first threshold, the open
| oop ciiitdrs i the setond eoid) moduiee3d8t S an open | oop counter at step 612.
[0079] At step 616, the open Ioop control routine 600 outputs at |east one

si gnal [ope9aRlBodbr S/RbSHMEAE thel@lipREDA ¥rodhle!386834 cpaBleOTaERFMAI Shils€ Of the
i nput S|gnal I'n one embodi nent, the open I'oop control routine 600 outputs

two si 5 the input
si gnal 9@!;1?]%?6 r%@@é‘%@@kg‘%‘%"e?ﬁgﬂg gﬁ?téhgr gy&éa/top a?«{?&lt'fﬂ%d%e |nput si gnal .
I n anot her, enbodi nent,. the open.|l oo troI uti 600 S. 0 Iy one
of ¢ heseris ETdh el e SO BieSond! Sirtaefitiote R B8yl Figl: Yont r o
routi ne 600 uses a | ookup table created, for_ exanple as discussed bel ow

wi th rBagpidet congrobmedulg 30698 eapable iobFeitisBRe. Mér e fentestigeAlt-deelishealeg | east
one signal to be outputted. The | ook-up table in such an enbodi nent can be
i ndexeahddire sdeend vadue frpovibe caibratine mogule 360.ghld firsBeandwdl oredules0nput power of
the input signal extracted at step 604, the open | oop control routine 600

| ooks-¢spalsle 0OUSiRS thefitbtnglueab |genatate tiee seCtiil sighal 8 16nayd bfysidgthe sxang! e,

i ndicative of the current or the voltage of the signal to be outputted, at

step 6lfue B¥echdifteIRENTth QRRaICHBL rol routine 600. The open | oop control
routi ne 600 outputs such a signal at step 616. In another enbodi nent, the

open | @B?O]Cﬂ%gd\;e\t/ﬂ\{%a{ﬁﬁﬂ%mle% 1%,%&?&&h%roeqxgboldﬂné{t ablk %‘?hﬁ&j&tl %Qﬁe ﬁ%@”pl e as

di scus respect t a cal I’atl on routine to

gener | east .on i be . ou utted. The o] arra |n such
o enb U B s ORL Vel B Ui PR SR TarH SRSt af e ' Baced
on the input power of the |nput signal extracted at step 604, the open | oop
cont r ofongrglimpdele 868 I%ﬁ%’ﬁ’@be@b%mﬁ@sB@r?ﬁllﬁ?@tl?lamoéu]éﬁﬁpwses‘ﬁ%’ea HtthR nay pe,
for exanple, indicative of an amount to nodify an anplitude or a phase of

the i nqmgenahtgrthé first malselieid the sesrinddialverio acdobat, apfmthendgsciibast beddw.rfouati ne 600
runs the same algorithmthat is run by the closed | oop control routine 700

at st eRast 3e nédlifesky iedubsal Wvhe babiightitit mbdige Bardmyrd, dndecipunt for a
non-linearity introduced by the hardware of the stabilization nodule. The

open | 9aB, Bk Ghe Q}btrétﬂﬁl f @né I?a‘@(?‘ca‘ﬁ%@ée&é‘%@é’édﬂﬁ@&%n%r Nath FodPMEr ate the
at | east one si gna outputted at step 616. [0080] In enbodi nents in

accordgS &, i 5'16‘303 the open |l oop control routine 600 outputs, at step
620, dat (E 8 ¢&1°Brati on routine by vvriting the data to a calibration

et WORLEEEh sl et eronsB A o b fgineRs seuniest 308 r outi ne. 1n

one enbodi nent, the open | oop control routlne 600 al so outputs the input
power afcordance wisuen §lughativerembadimentiof Brednventionoin thedllustiatiypemhediment

enbodi ment, the value of the open |oop counter is outputted by the open

| oop cslmtmnotherstubﬂizta&oxﬁﬁ@duka 400 ewhigh iivinaddcricat carhinnaicafi@0@ith tht ansplder 624,

the open |l oop control routine 600 determ nes whether the open | oop counter

i S gr ead®indiiRE a omBHEANEN bIhA&RAetnd kbftwae, ThBSoMRSR rl0sh hepidceisof out i ne
600 procéeds to step 628. Ctherw se, the open |oop control routine 600
proceeggg to step 632, where execution of the open |loop routine 600 is
monent ari’'ly del ayed before the open |l oop control routine 600 again extracts

the in Wero the in nal a step

t b esn 02D e edliehugt s fis At Pdyecp o Bt cayes bk A BT E TREDA ne
open loop control routine 600 is executed for a m ninumperiod. of tine

bef or eak K} vgnal §1palsaprg-amplifise4 1. ogeme cgdpdiset. by npBLHEM F06 @t st ep
628. Consequently, the anplifier is given a period of time to settle before
t he sopulsakRF input sigeal 5 @0ditectinsaltcoapler 4 I8cthen Seenperethe prgmplified input signal

412. A first sample 420 is input to an error amplifier 424, while a second sample 428 is input
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routine 600 to the closed | oop routine 700. In one enbodi nent, the second
threshold of step 624 is tunable. In another enbodi nent, the del ay present
in step 689 220m/moeabl e. [0083] Referring again to step ®08uskdiotobzoz
anplifier is inactive or the power |evel of the input signal is below a
first threshold, the open |oop control routine 600 proceeds to step 636. At
st ep 6@6 firstrontpker 433@pd éoaseand conftallse 430 Olndueemtiodisgenitibe et t he open

| oop counter is greater than 0. If not, the open |loop control routine 600
pr oceedmtrollersi3@pis 682in cohtrslder, tided tomedifl an pmpiitiide of thednputrEnaDPl 2princeeds to
step 640. At step 640, the open |loop control routine outputs at |east one

si gnal arfoafeabinBodiinele tidsedSRPcInoTB FoYis b PRasishifRASIsc@REMEMidy Aphfkiosti C Of
the input signal. In one enbodinment, this is done by using the | ook-up

tabl e, i j : : : i nput
pover P25 SEHIZRS, ARl BeloRh3 AR i@ BpARiGRPad Heithu B el TEVer o
step 608, i i,n 0 enbodi nent .. C en.in. view of thi act, i.e., the
first ‘EW@@WA% alnggkéq selcgndcfﬁo&rg HGEWH%QW%I%@‘%%I#% g?):'behaves linearly at

i nput power_|evels helow the chosen first threshold level. In such a

f ashi oﬁ,‘mﬂh‘é ong ebrdingshthe srplifien0¢ dea pylsed RK; Qg?r- Jd88Wg as it is bel ow
the first threshold, will not be relevant to outputting the at |east one

si gnal enaodémery, g @mplifier 4% uaed ineadRbsysteni.gAdbedbaplesienal¥d4i nput power of
the input signal, regardless of its actual value, is below the first

t hr eshepgsem@ive of heoafpat signdid48 of fhetangdifiet 464, épalbelhpuCortbequardnplifiest ep 640
need only be executed a single tine. To ensure this is the case, the open

| oop CoUNtRIont EmBOERIRE tId! erfdr@Riphifidr intRAEPogheheii¢ infdnmRdgRt fréquefidyep 628,
after the open | oop control routine 600 determnes that it was executed for

a pre- ' . ' i [ j [ faatshe i nput
o1 o) LR MG ARRLIA o Ppmbl; g W 18R b0 dFa WA B 8 1447 5 P61,
620, 624, and 6 conti nuously exec d for a e-det erm eriod of
Ui bOESTEE SrRDTSH LY RO SO LTSI st sitelikd T step
608 to_step 612), the open |oop control, routine 600 passes control to the
cl osediimsberporsignet $12 rseendrroramnal $p6ndn o SHPALRENt FeRICSHEHYE 8 cont r ol
routine 600 initializes, at step 628, filters for use, at step 716, by the
cl osedathpipdeamirbetweendhd inpu7dgnahiti b amhthe ifessbaeknuignal 4d4. foanotheanpl e as
described below with respect to FIG 6, by the calibration routine. The

ent r i egmbaimeR the Ssndrot sighllel AN 8ecnd RBbEsighal 43 b $s tepikermativeuiftaqhatry t he
open |l oop routine at step 616. In such a fashion, the closed | oop control

rOUL| NG paBlAS e Bl 4 B BATRJBRILiAGS 4ihal the open | oop cont rol

routine left off at. In one enbodi nent, an entry represents an anount by
whi ch ILNCrease .or. decr t.he. i f I i 11 n anot her
enbodi @H]%aoﬁleéa IrﬁbrO 9mrleen§’rt§§gt§?@9§h&arm nlﬁ%%%g@y%ﬁ%@g%th%%pag’%}o ttgtIa lta%)hase of

t he input signal. | e enbodi nent, the entries are.stored. by.th

ol i br Py RoRGeissD: HICATD s inmbl Beed i PUaRO D A nese
arrays may be indexed by input power of the input signal. Thus, based on

t he i nftf repissrntatvfe of e inppisignal dhhthebiast erearsignal 454 apd gesecamderi®ben | oop
control routine 600 can | ook up and use corresponding entries generated by
t he casipial 456 enthe puidessor #08.i The prakézer 4M8epetfotthesignadfpredessing sgedetatop
control routine 700. [0086] After the open |oop control routine 600 has

passedihe@Bhtkdllsidnalsttha agd Ofpektdda0 PhCdipitdl b Db (VR) ¢0Rverlched 3. i16 oe del ay at
step 732. In one enbodi nent, the perirod of delay in step 732 is adjustable.

Fol | ow, fgd; @rg%ﬁ'{e?%yoc%%scﬁ‘%@@ ich:I;&es m&eﬁrgﬂ %ﬁ‘gl B8R 80RLthOkechRYESMR] 700 can

extract a plu sighals at ste n one enbodi nent, these

[ s i.ncl t i t. [ A I first bet
the | iR dhe ARt S ah R creBrbeBhtal e et SR SHEPES] gnal
of the anplifier, and a second error between fhe input signal_ and the
f eedbafifet semEphmodpls 9ddo snplsmsataRRsEAOP Gomtrok joutipe. lnagpthes eiyhodimsnt. ¢ ude

error between the input signal and the feedback signal and the second error
is a ptegpeowssooexdzatestiznsecomd ¢anprot modygla 308 tntnplemeftecddmmd koap gpmirbl

routine. In yet another embodiment, the digital control system, including the A/D converters
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[0087] At step 708, the closed |oop routine 700 determ nes whether the one
or nore criteria for using the closed |oop control routine 700 is

sati sfi edwol2niooma92enbodi ment, the closed | oop control reariuse0160862202

determ nes whether the anplifier is active (i.e., enabled or unbl anked) and
whet her the input power of the input signal is above a threshold. If the
cri t er4®, the psegepsor #08, andiibe EV@§@W%@&6goﬁt6ﬂmely witdce@by enapplegeandol t o step
712. If not, the software routine 500 returns to the open | oop control

rout i ngyseo0 Altainativetya tiesdigita confpeltsygtemvas onlfy pattly ieplactd lsy gmadalag comtrep 604.

I n one enbodi nent, the value of the threshold used in the closed | oop
controdystegldt i ne 700 is less than the value of the first threshold used in

t he open |l oop control routine 600 to allow for a |l evel of hysteresis and to
preven : t j | oop

contr 0‘00?%5[{1 i%%%%g%%&%%ﬂt%@g ﬁ%gggé%%%%@ggml %&f@éﬁ?%f&%@g%ﬁ@r e the first
threshol d and the threshaql ed in th | osed,J,00 ontyol routine 700
cqual . Oufind s B Cerr o AU A Boatted e SRR AAPGE P it RS T “abou

t hose threshqlds, the software routi 500 coul d. t.oggl e between. the open

| oop CORTITGR DS ChATRRICHD Afiee PR Semslal? sighsecond ig Al 436 e JPeE0088] As
w || be readily understood by one skilled in the art, the hardware used by
t he stussil td madifya seasndichameterjglireafdheingiighgnad 412 phoeapethen embedigtent, ke r st
error and/or the second error will be inperfect. The hardware wl |,

t her ef the @rocesser shyglemens thendesed haxpt contrel toutiee, Wiad seesnd amtriohmofliles08er r or
and/or the second error. In fact, the hardware will introduce a predictable

vari at je@ratdsane fiResikhalel 7y abpidse O belinpeuskll ESto@ity e fabdharactdristiceLted error
for each input power |evel of the input signal. Accordingly, in one

enbodi siedal 81E 52560 st QAR sHBAA7R! cap Qe b GeiAPhidbd S motfy WER AP, the first
il sis it T8 cab ey ¥

error e second error surenmehts prov at step 704 by the

stabili,zation .modul e har dwar he cl osed | 0o ntrol routine,790. in one
erboa SHereiruBer th fnrdf sighaldi. 1M BadeRinfmeal fet hltaels i B B, " evel
of the .input _ signal. For each input power |evel, e |l ook-up.chart lists
the exyiged 442 Wg‘? amplitudg P?m?d’éi?‘% Biesel H¢ apd dhg segend chagacteriste Ofﬁ"é WRYst error
and/ or the second error. By adding the expected overshoot or undershoot to
t he fi signal 12 srthepbiseof thednpésigndl €2 or nmeasur ements provi ded by the

har dware, the closed | oop control routine 700 therefore derives the true
val ues[00?6] Inlumefeitbdtlingsnt.ahe Bl /converfess A8dopd aaslogrepréLoBfipndftke t he cl osed

| oop control routine 700 has appropriately adjusted the first error and/or

the segondls £77 214 Ao 18 1R cohdrdllers 382 GhdP53y] frésgeaivlqéryntm@he ERbbiinRndeker M nes,

at step 716, at |east one anbunt to nodify at |east one characteristic of

the in i r | e, | i I op control
routi ng&%«gﬁ%@?ﬂ eAr'3rrjI: %gssﬂ{é%ggl gglg?}sr{?sseg{agﬂgHFglgnﬂg%ﬁ%}mgﬁﬁaﬁprﬁ?@ déggof t he i nput
signal and one.to.nodify a phase of.the input.signal..|ln.anqther

erodi fHamudt peg pERLu ety gt B rainiBe e B PR iRt S one of ¢ he
two aforenmentioned anounts. | n one enbodi nent, as di scussed above, the

cl osedampiéiier d8ft Fppnothaiembedinpmt, Besccord eprodedtio yses theragalogs docunent ed by
A J. Viterbi, to determne the at |east one amount. Alternatively, any

st yl e whpresentatéon ofshe becasd sigoal 4% doplodify shepphapoof the mglut sigh@gndtheirétyt er

and/or a proportional integral derivative filter, can be used by the cl osed
| oop camiindie thophdsd @od JReaity F €2 afdflifleP40lLt &5 GesafbésboRE, theasldifivde anount .
[0090] Prior to step 724, the closed | oop control routine 700, of sone

enbodi . ; e non-linearities introduced b
: [rﬁ?{i{ s?%na‘?ﬁ%’ #rﬁlén %I%M&H ePthéath hffgf éé(jéh I ' Y ' u y

the hardware of the st I zat1on n one such enbodi nent, the

cl osed trol routine 700 runs an algorit t o, adj ust the desired
crount WORBPERES deblor] OHE eaiSonREm o A afilnr e s 8 e 1 ame it 6
generate the at | east one sjgnal outputied at _step 724, The algorjthmis

i npl enEORIO4 rqubing G0 el ¢ ﬁ@S@&oag el sniie S 080 I pgt erebpdiment e OPeRPsi gnal
outputted at step 724, follow ng any distortion brought about by the

har dwaeentred routing 680 ist éxeeuted by the firaictontrelmedde 864 .i Ineangther pmbddigient theanount s
determ ned at step 716. In such a fashion, the algorithm conpensates for

t he noolokédieap térited raftink 700 3¢ eetited By tirrseconddoatrblbmdivle 808. In one
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[ 0091] After outputting, at step 724, the at |east one signal, execution of
the closed | oop control routine is again delayed at step 732 before the

cl osed | owp 20mv902h routine returns to step 704. [0092] rAlr/ust@p/o07282 t he

cl osed | oop control routine 700 outputs data to the calibration routine by
witing the data to the calibration array. For exanple, the closed |oop
cont r otmbaglimentewheothe inm signelis first peceived s theottabikzation puaduld (grgal whenhe fi r st
error, the second error, the at | east one anobunt determ ned at step 716,
and a thkestethal aapceymutd a‘sj fog ekamplbgthe pdbwharsapplgnisrfositumed oh))GB3doffwate 6

depi cts one embodi ment of a calibration routine 800 according to an

i 11 ust foatihe/ S0RIEEAMHS T8 DEing the dRn 16BFRntBroutife 608 enbodi ment, the
calibration routl ne 800 Is a software routine executed by t he caI i bration

unen. o07SS ALTE ALt b 3he %%’Pgﬁt‘lﬁﬁ%% R R TR A
ur i ng &% 9@%#% by s tlaon prkls, A G e B e e

bel ow, the cali br ation routine 800 enabl es the open | oop. contral routine
600 t odatermrnesryhsther fe Giteraator usiag ﬂzedmené@opr@mrph@utm@@ i§SAtEEDYt he open

| oop control routine's 600 performance is inproved over tinme. [0094] At

st ep Sdugrmiitieg wdiethor taeiamplifieuisiactvea(e., enahl¢dvand wihisther theanput@eiwsusithe wr i t t en
to the calibration array by the open |l oop control routine 600 at step 620
and t hiaped spgatislaboye £ Gt (akshobltIf e adiidifet issinapled 268d thelhieput poiver off then
routine 800 then determ nes, at step 808, whether the closed | oop control

rout i NgyfiQQa8isr48BR g ﬁrﬁ%re@ﬁ%ﬁdﬂﬁh@opdnﬂo&ﬁ@oxﬁﬂ@ﬁﬁitﬂ@ 8D idchen&d Abspei on

routlne 80 checks to see if the closed 'oop node flag is present. |f not
e., de flag is present), the calibration routine 800
cI ear sloégg%"ﬁ&% %tggﬁl%gunter at step 812 and proceeds to retrieve further

rout i nIORIONT 555 bl orepnaor Rl b GR (i obiSE PR SERLROTR ST

calibration counter at step 816 and proceeds to process the data. In this

f ashi obeing weed gamodifyet l@ﬁstroae charactgngics the ippyodenab sinppe snipodinggyt they ¢ he
calibration array by the closed | oop control routine 700. [0095] At step
820, tbmendadp dmérbl mtine 00 netp8BOwd sigaalyj oresapitde btbeingrasedad niwdefiyiann count er
is between a | ower threshold and a higher threshold. If not, the

cal i br&h%lﬁﬁdé Sftthé RHuBHOndl@hd bAS cdpabRioF PP 4isédtormbditey phdsy l’ofﬁﬁrm}ﬁlﬂt a from
the cali ratlon array If so, the calibration routine 800 extracts, at step

824, beéu Jag thOPpHn 185983 rofRAhE 808 bﬁ@hts%wneammrwot he

second rror omt e ca ration array. By ensuring that the calibration

fﬁgnzgé ijerné 18%6&86%}}6?%&1’1%6'80%%86%’&1?%h0| d tig(; O(l:O%tI%[ O(El?gg %6@11&6% a él 824

res’t e data
first witten to the cal tion arra the clo control routine
700. RdR Rlle creied, Eoh el B isesaeq REloBooHh gesg%ﬁt@fﬁﬁ?;ﬁegx&%h%raww. tten by
the cl osed Ioop control routine 700 to the calibration array after the
cl osedrdutioptocgsmeratd the etlcpsiony signalde be gntprted. alliloplsypdable imanchiane. , when
the anplifier is nore stable). Simlarly, by ensuring that the callbration

count eemb&lilnestscah fbarindexbd b ére ihputgehet df the inpue signdc Badédan the isgue pod24, t he
cali bration routine 800 ensures that it processes data witten to the

cal i br gf the Mk Sigial R¥trhdigd & sespesb4l BRRPER MohRbntr@lubhtie: 60d0osealp 4 he start of
the cl osed lI'oop control routine 800 (e. g., near the start of a pul se).
corresponding table value. The value may be, for example, indicative of the current or the
voltage of the signal to be outputted, at step 616, by the open loop control routine 600. The
open loop control routine 600 outputs such a signal at step 616. In another embodiment, the

open loop control routine 600 uses a look-up array created, for example as discussed below

with respect to FIG. 6, by a calibration routine to generate the at least one signal to be
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[ 0096] At step 828, the calibration routine 800 determ nes whether the
first error and/or the second error is less than a fixed amount. If so, the
anpl i fi erwbasismedan! i zed and the calibration routine preceasgsomo2zriep 832.
O herwi se, the calibration routine 800 proceeds to retrieve further data
fromthe calibration array at step 804. At step 832, the calibration

rout i neutpgede Tihe destksyp dnraynintshieh enembedimentrean be aydexedby thedaputpower of en to it
by the closed | oop control routine 700. [0097] The calibration routine 800
gener athe snpudikighdle BaSlbon th éneinbowersofubethphysigiat expeied aaRpdod] theloperout | ne
600, at step 628, to initialize the filters in the closed | oop control

routi nl%oﬁ@@ntro-[?&ltﬁl@t@l)@@oldgﬁﬁp D@ ricBsNa (e Ryt TROVREY Phy bB&ot Nput si gnal

and stored in a | ook-up array. In one enbodi nent, the callbratlon routine

800 Ho&andp q@é’a&ﬁgo?bﬂ %ﬁuﬁﬂ ren@“ﬁ{dr%y%tf? fidse of e ff g{ni Qér?aﬁ.lﬂln routine

800, fo gener 28 th parti I nput power

f th dd I f th t t ot
wei gh?%{qﬂésﬂ@' dip %&wﬁ%&aﬁ% DUl aT TG R per S RBTHAL REPA 1t hat
i nput power |evel. [0098] At step 840, t e cal bration routine 800 uses the
entrié eg@ﬁ@@?ﬁé"@f"@?@ﬁ’%@@aféteﬁgg‘éramdﬁ@rkl?ﬁ‘ﬁ heelng toradinsé the\enfrido open | oop

control routine 600 at step 616. In doing so, the calibration routine 800
ac coundesotng fort deombimeatitnistrodeded yithe hasdwersfitiye stahilizatiogwagdulef Therpen
stabilization nodule. For exanple, the calibration routine 800 runs the
same alogp tontfolrdiiak 608 thianusbythe hdjusicd sady tooggmeratnthe at lepsiwne sgnl00 at st ep
720. The val ues generated by the calibration routine 800 are stored in the
| ook- ugy, @ﬁh%ﬁs&gggg] At step 844, the calibration routine 800 sets the
calibration counter above the higher threshold of step 820. In such a

fashi O@OS(H 4o %nb%ﬁﬁ-i’fén‘%gmt NAbrdb & &iﬁ+ Egﬁ al B%rb(%ﬁ? ﬁ]dg%nﬁgproﬁﬂﬁé’ 6&?%%&5 es the

entrie ues once per present 1 nvention may be

provi daetdste%s628 "ata o the calibrati ul:[o% ine Yy wn?mg the data to a calibration array. Ata

minimum, the open loop control routine 600, in such embodiments, outputs an open loop
mode flag to the calibration routine. In one embodiment, the open loop control routine 600
also outputs the input power of the input signal to the calibration routine. In another
embodiment, the value of the open loop counter is outputted by the open loop control routine
600 to the calibration routine.

[0081] At step 624, the open loop control routine 600 determines whether the open loop
counter is greater than a second threshold. If yes, the open loop control routine 600 proceeds
to step 628. Otherwise, the open loop control routine 600 proceeds to step 632, where
execution of the open loop routine 600 is momentarily delayed before the open loop control
routine 600 again extracts the input power of the input signal at step 604.

[0082] The second threshold of step 624 and the delay present in step 632 ensure that the
open loop control routine 600 is executed for a minimum period of time before control is
passed to the closed loop control routine 700 at step 628. Consequently, the amplifier is

given a period of time to settle before the software routine 500 transitions from the open loop
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prograns enbodied on or in one or nore articles of manufacture. The article
of manufacture may be a floppy disk, a hard disk, a COD ROM a flash nenory
card, a RRONb1o9R2¥ a ROM or a magnetic tape. |n generalrjuskén®/ 022202
conput er -r eadabl e prograns nmay be inplenmented in any programm ng | anguage.
Some exanpl es of |anguages that can_be used include C, C++, or JAVA The
sof t waiostpg oY} trthe plajeddaon riting 786 By onerprghiodiment e secgnd itupeholdet step

manuf acture as object code. [00101]FIG 7A depicts a stabilization nodul e
900 f 0624sis augiablez ilmgnathenv@ibadowent, e delag pyesentdn step OBF it tuaalderi t chai n/ pat h)
910. Generally, the stabilization nodul e 900 noves the feedback | oop from
t he RF[0083]oRéferigRigtin t6fsapwdBif fies dnipliffer isi@adivilor theefowtd devieFbGhe diput 0 a
sanple of the RF signal fromthe MR system magnetic bore 920. The MR
pover geddl Yebelovs ¥ Hr&thiBdbli N6¢ BE8SIooEontio? rdtfine 6D pidREedsa0 steg)res:;a.m't' fier

404, various lengths of RF cabl'e 912, a transmt/receive (T/ sw tch 914,

a noni ! upl 9 . i . :ahe

magnet %tgﬂ %ﬁé&&ﬁ.)”i%noa %"g‘gé’ﬁ%q‘blf‘gg%mtiﬁﬁﬁésﬁ‘u@%?ﬁ%%ﬁw%oﬁ %22, In one
enbodi nent, .th abi lization nodul.e 900 includes, but i t lLimted too,
b r ocdEas: . Ttippas opcoipl st caflgroterario 25y 637 io. HisPrecong
controllers 432, 436, AID converters 460, D/ A converters 468, |evel and
phase loap sonted gowine A0 pyasepds tostRiotlr Ad3ter1ods the epatloop Kantlaetingnagnet i ¢
field strength in the magnetic bore 920 though a pick-up coil or antenna
932. |¢utpitsal ldash encisigeal sapabde ofzing wred ¢o madifp éhefat densoons dheragtepibtic eff i ty of
pi ck-up coils or antennas 932 |l ocated within or in close proximty to the
magnet the inpuk sigha0 In dheembadiarti thiofs ddhe By bsihg tiedobk-0ptabd3@s distwssednnect i on
to 448, and associated pick-up coils 932 in the nmagnetic bore 920 all ows

the sy%gg\@@qegpgaqgrsfegcéléi_ nreal time for gain and phase errors in all of
t he conponents I'n the transmt path 910. These errors can be caused by,

but ar t.lim: t rat e,. St andi i VSVR) ,
pat i onOBEA ol i dovtr 1 SIRRLS ekt B RLADT 1Y AL VLR
whi ch can change the ath over tine. [001Q2]In the_illustrative.
embodi NeP Qﬁc}%ﬁ? opf,gmlpdigient. 2heven in wsmf{féhlég%sf]ﬁ lﬁhid@%ﬁf%@?f afdeyelis o)
comuni cation with the MRl power delivery system 910, includes a

conbi nehosernsush thah thepmplifies dekayes lingaely atipuspawerdeels balew dhe ehsserplitstessor
408.

threshold level. In such a fashion, the actual input power of the input signal, so long as it is
below the first threshold, will not be relevant to outputting the at least one signal at step 640.
The same at least one signal, where the input power of the input signal, regardless of its
actual value, is below the first threshold, may, therefore, be outputted at step 640.
Consequently, step 640 need only be executed a single time. To ensure this is the case, the
open loop counter is cleared at step 644.

[0085] Referring again to step 628, after the open loop control routine 600 determines that it
was executed for a pre-determined period of time during which the input power of the input
signal was above the first threshold level (i.e., steps 604, 608, 612, 616, 620, 624, and 632
were continuously executed for a pre-determined period of time because the open loop
control routine 600 always proceeded from step 608 to step 612), the open loop control

routine 600 passes control to the closed loop control routine 700. In one embodiment, the
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[ 00103] Li ke the stabilization nodule 400 of FIG 4, the stabilization
nodul e 900 receives, froman external source (e.g., a signal generator), an
i nput si gwel20l@oed a preanplifier 416. I n one enbodi mercy/ush@oiorz2ot si gnal
412 is a pulsed RF input signal. A directional coupler 418 then sanples the
pre-anplified input signal 412. Afirst sanple 420 is input to an error

anpl i foren lagnconfa] routine 6@ Brildplizasgt sem 628, ifdtersrfpripse; at sierf 716 by sharplossi| er 432
and to a second controller 436. In one enbodinment, the first controller 432
i s a gabpcadrd] rajtiner700 wetderntvesrgedetated afor axgrhple asldesofibédbelowprith simpoal 412,

I n anot her enbodi nent, the second controller 436 is a phase shifter, used

to rTDdﬂofBlG%,p?zge cSlibrhtivh dofiiké. Theddhddiestha coespdfs €J the@de BEMOYY signalddi f i ed

i nput si gnal is output by the first controller 432 and the second

contr ' t | f1icen . j rent
The. s g e S ool AR e S o P B P b ok
signal 444 448 of, the

represent ati e of an.output..signa hybri d coupl er

330, 1 S el RO dr R Pims ey P B oS loop Baf frsE Bt B orr or
anplifier 424 includes |ogarithmc intgr di ate frequegg% (ng%lF)
anpl i f9MEresnbPIEMErs, anGRAY; PiesRRts FeARQuS by gl te 1noreass oF dediese didback si gnal
444. The error anplifier 424 generates a first error signal 452 and a
secondameplitade of the aipungignal Theaddthes embodisrensjagreairy aaresentsaadirpuat Por  si gnal
456 is, in one enbodi nent, representative of an anplitude error between the
i nput whigha shift Zheapidhsé betht el sighals ilg nad erdéddiment, dreanirers aentioctd gt t he
first error signal 452 / second error signal 456 is representative of a
phase @libRitioR ebuvee in, BLetatipl, obk 9P Rorddibdkapdriahe Tiesdbasys mhpbaindddd.

by input power of the input signal. Thus, based on the input power of the input signal

extracted at step 604, the open loop control routine 600 can look up and use corresponding

entries generated by the calibration routine to initialize the filters of the closed loop control

routine 700.

[0086] After the open loop control routine 600 has passed control to the closed loop control

routine 700, there is a delay at step 732. In one embodiment, the period of delay in step 732

is adjustable. Following the delay of step 732, the closed loop control routine 700 can extract

a plurality of signals at step 704. In one embodiment, these signals include the input power

of the input signal, a first error between the input signal and a feedback signal representative

of the output signal of the amplifier, and a second error between the input signal and the

feedback signal. In one such embodiment, the first error is an amplitude error between the

input signal and the feedback signal and the second error is a phase error between the input

signal and the feedback signal.

[0087] At step 708, the closed loop routine 700 determines whether the one or more criteria

for using the closed loop control routine 700 is satisfied. In one embodiment, the closed loop

control routine 700 determines whether the amplifier is active (i.e., enabled or unblanked)
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[ 00105] I n one enbodi nent, the stabilization nodule 900 includes three
analog to digital (AID) converters 460. The AID converters 460 i nput

di gi ti zedwvoepreemenvat i ons of a first signal 464 represemrcatusz@oob22ohe i nput
signal 412, the first error signal 452, and the second error signal 456 to
the processor 408. The processor 408 perforns signal Procqssing to generate
t he cosndrwliethsr dreingut peesrer of thegupys gigne sabowerﬁethnﬁsgdﬂall the critesiadgy (D A)
converters 468. In one enbodi nent, the processor 408, as shown in FIG 3,
uti | i zesisfidie tieataed lapndonabl rondid 20BRAGcads td §tep THL. | Iimat, itleersoftodd e 360. |1 n
one enbodi nent, the processor 408 executes the second control nodule 308 to

| mpl enBRitin@s @) RELAs 10ARP oI TobP bortRN kutRe 600 adE xR thE In SWérBTke the
digital control system 1including the AIJD converters 460, the processor

208, il Ao PhAGARNE 105 A0 inlche B LI o rebage i afwanpan cont ol

system nat 1 t he éontrol systemis only partly replaced

by an anal o ontr ol sie 0106] I n_on nbodi.nent .. when th rocessor
abs” T npPBRaT Fone ol lektinas Becdtlest SR ST ReRny Sk e PriBoB g
control nodul e 308 generates the first signal 472 cgpable of being . used to
modi f ycankrel youpine 60G,trallopetor adevel o hyskesesisandito oreygng the soltwarg r?lﬁgleégeond
signal 476 capable of being used to nodify the second characteristic of the
i nput &emregeling betwaen dinceopemijoett eamtiol rautise 690 and bh glased opsopnigolgputiige | nput
signal 412 is the anplitude of the input signal 412 and the second

char acT@®y, i Weteth®first tieeshofldndsthg tha¢shdiAised irt the clobabpoptotithd rowmmet706i gnal

412. [00107]FI G 7B depicts another enbodi nent of a stabilization nodule

900" f Qfuab bl Wetekth® th pditr FTANEIPGIEY EnAE Uiy B SlgRTlY Mout BRRS trésheldal n/ pat h)
910. (ﬁﬁ%grally, t he g?égilf}ationpnné%le %gg¥ égdéﬂanl%dditional or

secondgry, & eedhagk,! s%%oh@gg él% Béeg@%ﬁlaeisd}%{? ;}5&{;5%3&59&11&&@@6 iffnmé24 (FIG

4) for the prinmary loop, he primary | oop

closed loop control routine 700.

[0088] As will be readily understood by one skilled in the art, the hardware used by the
stabilization module to generate signals representative of the first error and/or the second
error will be imperfect. The hardware will, therefore, overshoot or undershoot the true values
for the first error and/or the second error. In fact, the hardware will introduce a predictable
variation from the true values of the first error and/or the second error for each input power
level of the input signal. Accordingly, in one embodiment, the closed loop control routine
adjusts, at step 712, the first error and the second error measurements provided at step 704 by
the stabilization module hardware. The closed loop control routine 700, in one embodiment,
uses, at step 712, a look-up chart indexed by input power level of the input signal. For each
input power level, the look-up chart lists the expected overshoot or undershoot of the true
values for the first error and/or the second error. By adding the expected overshoot or
undershoot to the first error and/or the second error measurements provided by the hardware,
the closed loop control routine 700 therefore derives the true values for the first error and/or

the second error.
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that conpensates for a loss/shift in the RF path of the MR power delivery
system (RF transmt chain/path) 910. The MRl power delivery system 910

i ncl udes,wbubiovmogzot [imted too, an anmplifier 404, varipouassc@ogiizez of RF
cable 912, a transmt/receive (T/R) switch 914, a nonitoring coupler 916,
and the MRl system magnetic bore 920. The magnetic bore 920 includes a

pl ur al 09§9]dPnavehncloseddody carrtrad oputine §90 hag appoonsiatal edjusted the fiteerror
stabilization nodule 900 includes, but is not limted too, a processor 408,
a coupdndfor ckecdid Gtoranstep LD tHe elbsaalrloapracbﬂnfoﬂ engind Aéterminds, at ftep §16,and
second controllers 432, 436, AID converters 460, D/ A converters 468, |evel
and phggg oﬁ@&ﬁomﬁ@@nﬁﬂlf?ﬁt Y& Tond cERAREMSIC TR IhP@isiSRNSES dxbfple, in one

el ectromagnetic field rength in the magnetic bore 920 though a pick-up

coi | of Qﬁrﬁ athg%ﬁosed foogfapﬂércsl & %%rd%{eglglgl Flf'x%a}n B it %dhﬁ%ﬁ‘ one to

a plura s or an ennas ocate n or cl ose

pr oxi net| re 920. brid conbi ner 930
and as@’&%}t‘é‘%e‘bkhg‘? Wﬂhgg@glap 0l%t9 l‘fl(hdl%r }B'grs]@nﬁlzgngl?t the system
900" to correct in real time for gain and hase errors in all of the
conporsprasiment; the chsed 108H§ﬁﬂ¥°168?tlﬁ097@@ deﬁeﬁ@%séﬂycﬂ‘@ of e B caused by, but
are not limted too, tenperature, voltage standing wave ratio (VSWR),

pat i entfoshwetiondcinamintsalln wow embedimeatds diseussed ahovetba bloseshlopp cerrolal | of

whi ch can change the RF path over tinme. [00108]In the illustrative

enbodi watitie FIU0WSs sdcbed sidebfiltérs pdsi doounmated By 200! Viterbi, thdéternine theet temstc al
comuni cation with the MR power delivery system 910, includes a

conbi Nl {. RRLHNREy, 20 SRR, sudl Bs, T8 dxuRibRe, b WRSpoRodahBrtddigICessor
408. nfﬁﬁoa%%él]gu ke the ez}éablglls?’gatl on r?gdulse 400 o? FI g&ﬁ) , the S?g;bl l'ization

nodul e rator),
a1 ol 3pg RER Bipb5Piqnal ARRN dEil ARl 3 BE i B e BGRLONGD BRRST 7T
signal 412 a pulsed RF in al . A directional coupler 418 then
sanpl e@“?‘l’f’ejﬂg’r% S%ﬂﬁﬁgft?gﬁte EE‘h ﬁ%ﬁﬁ%%ﬁ“ uﬂ?fl rst sanple 420 is input to
an error anplifier 424, while a second sanple 428 is input to a first

cont r ol0089] ta AP /34zthe eloserbloen Renten] F‘é%tmﬁgéo of; rﬁo&?é“g}%gﬂ?‘ﬁ%nt the first
controller 432 is a gain controller, used to nodify an anplitude of the

i nput &icowmas, addt2p 720, fanthe men-limedrititis imtmducedey the berdivaroof thelstabiliza®®r i s a
phase shifter, used to nodify a phase of the input signal 412. As descri bed

bel ow, madwedid bRtuth Bibodin@ne theddBseddospicpttol fwtih& 200 tuns tan alpotittoh keer 432
and the second controller 436 and input to the anplifier 404.

adjust the desired amounts determined in step 716. The adjusted amounts are then used to

generate the at least one signal outputted at step 724. The algorithm is implemented to
choose the adjusted amounts so that the at least one signal outputted at step 724, following
any distortion brought about by the hardware non-linearities, is in fact representative of the
desired amounts determined at step 716. In such a fashion, the algorithm compensates for the
non-linearities of the stabilization module hardware.

[0091] After outputting, at step 724, the at least one signal, execution of the closed loop
control routine is again delayed at step 732 before the closed loop control routine returns to
step 704.

[0092] At step 728, the closed loop control routine 700 outputs data to the calibration routine

by writing the data to the calibration array. For example, the closed loop control routine 700
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[00110] I n one enbodi nent, the anplifier 404 is used in the MR power
delivery system 910. A feedback signal 444, representative of an out put

si gnal 448o0abiddoas2anplifier 404, is also input to the ercorusamploef2oer 424.
An input signal 420, also 936, and output signal 934 representative of the
RF hybrid coupler 930, are input to the second error anplifier 424'. The
out putouspun tiednps powgnel the Gipus signalutherdigstierron thewecend erorathglat fdastrong24 (FI G
4) for the primary | oop within processor 408. In one enbodi nent, the error
anpl i fameswsit (&2dnind® 4t step T, ankba tlogal lobpmode iflag & the dakibratidn sagtieeicy (LOG | F)
anplifiers 426 for anplifying the first sanple 420 and the respective the

f eedbaglo EItR bYep#oneRthodinddif o€k Eallbra rofifiy S04 caRNR Bla@s a first

error signal 452 and a second error signal 456. The first error signal 452
| seco Lor. si g Is j: I , t.at d: f:.an

armpl 1 ¢ et @by d0fe ienkth. OB THRALERR ot AR S
signal. .In anot.her e inent ..the fir si gnpal. 452 / ond error

si gnal SOAEYrg 1oU 3?)?’&%@%?3’?’ {{Eeec%]fbmgloﬂﬁ%% ee%o:)?ﬁ}?ecﬁagrgho? F.Oe““inﬁ§§ “Signal 412
and the sunmmed feedback signal. [00111]1n one enbodj nent, e stabilization
modul esxsoused,iip eng eraRodimerk Wsa el the orRng PR Fortigl Eﬂ“"@ﬁﬁ@éﬁ?‘iﬁ? 03%‘6. The A/D
converters 460 input digitized representations of a first signal 464

r epr eslenp atritiod rofting HOO0 jargpidte. Jiogesample.xhe ealdrationgouiéng #0 isiegeratedslpingand t he
second error signal 456 to the processor 408. The processor 408 perforns

si gnal thpdelag &fitodgcddobyggasrGiRent foe 78nAs déscsibethml detdihizeloway the oalftpatidned to t he
digital to analog (D) A) converters 468. In one enbodi nent, the processor

408, a%uBROYID dmablel Gie ohenWdp doafs] 1008nE 6PV esA HohDthe Fsbed Brop@Bnasld t he
calibration nodule 360. I n one enbodi nent, the processor 408 executes the

Secon droﬁﬁfgér f(gjﬁglgﬁgxﬁ%tﬁ[%ig gﬁ%n; 188#-) PR RITeSing’ s‘@O@?@ﬁoﬁRﬁﬁc @é)i%Lffr_ ed Rt {iﬁ@.b I'n

yet anot gital control system 1including the Al
conver 460 or 408, d t.h A t 468, i tirel
Fep! actioB ACen O o GBRRRGR & e aiD i SRR Rl Wi e e ot ol
Do PRARTORAERY PHANASB ST BT RSP0 B Scioregpop conel | "

routine 700 at step 728. The calibration routine 800 then determines, at step 808, whether the
closed loop control routine 700 is running. For example, in one embodiment, the calibration
routine 800 checks to see if the closed loop mode flag is present. If not (i.e., the open loop
mode flag is present), the calibration routine 800 clears a calibration counter at step 812 and
proceeds to retrieve further data from the calibration array at step 804. If the closed loop
control routine 700 is running, the calibration routine 800 increments the calibration counter
at step 816 and proceeds to process the data. In this fashion, the calibration routine 800 only
processes data written to the calibration array by the closed loop control routine 700.

[0095] At step 820, the calibration routine 800 determines whether the calibration counter is
between a lower threshold and a higher threshold. If not, the calibration routine 800 returns
to step 804 to retrieve further data from the calibration array. If so, the calibration routine
800 extracts, at step 824, the input power of the input signal and the first error and/or the

second error from the calibration array. By ensuring that the calibration counter is greater
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control routine, the second control nodule 308 generates the first signal
472 capabl e of being used to nodify the first characteristic of the input
si gnal 4MRoanth/®beosecond signal 476 capabl e of bei ng uged/useommeizby t he
second characteristic of the input signal 412. In one enbodi nent, the first
characteristic of the input signal 412 is the anplitude of the input signal
412 antan hbvee tdoashobhbefactpocestling tostep 824, thgperlibsatpnabutiik2B800sensives thatise of
the input signal 412. [00113]FIG 8 depicts a stabilization nodule 400 for

st abi | ik abd3GhotProdsistd tht Aatadidé: ittterto Ahelculibeatioh afraf By ithd ¢16dedaddp/@ngbodi nent
of the invention. In the illustrative enbodi nrent shown, the stabilization

modul €40k 70M1 Eelthd: Sthb Ral rﬁ%r{jlioﬁﬁhe S’Wﬂﬂe(%%%dg@ss"ﬂattahwhﬁ@n 8yalel ddses 404,

i ncl udes a conbi nation o ardware and soft The software runs on the

proce 31% g%l rr8o$ éc[u?igl% ;761) Egﬁlﬁsc% 1briaéi(i>nz %{l‘%&?ﬁegﬂgeuélgseéngpg%%l rio}i%gltig% 5@5@1&%”

extern ower sup an 1 npu

pre-anplifier 416. 1In one enbqdinent, the in signal 412 is a pul sed RF
i nput SngeHA Perﬁjddﬁf F@Ft(i"é'n&’l%e’& ifigy W%ﬁpag’kﬂpbggl??r}ye {SFES.‘J&%RI?% ed

i nput signal 412. A first sanple 420 is input to an error anplifier 424,
whi | e the salihsatibnseatipiesisdes than 3 higher thegshkold belore proprading testep$24ethe to a
second controller 436. In sone enbodi nents, the stabilization nodul e does
not i nelibtchtionmowine 800 anpiréd thatrit giddesstrudata wrigteretodthe talébrationcariayrgithey of t he
error anplifier is inplenented in software with, for exanple, a

denmodudiadet Nebp dbnEb] AtihE7QD nead theldart biNE tlRBedloop cohtvd] déutRB0a(E.gN hear
[00115] I n oné enbodinent, the first controller 432 is a gain controller,
used tq. Wiy pulse).
[0096] At step 828, the calibration routine 800 determines whether the first error and/or the
second error is less than a fixed amount. If so, the amplifier has stabilized and the calibration
routine proceeds to step 832. Otherwise, the calibration routine 800 proceeds to retrieve
further data from the calibration array at step 804. At step 832, the calibration routine 800
extracts, from the calibration array, the amounts written to it by the closed loop control
routine 700.
[0097] The calibration routine 800 generates, at step 836, the entries used by the open loop
control routine 600, at step 628, to initialize the filters in the closed loop control routine 700.
The entries may be indexed by input power of the input signal and stored in a look-up array.
In one embodiment, the calibration routine 800 uses a weighted filter to generate the entries.
The calibration routine 800, for example, generates the current entry for a particular input
power of the input signal by adding a weighted value of the extracted amount to a weighted
value of the previous entry appearing in the look-up array at that input power level.
[0098] At step 840, the calibration routine 800 uses the entries generated at step 836 to

determine values for use by the open loop control routine 600 at step 616. In doing so, the

calibration routine 800 accounts for the non-linearities introduced by the hardware of the
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an anplitude of the input signal 412. In another enbodi nent, the second
controller 436 is a phase shifter, used to nodify a phase of the input

si gnal 41R0 20m/dexeri bed bel ow, a nodified input signalPcdAB2018/00220put by
the first controller 432 and the second controller 436 and input to the
anplifier 404. [00116]In certain anplifier systens it is beneficial to

i ncl uckatakizatign madsle. (for gxamplr, the splihraion rapting#00gynpthe spae elaorithm thabifpl i fi er
to isolate (or protect) the anplifier fromsignals (e.g., high power

si gnal mih by izt clozed leoy emttoheoutine G006 atmoept 720 EHeevabuep gedarated bfFdre exanpl e, in
mul ti channel anplifier systens, electromagnetic energy created by one

anpl i f dagibrati¥s tQAINEBY0 dRRSHel abihe 166k-6b a8kt ed to the output port of a second
anplifier system The el ectromagnetic energy fromthe first anplifier

Y5t Cob01RPA €401 SRBHIBA ARRE R0 s e Aol LRy SSBO0 R TRlct | e

systemor, in sone cases, It damages the secon | er syst

Accordin I.n_S I NSt ance an .i sol at i l,.aced at th ut put port of
the anieepdia o 8o BT, I RsRaTERoT e ERsfithafe SBFaER TpRRRIRYS P
three-port devices with an input port, an output port and a | oad port. The
nor e 8@etatss theomtpes ard the ¥alresoncq P RYS- i nput port, through the igol ator,
and out of the output port. Any RF signal entering the output port is

di r ect @8140r oughTheresenbingensiontmay bepropidad poene qiBele computeraeasiablgat ed as
heat in a dunmy |oad. [00117]1sol ator operating properties vary during

oper at prograaR @nbetlisd@n ousesne or more articles of manufacture. The article of manufacture

may be a floppy disk, a hard disk, a CD ROM, a flash memory card, a PROM, a RAM, a
ROM, or a magnetic tape. In general, the computer-readable programs may be implemented
in any programming language. Some examples of languages that can be used include C,
C++, or JAVA. The software programs may be stored on or in one or more articles of
manufacture as object code.

[00101] FIG. 7A depicts a stabilization module 900 for stabilizing an MRI power
delivery system (RF transmit chain/path) 910. Generally, the stabilization module 900 moves
the feedback loop from the RF output coupler (forward port) of the amplifier 404 (FIG. 4) to
a sample of the RF signal from the MRI system magnetic bore 920. The MRI power delivery
system 910 includes, but is not limited too, an amplifier 404, various lengths of RF cable 912,
a transmit/receive (T/R) switch 914, a monitoring coupler 916, and the MRI system magnetic
bore 920. The magnetic bore 920 includes a plurality of main or body RF coils 922. In one
embodiment, the stabilization module 900 includes, but is not limited too, a processor 408, a
coupler 418, an error amplifier 424, first and second controllers 432, 436, A/D converters
460, D/A converters 468, level and phase sets, and an RF hybrid combiner 930 that senses the
electromagnetic field strength in the magnetic bore 920 though a pick-up coil or antenna 932.

It should be understood that there can be from one to a plurality of pick-up coils or antennas
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Therefore, placing an isolator on the output of the anplifier system nmakes
it difficult for the anplifier systemto operate consistently. In sone

I Nnst anceswoapay@bans use | arge, expensive isolators to redwseoheeff ects
of the variations experienced with isolator operating properties.

Accordi ngly, sone objectives of the invention are to stabilize the RF gain
pat h of32docatsbivahiaror imelosd predinaityt @rthé agmaticfbote 200. t Tie @agehicht efRByst em
stabilize the RF phase path of an isolator installed after the anplifier

and 1 egpeia chh®inkP Y0, 6Bl cofihdcBoR to 148 ah® Hsoéigled PR|AGACJIR 932 iefRttaghetesi I ed
| evel of performance. [00118]1n this enbodi ment, the anplifier 404 includes

an a £ FﬁQH =t r r.ol ld

oper g'?‘%dé%b%? al e gﬁgfs?«%lgp@ Fﬁ%ﬁ%{ @gﬁﬁc{%‘{ %E{g%&fﬁ%? hf;%eer%?r%ﬁa?lldeﬂrtﬂgnodul e
804 is provided to | sol.at ar |l e 812. An. out put, of the isol ator

rodul BwPE iy 8 R Rtk el s sPLPE Be] b ol A5 pRERBER! 1y e
RF coupler). One output of the RF Qutsut coupl er is an_ RF qut put signal

820. IRoJpmPeEREeivietage stuingravs raho (V3 Wihapatsnbsize mpchyiea angvgment,
transmt/receive switch via an RF cable (e.g., the transmt/receive switch
914 of ardlefgctridd) nonAlisesrisies, ablutfplticto¢ant dhengRRhORFmath Qerupine: 816 is si gnal 448
which is an input to the error anplifier 424. Because the isolator is

| ocat e@oyehi n tlhehedhktistivel eptipdivherit Boveryphd dtatsitizaipatresduld 960, ophérhat i on of
the anmplifier systemoperation accounts for the effects of the varying

oper at jngcR@P&IhmERicRior Wih HRARY BowetdeBvayal tenSNbainefudesised by the
I nventors are the UTE M crowave (Asbury, NJ) nodel CT-1783-S isolator and

el g 9N S TR ook vt 0,2 =
[00103] Like the stabilization module 400 of FIG. 4, the stabilization module 900
receives, from an external source (e.g., a signal generator), an input signal 412 at a pre-
amplifier 416. In one embodiment, the input signal 412 is a pulsed RF input signal. A
directional coupler 418 then samples the pre-amplified input signal 412. A first sample 420
is input to an error amplifier 424, while a second sample 428 is input to a first controller 432
and to a second controller 436. In one embodiment, the first controller 432 is a gain
controller, used to modify an amplitude of the input signal 412. In another embodiment, the
second controller 436 is a phase shifter, used to modify a phase of the input signal 412. As
described below, a modified input signal 440 is output by the first controller 432 and the
second controller 436 and input to the amplifier 404.
[00104] In one embodiment, the amplifier 404 is used in the MRI power delivery
system 910. A feedback signal 444, representative of an output signal 448 of the RF hybrid
coupler 930, is also input to the error amplifier 424. In one embodiment, the error amplifier
424 includes logarithmic intermediate frequency (LOG IF) amplifiers 426 for amplifying the

first sample 420 and the feedback signal 444. The error amplifier 424 generates a first error

signal 452 and a second error signal 456. The first error signal 452 / second error signal 456
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transm ssion lines over a length of one-quarter wavel ength, correspondi ng
with the center frequency of operation of the coupler. The main and
secondar ywbi2omave2e separated by a cal cul ated physical ecstispe/oxdzozh
determ nes the coupling factor of the device. The physically closer the
lines are to each other, the nore power will be introduced on the secondary
| i ne (ianig ome eobadimgnyg reproseatasive plian applitude emontietwden theénpuesignal diglandg
denotes how nuch of the input power is sanpled to the coupled port and is
def i nethe dsedbéck sigred 44h elnr abther efbbdimede dic fReveroraighaF4f2vadecortdossr (C = 10

| ogl (Pf/Pi). Typical coupling values found in practice are 3, 6, 10, 20,

30, 40signabA56/ B reprev@Rive oflaPhbdeCedtor beidft¥n GRURPUREENMPA UeaiBYe RRJIBRKAI ned
t hrough proper design. An exenplary RF output coupler used by the inventors

is a sgriphipe coupler with a 60 dB coupling factor. In some enbodinents,
the output coupler is a one quarter wavel ength coupler or a shortened

coupl e g., less than.one arter)..Iln s odi.nents, the output
coupl et(mﬁ@s]a na eocniec?“%’r()dV]&%% © %@@%ﬁond’é%cﬁg?‘?%ﬁ’fie%@ﬁ?ﬁ aélfjd?)g[t%mZO] I'n
one enbodi nent, the anplifier 404 is a pul sed RF anplifier. |In another
enbodi #gitdl (AdRbcomypiters #aY- TherAf1d coryearersfoQinpukdigifeadagpresentationp aEk si gnal
444, representative of an output signal 448 of the anplifier 404, is also
i nput fitst sipeal ¢64 oapreseplativé ef tha Jput signal id 2 cthrd Hidkit wernt sigedldSarandrthanpl i fi er
includes logarithmc intermediate frequency (LOG IF) anplifiers 426 for

anmpl i f secogl érieg sidnab456@rthe proéSocdis. tThe freeddvadRS peiforais dghdl prboessiagr or
anplifier 424 generates a first error signal 452 and a second error signal

456. TRechéhith&Ediol SigHMNakhaf 3R Jutfife@iditeIdigfal & 4RIy #FR) ténvelttrs A6E.
enbodi nent, representative of an anplitude error between the input signal

412 a nﬂl Af@g %}Jb%ﬁﬁ?&?‘tlé? b%?@gsoﬁ%, aé@)é)%QB h&s. ?,’IR&QE%@ tseco%xﬁgmfpl)t-h(;ls t error

si gnal secon Sig I's representative o ase error
e oo B e S R B S R o
the second control module 308 to implement a closed loop control routine. In yet another
embodiment, the digital control system, including the A/D converters 460, the processor 408,
and the D/A converters 468, is entirely replaced by an analog control system. Alternatively,
the digital control system is only partly replaced by an analog control system.
[00106] In one embodiment, when the processor 408 implements the open and closed
loop control routines, the second control module 308 generates the first signal 472 capable of
being used to modify the first characteristic of the input signal 412 and the second signal 476
capable of being used to modify the second characteristic of the input signal 412. In one
embodiment, the first characteristic of the input signal 412 is the amplitude of the input signal
412 and the second characteristic of the input signal 412 is the phase of the input signal 412.
[00107] FIG. 7B depicts another embodiment of a stabilization module 900’ for
stabilizing an MRI power delivery system (RF transmit chain/path) 910. Generally, the
stabilization module 900’ adds an additional or secondary feedback loop that is summed into

the error amplifier 424 (FIG. 4) for the primary loop, causing a “bias” in the primary loop
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digital (AID) converters 460. The AID converters input digitized
representations of a first signal 464 representative of the input signal
412, the wonsto/moa2or signal 452, and the second error sipgmals2ei5621202t he
processor 408. The processor 408 perfornms signal processing to generate the
control signals that are outputted to the digital to analog (D A)

conv er thetreompgBsatasrfoom bose/aifdn teRE pathef ﬂred\dgg poweridrdivenyclysiges(Rthe fir st
control nodule 304, the second control nodule 308, and the calibration

modul etrashit dhaindpach)@tOodihediR] pdwe dplivae sgem 0% incweies it i not $iimiednt r ol
nodul e 304 to inplenment an open | oop control routine. In another

enbodi {8 Mn anif18icP 404 8% 56ls RASHY bERF thisle HEEANehrANIEadivaONR) SwiiB9 1492
i npl enent a cl osed l'oop control routine. I'n yet another enbodi nent, the

digit .0nt r ol i AC v ; cessor
205, - anafiPRireRpuSEd B bnd ML Sk oo 304 S Ao S ont ro
system ternati.yel the.digital ..c rol systemis I rtly replaced
by an lgﬁ@fiﬁsga @B?‘i’;h}/yo‘?y@?‘é’toé ﬁPdi?Bng’éT 18#? olﬁé’ng r?ﬂ%)aalmw%ﬁ%%ﬁﬁ?ﬂﬁlpr ocessor
408 i nmpl ements. the open_loog control routine, the first contrql nodule 304
gener anedula 960 ingludgs, dhis net limitad 50, 8 Percesser AYS. d<saupiend b dirstyng seqopd
characteristic of the input signal 412 and a second signal 476 capabl e of
bei ng wsedmplifimsdi2fy424’ stirsband sshendseontrollers 432,136t AQD compisttersidplalP/A412. | n
anot her enbodi nent, when the processor inplenents the closed | oop control

rout i né@nvéregs §68; 0@l anhphast semduld an REGhypeidepabarr Dh@tiat seskessthgnal 472
capabl e of being used to nodify the first characteristic of the input

si gnal ¢]&tdndifetid 1§18 8GN & BB aghdR KRPoR) Molbh B BicRUptRIhriaaterRal0Iy t he

second characteristic of the input signal 412. In one enbodinent, the first
char kgl PR ARE o P i Gl s 97
the i n&fﬁtlogeiltgdﬂl \%lthi%lozr in close proximity to the magnetic bore 920. The placement of RF

hybrid combiner 930 and associated pick-up coils 932 in the magnetic bore 920 allows the

system 900’ to correct in real time for gain and phase errors in all of the components in the

RF transmit path 910. These errors can be caused by, but are not limited too, temperature,

voltage standing wave ratio (VSWR), patient size, mechanical movement, and electrical non-

linearities, all of which can change the RF path over time.

[00108] In the illustrative embodiment shown, the stabilization module 900, which is

in electrical communication with the MRI power delivery system 910, includes a

combination of hardware and software. The software runs on the processor 408.

[00109] Like the stabilization module 400 of FIG. 4, the stabilization module 900’

receives, from an external source (e.g., a signal generator), an input signal 412 at a pre-

amplifier 416. In one embodiment, the input signal 412 is a pulsed RF input signal. A

directional coupler 418 then samples the pre-amplified input signal 412. A first sample 420

is input to an error amplifier 424, while a second sample 428 is input to a first controller 432

and to a second controller 436. In one embodiment, the first controller 432 is a gain
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[00123] I n one enbodi nent, the D/A converters 468 input anal og
representations of the signals 472 and 476 to the controllers 432 and 436,
respect i webyoiokmoszoe enbodi nent, the first controller 4®2Tusesiobkzoanal og
representation of the first signal 472 to nodify the anplitude of the input
signal and thereby mnimze an anplitude non-linearity of the amplifier
404. |eongn¢rhesedéorbodifrentamplitelesd tomidpatoignab# 1 2 rIngd6thes embedimentn teog
representation of the second signal 476 to nodify the phase of the input

si gnal seasidl donebR& 3615k phae shifeer,ARed ® modify & PEAE of thedhpitBtznagld. fAer 404.
As descri bed above, the nodified input signal 440 is then provided to the

anpl i fdte%érﬂf’egﬁoelo[v@ %Jr%dféﬁnp%lgﬁﬂ 1496 5 Rl dRithd BARE QoA LandQfe T OF

stabil1zing an povver del1very system ( %2 transmt chain/path) 910.

GEnerallghd Onrogqu% éa%ﬁ SHB?M#ﬁf%pEb ves t he feedback [ oop fromthe RF

output“%oup orwar e anplifier 404 (FIG 4) to a sanple of

t he al fromthe |c bor.e ower delivery
syst er'rmél i ncl Jgeue eH{‘PPd]in%e“}/rﬁ‘e f‘rfl f‘ dpusedn Mﬁ?@?’%ﬁe%u ous

| engt hs of RF cable 912, a transn1t/rece|ve (T/R) ,switch 914, a ponitoring

coupl esys@wloanédfqeﬁbamgr@%% renTBRgAatve obay euipgisigneh#Sefdhe pnplibgr e 920

i ncludes a plurality of main or body RF coils 922. [00125]1In certain

anpl i f40ek issysstieput to the esrdvemgliifier 424. tAn inpot sigeal 420, sl 2¥60 and eutput, sigral
isolator) at the output port of the anplifier to isolate (or protect) the
anpl i f9Rrrepreosmtivg et the RE.1ybrid RoghleIBOparesnynad the sbdvald emmy amplifier 424& out put

port of the anplifier. In this enbodinent, the anplifier 404 includes an

anpl i TR oyiRd Y RaRU42 886 %@WWM&% SFroPRBpIiRYr 424 (FIG. 4) for the
primary loop within processor 408. In one embodiment, the error amplifiers (424, 424°)
include logarithmic intermediate frequency (LOG IF) amplifiers 426 for amplifying the first
sample 420 and the respective the feedback signals (444, 934). The error amplifier 424
generates a first error signal 452 and a second error signal 456. The first error signal 452 /
second error signal 456 is, in one embodiment, representative of an amplitude error between
the input signal 412 and the summed feedback signal. In another embodiment, the first error
signal 452 / second error signal 456 is representative of a phase error between the input signal
412 and the summed feedback signal.
[00111] In one embodiment, the stabilization module 900’ includes three analog to
digital (A/D) converters 460. The A/D converters 460 input digitized representations of a
first signal 464 representative of the input signal 412, the first error signal 452, and the
second error signal 456 to the processor 408. The processor 408 performs signal processing
to generate the control signals that are outputted to the digital to analog (D/A) converters 468.
In one embodiment, the processor 408, as shown in FIG. 3, utilizes the second control

module 308 and the calibration module 360. In one embodiment, the processor 408 executes

the second control module 308 to implement a closed loop control routine. In yet another
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controlling operation of the anplifier nodule 904. An output of the
anplifier nodule 904 is provided to an isolator nodule 912. An output of
t he i sol avorommdod2e 912 is provided to an RF out put coupkerusddé/otzoy., an
RF stripline | ZF coupler). One output of the RF output coupler is an RF
out put signal 920. The RF output signal 920 is provided to a

t r ans némbqdipent, the sigita porgnol system dnclring At &/Iy eonvepersG8ethe peocessor 48%r i s

| ocated within the control |loop of the anplifier system the operation of
t he anwpidithe BYA systeetersofied; atdntirelpopiacad by i andlbg caftfod syssernf Alltematiagly ng
operating properties of the isolator. [00126]In one enbodi nent, the

st abi | fhe didi@NcomR@dukRtddo & dﬂﬁﬁbﬁﬁ?&epl&ﬂéﬂbif;r%n@ﬁéloéicﬂﬁﬁr(ﬁ@yit@xﬁ: a processor 408,
a coupler 418, an error anplifier 424, tirst and second controllers 432,

436, ABLEANY T Ul shedfifbodkh e CORYRL Bro2ed6B08 ig}abgémaﬂythe?e?o%gd Rgps, and an

RF hybrid conbiner 930 that senses the electro netic field strfength in

h ' h o & il . . ld b
under SEBBA! {aRe e rohd b ReBhfecid e ulen il AP FOREH 77 Punebls STRRMEC 7

antennas 932 | gcated wiithin or, ip close praoxinity to the nmagnetfjc bore 920.
The ' pl Sed ROABY Doy isiastcetinp hie P30S Bt ol e et SEARG T and

associ ated pick-up coils 932 in the magnetic bore 920 al|ows the system 900
t o cor¢apelle ohbeingusad teangdity the pevondh ehastrderistie of rednpyt signpal HE2. tIR@DE onponent s

in the RF transmt path 910. These errors can be caused by, but are not

| i m t eembaidmentetip dirsttohametevistic afhe spansdgmd 402 isethe amphtudySHRe, inpetsigaalt  si ze,
mechani cal novenent, and electrical non-linearities, all of which can

change4 thaditfre fRbAJ evRiictérishie of EHRAAR |sighak M€ ik kelsHasedf the ipubsigharent. shown,
the stabilizati on nobdule 900, which is in electrical comrunication with the

I DRISEL Lo B ARl SRR 60 o a5
accordance with an illustrative embodiment of the invention. In the illustrative embodiment
shown, the stabilization module 400, which is in electrical communication with the amplifier
404, includes a combination of hardware and software. The software runs on the processor
408.

[00114] The stabilization module 400 receives, from an external source (e.g., a power
supply), an input signal 412 at a pre-amplifier 416. In one embodiment, the input signal 412
is a pulsed RF input signal. A directional coupler 418 then samples the pre-amplified input
signal 412. A first sample 420 is input to an error amplifier 424, while a second sample 428
is input to a first controller 432 and to a second controller 436. In some embodiments, the
stabilization module does not include an error amplifier 424, but, instead, the functionality of
the error amplifier is implemented in software with, for example, a demodulating function
(e.g., a log function or a divide operation).

[00115] In one embodiment, the first controller 432 is a gain controller, used to modify

an amplitude of the input signal 412. In another embodiment, the second controller 436 is a

phase shifter, used to modify a phase of the input signal 412. As described below, a modified
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[ 00128] Li ke the stabilization nodule 400 of FIG 4, the stabilization

nodul e 900 receives, froman external source (e.g., a signal generator), an
i nput si gmelzodldi@oeb a preanplifier 416. I n one enbodi nercil/usb@ojoneor si gnal
412 is a pulsed RF input signal. A directional coupler 418 then sanples
the pre-anplified input signal 412. Afirst sanple 420 is input to an error
anpl i finput siighd] 44dhisloatpat by derfitssampbBer432 and thegeatnd engrofler436 andnnpub| | er 432
and to a second controller 436. In some enbodi nents, the stabilization
nmodul erodResmplefieri40g] ude an error anplifier 424, but, instead, the
functionality of the error anplifier is inplemented in software with, for

exanpl @og ]deﬁv%'c@h%@() Iﬂﬁ@fé{» L}%EEH(S%% B benéfidif 9o frbNedel MNshtoR (<l VREE

operation). In one e ment,” the first controller 432 is a gain

controll.e ed to nodify, an | i 0, [ P n anot her
enbodi HEAPD 4L bRy TR X A IR 1 Wit lor %%g%cpntg%%?’i’lérﬁwﬁ%‘g‘é?%’%ﬂsmdi fy a
phase of the input, si | 412. As descri bed | ow, nodi fi ed | nput signal
440 i seguthigh PWrtngéla%?ﬁ?f m@éﬁﬁ{lﬁeb‘fheé}mpﬁﬁoﬁﬂgﬁ?ﬁé‘l@@ébn rc%‘ﬁ’?lplﬂ’ Fner 436 and
input to the amplifier 404. [00129]1n one enbodi nent, the anplifier 404 is
used i multichanwel ampliféar susemselstromagraticenergy Arqatasdyeile anpjiier systom may
representative of an output signal 448 of the RF hybrid coupler 930, is

al so i wpldsirdbly bddiretadon themitpht pert of 24ecdd aomdifienbptimelhs eletteonnagnetic
anplifier 424 includes logarithmc internmedi ate frequency (LOG IF)

anpl i f qREgy A theofirspamplifierispgetnhie cdpabilof 2amhe oftftigetrdrbin thesetoadk si gnal
444. The error anplifier 424 generates a first error signal 452 and a

secon darﬁ?l{nf%r s?ét&ﬂ 3k, dﬁ 36me Th&s fit Haﬁﬁag‘icg fHrseSdrdNRhpIARE sYst@f.C ABEbr8MeBY, irSi gnal

456 is one enbodi nent, representative of an anplitude error between the

[T G4 AP ORRAF Rt g RS Sl pmt, (1

phase aergqtr)l(i)f{er.b %q\g\f:glnmg Ps%laitcg}g lgrte tﬁie%—np%lrt ddé%%eg \Q/g!thtapl?ngu% %93:91 fnkou%ingtq)%lrt aﬁﬁ%’
load port. The normal direction of RF flow is into the input port, through the isolator, and out
of the output port. Any RF signal entering the output port is directed through the isolator to
the load port where it is dissipated as heat in a dummy load.
[00117] Isolator operating properties vary during operation and between uses.
Therefore, placing an isolator on the output of the amplifier system makes it difficult for the
amplifier system to operate consistently. In some instances, operators use large, expensive
isolators to reduce the effects of the variations experienced with isolator operating properties.
Accordingly, some objectives of the invention are to stabilize the RF gain path of an isolator
installed after the output of the amplifier system, stabilize the RF phase path of an isolator
installed after the amplifier and reduce the physical size of the isolator needed to generate a
desired level of performance.
[00118] In this embodiment, the amplifier 404 includes an amplifier module 804 and a

system controller 808 for controlling operation of the amplifier module 804. An output of the

amplifier module 804 is provided to an isolator module 812. An output of the isolator
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[ 00130] I n one enbodi nent, the stabilization nodule 900 includes three
analog to digital (A/D) converters 460. The AID converters 460 i nput

di gi ti zedwvoepreemenvat i ons of a first signal 464 represemrcatusz@oob22ohe i nput
signal 412, the first error signal 452, and the second error signal 456 to
the processor 408. The processor 408 perforns signal processing to generate
t he canbddul¢ 81 gpadddedratandReoatpupuoupled 81 @(atheandRly stripline BFanvaplen. (DEA)
converters 468. |In one enbodi nent, the processor 408, as shown in FIG 3,

uti i zespit e teaaosetpeOdupRl ismARIF 6utBQfsigind 82Helncdel daitatirnent pmeRIFe 360. | n
one enbodi nent, the processor 408 executes the second control nodule 308 to

i mpl , i ne. .
| np e%ug%gﬁ%f@?ﬁg fe{ﬁf]@deﬁ%tart sthRMEdeRR - switdh Y&t arfiRP L6 86?@?@1@ ment, the

L i
digital T i ncluding the AID converters 46 he processor
408, and t D.A co ter 6 is._entirel v r contro
E yst eﬁf”ﬁﬂnﬂqﬁfﬁ%%‘{“i %F‘:y?eglt‘l o %&é 'g?f?)al A &gipd gﬁtpﬁ &%ﬁgén%ﬁgtyé%ﬁ%%; 8?Se pl aced
y an anal og control syste [ 00131],] nbodi pent , when th rocessor

408 1 rpEEhR shiches epuLiadhe F%%feaanﬁlﬁn% 488 Brranss B dolue? IS opad By
control nodul e 308 generates the first signal 472 capable of being used to
modi f ythe hentfal lenp oftibe awplifisrsystemotheoneratippof ths pmpkifievsystegheparsiionsecond
signal 476 capable of being used to nodify the second characteristic of the
i nput sicquinad fof i effectsafehevdrpitic wpertating heptities bf thkascdaoerxnpdargf t he i nput
signal 412 is the anplitude of the input signal 412 and the second
Z ggr ackSlhiosd ised 8f thdiavénipidtarSthgNATE Midowavé (rsbphgde) alodeNET41ARYMS si gnal

isolator and model CT-1782-N isolator.

[00119] The basic configuration of a single directional coupler illustrates two parallel

transmission lines over a length of one-quarter wavelength, corresponding with the center

frequency of operation of the coupler. The main and secondary lines are separated by a

calculated physical distance which determines the coupling factor of the device. The

physically closer the lines are to each other, the more power will be introduced on the

secondary line (and accordingly, more output by the coupler). The term coupling denotes

how much of the input power is sampled to the coupled port and is defined as 10 times the

ratio of Incident Power and Forward Power (C = 10 log10(Pf/Pi). Typical coupling values

found in practice are 3, 6, 10, 20, 30, 40 & 50 dB; however, practically any coupling value

may be obtained through proper design. An exemplary RF output coupler used by the

inventors is a stripline coupler with a 60 dB coupling factor. In some embodiments, the

output coupler is a one quarter wavelength coupler or a shortened coupler (e.g., less than one

quarter). In some embodiments, the output coupler is a magnetic or lumped element design

output coupler.

[00120] In one embodiment, the amplifier 404 is a pulsed RF amplifier. In another

embodiment, the amplifier 404 is used in an MRI system. A feedback signal 444,
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[00132] FIG 10 depicts a stabilization nodule 400 for stabilizing an
anplifier 404 in accordance with an illustrative enbodi nent of the

i nvent i orwol2niovdeeo2nl | ustrati ve enbodi nent shown, the st abrluiszabioerzorrodul e
400, which is in electrical conmunication with the anplifier 404, includes
a conbi nation of hardware and software. The software runs on a processor

| ocat edpiesentapive o bn poigut ©gd0@48 of e b8Plifilaed®t, sxlsd naut torthererder| amplifier
receives, froman external source (e.g., a power supply), an input signal

412 at42a. i endembodiiment, deferror AnPlidicciibladéstepirithinieintetmutiati fgpkneyl2 i s a
pul sed RF input signal. A directional coupler 418 then sanples the

pre- ar@dé ngwﬁ\%ﬁi%;s @6%?%614%1@%@ f$ barfAERDE aﬁf@&e'f@edbﬁ@l&@ltgﬁﬁ 4an. error

anplifier 424 |l e a second sanple 428 1s input to a first controller 432

and to~a second n ntwal | er 432
'a g f;eeraosfgpd?? DAkt sl v ML R T Hecork ek et R0 €, 5

n anot her enbo secpn ntroller 43 is hase Shl ter, used
to no 'rfsgﬁfaorﬁ%gé% / Se‘E(HE‘ STEQS §iend d]ﬁgs%df’ if pe cRBOGmSR} P %SCB‘@PESW 4 npdi fi ed
i nput signal 440 is output by the first controller 432 and the second
cont r cim@itudgasron hatvaep e input fignah bl and the fepdhack signal 444. In another

embodiment, the first error signal 452 / second error signal 456 is representative of a phase
error between the input signal 412 and the feedback signal 444.

[00121] In one embodiment, the stabilization module 400 includes three analog to
digital (A/D) converters 460. The A/D converters input digitized representations of a first
signal 464 representative of the input signal 412, the first error signal 452, and the second
error signal 456 to the processor 408. The processor 408 performs signal processing to
generate the control signals that are outputted to the digital to analog (D/A) converters 468.
In one embodiment, the processor 408 includes the first control module 304, the second
control module 308, and the calibration module 360. In one embodiment, the processor
executes the first control module 304 to implement an open loop control routine. In another
embodiment, the processor executes the second control module 308 to implement a closed
loop control routine. In yet another embodiment, the digital control system, including the
A/D converters 460, the processor 408, and the D/A converters 468, is entirely replaced by an
analog control system. Alternatively, the digital control system is only partly replaced by an
analog control system.

[00122] In one embodiment, when the processor 408 implements the open loop control
routine, the first control module 304 generates a first signal 472 capable of being used to
modify a first characteristic of the input signal 412 and a second signal 476 capable of being

used to modify a second characteristic of the input signal 412. In another embodiment, when

37



[00134]In this enbodi ment, the anplifier 404 includes an anplifier nodule
1004 and a systemcontroller 1008 for controlling operation of the

anpl i fi erwordwlmod004. An out put of the anplifier nodul ectA®4oiom2pobvi ded
to a first RF output coupler 1012. An output of the RF output coupler 1012
is provided to an input of an isolator nodule 1016. A second out put of the
RF QuttheproCenspt iempladifts the cdosgd ddop4o8irolrouting, theasacdnaontrobmpihede $P8t em
controller 1032. An output of the isolator nodule 1016 is provided to a
SeCOoNOgebratyd thfirsesi gl @72 T8l teing wed Wmsdify tleifitet dREracrtipfies)the One

out put of the RF output coupler is an RF output signal 1024. In one

embodi jgpitsionh el 2R§1dQ}iée %&emg is@ﬁiﬁ#géggﬁaﬂléoﬂ%%@ @84 td Modifh BB recei ve

switch Via an RF cab ransmt/receive swtch 914 of FIG 7B).

A second out.put t he RF Qut.pu upl.er.. 1020, i i gnal . 1.028 i | S an
Mput Poreplbet ofths G Meadt P In g% bt ik SR BB sHEC LS . o
within th ontrol | oop of the anplifier stem the operation of the

anpl i f%l%rfa?éﬁ%wé %‘BB‘H‘&H? sﬂthae%ﬁ senalidd? apg eeﬂﬁ?%r@t@af?ﬁpemac AT
operating properties of the isolator. [00135] The feedback signals 448 and
1028 atignal Apdis thophase oSthedenntsighekdi2t er 1004. I1n one enbodi nent, the system
controller 1032 includes an error anplifier for differencing the first

sanpl €0ar28]f eeddaoke smbpodinsent, lthe Bdreoremizocti468 mmit avdleg eapresentatipisidii er i s

i npl enented in hardware and includes |ogarithmc internediate frequency

(LOG |k sizflk 4f2 b4 Tt tBepbritioflergi3thad #B6,sbspeatifelle Htheantbodligertehelback
signals 448 and 1028. Alternatively, in other enbodinents, the error

anp! | TA8T cdnfrol 621 30TRAL £ '6518%9{&%5@% bna ARG URdu Al B9nddiyGhi on, such as

a log function or eration. The system controller "1004 provides

cont rorfudesS ek e Rad M tuittise W PR GEPOE IRy SR S T 2o an
S B en sbboliet T L e B SRR 7 90
non-linearity of the anplifier 404. As described above, the nodified input
si gnal repetgenitagiontod thepyeoondisignal ¢ 76 kemadify theinhesesgi4he input signal and thereby

minimize the phase non-linearity of the amplifier 404. As described above, the modified

input signal 440 is then provided to the amplifier 404.

[00124] FIG. 9A depicts a stabilization module 900 for stabilizing an MRI power

delivery system (RF transmit chain/path) 910. Generally, the stabilization module 900 moves

the feedback loop from the RF output coupler (forward port) of the amplifier 404 (FIG. 4) to

a sample of the RF signal from the MRI system magnetic bore 920. The MRI power delivery

system 910 includes, but is not limited too, an amplifier 404, various lengths of RF cable 912,

a transmit/receive (T/R) switch 914, a monitoring coupler 916, and the MRI system magnetic

bore 920. The magnetic bore 920 includes a plurality of main or body RF coils 922.

[00125] In certain amplifier systems it is beneficial to include an isolator (e.g., RF

isolator) at the output port of the amplifier to isolate (or protect) the amplifier from signals

(e.g., high power signals) that may enter the output port of the amplifier. In this embodiment,

the amplifier 404 includes an amplifier module 904 and a system controller 908 for
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[ 00136] FI G 11A depicts a stabilization nodule 900 for stabilizing an MR

power delivery system (RF transmt chain/path) 910. Generally, the

st abi | i zavoanwmmadezbe 900 noves the feedback [ oop from tireTRS2@0p2202 COUpI er

(forward port) of the anplifier 404 (FIG 4) to a sanple of the RF signal

fromthe MR system magnetic bore 920. The MRl power delivery system 910

i ncl udwsirobing operation of thgiamptificomodaln S8hpAnfoutput 4bthe amplifieumofieln §Ohss of RF

cable 912, a transmt/receive (T/R) switch 914, a nonitoring coupler 916,

and t hgolBkd wystisstutongiodhie® 120 @Rt of e isslgoeodule®1e i9p0vided kuales a

plurality of main or body RF coils 922. In one enbodi nent, the

st abi | RE ghip@cotpRy b6 80P, ANRF WEGTine Wco‘u?l_ef)@tOﬂe' JHIR G HRRF 8utptiocessor 408,

a coupler 418, an error anplifier 1100, first and second controllers 432,

436, ver I Se] . and 1154, and an
[%( fég% r%?)l_lilg Bétggtgﬁ%rhag?)ﬁ’ T@EF{%E@%E flglgc[lﬁg‘@m%r%%ld%&?@a

RF hybri i'ner senses etic freld strength in

t he magnetic bore 9 ough pi ck- oil o antenna . 932.. 1t .should be
under STBSE G HERE o RF Al LE: Bt e RIAH oo R | o or
antennas 932 |located within or in close proximty to the magnetic bore 920.
The plwasrkEleep of thrrmplibier systesmtihgencrapy of thesarapliica systemn operaligig accoppfs

associ ated pick-up coils 932 in the magnetic bore 920 allows the system 900
t o corfoethe effects @fithetviangng opergangprapettiphefdbe solators in al | of the conponents
in the RF transmt path 910. These errors can be caused by, but are not

i mte@o126), termaenaetibodindk thggaliliznidnigodtite/ 200 iathudes, YEMBhot aitednt si ze,
mechani cal novenent, and electrical non-linearities, all of which can

change ,rﬁrgges_p&t@gg)y @@ﬁéﬂm 8, 4000} Ghiphifieh£24, st 2h8l 8édoa conBa by, Sshown,

the stabilTzation nodul € 900, which is in electrical comunication with the
sof tne B AT Sl PR Sodereiclas B BRRICIEL. B RPRI M © ane

T om a0 B RANTIE seeer e legromsedi ard Ssettn 559 mSErTR 10t 070 R 412 ai
2 pre a pick-up coil or antenna 932. It should be understood that there can be from one to a

plurality of pick-up coils or antennas 932 located within or in close proximity to the magnetic
bore 920. The placement of RF hybrid combiner 930, its connection to 448, and associated
pick-up coils 932 in the magnetic bore 920 allows the system 900 to correct in real time for
gain and phase errors in all of the components in the RF transmit path 910. These errors can
be caused by, but are not limited too, temperature, voltage standing wave ratio (VSWR),
patient size, mechanical movement, and electrical non-linearities, all of which can change the
RF path over time.

[00127] In the illustrative embodiment shown, the stabilization module 900, which is
in electrical communication with the MRI power delivery system 910, includes a
combination of hardware and software. The software runs on the processor 408.

[00128] Like the stabilization module 400 of FIG. 4, the stabilization module 900
receives, from an external source (e.g., a signal generator), an input signal 412 at a pre-

amplifier 416. In one embodiment, the input signal 412 is a pulsed RF input signal. A
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anplifier 416. In one enbodinent, the input signal 412 is a pul sed RF input
signal. A directional coupler 418 then sanples the pre-anplified input

si gnal 41MR0 2l0idsoed sanple 420 is input to the error ampcirfusesio®ifo; whil e
a second sanple 428 is input to a first controller 432 and to a second
controller 436. In one enbodinment, the first controller 432 is a gain

cont r oliteetionali seuplerct1 Gkt samphesdhepietametdifietl inhi signpld12sidyfizst saple 426 anot her
enbodi ment, the second controller 436 is a phase shifter, used to nodify a
phase iginpub® dnnter afiplifiat 4241 Hhilds sdemdrsuineld 428lioiMpuatonofiist cedrollaptd? si gnal
440 is output by the first controller 432 and the second controller 436 and

i nput 41 t6 H8ecBlcbhtrSiler 494 Il RI3MBIUiRRs, RDQEbiIBAHon rhéul@dRsinbt er 404 s
used in the MRI power delivery system 910." A feedback signal 444,

Al S0 1 AL %%%?‘%Lﬂﬂ@?irf%?*‘%@iﬁ%@%ﬁ?ﬁ?@%@&ﬂy@ ApRie & 1‘?%8’ aian
PHASE .SE e 1154 ar. initi .adj j .
he 1 OBERIO 8l AEOH L SRl Frdon PR R b et o PROBAPRS: Pent

i s done manual Ly by an operator. The adjustnment al so can b? done by

i nt eg rfh’t’ﬁdﬁgp?fﬁ%oﬂ)oilbo%fr" prabodimgniy thedysteoniptier 32 ipe gaipgoptrolle, %SF@W bandwi dt h
| oop) to keep the error signal centered in the desired operating range. In
this embdifli arearbplitilieokthe tpuésighalidler I aeohdr smbegineenbrthesecard peptewllenf t war e
defined receiver. The error anplifier 1100 receives an RF reference signal
420 messpUs e phase sHiffeaisedtvamodifu brdse 41 the ifie sighbled 1N cles ddsgriladd beRBv,ias
processed using an analog to digital converter (ADC) 1104 and provided to a
Transf ap maBh fke 403 443 Reoutp@y e MBLOIOIRADD AddARs EUoE comedlRg 436 OF
exanple, a HI'bert transform a Fast Fourier transform (FFT), D screte

Fouri er .t.ransfar anot her suitable transform nethod) the reference
si gnal angiﬁplfqgo gg'?mp?@eﬁg % fromthe data stream (e.qg., serial or parallel)

provid the error Jifier 1100. The.anplifj.er 00 th cal cul at es

t he ma@ﬁdsﬁde (#%F@gﬁ%enﬁég%?‘flﬁlﬂi@er@géﬁ &gﬂdﬂ Bﬁé\é[é%B?W?fh‘geﬁrV &er ence
signal 420. The error anplifier 1100 al so_receives thf RF Eeﬁggagk si gnal
444, Teyetemr9 e A frsdhack; signal 44 zenresepiatve ebapouiRytsiEnghd4fel tog REQWaNYi t al
converter (ADC) 1104 and provided to a Transform Bl ock 1108. The_ Transform
Bl ock dilpRr 03@nsdles impuf testhe grrorf amplificadd.eIn enctldnitipdiment; tha stror ampléficrast
Fourier transform (FFT), Discrete Fourier transform (DT) or another

sui t abkz ihelaass10gaAthRidatmbdieteRleqheyBOG H)gnnlifiéd426dogahplifyi@gdht a from
the data streamprovided to the error anplifier 1100. 1/Q data are the

tchangeﬁ ot W@M hé FledBitd HLBE844. Qhé)érr(ﬁ'taﬁﬂﬁﬁewﬁﬁgen-gﬁ%saarWsi dtqr 1100

hen cal c tes the nmagnitude and phase of the RF feedback signal 444.
signal 452 and a second error signal 456. The first error signal 452 / second error signal 456

is, in one embodiment, representative of an amplitude error between the input signal 412 and
the feedback signal 444. In another embodiment, the first error signal 452 / second error
signal 456 is representative of a phase error between the input signal 412 and the feedback
signal 444.

[00130] In one embodiment, the stabilization module 900 includes three analog to
digital (A/D) converters 460. The A/D converters 460 input digitized representations of a
first signal 464 representative of the input signal 412, the first error signal 452, and the
second error signal 456 to the processor 408. The processor 408 performs signal processing

to generate the control signals that are outputted to the digital to analog (D/A) converters 468.
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[ 00140] The error anplifier 1100 calculates the gain error 1112 by conputing
the difference between the magnitude of the reference signal 420 and the RF
f eedback wognrloodsrd. The error anplifier 1100 cal cul at epctrhms2@bas2oer r or
1116 by conputing the difference between the phase of the reference signal
420 and the RF feedback signal 444. The gain error 1112, phase error 1116
and t hia dRE embbdineant,sherprpeessoni08] a&ﬂl@mng’ﬂﬁvB cudizesothe hecogid@@ets@or 408.

[ 00141] The processor 408 perforns signal processing to generate the control

si gnal modiilaBo&asd thelcplithratich modile86di O b entittodamneantpthe p¥cdysoc 40 exdeates 468.
I n one enbodi nent, the processor 408, utilizes the second control nodul e

308 anflekh@ng %ﬁtﬁﬂ%ddﬁ% TR ip BBt 5‘610%191‘6@53 b&ltﬁil@)utﬁﬂe Ih Retogtepbodi ment

t he processor 408 executes the second control nodule 308 to inplenment a

cl os _e d x{a&%)m?&n{hﬁ glll%%g ﬁ&ﬂtﬂ)ﬁ 5%5{{89 jlﬁglhh%g %emmeﬁ@ﬁ%o"‘ﬂﬂ@ 'ﬂrc;clagsop hegessor

408 i npl'enments

and the D/A converters 468, is entirely replaced by an analog control system. Alternatively,
the digital control system is only partly replaced by an analog control system.

[00131] In one embodiment, when the processor 408 implements the open and closed
loop control routines, the second control module 308 generates the first signal 472 capable of
being used to modify the first characteristic of the input signal 412 and the second signal 476
capable of being used to modify the second characteristic of the input signal 412. In one
embodiment, the first characteristic of the input signal 412 is the amplitude of the input signal
412 and the second characteristic of the input signal 412 is the phase of the input signal 412.
[00132] FIG. 10 depicts a stabilization module 400 for stabilizing an amplifier 404 in
accordance with an illustrative embodiment of the invention. In the illustrative embodiment
shown, the stabilization module 400, which is in electrical communication with the amplifier
404, includes a combination of hardware and software. The software runs on a processor
located in control module 1004.

[00133] The stabilization module 400 receives, from an external source (e.g., a power
supply), an input signal 412 at a pre-amplifier 416. In one embodiment, the input signal 412
is a pulsed RF input signal. A directional coupler 418 then samples the pre-améiiﬁed input
signal 412. A first sample 420 is input to an error amplifier 424, while a second sample 428
is input to a first controller 432 and to a second controller 436. In one embodiment, the first
controller 432 is a gain controller, used to modify an amplitude of the input signal 412. In

another embodiment, the second controller 436 is a phase shifter, used to modify a phase of

41



| oop control routines, the second control nodule 308 (FIG 3) generates the
first signal 472 capable of being used to nodify the first characteristic
of the i npotosvyoeb 412 and the second signal 476 capablreTafs2@eionrzorised to
nodi fy the second characteristic of the input signal 412. In one

enbodi nent, the first characteristic of the input signal 412 is the

anpl i tthdénpof sighad 4il3pdts desagibet] baloyy, amepdifics ipetoighat Al mouigmit by the fgst t he

i nput signal 412 is the phase of the input signal 412. WO

2010/ 0893NHUBLdnA QOR3P Eohtfoll Bl 483 dnkdGnpuit 1Bt eypipdifier advbt her enbodi ment  of
a stabilization nodule 900" for stabilizing an MR power delivery system

(RF tragsd)t chainthRakibod R, (e RapRfiéuo4tiAGuads aliahiplifict fRdARAVDL2R00" adds

an additional or secondary feedback |oop that is sunmed into the error
anpl i f] [ ' . [ ‘dalas’y e AR y | oop
fhot chrsshEassten O BELIRNA LR RN R R Aol g ABOWRAY, § D2P
system trapsmt. chal n/path) . 910. Th |, power. delijve system 910
ol uaethe prapliRe Thoas AP BRPhe 8 SR PRt ShgRier S13 bl oRbRLTT of e
cable 912, a transmit/receive (T/R) switch 914, a nonitoring cqupler 916,
and t hRF pRIpussaspian | by iferrpridpdocandpput of ga isplaipranpdule 4P k5. od GSGoRd 0ytsE a
plurality of main or body RF coils 922. In one enbodi nent, the

st abi | ofzht RErOutpaiCaipddd012 mcdigrab 448 whichiisamimput torthe sxstenpeontepller HE@ssor
408, a coupler 418, first and second error anplifiers 1100, 1100', first

and segaRAtpLOst theidobitsr iddule 486 islpemededand sptuad RIS edtponaubles 102406@.gand 1154,
and an RF hybrid conbi ner 930 that senses the el ectromagnetic field

st r enggp{Rudpfige m%ﬁ%feﬁ). st eouPRf of BRUEGN o@pit BkiplPisdi RF @ﬁt})_ﬁfﬁi@{hﬂ]a 932. |t
shoul d be understood thdt there can be fromone to a plurality of pick-up

coils anten t Lt hi-n - 9k 0h [.4% it &vifmaneti c
bor e 092" Thane Ridineh S b Bl s A o Mt R
coils 932 int gnetic bare 920 all.o t S em 900’ t aQrLe in
real tV@s8n rcaggi é?gaﬁge [ASLEYEEFFISE SWHCh gﬁ‘l OtjﬁGt @Ec r?ﬁ%“ﬁ’élrﬂugpui? ﬂ{;{hﬁgFRF
transmt path 910. These errors can be caused by, but are not limted too,
t enper QuipntCovrlen 18 is signalilNgs whick ip ar inpuf (eIbrsystema comtralles 1912, Brcawssni cal
movenent, and electrical non-linearities, all of which can change the RF
pat h otherisdlatoel 01609 Iotdfet withirethelchutselrlacp ofthe mpplifierssystesh thernpetation of
stabilization nodule 900", which is

the amplifier system operation accounts for the effects of the varying operating propetties of

the isolator.

[00135] The feedback signals 448 and 1028 are input to the system controller 1004. In

one embodiment, the system controller 1032 includes an error amplifier for differencing the

first sample and feedback signals. In some embodiments, the error amplifier is implemented

in hardware and includes logarithmic intermediate frequency (LOG IF) amplifiers for

amplifying the first sample 420 and the feedback signals 448 and 1028. Alternatively, in

other embodiments, the error amplifier is implemented in software with a demodulating

function, such as a log function or a divide operation. The system controller 1004 provides

signals to the controllers 432 and 436. In one embodiment, the first controller 432 modifies

the amplitude of the input signal and minimizes an amplitude non-linearity of the amplifier

404. The second controller 436 modifies the phase of the input signal and minimizes the
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in electrical comrunication with the MR power delivery system 910,

I ncl udes a conbi nation of hardware and software. The software runs on the
pr ocessorwdQ810/o02845] Li ke the stabilization nodul e 400 pgfr/usk&o/o4220t he
stabilization nodul e 900" receives, froman external source (e.g., a signa
generator), an input signal 412 at a pre- anplifier 416. In one

enmbodi phsse non-Heearitp of ths iampifiend®. | As despubaseedorF; thewmadifisd gapit signalft4dect i onal
coupl er 418 then sanples the pre-anplified input signal 412. A first sanple
420 i sisithgnugrotidedato the nmplifieqpdd4f i er 1100, while a second sanple 428 is input
to a first controller 432 and to a second controller 436. In one

enbodi maMse) t he fid. quq&?Ic&QA §i8%ili4a oni o dl 900 fos StabiliRl g MRS ?Qwéro nodi fy
an anplitude of the input signal 412. In another enbodinent, the second

oM R, PR P T ot g,
' 432 d | 436,. ' h
e SBAL Bhb a2 SRRSO PR A BB OPEL AR

MRl power delivegﬁ . ) )
a sample of the RF signal from the MRI system magnetic bore 920. The MRI power delivery

system 910 includes, but is not limited too, an amplifier 404, various lengths of RF cable 912,
a transmit/receive (T/R) switch 914, a monitoring coupler 916, and the MRI system magnetic
bore 920. The magnetic bore 920 includes a plurality of main or body RF coils 922. In one
embodiment, the stabilization module 900 includes, but is not limited too, a processor 408, a
coupler 418, an error amplifier 1100, first and second controllers 432, 436, D/A ponverters
468, level and phase set modules 1150 and 1154, and an RF hybrid combiner 930 that senses
the electromagnetic field strength in the magnetic bore 920 though a pick-up coil or antenna
932. It should be understood that there can be from one to a plurality of pick-up coils or
antennas 932 located within or in close proximity to the magnetic bore 920. The placement
of RF hybrid combiner 930, its connection to 448, and associated pick-up coils 932 in the
magnetic bore 920 allows the system 900 to correct in real time for gain and phase errors in
all of the components in the RF transmit path 910. These errors can be caused by, but are not
limited too, temperature, voltage standing wave ratio (VSWR), patient size, mechanical
movement, and electrical non-linearities, all of which can change the RF path over time.
[00137] In the illustrative embodiment shown, the stabilization module 900, which is
in electrical communication with the MRI power delivery system 910, includes a
combination of hardware and software. The software runs on the processor 408.

[00138] Like the stabilization module 400 of FIG. 4, the stabilization module 900

receives, from an external source (e.g., a signal generator), an input signal 412 at a pre-
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system 910. A feedback signal 444, representative of an output signal 448
of the anplifier 404, is also input to the error anplifier 1100. The LEVEL
SET F nodwbeotolds®2and PHASE SET nodul e 1154 are used topcmiusc@bloy22ed] ust

t he gain and phase of the feedback signal fromthe MR coil. In sone

enbodi nents, the_ adjustnent is _done nanual ly by an operator. The adj ust nent
al so cHRPIHEET ddhe Ihgng mtasimentnthedpput sigapl H2risp Palsed BEiimgptaigsshtA ol | oop
(e.g., a slow bandwi dth | oop) to keep the error signal centered in the

desi r edirespienaltcongjer 4rfgtben samplepihe psi-gmplifietidputalignl 985, Adirst semplpA20si gnal
934 representative of the RF hybrid coupler 930, are input to the second
error Riphitd te elrdOBmplifidiel 100f While & b@0ad Sandfl8 @28 AndtI4 adiret dUABIRG | nto the
error anplifier 1100 for the primary |loop within processor 408. In this

enbodi fENMnq b lﬁ%e&fnﬂ%nﬁaﬁpér'4f35€!in éﬂeoé}nﬁdfill&enﬁ%@)ﬁrét%ohﬂml&'ﬁgﬂtléaéi %Mﬁ' ng a

software defined receiver. The error anplifier 1100 receives a

! o e055oRLaNA SR FRARILATR S GEGHLE08 SPNP el T E! Slence

si gnal processe an ana conver 1104 and
pr ovi ded t nsf arm 108 The Tr.ansform_.Bl ock 1108 nsf or s
(Lot ngseorif cialigr B s e e%ﬁ{ e g ihe PASE QL Ry SeRhat D 5 (FET)

Di screte Fourier transform (DT) or another suitable transform rret hod) the

r ef er efrseridaddrelaw.aapodified inpuf signal 444 is ewpwtttydherfirsh contralignfidang theseri al  or
parallel) provided to the error anplifier 1100. The anplifier 1100 t hen
cal cul secesd ¢dngrotteyiot andenguRio thefaprpdifice40gni t ude 1120) and phase of the
reference signal 420. The error anplifier 1100 al so receives the RF

f eedbaw139]gnal Hdshe ehiwdiNedt b bapkfiai Mads ukdsn ke MROpOGELdEIVEHNG an
analog to digital converter (ADC) 1104 and provided to a Transform Bl ock

1108. JRemld ANA HdbaikaGsnal 498 réﬁr@&%fa’ﬁ"vérﬁf AUt sl 4838k RF wybidl ber t

transform a Fast Fourier transform ( , Discrete Fourier trarisform (DT)

dat ;nf Sdller 3.8 S | s‘ipruggb%fhgi gv{r?};ﬁ‘?f? ﬁi‘é gfg? faﬁj’gﬁpﬁ"f iegﬁlﬁff‘zejz;:(/ °
o1 onal f’ﬁﬁﬁﬁ%&gﬁrﬁ?ﬁig%?fwe Pty 331]11&'636 ehonl BRSE o s edtickr s o a142

by computing the difference between the ni tude of the reference signal
420 antigndh&roprthe dRberik Igusgmslemb@dlmenleﬁeﬂ@r traerslis densrmamely 8xleul at es t he
phase error 1116 by conmputing the difference between the phase of the

r ef er eopeeatei. gitel adfiB@nentchisolvan BE dbselokbmidgratingribd lodp4rrof ved ganga eomtml 1112,
phase error 1116 and the RF reference magnitude 1120 are provided to the

pr ocesrpep (488a slow bandwidth loop) to keep the error signal centered in the desired operating

range. In this embodiment, the error amplifier 1100 is implemented using a software defined
receiver. The error amplifier 1100 receives an RF reference signal 420 measured in
directional coupler 418. The reference signal 420 is processed using an analog to digital
converter (ADC) 1104 and provided to a Transform Block 1108. The Transform Block 1108
transforms (using, for example, a Hilbert transform, a Fast Fourier transform (FFT), Discrete
Fourier transform (DT) or another suitable transform method) the reference signal 420 to get
1/Q data from the data stream (e.g., serial or parallel) provided to the error amplifier 1100.
The amplifier 1100 then calculates the magnitude (RF reference magnitude 1120) and phase
of the reference signal 420. The error amplifier 1100 also receives the RF feedback signal

444. The RF feedback signal 444 is processed using an analog to digital converter (ADC)
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[00148]In this enbodinent, the error amplifier 1100° (FIG 11D) is

i npl emented using a software defined receiver. |Input signal 420, also 936,
and out puwwo0gmab92034 representative of the RF hybrid ceopluseo98220ar e
input to the second error anplifier 1100'. Input signal 936 is processed
using an analog to digital converter (ADC) 1104 and provided to a Transform
Bl ock hlil?}&ndpr@ndﬂdem@gbamfmaﬂ@cklldQS-t 1o $rapstosmBleck bl O8fteansoxmppl e, a

Hi | bert transform a Fast Fourier transform (FFT), Discrete Fourier

t r ansf @simg( 07 pxampleroliibert transfaind, @ Rastdiafior ransarho@F ) HeiscremHousiegnal 936

to get I/Qdata fromthe data stream (e.g., serial or parallel) provided to

t he er frgdsfamDT)io andthOsuitallb @ranéfpirh hieBiod) #RRTF feePackaighdl MP® debBQ

magni t ude and phase of the input signal 936. The error anplifier 1100' al so

recei Vs, kbf tﬁyaﬁﬁégiérﬁg?dvi&%% kPR GRIpRTLY £1.00f I@?%BE{J%QE+QI copp! er 930.

The out put sign processed using an anal og gital converter
(ADC) 1104 and.provi de Q.a .Jransfo Bl ock .__The Transform Bl ock
705 « PARLREF (R BpR B o B 8 aibe fiTe TR arp B 00 Bieoran A St Mrour e
transform ( EFT) i screte Fqurjer trapnsform (DT) or another suitable
transf%‘?&WH@F%@I?%Sﬁéfgl?te%ﬁj?eeg"%ﬂgngg%%o get I/Qdata fromthe data
stream provided to the error lifier 1100'. The anplifier 1100" then

a
cal cul B0&40]t he nhleperrardenpdidigr p leyfatesthe gEinfestiod bhbkby ¢amputingshe
[ 00149] The error anplifier 1100" cal culates the gain error 1130 by

conput diffgrenbebativkérethe meapnitedeneftthe tdfereneegrigiial d20 add thh K Fofeeghatk siggalal 934 and
the i nput signal 936. The error anplifier 1100" cal cul ates the phase error

1134 by44 orfeWrion dmplifiedi foDRRRARESHRE PREE cirbie] HBasoafputing tieudiffelensd gnal 934
and the input signal 936. The gain error 1130 and phase error 1134 are
provi dgdy b, hbPhile Q¢ ERSREerd 8 signal 420 and the RF feedback signal 444. The gain error
1112, phase error 1116 and the RF reference magnitude 1120 are provided to the processor
408.
[00141] The processor 408 performs signal processing to generate the control signals
that are outputted to the digital to analog (D/A) converters 468. In one embodiment, the
processor 408, utilizes the second control module 308 and the calibration module 360 (as
shown in FIG. 3). In one embodiment, the processor 408 executes the second control module
308 to implement a closed loop control routine.
[00142] In one embodiment, when the processor 408 implements the open and closed
loop control routines, the second control module 308 (FIG. 3) generates the first signal 472
capable of being used to modify the first characteristic of the input signal 412 and the second
signal 476 capable of being used to modify the second characteristic of the input signal 412.
In one embodiment, the first characteristic of the input signal 412 is the amplitude of the

input signal 412 and the second characteristic of the input signal 412 is the phase of the input

signal 412.
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[ 00150] The processor 408 perforns signal processing to generate the control
signals that are outputted to the digital to analog (D) A) converters 468.

I n one emvodbroantg2ot he processor 408, as shown in FI G ¥cTaiseéionexot he
second control nodule 308 and the calibration nodule 360. In one

enbodi nent, the processor 408 executes the second control npdule 308 to

i npl ent8143 c| osB§. |14 Bplepistt ansther embpdigent oica galilizationenedvboi0dert , when t he
processor 408 inplenments the closed |oop control routine, the second

cont r ostabibizing en ORI generdatiesy tshaerhi(RE trassmin ahaid/pathg &pdbGenaélljhehieng used to
nodify the first characteristic of the input signal 412 and the second

si gnal st4tifizgRRaRd 100D et ddatsREtidral SREdndaiReSRCR MbpRa 8 slrfifnked irt6 Of t he
i nput signal 412. In one enbodinent, the first characteristic of the input

s1 9nal i bro fmb e T80 kB4R pﬂﬁlgir?g@og,lfbg{i%iggggﬁ%” ifi e @%ﬂ?ﬁg‘aﬁgﬁ?nd

characteristic the i nput“si t he phase si gna

412. [00152] Fl 12 depi.ct I d ' dyl.e 400 bi li.zi
anpi 1 1 FaroeRsey i ASesbPRifodnd RF el on f Mstbatet do Bisonetedh oS et 0 "
200, WFHAEHPHD) §1 ARl paverdsiiEr S HETOH PR B g e P 00, an

amplifier 404, various lengths of RF cable 912, a transmit/receive (T/R) switch 914, a
monitoring coupler 916, and the MRI system magnetic bore 920. The magnetic bore 920
includes a plurality of main or body RF coils 922. In one embodiment, the stabilization
module 900’ includes, but is not limited too, a processor 408, a coupler 418, first and second
error amplifiers 1100, 1100’, first and second controllers 432, 436, level and phase set
modules 1150 and 1154, and an RF hybrid combiner 930 that senses the electromagnetic field
strength in the magnetic bore 920 though a pick-up coil or antenna 932. It should be
understood that there can be from one to a plurality of pick-up coils or antennas 932 located
within or in close proximity to the magnetic bore 920. The placement of RF hybrid combiner
930 and associated pick-up coils 932 in the magnetic bore 920 allows the system 900’ to
correct in real time for gain and phase errors in all of the components in the RF transmit path
910. These errors can be caused by, but are not limited too, temperature, voltage standing
wave ratio (VSWR), patient size, mechanical movement, and electrical non-linearities, all of
which can change the RF path over time.

[00144] In the illustrative embodiment shown, the stabilization module 900°, which is
in electrical communication with the MRI power delivery system 910, includes a
combination of hardware and software. The software runs on the processor 408.

[00145] Like the stabilization module 400 of FIG. 4, the stabilization module 900’

receives, from an external source (e.g., a signal generator), an input signal 412 at a pre-
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404, includes a conbination of hardware and software. The software runs on
the processor 408. [00153] The stabilization nodul e 400 receives, froman
ext er nal wownme9(®og., a power supply), an input signal pé¢TArsas10m22202
pre-amplifier 416. In one enbodi nent, the input signal 412 is a pul sed RF

i nput signal. A directional coupler 418 then sanples the pre-anplified

i nput &npjifadr 446.21n gner gmbadimentpthe ivgmo siggali41gus a pulsethREdnwit signpll i%i er 1100,
while a second sanple 428 is input to a first controller 432 and to a

s ec onddiesstibnal lcbeplekBIEB. thémsaaptes thepodamplifies, inpitesigiabbid. | & dirsteampledi2le does
not include an error anplifier 1100, but, instead, the functionality of the

error @ngbuttd & erkét AniIHRABIGR Hile aSeédndatpld 428.is frput ARt Sontdller 432
denodul ating function (e.g., a log function or a divide operation).

00154, on Lo g 2 : n | cration)
[ 4o ANECAHRAH IR 436! Mo {]Iﬁﬂocﬁxgeﬁt[ i biifrglict 32984 Raifiont ol | er

used to nodity an anplitude e 1 nput signal n another enbodi nent,
he oGP T R0 R BIR PTGl L5 bR heRbTRe o1, (e
g)r/rp][ |hfe $ef§ﬁ|>ri %pgx%r(())lnlgrrg 6I igra pﬁgs% s infger,tuggd ‘?oer(rzlgcri]icij g Blrlgsre %lf ltheeringg)tessig%gfiﬂif pllXJ;[ to the

described below, a modified input signal 440 is output by the first controller 432 and the

second controller 436 and input to the amplifier 404.

[00146] In one embodiment, the amplifier 404 is used in the MRI power delivery

system 910. A feedback signal 444, representative of an output signal 448 of the amplifier

404, is also input to the error amplifier 1100. The LEVEL SET F module 1150 and PHASE

SET module 1154 are used to initially adjust the gain and phase of the feedback signal from

the MRI coil. In some embodiments, the adjustment is done manually by an operator. The

adjustment also can be done by integrating the loop error and using a control loop (e.g., a

slow bandwidth loop) to keep the error signal centered in the desired operating range. An

input signal 420, also 936, and output signal 934 representative of the RF hybrid coupler

930, are input to the second error amplifier 1100°. The output signals 1130 and 1134 are

summed into the error amplifier 1100 for the primary loop within processor 408. In this

embodiment, the error amplifier 1100 (FIG. 11C) is implemented using a software defined

receiver. The error amplifier 1100 receives an RF reference signal 420 measured in

directional coupler 418. The reference signal 420 is processed using an analog to digital

converter (ADC) 1104 and provided to a Transform Block 1108. The Transform Block 1108

transforms (using, for example, a Hilbert transform, a Fast Fourier transform (FFT), Discrete

Fourier transform (DT) or another suitable transform method) the reference signal 420 to get

I/Q data from the data stream (e.g., serial or parallel) provided to the error amplifier 1100.
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[00155]In certain anplifier systens it is beneficial to include an isolator
(e.g., RFisolator) at the output port of the anplifier to isolate (or
protect) wbeomnpbabi er fromsignals (e.g., high power sipgmaissjiotobzv2 may
enter the output port of the anplifier. For exanple, in nultichannel
anplifier systens, electronmagnetic ener created by one anplifier system
may un8esampliiey 1520 thep salcalates she magnitndp (RF gefetenes magnimderid2 iphpser
system The el ectromagnetic energy fromthe first anplifier systemis
capabl &f th¢ referendei signabp20. aThegyrarangligier hl (hascseceinets theBlFi feedbaclsyighadm or, in
sone cases, it damages the second anplifier system Accordingly, in sone

| nst angpls, TIRIRF feellBdcRisidngl $£440i8 PebcRisell h@in?ldh Rdlo P& dighhl doReerdiPADD)er system
to protect the anplifier. Typical RF isolators are three-port devices with

an | ”PPth49a9Elﬁor%\i?&bd%tapHIansH9ﬁﬁtB r@ IQOk.O?ﬂe ’P%Ffonmﬁo&@f 108! trafhis ?—ﬁ&%i on of RF

’ (§)
flowis into the 1 nput port, ough the i1solator, and out of the output

Port ke AL, SRR bl 34BHouBEl ol By LR QMG et e

i sol at erel SSI P I'na dunmy | oad.

[ 00156] | sql at or operati ng.propertjes vary. durj eratio d beiween
uses. Jfﬂ@?‘%?’dﬁ’éf,) o Pa%tbwgs%&ﬁblﬁ Bahstogs msshodh ot %631%&5( Staﬁlép%\%maer e syst em
makes it difficult for the anplifier systemto operate consistently. In
sone | ¢ Eamdbe dep sireans providsd to thegaror asaplifisn 1100; dde appligicr blG0tberte t he
effects of the variations experienced with isolator operating properties.
Accor deahggilates the magoltpdecanid\yphaseodf thhBF ifendback ignahddd.t o stabilize the RF gain
path of an isolator installed after the output of the anplifier system

st abi | jope4]he RFTiR@8® apdplifiepl | G0 calupierithe ghiRetrat I BID 8 éqnputing therpl i fier

and reduce the physical size of the isolator needed to generate a desired

level @fr-RAELS Q&R e magnitude of the reference signal 420 and the RF feedback signal
444, The error amplifier 1100 calculates the phase error 1116 by computing the difference
between the phase of the reference signal 420 and the RF feedback signal 444. The gain error
1112, phase error 1116 and the RF reference magnitude 1120 are provided to the processor
408.
[00148] In this embodiment, the error amplifier 1100’ (FIG. 11D) is implemented
using a software defined receiver. Input signal 420, also 936, and output signal 934
representative of the RF hybrid coupler 930, are input to the second error amplifier 1100°.
Input signal 936 is processed using an analog to digital converter (ADC) 1104 and provided
to a Transform Block 1108. The Transform Block 1108 transforms (using, for example, a
Hilbert transform, a Fast Fourier transform (FFT), Discrete Fourier transform (DT) or another
suitable transform method) the input signal 936 to get I/Q data from the data stream (e.g.,
serial or parallel) provided to the error amplifier 1100°. The amplifier 1100’ then calculates
the magnitude and phase of the input signal 936. The error amplifier 1100’ also receives the

output signal 934 representative of the RF hybrid coupler 930. The output signal 934 is

processed using an analog to digital converter (ADC) 1104 and provided to a Transform
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[00157]In this enbodi ment, the anplifier 404 includes an anplifier nodule
804 and a systemcontroller 808 for controlling operation of the anplifier
nodul e 80wo0 2&/oud2put of the anplifier nodul e 804 is precrasdiozzo

i sol ator nodul e 812. An output of the isolator nodule 812 is provided to an
RF out put coupler 816 (e.g., an RF stripline RF coupler). One output of the
RF outgl@ﬁké | 'Be Trgn%fﬁm%l‘aﬂkt 308 tgngfpems @sing, fon expeplenbdiberbensiorthe RF

out put signal 820 is provided to a transmt/receive switch via an RF cable
(e. g.,aFaseFourdarsranstbrme (EF Ve Disvrdte Fo@det tahsibims(DTBYr andtlse suitablowssiirmof t he
RF Qut put Coupler 816 is signal 448 which is an input to the error

anpl i f iethodyB6 outBecause 98N & UPEAL from the datatteith phividdds thdgtdrol | oop of
the anplifier system the operation of the anplifier system operation

accou ”&rﬁpﬂ% A trlrd%kf . e ;%gl%pl?iﬁ%f 11dee tﬂeg.rcl\)é%/cﬂ%ﬁé&ﬁé AhbRedR 08 gh%iéﬁ%?f (I Rf he

i sol ator-. ary ators use e I nventors ar e UTE M crowave

(Asbur bl\%% im)dlezh CT-1783-S i sol ator and nodel CT-1782-N isol ator.

[00158%‘?‘?1«51 I8P céhfi guration of a single directional coupler illustrates

two parallel transm ssion |lines over a |ength of one-quarter wayel ength,
i f rody

corresi98EIng wi the arres agplifisy @gﬁ%%VS&e%?%QP RPUERRCer . The

mai n and secondary |lines are separated by a cal cul ated physical distance
whi ch difeesnes briweerhibe sangpithdrpefthe peipuiciignah 834and the inppksigphSioc dihey cl oser
the lines are to each other, the nore power will be introduced on the
secondatror ahiphifief A’ aglcalatts gl phaserare 1434 pycotmputitethe difiidrence. befheEnt er m
coupling denotes how nuch of the input power is sanpled to the coupl ed port

and i sthehasaed tisoutlt lsigheEo3dnmdrtad inpufigdal 936leThe FaneifroaNBo0RadWwaRs Power (C
= 10 log 10(Pf/Pi). Typical coupling values found in practice are 3, 6, 10,

20, 30%rro‘%QI§‘4Q@ﬁ@id&?f’éﬁﬁ@émc@&@f%éi&a' |y any coupling val ue nay be obtai ned
n

through proper design. An exenplary RF output coupler used by the inventors
B R A e e
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processor 408, as shown in FIG. 3, utilizes the second control module 308 and the calibration
module 360. In one embodiment, the processor 408 executes the second control module 308
to implement a closed loop control routine.
[00151] In one embodiment, when the processor 408 implements the closed loop
control routine, the second control module 308 generates the first signal 472 capable of being
used to modify the first characteristic of the input signal 412 and the second signal 476
capable of being used to modify the second characteristic of the input signal 412. In one
embodiment, the first characteristic of the input signal 412 is the amplitude of the input signal
412 and the second characteristic of the input signal 412 is the phase of the input signal 412.
[00152] FIG. 12 depicts a stabilization module 400 for stabilizing an amplifier 404 in
accordance with an illustrative embodiment of the invention. In the illustrative embodiment

shown, the stabilization module 400, which is in electrical communication with the amplifier
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[ 00159] I n one enbodinent, the anplifier 404 is a pulsed RF anplifier. In
anot her enbodi nent, the anplifier 404 is used in an MRl system In this
enbodi nenvo 20tvevesnor anplifier 1100 is inplenmented usi rgTAISS@DIYERDE
defined receiver. The error anplifier 1100 receives an RF reference signal
420 nmeasured in directional coupler 418. The reference signal 420 is

pr oces$¥d inghidey a spmbingtion of kardvatetaad sefbwater flhe seihwap ransoon BAdr9sesor ded to a
Transform Bl ock 1108. The Transform Bl ock 1108 transfornms (using, for
exanpl408.a Hi |l bert transform a Fast Fourier transform (FFT), Discrete
Fourier transform (DT) or another suitable transform nethod) the reference
si gnal [00268]t 0 geThd dtidillaitanmicind 400 @edivessfroam dxborflal soGRE (Ab., 8powar al | el )
provided to the error anplifier 1100. The anplifier 1100 then cal cul ates

t he "Baﬁgg _,da% iR s{RhEs £G6 7R ';igeixe41|%1?19)on@&ﬂb9&1ﬁ§ﬁt, %FSF&P& d&heipnce

si gnal The error anplifier 1100 al so receives the eedback si gnal

444. The fee k _signa representathve of a ut put__si.gnal. 448 of the
ol 1 R P REa R oS08 & fher S ERGMA s HnmBls U B i B0 it O 27
nmodul e |11 n HASE SET. nodul e 1154 are used initially adjust the gain
and ph%%‘éa?giit %éﬁﬁ%%aw 1205 PR 19 LT QT REPIRET b, white o Serabd Sl nts,
the adjustnent is done manually by an operator. The adjustnment also can be
done big it &g Hrst aeptralist #Ebandsioragrecenscontplier 436¢ dmsorae embedimeatsgthe a sl ow
bandw dth 1 oop) to keep the error signal centered in the desired operating
r ange. stdibzdien heehiladdes abginaludd 44 eirar gl des § €00, bat, mostend, thedinogiohditdi gi t al
converter (ADC) 1104 and provided to a Transform Bl ock 1108. The Transform

Bl ock dfi8erréaded]HleiBs iiSéméhted B sosarPhih, far dlahipid, ta dehrvasfaOhfuntiast
Fourier transform (FFT), Discrete Fourier transform (DT) or another

sui t ablg t4130$H:R%i8h RRdde dheeadh).f eedback signal 444 to get I/ Q data from
t he da{e?’st rgam plr O\Iz/s‘llaéed to }%ﬁ% e?ror anplifier 1100. The anplifier 1100

[ 00160PREHT  or AR RRRRuEE B AP ARGIBL 1218 oyl SERBRRC 1S4 IBR AT L1 i ng

F codbabkATBPIH OLAHR IPYHUTRH Fge. HnITIT ERoRUR b AR LS e R fer ror

1116 by computing the difference
phase shifter, used to modify a phase of the input signal 412. As described below, a modified
input signal 440 is output by the first controller 432 and the second controller 436 and input
to the amplifier 404.
[00155] In certain amplifier systems it is beneficial to include an isolator (e.g., RF
isolator) at the output port of the amplifier to isolate (or protect) the amplifier from signals
(e.g., high power signals) that may enter the output port of the amplifier. For example, in
multichannel amplifier systems, electromagnetic energy created by one amplifier system may
undesirably be directed to the output port of a second amplifier system. The electromagnetic
energy from the first amplifier system is capable of creating operating errors in the second
amplifier system or, in some cases, it damages the second amplifier system. Accordingly, in
some instances, an isolator is placed at the output port of the amplifier system to protect the

amplifier. Typical RF isolators are three-port devices with an input port, an output port and a

load port. The normal direction of RF flow is into the input port, through the isolator, and out
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bet ween the phase of the reference signal 420 and the RF feedback signal
444, The gain error 1112, phase error 1116 and the RF reference nmagnitude
1120 are woauiod®do2bo t he processor 408. [00161] The processars2¢i0823202 f or s
signal processing to generate the control signals that are outputted to the
digital to analog (D/A) converters 468. |In one enbodinent, the processor
408 i nefitheiewtputrt  Aws RE signelentering the o®put, parhis dieeieh threwgh the isofaielibe 308,
and the calibration nodule 360. In one enbodi nent, the processor executes

t he fithsloadgottrvahereiidudiesifiidd hohdanin edmntydsadopen | oop control routine. In
anot her enbodi nent, the processor executes the second control nodule 308 to

i npl eg?ms@} ¢l 0SR6latcR OBerERhd pidperltRYAm Aurihd oyt Ad Wiweshags Tent , t he

digit control system including the processor 408, and the DA converters
468, , the
di gi t con er §4a}§1n§%@ elsnoqiﬁgr on h%“gﬁ@kg@f %8—?}1&‘19 }%%%aﬁmée# %lgﬁéclgttni;o}[o system
WO 2010/ 9 920I§[>CT/ us2010/ 022 8%@1 0162 In one 9 b when t he

pr ocesUBRIIHEYSIFR IR ARTIES CORISIENEN TP SOH° UbTRIE: Spetafors e Targd) SPensive

isolators to reduce the effects of the variations experienced with isolator operating properties.

Accordingly, some objectives of the invention are to stabilize the RF gain path of an isolator
installed after the output of the amplifier system, stabilize the RF phase path of an isolator
installed after the amplifier and reduce the physical size of the isolator needed to generate a
desired level of performance.

[00157] In this embodiment, the amplifier 404 includes an amplifier module 804 and a
system controller 808 for controlling operation of the amplifier module 804. An output of the
amplifier module 804 is provided to an isolator module 812. An output of the isolator
module 812 is provided to an RF output coupler 816 (e.g., an RF stripline RF coupler). One
output of the RF output coupler is an RF output signal 820. In one embodiment, the RF
output signal 820 is provided to a transmit/receive switch via an RF cable (e.g., the
transmit/receive switch 914 of FIG. 7B). A second output of the RF Output Coupler 816 is
signal 448 which is an input to the error amplifier 1100. Because the isolator is located
within the control loop of the amplifier system, the operation of the amplifier system
operation accounts for the effects of the varying operating properties of the isolator.
Exemplary isolators used by the inventors are the UTE Microwave (Asbury, NJ) model CT-
1783-S isolator and model CT-1782-N isolator.

[00158] The basic configuration of a single directional coupler illustrates two parallel
transmission lines over a length of one-quarter wavelength, corresponding with the center

frequency of operation of the coupler. The main and secondary lines are separated by a
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routine, the first control nodule 304 generates a first signal 472 capable
of being used to nodify a first characteristic of the input signal 412 and
a second wognal09d926 capabl e of being used to nodify a seconseloacroteristic
of the input signal 412. In another enbodi ment, when the processor
i mpl ements the closed | oop control routine, the second control nodule 308
gener atadenlatebpliysicst distageravhich deterpiss thegpupliigfgetas ebthe deviseli T9e t he first
characteristic of the input signal 412 and the second signal 476 capabl e of
bei ng pigstalipclosatithe/lindsers woml othen tacmere piwee woll be herdduped orsthgnal 412, In
one enbodi nment, the first characteristic of the input signal 412 is the
anpl i t ydendaty lifke(ahd BEdordinglyamofelautpitthytthe capl@nN dTkdRfra ebeplingtdedoteé t he
i nput si gnaly412(is t he p%gse of t%ﬁet iynput Si g%al 412. [%{)11%3] I n one
enbodi . ' i t he

AER buch QFt%@n%i%@%ﬁﬁ% fsggﬁpféﬁﬁ? 'tH%%&gl%ﬁ‘ glﬁﬁ 9141% %%Ie@i%@&‘ Latao 8@?; i

signals 472 and rollTers respectiv . In one

enbodi nent .. th Lrst c roll 432 U t | .representation of the
first ’éall&ﬁgfncﬁfi #%W?Fo ;}tfr‘fvﬁrge%)%elrfﬁ:J(Sjlgﬁ%ftﬁﬁgpﬁ‘nﬂgﬁiwagicalllélfngavr?hle? her eby
mnimze an anplitud Qn- | i near i of the anplifier 404. 1n.another

enbodi é@ﬁg}nﬁlﬁ%tl%é‘é%io&égnﬂ’gﬁi@y@éﬁié@y‘?’ ePEftsadly 31“@6?\%@%" Yn of the
second signal 476 to nodify the phase of the_ input signal and thereby

i ni mi ey beebtpingd thraugh properadesigy. i exsmplany REfquaut gouplerpsed by #i bed above,
the nodified input signal 440 is then provided to the anplifier 404.

[ 00164inFérFors I8Astiphine teuplerstittba 60 dBtcbuplingddatbe RGOMEembodahédts, zhemg an MR
power delivery system (RF transmt chain/path) 910. Generally, the

st abi | @t QEplePE Y dhe YBrtErBVARIdnbt doaprbackstoseped équpld: e g Riesotapwhe coupl er
(forward port]g of the anplifier 404 (FIG 4) to a sanple of the RF signal

f t I j i : 910
rom Utn? ¥5ihé Q?ngﬁiﬂﬂfeh{s?thg %ﬁﬁ)ugﬁ&g% pf? ?%Fn&&%rlmﬁgéd UBM¥ntSsie8M

i ncl udes, I's not mted too, 404, various lengths of RF
cabl e 9],[2 a transmt/receive (T/R) switch 914, a nonitoring coupler 916,
and t hQURIOUDIEt em magneti c bore 920. The magnetic bore 920 incl udes a

lurality_of main or body, RF coils 2. )
P [00%59] In one embo%lliment, tﬁle ampl?ﬁer 404 is a pulsed RF amplifier. In another

embodiment, the amplifier 404 is used in an MRI system. In this embodiment, the error
amplifier 1100 is implemented using a software defined receiver. The error amplifier 1100
receives an RF reference signal 420 measured in directional coupler 418. The reference
signal 420 is processed using an analog to digital converter (ADC) 1104 and provided to a
Transform Block 1108. The Transform Block 1108 transforms (using, for example, a Hilbert
transform, a Fast Fourier transform (FFT), Discrete Fourier transform (DT) or another
suitable transform method) the reference signal 420 to get I/Q data from the data stream (e.g.,
serial or parallel) provided to the error amplifier 1100. The amplifier 1100 then calculates the
magnitude (RF reference magnitude 1120) and phase of the reference signal 420. The error
amplifier 1100 also receives the RF feedback signal 444. The feedback signal 444,
representative of an output signal 448 of the amplifier 404, is also input to the error amplifier
1100. The LEVEL SET F module 1150 and PHASE SET module 1154 are used to initially

adjust the gain and phase of the feedback signal from the MRI coil. In some embodiments,
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WO 2010/ 090920PCT/ US2010/ 022202 [00165] I n certain anplifier systens it is
beneficial to include an isolator (e.g., RF isolator) at the output port of
t he anpl iwoenioimodzsol ate (or protect) the anplifier fromcsiugoabs22e2g.,
hi gh power signals) that may enter the output port of the anmplifier. In
this enbodi ment, the anplifier 404 includes an anplifier nodule 904 and a
syst enthe adiuptaientis dongmagpallydit aoenerder. oleradiustpenslspisan hegpps ber nodul e

904. An output of the anplifier nmodule 904 is provided to an isol ator

nmodul eingggatindnhealovp atroondnd bsing saintoblooptelgl, @ sBIRbinsiwidtb toape do keepdhe RF

out put coupler 916 (e.g., an RF stripline RF coupler). One output of the RF

out put erff?¥{BnaY cenferéNinRfre B¢sid bp&ra@iietanf2 OThelRE fE¥dback Ppiial 244 tpro2eed s
provided to a transmit/receive switch 914 via an RF cable 912. Because the

| sol at@lind g ehﬁlr%]%tt@@i ol BlrlvebtBis AT 1104 ah&%l?b\@éedttﬂ% BERb M BlockYigbgm the

operation of t anpl i1 fier systemoperation accounts for the effects of the

varyi ergtin f i of i ol e odi nent, the
stabiP?%%]?%%oﬁ%gﬂﬁéq8§8%%§§Pﬂg%égﬁﬁuﬁgFgéﬁ@F”%ﬁﬁ%%g%&#gﬁghg pr%cessor 408,
a coupler, 418, an ranplifier 110Q, first and,second controllers 432,
226 oo Roos G HIeD R Riet oen v UED raReE SR TG 15y, and
an RF hybrid conbiner 930 that senses the el ectromagnetic field strength in
t he magatbed)cthe BFdeadhack pigngt44 tpretd/Q gatadiom the date stigam pygvded fo theeiiord be
understood that there can be fromone to a plurality of pick-up coils or
ant ennaspli#i? 110Q aTledamplifivirri 160 then celcokites phomagnitude tind phase whighredtF ¢ bor e 920.
The pl acenent of RF hybrid conbiner 930, its connection to 448, and

associ Re@AcPkighkalua4coi | s 932 in the magnetic bore 920 allows the system 900
to correct inreal tinme for gain and phase errors in all of the conponents

int hewﬁtf%d rans e §alrRndlfier TTRGIGNH Y the §40 cRBr @P}?@}?cé?ﬂv%ltiﬂgtth@r e not

l'imtet , tenperature, voltage standing wave ratio (VSWR), "patient size,

gﬁgggg&ffﬁ%n@%gf?% %1\9 gr?adgplﬁl e?cgfr thé @fer@g&_ Jlér{&?i‘ﬁd Lifde l@l %ee@Jacﬂ\’Qi'gﬁQ can
444. The error amplifier 1100 calculates the phase error 1116 by computing the difference
between the phase of the reference signal 420 and the RF feedback signal 444. The gain error
1112, phase error 1116 and the RF reference magnitude 1120 are provided to the processor
408.
[00161] The processor 408 performs signal processing to generate the control signals
that are outputted to the digital to analog (D/A) converters 468. In one embodiment, the
processor 408 includes the first control module 304, the second control module 308, and the
calibration module 360. In one embodiment, the processor executes the first control module
304 to implement an open loop control routine. In another embodiment, the processor
executes the second control module 308 to implement a closed loop control routine. In yet
another embodiment, the digital control system, including the processor 408, and the D/A

converters 468, is entirely replaced by an analog control system. Alternatively, the digital

control system is only partly replaced by an analog control system.
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WO 2010/ 090920PCT/ US2010/ 022202 [00167]In the illustrative enbodi nent
shown, the stabilization nodule 900, which is in electrical communication
wi t h t he wBl2opmaesodel i very system 910, includes a conbipaatusesood22bar dwar e
and software. The software runs on the processor 408. [00168]Li ke the
stabilization nmodule 400 of FIG 4, the stabilization nodule 900 receives,
from ai9086&ler nal Ingwgeabodisment, whendheprocesgeriiSimplomeninthic ppen lospgaRTol412 at
a preanplifier 416. In one enbodi ment, the input signal 412 is a pul sed RF
i nput wugmg the fiysdéangrot inodale 304 gphaated 4 8irdt kignalsBizpiapable hEbgngusdpdi f i ed

I nput signal 412. A first sanple 420 is input to an error anmplifier 1100,

whi | e Rogieeoriest SRarRdteriditd itite inp@iHigdad4 B2 ddd Hlec6@NEiEAI 1496 c4gubledibeing a
second controller 436. In sone enbodi nents, the stabilization nodul e does

not i nelelfenBaifFh 5&ond %Héljaét.bﬁsgtic_ldlf(fﬂe inPHl sigdal 81 £afh arlofifer EMBGALRABMHeY Of the

error anplifier’is inplenented in software with, for exanple,

a
e B RGeS RRLER0R) 11 o

enbodi ontto contr o nodify

an anplitude of the input signal_ 412. |In another enbodi nent, .thge second
Cont r oRERRLGAGe Tt SiEpAl g cBpbIS g beliius Ko mRgY fhy THS A RBRtS REF ot
signal 412. As described below, a nodified input signal 440 is output by
t he fiinget signat 45} ansk the secoad gignlet 7osepttde elbbringrsed to ndifyikr seapidt to t he
anplifier 404.

characteristic of the input signal 412. In one embodiment, the first characteristic of the input

signal 412 is the amplitude of the input signal 412 and the second characteristic of the input
signal 412 is the phase of the input signal 412.

[00163] In one embodiment, the D/A converters 468 input analog representations of
the signals 472 and 476 to the controllers 432 and 436, respectively. In one embodiment, the
first controller 432 uses the analog representation of the first signal 472 to modify the
amplitude of the input signal and thereby minimize an amplitude non-linearity of the
amplifier 404. In another embodiment, the second controller 436 uses the analog
representation of the second signal 476 to modify the phase of the input signal and thereby
minimize the phase non-linearity of the amplifier 404. As described above, the modified
input signal 440 is then provided to the amplifier 404.

[00164] FIG. 13A depicts a stabilization module 900 for stabilizing an MRI power
delivery system (RF transmit chain/path) 910. Generally, the stabilization module 900 moves
the feedback loop from the RF output coupler (forward port) of the amplifier 404 (FIG. 4) to
a sample of the RF signal from the MRI system magnetic bore 920. The MRI power delivery
system 910 includes, but is not limited too, an amplifier 404, various lengths of RF cable 912,
a transmit/receive (T/R) switch 914, a monitoring coupler 916, and the MRI system magnetic

bore 920. The magnetic bore 920 includes a plurality of main or body RF coils 922.
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[00169] I n one enbodi nent, the anplifier 404 is used in the MR power
delivery system 910. A feedback signal 444, representative of an out put

si gnal 4480abioidees2RF hybrid coupler 930, is al so input toTiUSC01©0RT2D2
anplifier 424. In this enbodinment, the error anplifier 1100 is inplenented
using a software defined receiver. The error anplifier 1100 receives an RF
r ef er 06| gnal Ingevaineanlifier systenel it sdenefiadl te tnphudgrandgdaton(eeg.s RF er ence
signal 420 is processed using an analog to digital converter (ADC) 1104 and
pr ovi diealatos) a thir autsdt@on dBltecim Al to Ebktelioa psitant nthBhmpkifidrlBé@n tsignalsf or s
(using, for exanple, a Hilbert transform a Fast Fourier transform (FFT),

Di scr efeqy. s pSherlsighak) ﬁfaﬂhfa?&te@ﬂle%ﬂiuhﬁbrt SPtHcal gtifler asthRreMusaih@d) t he

reference signal 420 to get [/Q data fromthe data stream (e.g., serial or
Cal cul S e fgAGER s AR nfHe Jo e e HOGs T R Fose of e

F cedbaR TR IAAPera" OFHE TUUGREERICE gha ARARTY Of PeEiae! FRNES M Rout put
il e ey vt oRby b EasE e Sos Bl 137

adj ust the gain and phase of the feedback signal fromthe MR coil. In sone
enmbodi REnutput eduplesdijl & 62 gean RE strindine Rfegoualetly Qne autpw9é thet B outpie adj ust nent
al so can be done by integrating the |oop error and using a control | oop
(e.g.,coapket ovinRin dutipdt dignad©p). The REeptpuhsigral9dd ispgnaled teat ered in t he
desired operating range. The RF feedback signal 444 is processed using an

anal oG il9édivd syt es a RPChbIé DAY, BBehuRE Miiistastof B 1acalddawihiarie Bl ock
1108. The Transform Bl ock 1108 transforms (using, for exanple, a Hilbert

transf effbl ﬁogt%g meMIfﬁF %Eéﬂ%ﬁ@@(;@%&ﬁ&g«lﬁ@@gﬁe@%g% o jo8atibh 30LAEM (DT)

or another su ansftor mnet nal 444 to get 1/Q

data fromt dat.a stream provided ta the.etror anplifier 1100. The

anpl i f{(’émef’rfl%ﬁtst W‘B%Pﬁ?r ung W@p?éﬁ%?ﬁ}ﬁésog?ﬁ?f‘ phase of the RF feedback
signal 444, [00170] The error anpplifier, 1100 cial cul at es ghe_ gai gﬁey@(g or 1112
by conf98i66lg t helngineeapbedrentdhoaabilizationfagdnls Ybingludes, Sut ispgt BMied si gnal

420 and the RF feedback signal 444. The error anplifier 1100 cal cul ates the
phase t®pyoprotdsier 48, & coynien 41§, aherrati anfdifient E00, first and second controllers 432,

436, D/A converters 468, level and phase set modules (1150 and 1154), and an RF hybrid
combiner 930 that senses the electromagnetic field strength in the magnetic bore 920 though
a pick-up coil or antenna 932. It should be understood that there can be from one to a
plurality of pick-up coils or antennas 932 located within or in close proximity to the magnetic
bore 920. The placement of RF hybrid combiner 930, its connection to 448, and associated
pick-up coils 932 in the magnetic bore 920 allows the system 900 to correct in real time for
gain and phase errors in all of the components in the RF transmit path 910. These errors can
be caused by, but are not limited too, temperature, voltage standing wave ratio (VSWR),
patient size, mechanical movement, and electrical non-linearities, all of which can change the

RF path over time.
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bet ween the phase of the reference signal 420 and the RE feedback signal
444, The gain error 1112, phase error 1116 and the RF reference nmagnitude
1120 ar e woauiod®oo20o t he processor 408. [00171] 1 n one erbwdisc®ni22ehen the
processor 408 inplenents the open and cl osed | oop control routines, the
second control nodul e 308 generates the first signal 472 capabl e of being
used t0Ki fy tlhdhe illustrativgpnthodinens shewnithe fiebilizasion meda POy whidng t he
second signal 476 capable of being used to nodify the second characteristic
of t heinietgptricab¢qmuabini¢dtion With dreVIRE pyweli doinery systemfd10sinchidas act eri sti c of
the input signal 412 is the anplitude of the input signal 412 and the

S econdcoptbihAoh S hitdwardind sd€twaih) UrheSdoBRate b oh Shel fi6cdibas®8of t he i nput

signal 412. [00172] Certain enbodi nents of the present invention were

descri fﬁ@%ﬂbove' LikE tHeSstabilization module 400 of FIG. 4, the stabilization module 900
receives, from an external source (e.g., a signal generator), an input signal 412 at a pre-
amplifier 416. In one embodiment, the input signal 412 is a pulsed RF input signal. A
directional coupler 418 then samples the pre-amplified input signal 412. A first sample 420
is input to an error amplifier 1100, while a second sample 428 is input to a first controller 432
and to a second controller 436. In some embodiments, the stabilization module does not
include an error amplifier 1100, but, instead, the functionality of the error amplifier is
implemented in software with, for example, a demodulating function (e.g., a log function or a
divide operation). In one embodiment, the first controller 432 is a gain controller, used to
modify an amplitude of the input signal 412. In another embodiment, the second controller
436 is a phase shifter, used to modify a phase of the input signal 412. As described below, a
modified input signal 440 is output by the first controller 432 and the second controller 436
and input to the amplifier 404.
[00169] In one embodiment, the amplifier 404 is used in the MRI power delivery
system 910. A feedback signal 444, representative of an output signal 448 of the RF hybrid
coupler 930, is also input to the error amplifier 424. In this embodiment, the error amplifier
1100 is implemented using a software defined receiver. The error amplifier 1100 receives an
RF reference signal 420 measured in directional coupler 418. The reference signal 420 is
processed using an analog to digital converter (ADC) 1104 and provided to a Transform
Block 1108. The Transform Block 1108 transforms (using, for example, a Hilbert transform,
a Fast Fourier transform (FFT), Discrete Fourier transform (DT) or another suitable transform

method) the reference signal 420 to get I/Q data from the data stream (e.g., serial or parallel)
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however, expressly noted that the present invention is not I[imted to those
enbodi nents, but rather the intention is that additions and nodifications
to what vee ewypmwexsl y descri bed herein are al so incl udeg#cwmusbomw/otize2 scope
of the invention. Mreover, it is to be understood that the features of the
various enbodi ments described herein were not nutually exclusive and can
exi st Pravided tooils eaentmplafierdd 80.adbe paphiierail 06 then caleutatgsithe megnigesieRRat i ons

or permutations were not nade express herein, wthout departing fromthe
spi ri trefoehcs aoggaitode 1 126) amd plretse ofithelrefefeact signad 26t iThasrronadplifiedtiO@®ns, and
ot her inplenentations of what was described herein will occur to those of

or di naglyo fkéikés the RFReedbatk WighflaMy. dep@eldbadk sigraMd4) epsibientativablad he scope
of the invention. As such, the invention is not to be defined only by the

oy T LT T R SR

COMPT S P# module 1150 and PHASE SET module 1154 are used to initially adjust the gain and
phase of the feedback signal from the MRI coil. In some embodiments, the adjustment is
done manually by an operator. The adjustment also can be done by integrating the loop error
and using a control loop (e.g., a slow bandwidth loop) to keep the error signal centered in the
desired operating range. The RF feedback signal 444 is processed using an analog to digital
converter (ADC) 1104 and provided to a Transform Block 1108. The Transform Block 1108
transforms (using, for example, a Hilbert transform, a Fast Fourier transform (FFT), Discrete
Fourier transform (DT) or another suitable transform method) the RF feedback signal 444 to
get I/Q data from the data stream provided to the error amplifier 1100. The amplifier 1100
then calculates the magnitude and phase of the RF feedback signal 444.
[00170] The error amplifier 1100 calculates the gain error 1112 by computing the
difference between the magnitude of the reference signal 420 and the RF feedback signal
444, The error amplifier 1100 calculates the phase error 1116 by computing the difference
between the phase of the reference signal 420 and the RF feedback signal 444. The gain error
1112, phase error 1116 and the RF reference magnitude 1120 are provided to the processor
408.
[00171] In one embodiment, when the processor 408 implements the open and closed
loop control routines, the second control module 308 generates the first signal 472 capable of

being used to modify the first characteristic of the input signal 412 and the second signal 476

capable of being used to modify the second characteristic of the input signal 412. In one
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a stabilization nodule conprising a closed |oop control routine for

anal yzing at | east one feedback signal of the MR power delivery system
wher ei n twe 2vloopzaer del i very system conprises an RF i ®0rASe610/022202
wherein the stabilization nodule nodifies at | east one characteristic of an
input signal with the closed | oop control routine and provi des the nodified
i nput gnbpsdamentothe Hisstiphpragisvistic efcthe {npuysigyal ddnis the amplitusle gbthej inputisignahodul e
of claim1, conprising an anplifier nodule and an RF output coupler,

wher ei 412t dand thi-sdcend eltavactersstie lo€ dterinpaisignakt4lpk det hasaof the inut sighaltdi 2.
anplifier nodul e and an input of the RF output coupler. 3. The

st abi | jppar2]on MDdetkefn BinbediieRtsDf tNGEfInDinkBRiJRFwerd destiribe@ bRl TPM! puts an
RF signal that is provided to an error anplifier, wherein the error

ampl | hfevBh RS FioRBAD hdRe@RCnPhARS iShdNRhTed © ol IcABEAR M, BhET €1 1

t he processor outputs control” signals to one or nore control no ul'es that

el RS ELARES R AR bSO Gar vl PR St SRR L
i solator;_ and ..a stabilization npdule conprising a closed ] oop control
rout i n&e RSP nghuded Hvifyn e Sopne. o b EVERGRIL RISV it 15 @fqu%@emoﬂﬁ@é&
delivery system wherein the stabilization nodule nodifies at |east one
char acfeaturestof ¢heotarighs pmpedimsnigrsigseribed hercheweteaobmutusdy cxelusiveprnd At i ne and
provi des the nodified input signal to the MR power delivery system

exist in various combinations and permutations, even if such combinations or permutations

were not made express herein, without departing from the spirit and scope of the invention.
In fact, variations, modifications, and other implementations of what was described herein
will occur to those of ordinary skill in the art without departing from the spirit and the scope
of the invention. As such, the invention is not to be defined only by the preceding illustrative
description.

[00173] What is claimed is:
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5. The power delivery systemof claim4, conprising an anplifier nodul e and
an RF out put coupler, wherein the RF isolator is electrically coupled to an
out put ofwohelczypd2nfi er nodul e and an i nput of the RF omcpuis2@owpizer. WO
2010/ 090920PCT/ US2010/ 022202 6. The power delivery systemof claimb5,
wherein the RF output coupler outputs an RF signal that is provided to an
error anplifier, wherein the error Glah$fier outputs RF magni tude and phase
signals to a processor, wherein the processor outputs control signals to
one or nore control nodul es that inplenment the closed | oop control routine.

1. A stabilization module for stabilizing an MRI power delivery system, comprising:

a stabilization module comprising a closed loop control routine for analyzing
at least one feedback signal of the MRI power delivery system, wherein the MRI

power delivery system comprises an RF isolator;

wherein the stabilization module modifies at least one characteristic of an
input signal with the closed loop control routine and provides the modified input

signal to the MRI power delivery system.

2. The stabilization module of claim 1, comprising an amplifier module and an RF
output coupler, wherein the RF isolator is electrically coupled to an output of the

amplifier module and an input of the RF output coupler.

3. The stabilization module of claim 2, wherein the RF output coupler outputs an RF
signal that is provided to an error amplifier, wherein the error amplifier outputs RF
magnitude and phase signals to a processor, wherein the processor outputs control

signals to one or more control modules that implement the closed loop control routine.
4. A power delivery system for an MRI device, comprising:
an MRI power delivery system comprising an RF isolator; and

a stabilization module comprising a closed loop control routine for analyzing
at least one feedback signal of the MRI power delivery system, wherein the
stabilization module modifies at least one characteristic of an input signal with the
closed loop control routine and provides the modified input signal to the MRI power

delivery system.

5. The power delivery system of claim 4, comprising an amplifier module and an RF
output coupler, wherein the RF isolator is electrically coupled to an output of the

amplifier module and an input of the RF output coupler.
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The power delivery system of claim 5, wherein the RF output coupler outputs an RF
signal that is provided to an error amplifier, wherein the error amplifier outputs RF
magnitude and phase signals to a processor, wherein the processor outputs control

signals to one or more control modules that implement the closed loop control routine.
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