METHODS AND SYSTEMS FOR STABI LI ZI NG AN AMPLI FI ER Technical Field
[ 0001] The invention generally relates to nethods and systens for

stabi li zi ngoapoabghd fier. Mre particularly, the inventicgus@bates: t o
nmet hods and systens that use a conbination of open | oop and cl osed

| oop control systens for stabilizing the anplifier. Background
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anplifier accepts as input a ser ses generated by an
external RF source and generates as output a series of pulses of
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coils. [0003] As inproved inmage quality is denmanded, higher Tesla
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power. Providing a greater output power, however, can introduce RF
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system and, consequently, can result in distortions in the MMimge.

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

[6003] 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.
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Summary of the Invention [0004] The present invention provides

met hods and systens for stabilizing an anplifier. Typically, the
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[ 0005] In one enbodi nent of the present invention, a stabilization
nmodul e (dg.tthe gpinesépliasé paremeieorof thendiosed oopapuived system tend 66 bovdrienftor
stabilizing the anplifier. The stabilization nodul e includes both an
open | ogieiraaximeh os ysdigmravaiued). Clius gantod opentsorfttheagpressysineention uOB6 |
Using a closed | oop control systemat the start of a pulse tends to
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cl osed | oop control systemtend to be driven to their maxi num or
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open |l oop control systemat the start of a pulse to stabilize the
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for exa using”the 1 nput power of an I nput signal received by the
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control “Sys I's use I'ze the anplifier. [0007] In
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one aspect, the invention generally involves a nethod for stabilizing
an anpl idtitioe thefey epahi¢sshic pprollorieeontrol gystemde dearndiem eeglosed 19opsoniing a
stabilization nodule that is in electrical conmunication with the
anpl i fi eystamdCoisaquentiy,|thelepenaoopopetiol systpmisqetfomhansy istimpravad over dimes e d

| oop control system Another step is using the open | oop control

syst em [@008PUi dri¢ agpect, Gasinvantion ghraraiytievdledsiacnalioddfor staplizing myaaplifier.
received by the stabilization nodule and to pass control to the
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control systemto nodify the at | east one characteristic of the input
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anplifier. [0009] In various enbodi ments of this aspect of the
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anplitude o e I'nput si‘gnal or a phase of the input signal. In one
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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



using the open | oop control systemfor a pre-determ ned period of
time during which an input power of the input signal is above a

t hreshol d‘bs\ég}omgdg?';ters in the closed | oop control Sy%@‘f'ms 1019%902
enbodi ment "are 1 nitialized by the open | oop control system based on
out puts of the open | oop control system [0010] In some enbodi nents,
an i NpUgsifome bpedflodd@ntroPiybtefl foN@preldteRBmed p&Ebd Jf BinfeQREng Whith an input
enbodi nent's, t%e open |l oop control systemis used to nodify the at
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system adj usts both the first error and the second error. [Q01ll] In
sonme entystdinmeedifics thiet ledsbenedrhpigetgrigioref thel inpy sigash based onrr veluedr a Jgok-
| east one non-linearity introduced by the stabilization nodule. In
ot her ewbiablie vem¢sponditgetodhempitgopes ochiterlodk-ay tblemaydeondated based en | east
one non-linearity introduced by the stabilization nodule. The
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of a magnetic resonance imaging system [0012] In another aspect, the
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nodul e for stabilizing an anplifier. The systemincludes a first

~ T TONt T O iR iRr 88 eth BB GNesi SR ki dthe FaRAbHcR sighflewd dlsdineofdr The sloskdl e

is for performng three functions: (a) receiving a first signal
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nodul e, erfierating a second signal capable of being used to
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routi net
[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 confrol module is for performing three functions: (a) receiving a

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



[0013] In sone enbodi nents of this aspect of the invention, the first
control nodule is capable of determining if an input power of the

i nput si gnalp desy@hRye a threshold | evel and of gener atip@rifecnesend
signal capable of being used to nodify the first characteristic of

t he i nput signal using the open | oop control routine when the input
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control nodule is capable of determning if the first control nodule
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using the closed |oop control routine. In sone rel ated enbqdi t
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second characteristic of the input signal. The first value and the
second vaitwé mudyle hes brsp dsibg thetnpeh jaop ot rouine faradue-deteinpingshieeriod of
enbodi ment, the first control nodule is capable of using the first
val ue t tingehengtvaich he ipacpowersif grahpuasignad fwas sbovg atthiesisdd e, mabares t o
generate the fifth signal. In a related enbodi nent, the calibration
modul e isschGaibabinenaf th fida comgp] infvalulei seisds twathité signal witee tisefoomdingal ue
based on outputs of the second control nodule. In yet another
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nodul e that includes an open |oop control systemand a cl osed | oop
control system Another step is using the open |oop control systemto
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second control nodule. The second control nodule is for generating a
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[0016] In yet another aspect, the invention generally features an article of manufacture for
use with a stabilization module for stabilizing an amplifier. The article includes means for
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



[0021] In sone enbodi nents, the stabilization nodul e includes an
anplifier nodule and an RF out put coupler, wherein the RF isolator is
el ectrical{yp %apbeg to an output of the anplifier nodupErddsioan

i nput of the RF output coupler. In sone enbodi nents, the RF output
coupler outputs an RF signal that is provided to an error anplifier,
wher ei npioligle efak icludedn e loopioptidlSyREm mad)a clbseidogmebnplohsystest. ghmkier t o
a processor, wherein the processor outputs control signals to one or
nor e Copkp Rlusipd &n 1dtplcontipl HERto baifrh phasel of He pnpuosiphiabnd Mittimize.

[ 0022] The invention, in another aspect, features a power delivery
system f BaseﬁoMihéarﬁfaftﬁemgl rE RS conBrbi 16 @hH/c1638 1P doReblegREm AN
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power d llvﬁg%fgﬁ%%%ﬁ%[ 0023] In sone enbodi nents, the power delivery

sKsten11ﬂ i fier nmodul e and an RF out put coupler, wherein
the RF isglator is electri |y coypled to an output.of the anplifier
odul e A8 aos saoBetel o st R eaaun e b e iRl e RiRpise
the RF output coupler outputs an RF signal that is prqvided to,.
error afiiriusingihe qpga feoproREd Sé’?t?fﬁlfora?fﬁS?'a?-‘F%‘Fm W?fﬁﬁeﬁﬁﬂ?ﬁ YR 28nd
phase signals to a processor, wherein the processor outputs control
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control routine. Brief Description of the Draw ngs
method further includes using the open loop control system to initialize a filter in the closed

loop control system based on an output of the open loop control system.

[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 (¢}
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



[ 0024] The foregoing and ot her objects, aspects, features, and
advant ages of the invention will becone nore apparent and nmay be
better undgpshpr@oly referring to the follow ng descri g,td[ngl%ﬁaoj n
conjunction with the acconpanying drawi ngs. [0025] FIG 1 is a flow
di agram of a nethod for stabilizing an anplifier in accordance mnth
an il | ukbstahe vlerasidristic oeat inpdt sighe! with/the tlosad. lo¢0@26p] dehtihe @dipsovadeso a
fl ow diagramof a nethod for stabilizing an anplifier in accordance
W t h anthelnodifiaddhput eigRathio dierMRI pdber dblévetynaseein. on. [ 0027] FIG 3 is a
bl ock di agram of a systemfor use in a stabilization nodule for

stabi | i pong RRoABRIbEdifHenistha S1EBiliSARE Sroduleinchitich bh BiSblifdrinYRlule and an
embodi ment of the invention. [0028] FIG 4 is a circuit diagramof a

stabi || gplhn: R, SvHeRlin HeRY ikb1ZbPE RBLRAD) dofuBEEi td &h lggace with
an illustrative enbodi ment of the invention. 029] FI 5is a flow
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cl osed p control rout I ng an anp
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FIG 6 aramo ation roume used i n one

embodi rrgnqlt)hfo ];' OItJthts R nelertlgtﬂt?lﬁle 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 7A is a circuit/block diagramof a closed |oop, fast

f eedback magnetic resonance imaging (MRI) transmt stabilization
nodul e. [ O@@2ph1ofdebazo 7B is a circuit/block di agram of a mlTs®oiolorzn:
sl ow feedback MRl transmt stabilization nodule. [0033] FIG 8 is a
circuit diagramof a stabilization nmodule for stabilizing an
anplifier in accordance w tBichResariptien ofihe Deavdngsodi ment of the

I nvention. [0034] FIG 9A (9A-1 and 9A-2) is a circuit/block diagram
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nodul e, according tq an_illustrative _enbodjpent of the invention,
[0025] FIG. lgis a?low diagram o amethog for stabi ilzmneg anamph}ier 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.



[0037] FIG 11B (11B-1 and 11B-2) is a circuit/block diagramof a

cl osed | oop, slow feedback MRl transmt stabilization nodul e,

accor di ng @ sa@fiidoddaist rati ve enbodi ment of the inventi QydQ838i263 G
11Cis a circuit/block diagramof an error anplifier, according to an
illustrative enbodi ment of the invention. [0039] FIG 11D is a

ci rcui t [(OBSICRIG 1 & ipraacitcait dingraei 600 stailidatibn mpdula fe atadiliamgtan asiplifier in
illustrative enbodi nent of the invention. [0040] FIG 12 is a circuit
di agr am@brdanctvikh dn ifladtaGRe smbodiRefi@f tittimkintibzi Nng an anplifier in
accordance with an illustrative enbodi nent of the invention,

accor di @36]01:1@;?11“111%4-!1 ahdl YA 2RO IFERVbI0Rk diaBRm dT\ueMsk®bop] AQ41] FI G
13A (13A-1 and 13A-2) is a circuit/block diagramof a closed |oop,
fast fe | ' ' : ok ) Fdol i on
I e R e R

Det ai | eg; -Eﬁﬁﬁéieﬂ% [0042]). FlG .1 depicts a nethod 100 for
ng an arrp‘ﬁllqltel e

sLab! I'i Zi'ng rdaccor [ n'gbt o an il ljust ra';)i ve enbgdi ment of
modul o RN o T T B 2Dt aHPu e 8 e o RSB B len” na
Syot em eibeER M hSDl 3P e R HBHI e 1 on NS BUBRTST CHE

i nput signal is nmeasured (step 104), the open |oop control systemis

used t oy at | east one characteristic of an input signal

recei ved bg/ t he stabilization nmodule (step 108), the . . )
[0038] FIG. 11C is a circuit/block diagram of an error amplifier, according to an illustrative

o=

embodiment of the invention.

[0039] FIG. 11D is a circuit/block diagram of an error amplifier, according to an illustrative
“——embodimentof the'invention.” -~ T T T T e e s
[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



cl osed | oop control systemis passed control (step 116) upon the
satisfaction of one or nore control paraneters (step 112), and the

cl osed | oowoomiovedzo systemis used to nodify the at | eastr/usre10/022202
characteristic of the input signal (step 120). The nodified input
signal is provided to the anplifier during the use of the open |oop
cont r ol clesedtlean qostreksysion)is pargedrpnirak(sten é 1 igwon thespiésiaction eflonegypnore
control system (step 120). The nethod 100 begi ns upon receipt, by the
st abi | i zattiobpararoetetsdstei 123, qudItisecdosed paop contyel aystemds usay tdgeodifpthatted on
each separate instance of a pulse. The nethod rmay be inplenented, for
exanpl eleaitons tlabadidrisdc afnthainput figmil (sedp 120). VRle mydfiehinpt@:43] is Stoefled 04
is the neasurenent of an attribute of the input signal. In one

embodi Meythe ahﬂﬁieiﬂhﬁh%ﬂ&b%sé f thd\6pen U coRQUEH sterh (§tbr2108) bl A e usel N
anot her enbodi nent, the attribute is the voltage | evel of the input

si gnal . of@e }!I%Eedflasﬁ QRkroEsRRA @ERP120) MBe Alciod18d Bediss 48 r6ddiptaithdf

the input signal. 'The attribute is neasured, in one enbodi nent, by an

B

| oop contr systemis y at one characteristic of

R e S e e T e R

i nput sigpal .in step 108. I n another enbodi ment, the open | oop
controlhg§§¥%ﬂ?hndifies the phase of the input signal in step 108. In

yet ano nbodj ment, the open. |lo ontrol syste difies.bot
Uhe ampl0askSea i FFE prrssersht i SRl ohg i Fael e ssRopgghs,
The open |l ogp control systemis.used to nodify the at | east gne .
char act Seagrbwe wthe ingut BepGE okthy Hprt Herab glngnothee %?‘f%uffdf theos
the input signal. In one enbodi ment, the open |oop control system
uses a Veltige ?Pﬁelt@lﬁhl@nplﬁé@@é]d Tp yeyanathpeemabndaneniths stihuts i¢ Seryrentet thie
at | east one characteristic. For exanple, in one enbodinent, the
measur ethpat sigrabuthe dtcibutieds inpasuredpiowae ewbodippent, ipan clemegman thestgbiligption
| east one characteristic is anplitude, and the table identifies an
anount imodwlary the anplitude for each input power |evel. As described
in greater detail

[0044] In step 108, the open loop control system is used to modify at least one characteristic

of the input signal. For example, in one embodiment of the method of FIG. 1, the open loop
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
lcast 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, Q@eeRiofdse control paranmeters are checked tQqai8iForBo] f
it is an appropriate tine for the open | oop control systemto pass
control to the closed | oop control system Wen the one or nore

cont r ol bflew AR ediFied ipusainad is theh protidedipethe bpalosneuntro] sysiesite@nhepasses
control to the closed | oop control systemat step 116. Wen, on the

ot her hﬁ;ﬁﬂiﬁ&k@stm%@éa@?[mters are not satisfied, the open | oop
control systemis used (step 108). In one enbodi nent, a control

par amet &04&]51n%teSQFﬁ,td?1% 3\’ RloHEeontiD] BRAEAGS aﬁ@ﬁ%mﬁeﬁir&%‘ft §<Odn

par anet I's an el apsed period of tinme. In still another enbodi nent,

a7 AT 1 A S35y iy g8
L, AETENG b RIS Pl AP OB R T,
116,

R R DT e O Y R P

the open |l opp control systemjnitialjzes the closed | trol

syst em $ro] gagameters Axg no Fac“égg"ie WED 98 CPRHER SEHHR P%ﬁ@@@?ﬁ% dngngsed

control, the closed | oop control systemis used to nmpdify the at

| east offabastiraerca confrek pasarpsierina CourkRy valdp g neanothst apbogimsnt, agpatrgl oseqd

| oop control systemreceives a feedback signal representative of an

out put Birgmeter iofin elapsed ppriod ofdime. |In stithpnathes emhediaenief eitrol pEametey East

one characteristic that is nodified is the anplitude and/or the phase

of the thapoplimieotihe inpat Sgmb Iarpe gartiewtassmbddenait.dbecpendoy wohel ol

system nmeasures a first error between the input signal and the

f eedbackyseigshatks thecomaoEpasamdteré)b Adibnmtitedy, thehdosed op dohitod gytomvr ol

system al so neasures a second error between the input signal and the
—teedbacimotied fiehent T cidcRsiRtiohaopEaRtere). System —i n- these- = = — - -

enbodi nents, is used to nodify the at |east one characteristic of the

i nput  sjag Infagla_eﬁq%gﬁe b8 16dHdsntrBIOYSem il Bass botel teethe BloseddBeh Edirol

second error. e nodified input signal is then provided, in step

120, by ﬁs{%ﬁl Gh gﬁggni) ertOMsErHed 1Y S8R detail oAl difeh ?Jogtc%nﬁ&%?étéﬂm ze

t he anp rer. [0049] In various efnbodi nents, the closed | oop control

system {nﬁ?ahi%%‘?ﬁe ag%dggnogrgéh&o]fs' LL 6% Js@r use in determning howto

nodi fy e at Teas aracteristic of the input signal. In one

enbodi fijter I.$ US Q 21 p i r
ase. i n TP Sforat fiseTost ot HERRLARE PRARE PRI, A8tk
enbodinent, a filter i.s used 1o determ.pe.an, appropri t put_,for
doe 1 n ot g e 5 RadE e G A L GRAF e fam R B
second order filters, as dofpucﬁ)eg%ed agy A. J.,\ﬁgerbi, are Sfeflj in the
cl osed 1ogBFoRtoheystm Kepeves fepdbach signal IRPrsentdhE Od AP EMPY SIgMAC NG s ed
| oop control systemuses any other type of filter, including, but not
li m t edamplifies frnpiont srobrsimenis, dprat leaptione eharggipristc Prabisapadifindds the
integral derivative filter. In one enbodinent, a filter includes one
or nor eaplitedy axidr the fResecrfithaigputgignal. tlo semeemiatéments éhetlensd dpopsopirol
control systemis initialized by the open | oop control systemin sone
enbodi neystem hyastures b ifiadt erromigetwéea the inpersignalband thofeedbpek $igeall br dome stidhe
integrators, based on outputs of the open | oop control system
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



[0050] FIG 2 is a flowhart of a method 200 for stabilizing an
anplifier in accordance with the invention. In conparison with the
met hod 100weepigdeedoi N FIG 1, the nethod 200 depi ct ed par/ida@io/ 22202
i ncludes three additional steps. In particular, the illustrative

met hod of FIG 2 determ nes whether the criteria for using the open
| oop cofitst edrors st thersdcendsertars fThe shodified pnd Signal dicthen priovided, i stein é20, bie
criteria for continuing to use the closed | oop control systemis
sati sfi €@ clwstdpop 2ditrol aystemitpdht emplifxemo Stebzectherdmplifigpar anet ers (step
128). Generally speaking, steps 104, 108, 112, 116, and 120 of FIG 2
are si nioan] novatibes Giile@sndnts, HeGlostd Wob Roiithe s inelidbedne @ ntbrafikers
inplenmented in a simlar manner. [0051] The nethod of FIG 2 begins

when a gdrakd ﬂnic%féhhﬁﬁh%fmQndcﬁ?“r%é’&ﬂeéﬂoﬂerhﬂ%ctgﬂiﬁiwf the TRgutsT3AML In one

signal may, for exanple, cone froman external pulsed RF source. In

step i—ggmbg?t?m_@ﬁts 5 FRMHSul 18 BGerdnliidn pfipahteloBtpAERS HESH modiffBpdhe Al

step I's determ ned whether the One or nore criteria for using

3 iE dne !
106 15 BEpRal S8 Bl SRl O A B RE A A0 RIS AR RRAARRn O °F
mbodi ts, . h I LAt b '

Ctep. 108 RORPE G ot B o b RRuTRIGE PRoRE

eri on*corresponds
measured attri.bu of the in [ | .. .For examl e, in, one such
enbodi mEsiond SRR 25 SERImRBREY AT VD b gecdh giraosed 19 GoRtS
threshold | evel, the open | oo ontrol,systemis used at siep 108. On
t he ot h&¥Si%Hh ﬂ&,alt?matl“ﬁeen?et}?ﬂﬁ]ﬁe“g%a?@rc&%?& ltoﬁé C?TPFEE FystEmyiRgs m%"‘h“e‘ﬁ%% (%he
threshold level in that enbodi ment, the open |oop control system.s
not used@lteminciuding i aet lpikgstto ot proptippa) iptegzl itsy anda %@%ﬁrﬁmﬁ% Heegrdd at
step 104. Step 104 could be repeated until the input power_of the
i nput  silgivative fikess Imensvambodimentadilies ingludes/enie or moreipfrgmtors nRefergige
criteria used in determ ning whether to use the open | oop control
syst em agaimtvestdpelrl 61 the clasqul o emtrobsyatem iy énitiglizedby hanperleop eortet i a nay
be considered in determ ning whether to use the open | oop control
syst em sys@abidi]some emibedimkaB bytihidalepentht fibers.cmnmerlpagigsiadp the integeators.o
nodi fy a characteristic of the input signal and to mninize an
anpl i fi Bisctof ohtpiie af theYop&SROP caitelisyptenh t hat characteristic. Thus, in
one particul ar enbodi ment, the open |l oop control systemmay initially

be usedyppaby BicER idHBowkiRrtBIdirhathd JV0FEEstaMiliAikiEar AMPHieBin0RBbrd@RE with
mnimze a phase non-linearity of the anplifier. This step nay be

i npl erreafquvehﬂoé MRYnPhdoh it tRe fbfhod 266 AipRitii FO6. BiRPmdA8s bov FI G

1. [0054] At step 112, it is decided whether to transition from using

the Opeﬁﬁ%&gcpin%@ﬁ chiti¥Sthdd aﬁﬁitiﬂﬁél@&;)g.rﬁp%ftﬁﬁﬁg tllléjiﬂgstfé?% hRihod ¥t em
odi ment’, nple, the t h

In one e or exa ansition dccurs after the open

| oop co stemks.us . O e- det ] [ .

dur i ng. SRR o SiHAEE ol il B Bhloap LRt stertls iR ce,
level. Lf the criteria is sati.stied in.step 112, .the closed |l oop .
contr ol 109 fesiiaes Sibefet e Sers rorimiti §3ed bf ot SUFONDRER e
]9 grenulsgga?cis 1gdn %s{e?nllfli , g.lgde II;.B a’gals to{)g}ll llogpe goxftrgfpa%eluggteerg (sltgpoﬁélg.oagﬁe?zldlysyﬁ em

speaking, steps 104, 108, 112, 116, and 120 of FIG. 2 are similar to the steps in FIG. 1 with
the same number, and are implemented in a similar manner.

[0051] The method of FIG. 2 begins when a stabilization module receives an input signal.
The input signal may, for example, come from an external pulsed RF source. In step 104, an

attribute of the input signal is measured.
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The initialization nmay be considered part of the transition from
usi ng the open | oop control systemto using the closed | oop control
system [ OfRa3b1olodosss €ep 120, the closed | oop control sysicefishéomsesh t o
nodi fy a characteristic of the input signal and to mnimze a
non-linearity of the anplifier associated with that characteristic.

| n one HMEB2jdAnstext 106f s dexeampled whisther the osed rhare priedia foraking yist apen loop
nodi fi es a phase of the input signal and m nim zes a phase

non- | i nesditiol sysein drd satisfigd. iThioBe embéiinbit, Aép HisaPpefAmed by the oped Ropi ned
whet her the criteria for continuing to use the closed | oop control
Syst em {chu®pdysein iRl Th@hshMobinkatsl idties cRRER in R sERITBagsasaI@Nt S,
by considering the neasured attribute of the input signal. For

exanpl e,a i i i si gna
nmp pergoﬂ%'lﬁ %Eg% E(?ﬁ?gﬂls&ﬁg Emb¥B8nts e AR 9%{)(;1%% td A€ mleARidd Si 9

i s above evel, the closed | oop con system w |

I
continu t | j
pover oY R Slendt 5Br SEhpICHh od Sl SESociBRT, i i opl s of
enbodi ngnt he ¢l osed | po tr S i tep
T06.wi | P Bipohaprd i iRae ¢ ARBRARIEf s bR Pl il Bl BoldRF s o8
alternatively o i.tionall be used by th tabi i zati.on e in
et or m R seenst hohe PR aoker P s Tvet RhsEral: by BT He (o
be used. For exapple, .in one particular epbqdj nent, as further, .
di scuss¥BPWEPEK, tht, peein 6D SRITRIGSIEHAS a%ﬁﬁ?%ﬁﬁﬁ EputpeeRof the el o
in addition to the input power of the_ input siqnal_in determ ni ng
whet herisggeinmeasurd Al ERABH| Stip 106 sowld be tpsatedantyl Hisgmput Rpwes of gheripput |
t he enbodi nent of the invention illustrated by FIG 2, the open | oop
cont r ol sigizal Hisrstabevs the reshelddevdl Ipgmbadisgniseresritegia 59 ipdatermingeeat er
detail below with respect to FIG 6, a calibration routine is run to
updat e whéthake ugs theatyes lonperniygl systemdpwhethedhe amaplifienls asijex dvivre thanene
such enbodi ment, the calibration routine updates the | ook-up table
—based oritaid payt se @hsitiéred ol deserthidinpphethertto ose thy speardvod @B syFbG 3 -
depicts a system 300 for use in a stabilization nodule for
st abi | i @S] IaRktepNPY,ithd Gendcpotirsigystemasusetl karnbdift 4 steratepisi ofthé of
the invention. The system 300 includes a first control nodul e 304 and

a SeCOoNGp@QfHnhLdnd¥® Hhithifhi B8 andpli fieNRnE Gty AEsdtiate@ 36th (Rt chiigcteristie st
control nodul e 304 and the second control nodule 308 is inplenented

as a soffWanenPHRUtam erflddBhaR ithy §ded lodpboRRAYREM HHYQRIHEMNGe uskdl @t

first control nbdul e 304 and/or the second control nodule 308 arel/is

i mpl e”eélﬁfi]bsar% ﬂ%f}@i%‘%ﬁé&tﬂ@fn M\Ps‘i%‘léaﬂ%\ﬂi 8 8nizd QPlga[ggnﬁ{rﬁf?&hwemhe t he

first controf no uses an O oop cont routi ne and the

d I | S I . i
amboa ninRLner LR S B e RePEth o PRLARRD B eRbBfor il R

circuit %Q‘IC). I n anot her enbodi nent, the hardware device is a
fieId-pF ammabl e gate array (FPGA). In other enbodi ments, another
type of hardware device is used, [0059] The first _control nodule 308
of syst WrHod step Flgr it b*éﬁl%ﬁfﬁwﬁghﬁrﬁ? E@nwtmﬁ%ﬁsgng tne Oper 130p EBr0

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 signa
received by the stabilization nodule, (b) generating a second signal
316 capabl woabidmeing used to nodify a first characteri stdrusabiotonzo2

i nput signal using the open | oop control routine, and (c) sending a
third si nal . 320 capahl e of being used to, pass control to the second

cont r ol Theifiaizaipg mawi@ contiderer paseL iy ransition &rogneing the prendoen eariralo
is for generating a fourth signal 324 capable of being used to nodify
t he fi r sisteghigrusingdlry eesed lagp coneoliskigem. si gnal using the cl osed | oop
control routine. [0060] In some enbodi nents, the first control nodul e
i s capafl0&Spoh stepri2p athe nlgsetdﬁeope:umdsysieglriabseﬁmntodifaa charadteristis of thet her
descri bed below, for a non-linearity introduced by the stabilization
modul e. inpot s@bareind adhifrind Snod-headgadmit aolificodssoniated @itB@ti s capabl e
of generating the fourth signal 324 to account, as further descri bed

bel ow, ElRfacBrided) - Iniode dfbbdiment, FRdraRsle, e §1BRd SdcpiohirZiakbtemn nidtitdse
hardware. 100611 I n sone enbodi nents, the first control nodule 304 is

capabl epRfse BLME iriphi fighatadd flrimk g0 hasd Béh-ERRAR F R arglifRg Used to
nmodi fy a second characteristic of the input signal using the open

| oop Cogfoga' Af é?éC{:F men id Q@R R the PR OHIAR mr,coﬁmﬁmﬁ%ﬁ%gm% %tsécplbop

nodul e apabl e of generatl ng a sixth signal 0 capabl e of

bel NG Lssithol QIR batishlE PRCRAGERADRS de This6me bmbfimeHB My hdliding

usi ng t 00p con rou

the measured attribute of the input signal. For example, in one embodiment, when the input
power of the input signal is above a threshold level, the closed loop control system will
continue to be used at step 120. On the other hand, if the input power of the input signal is
below the threshold value in that embodiment, the closed loop control system will not be used
and step 106 will be performed. In other embodiments, other criteria can, alternatively or
additionally, be used by the stabilization module in determining whether the closed loop
control system should continue to be used. For example, in one particular embodiment, as
further discussed below, whether or not the amplifier is active is considered in addition to the
input power of the input signal in determining whether to use the closed loop control system.
[0057] At step 128, in the embodiment of the invention illustrated by FIG. 2, the open loop
control parameters are updated. 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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[0062] In one enbodinent, a first controller 376 is used to nodify
the first characteristic of the input signal. In another enbodi nent,
a second cRBbLHRbeRe 380 is used to nodify the second chafrarbRbhsbiL
of the input signal. [0063] In some enbodi nents, the first
characteristic of the input signal is an anplitude of the input

si gnal frticdntrel medwa d04<ielrtheteerndstontrolahodullee3 G8rip inplsmepmied asiassofiwpitase

of the input signal. In an alternative enbodi nent, the first

char act plopsin. AAlekndtively] inpubdthed egitelinienit, ahepfivais@ntrdl ihdtkilé 3Pumdsr gral and
the second characteristic of the input signal is an anplitude of the

i nput  séc@fdl confrOGHdduld FOSRER ipRa#hEB s sne drittoré hirGivakaticss. Inpakl e
304 includes a transition logic nodule 332. In sone such enbodi nents,

the tragsbddiReht! RO kifst BRAG Bodde 3648=K8n G0 180p dFREE] BhiirdeShb TeABbnd
deternmines if the open |oop control routine will be used. In one such

enbodi n@dﬁ%ml &B&%ﬁs g&eaicfdswobggag&opﬁq{%%tIggge Eabﬁﬁ@g@;) sﬂ&d%&ﬁ]egéc@i ng

whet her the anp ler 1s act suc I nent,

;232? %%%8#1?%%@0%%855?@&3%%%3 EARTAS TR PR eééf R ne
[ 304 wi '
rout | neserie s ERgarpRat s REIRIR0, AT hA% P DaRRTR, RS- HPR e

first cﬂg&aotﬁrLstJC of the input signal. In some such enbodi nments,
the traEI¥HBACYIGYF E5%odul e 332 checks one or nore criteria and
determnes if control will be passed to Igﬁ secondﬁggn%ggl,nqdule
308. | nl083Y Thednsterpiaelimadyle 30810k systeam 490 is &3y pegigimungHien ndigss; o
capabl e of determining if the first control nodul e 304 has been using
t he ope® reseipine ariirptsignpbil2irprseseatative ofran int sighgl fesgivee by 81 sipilizptign
during which the input power 328 of the input signal was above a

t hr eshomddulek) genthtinga sachied fignat 81 cepeble pf beiensed gomodify 4 fisend t he
third signal 320 to the second control nodule 308. [0065] In a

fur ttrerclardotedistnsatithe inpret sigebusthgabaopentloapombuirel r@@he; sndgpsebiiag e third

receiving a signal 346 representative of an input signal received by
t he st aipdal 320 ¢apableofivding ased topess cuntrohortke @xomwl conirglmaddilSE. did 348.
An error signal in one such enbodi nent may represent an anplitude
error beLyeERdntrfenddbd 3 08SifaNAlyseRGB0 YLlr Bahetdiiag & fabthl sighat I arcapanteidie
and a feedback signal representative of an output signal of the

anpl i i Gding A4 &S hOAiASHE B chdribt3RAE Bkhe ﬁiﬁﬁhsi%lﬁ'@@ﬁh@ﬁ@ Closéilbop EGE ent
a phase error between the input signal and the feedback signal. The
second f4 ol nmodule 308, in one enbodiment, adjusts the one or nore
error signal's 344 and 348 to conpensate, as further described bel ow,

for a ngRzdi i . ty.l L r..S) I

second LOPY SRk OBERER g Aot ol Rlcapl W ecfidodiund fcfd.
nodul e 308, i udes transition l.ogi c dul e..356. In so0 such
enbod naftd ST el o BRBRH de5ihe Bt EPS8e1RERin kR0 0 vy R
criteria and determnes if the closed |oop,control .routine w.ll be
used or St@m&aﬁéﬁ’ “’@E}\T]FT SORq §m 1%8’8 5?99%'{1 ﬁ%“"foﬁ F@f‘ulegh% fscﬂap‘?%%‘fflbe
304, via a connection 352. In one such enbodipent, the transiti.on

| ogi ¢ nedgraEngthe fowthsignabhpd erepunt avivitAgr depaibrd PelowelonApPR-fineapity s
active. In another such enbodinent, the transition |ogic nodule 332
i s capabireduskd He therstabiizatgoen modmle hasgwarepower 328 of the input signal
is above a threshold level. If not, the second control nodul e 308
wi || pai6tidntspme embodinehis, thofirstedntrohmaéide 3bbistchmbld of genargimgradifih
nodul e 304. [0067] In another enbodi nent, the system 300 includes a
cal i br asigsuh 3B®chphile 36Being ied cambbifad seaondeidtrdcterisidofithRyinpet sigipl wirgnt ed
as a software program and nmay use a calibration routine.

Al 't er nathe\bBéryloop BoridPidueihe. EMAQHIARR RinbodifRn eeisbdont komroraddhie 388& i s
i npl enmented as a hardware device. In one enbodi nent, the hardware



[ 0068] The calibration nodule 360, in one enbodi ment, is capable of
generating entries for initializing one or nore filters used by the
second coniygloigadeezbe 308. The first control nodul e 304pcrEns2hivan2zo2
retrieve, via a connection 364, the entries fromthe calibration
nodul e 360 and use the entries to initialize, by using transition

| ogi ¢ nogpable o8 géherdting acinth signal3d@ cdpable of beinguscd ¢o medidnthesenvnd ol
nodul e 308. [0069] In another enbodinent, the calibration nodule 360
i s capabhactdrisgeatthatipogsignd usisg thealosed looepordebriuiing an anount to
nodify the first characteristic of the input signal, and a second
val ue, [RBLERSMEeRboditent]B it chRrdREB TS Libtd 16 araify Ui Bsiabhhatiedsticof of
the input signal. The first control nodule 304 is capable of

retrievigRGup kigndten SRARE6IMbONMBRYa sdcbRd EdnkiSiler\iB0YLURA D Mbeifs@sond
value fromthe calibration nodul e 360. The first control nodul e 304

i Watol ' - t te th d signal 316

and_of - SPnd e B Rl e the fi1th signal 336
0070 | i QR: i i - i .

[ ] I(I;bﬁa]cf s'g%e%&ﬂb%& fubg ﬁg&tghéﬁcteﬂsﬂc gf'@% Fﬁﬁaﬁélt %gm% z{éﬁi?ﬂoplmﬁﬁ%?ﬁke

of upda irst valué an e secon ise ut puts

i ved I, ' 368, . f. h ndul 0
na § oty Eulabtinanend Prasdaisic et B COANE SRR Sl Bl
t te the fi ._val d,th ! I tQ. t
Fur Chor sasGurbaBRERA H Rchaer g bt PR T Rb b ETesy oy

the stabilization nmodul e hardware. .In further enbod] ts, the

cal i br asiges} apdthgisecond ghrasienistie @f&@}nm %lg%?tl &ﬁﬂ@ﬁﬁ%%% Rt S0l om
the first control nodul e 304. éOO?l] FIG 4 depicts a stabili.zation
modul e 4864F brsogeapiboilimanty, the fushspatrq! aroduig 404 ipchidss  Fantion lpgif mefule
illustrative enbodi nent of the invention. In the illustrative |
enbodi m8A2. Tisomn suchrntodiinty, ettiaositipblggicanerly, 33atehedksioge prmore criteria
el ectrical communication with the anplifier 404, includes a

conbi naahddetafitaitinaoperdoop swiblmutine Willbesséd. iarose suphsenhedingat, the
processor 408. [0072] The stabilization nodule 400 receives, from an
ext er nakraf@tigndegic eogule 332 posapabls upidtenninisgwhetherttheamgplifier slRtive. In
pre-anplifier 416. In one enbodiment, the input signal 412 is a

pul sed RhothdtRuéh &hishaahent Ahélirie@ionasgt modulp B82 isdifabldefiietanivingsif tde
pre-anplified input signal 412. A first sanple 420 is input to an

error ampluk bhvidr 3841 heMigulsign aFRde $8Rh61d4RRL. 1 1E s, R first control module

304 will generate, using the open loop control routine, the second signal 316 capable of being
used to modify the first characteristic of the input signal. In some such embodiments, the
transition logic module 332 checks one or more criteria and determines if control will be
passed to the second control module 308. In one such embodiment, 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 petiod 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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to a first controller 432 and to a second controller 436. In one

enbodi ment, the first controller 432 is a gain controller, used to
nodi fy an i of the input signal 412. In another .HE% ,
t he second@§2h¥%% %r 436 is a phase shifter, used to ﬁb ﬂ?%ﬁg p %%e
of the input signal 412. As described below, a nodified input signal

440 is pgkduor BMgndi 44 arldsi48C Anterok bighal Adchedch drhifodSRER Athy GeIREseA dner
436 and input to the anplifier 404. [0073] In one enbodi nent, the

anpl i fi ghyd0d dror Betdeb:s A1 ifffat ﬁgﬁh kdcbREd by the gggﬂiaatonqﬂm@g mzazfeem&

anplifier 404 Is used 1n an MRI system A f back signal 444,

repres eglhl?a:l] ge\f)‘?esgl{ta@s}% JHdh ?:d%lrﬁséi%%fi tﬁé1 %nn@ffgﬁggﬂ B! difdofin 4¥ther 'sqch?! SO

input to error anpli iment; the error

Lifi iacl ud I i.thmc int di.ate f L.F):
D! iS5 RO RO Sl RN Bl
30" ot o ML s SR B b B e e
R FE I N REARE NI o S TN

444. | n another enbodinent, the first error signal 452 / second error
si gnal 9858 Slgélalra@ﬁ/roé%ﬁc&?liwc@ﬁlgaalphase error between the input

signal 412 and the feedback signal 444. [0074] In one enbadi ment, the
st abi | i 0A661dn spwe einbodipents,the srgens qonirelmedids P inefudss gittansitipmlopic
converters 460. The AID converters input digitized representations of
a firstmedgeaié. 4640mepuabsarhiodinonts, tE trapsitidnlpgic mnidylealSo gherks prpeorare t
error signal 452, and the second error signal 456 to the processor
408. Theitptomdsisermibosifpier daedioopicgnial! rautine @8k baigsetl or ghetberaatrolivall
control signals that are outputted to the digital to analog (D A)
conver t g saséd 8o thedireROnEsTHOdiulEE304, vid b eorpeaies3sSar IMed sutcémbebmenighe
first control nodule 304, the second control nodule 308, and the

—catibratiheRicA sl Bodki0 356 13 capllsTiaedimmitg wilcliRr he@apEteris axbeulies the

first control nmodule 304 to inplenment an open | oop control routine.

I'n anot Qﬁme?mﬁéhpsg&ﬁmng RS tPIOGES RRc RIRELERSs LAHELIS B 8REnRRE ik

nodul e 308 to 1 nplement "a closed | oop control routine. In yet another

enbodi nﬁg%t’r%’yég?g%gr &'}E@npgﬁggntﬁﬁé aB&%\ta%sﬂoﬂﬁeU&i fhot e s%k&cﬁ%ﬁ?f&f ters

460, the converters 468, Is entirely

repl aced anal og ¢ I td vel I Qiat a
Cont ror modtly 3% PP o SRR e YahEdion 358 56 Rl Eku kR S 2,

[ 0075] e enbodi i n the processor 8 .imple open
| oop cohﬁﬁﬁﬂhﬁﬁ ?H@ﬁﬁgﬁﬁﬂai %?G%Wﬁ@p&wﬁﬁ%ﬁﬁFéﬁﬁﬂwnjgﬁggg#@sﬁggfirst
signal 472 capable qof being.used to nodify a first characteristic of
Che | nptHbGHighaodaly 360 A 20 SBRERENE) Sriciorine rapameBd BT et hithielal o
modi fy a second characteristic of the jnput signal 412, |n another
enbodi niowtine. whiiganativelypingaabersmbogimetths calipragor medelg 3% %fﬁm@@mep@ as
routine, the second control nodule 308 generates the first signal 472
capabl ea birdwarie dgvios dal one embadifngnt; fhe hatdare denige iscaneh$16% ile artharhe | nput
signal 412 and the second signal 476 capable of being used to nodify
t he secenbbdihentah¢ barilwhicalevite tshae FiPG@utInsilgnehbettbRents,another tepbefdi nent |
the first characteristic of the input signal 412 is the anplitude of
t he i nphdrdwargdedicedit2sand t he second characteristic of the input

signal 412 is the phase of the input signal 412.

[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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[0076] In one enmbodinment, the D/A converters 468 input anal og
representations of the signals 472 and 476 to the controllers 432 and
436, respegiyrafageszhn one enbodi nent, the first contr ol pEfudsR/Wses
the anal og representation of the first signal 472 to nodify the
anplitude of the input signal and thereby m nimze an anplitude

non- | i ndé6fr artdyuse thetehiea npinitialiee, b3t Qding transitivotlbgic medbledBAxthe ona drtengecond
controller 436 uses the anal og representation of the second signal
476 to anesiythe bRophastrobinotihte 306 iput si gnal and thereby mnimze the
phase non-linearity of the anplifier 404. As described above, the
modi fi eghcoPitansihedhbotdfert Sthé bRbration HodaR 360 is dApateDt ddnbRtingtdfirst
[0077] FIG 5 depicts one enbodi nent of a software routine 500,

i ncl udi 9gyARRPRERILARIREAE loFhodiQUhd A8t GRRARAKIAGhORBE SHAR afPR! I Ol
routine 700. "I n on€ enmbodi nent, the open | oop control routine 600 is

ool S S s S
che 1 mpdtCerfef et Pl G WSRO IREIT 18
T T o0 i e e opn
r ouf i nec%bleéﬁ‘tlsg%@’g firgly a]i“% E)‘UF“]%’E?%&PE %ch’f‘ﬁggrfahé&lemﬁp E | CSSWIQEIOLy

the stabilization nodule. At step 608, the open | oop routine 600 then
det er ni Melge ingenerale thenafthoignad 33% for using the open I oop contro
routine 600 is satisfied by determ ning whether the anplifier is
active (00781 Thealibiation madule Ap@ ishisranpther qorhodimess capabl ok updatingghg first
signal is above a first threshold. If the anplifier is enabled and
t he i nputlupoehe skondreliaimaed @i gptpits jeseiwslovie atchanderips 868, oesthe pagond he
open | oop control routine 600 increnments an open | oop counter at step
612. [ 06offidol Abdwe 8P8.6The, futther eatbedinicon pheaolibratiin moditle BE0 EBOHamalgpithy at
| east one signal capabl e of

to generate the first value and the second value to account, as further described below, for at

least one non-linearity introduced by the stabilization module hardware. In further
embodiments, the calibration module 360 can receive, via a connection 372, data from the
first control module 304.

{0071] FIG. 4 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 the processor
408.

[0072] 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 isa
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
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being used to nodify at |east one characteristic of the input signal.
I n one enbodi nent, the- open |oop control routine 600 outputs two
signal s, of being used to nodify an anplit

i nput sigﬁgﬁzgﬁﬁaghg capabl e of being used to nodify a%gﬁ§§%”§?ﬁ?ﬁ%

i nput signal. In another enbodi nent, the open | oop control routine
600 out pui farstdhiroln@3Dhnd B sevvnd 2bSFRREMG. R ede ShbRtihent, the fiespe

enbodi nent, the open | oop control routine 600 uses a | ookup table

cr eat edgorkBlleraa i LaifSorfhoBel 884 ﬁﬁh@yvarvﬁrﬁﬂfmﬁ&scﬁeﬁé inp& sthga 4616:. wy a

calibration routine to generate the at | east one signal b

_ _ 0 _ ]
Ph Pt o] BEbl Rk e KB oboRUCh 30 PYROUIRD b b} AgRiec: D)
i nput - spgaaly SR aﬁ.gﬂsn gésggﬁbﬁ%eﬁ%n{o'agﬁg% Eigf?@rgge Lqu@ut bPHkig 600

| ooks-up a*correspondi e val ue. or” exanpl e,

out put 1 ol 490 S B 563y ConglotFr LR RpEls DGR 600, e
anot her MR PAEHEbARERCSE AP 408 1t 4 Biowr S £ Tsb o B8P | ook Up

array created, for exanple as djscussed bel o ith respect to FIG 6,
by a cafPeadinerihe Fople 45‘615 ?fia‘r‘lé‘flm“ﬁ?" }fxég?%bafi% g.}gg;l JAH to be
outputted. The | ook-up array in such an_enbodi nent cantEe index_g by
t he i npigpreprsiasive of an upyt signel 48 g the amphSerdtO4qis alée innvpint ?)%@nwii Igthe
i nput signal extracted at step 604, the open |oop control routine 600
| ooks- wP4a e one esidimiéntghe ensoremplifiesinclydns legerithmiginfermediatedequsueiipl e,

i ndi cative of an anount to nodify an anplitude or a phase of the

i nput  S(LGAIE) atplifiers H2G foremiptifjiimgthe first franpdep €20 anddhe Gothaclosigraddi4.ne
600 runs the same algorithmthat is run by the closed | oop control

r out i neTHORroakmplkifsy 422 @eneasiestefict érve dighall46Wand osadpdigtortshpmaled6r {The o
account for a non-linearity introduced by the hardware of the

—stabitget i signaulse / setord epaTsignalos 649 i 610 enftodiniong r§fesehiatine ofeas the — - -

adjusted entry to generate the at | east one signal outputted at step

616. [ 0Q80iudetrRFbad RE Sputlsiget 21 HaiaqRe Redbackhignal 344.t heanothen | oop
control routine 600 outputs, at step 620, data to the calibration

rout i Neg Vo anhdr ] t{?@ﬁﬁs@@h‘&}%}g@mf@ﬁ sEdhi Bl iR A6 i8Yepreibntiv¥iofa phabe t he

open | oop control routine 600, in such enbodi nents, outputs an open

| oop nmode, L AR4 eglgﬁltt gigéingggmé?oﬁae T&Hﬂdgﬂ%ggn%ﬂﬁpe enbodi nent, the

open | oop contro SO out put he 1 nput power of the

i nput sj . to th alibration routi 1A enpRdi t he
val ue ot‘og?‘ﬂeln 3 B%anﬁ%‘%ﬂe@o%%f {3 1hlz"5‘st1°§ RBue e Q "gc;I/n‘P c{eE gr{r%epen 3%rgféétggnt rol
routine, 6 to the l.Lbration routine.,.[.0081] At ste 2 t he .open
| oop coqﬂ/gg FONVERIFS 'riﬁé(?é}a@ ‘gﬁ @Pﬁ?ﬂ%&%‘“ﬁﬂéﬂ%@%ﬂ {f %Fges(?ﬂt@hc't?soog 6475%51#{1 ris
greater than a second threshold. If yes, the o | o contr,o

rout i ne46écrepr5%ea@€§ﬁ§tdtb%1@msg@géll e e sigh gg%ﬁﬁﬁ Hw&swé&m ol
routi ne 600 ?roceeds to step 632, where execution of the open | oop

r out i nesigmb4IGtofampraeassar|4P8.dEhepteeeseeifl aerforms sisanl DrefspsinbiRecpirate
routi ne 600 again extracts the input power of the input signal at

st ep 60the 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
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[ 0082] The second threshold of step 624 and the delay present in step
632 ensure that the open |oop control routine 600 is executed for a

M ni mum pewipodidAbodd e before control is passed to the wipsRoiojoep:
control routine 700 at step 628. Consequently, the anplifier is given

a period of tine to settle before the software routine 500

t ransi t #@h thefprosesson 408 pod thedyB converters 1§ 8618 Gntivglyt thplaesd by el ahgogp control
routine 700. In one enbodi nent, the second threshold of step 624 is

t unabl esystem. aflodriveiventhe digiehtontrohsysteml iaygnlp pesigneplaced by ep atd3z ¢mtrol
tunabl e. 100831 Referring again to step 608, if the anplifier is

i nacti veysan.t he power |evel of the input signal is below a first
threshol d, the open | oop control routine 600 proceeds to step 636. At

step 63 {iymm B MbbARRNE WhLH e pEREEsbIFVSERPIARInBItHE Hivs [vdpedoaes! t he
open | oop counter is greater than 0. If not, the open | oop control

routine; 60 %e%@%ﬁtr&ﬂn@&tﬁ@3&%neﬂa{es 8 Girst & ﬁalQEQQ @aﬂa@ﬁﬂ)f %Qiﬂé R&dd to

routine 600 proceeds to step 6 step 640, the open | oop control

routi nepggitffﬁ' bt E‘ﬁ éc‘?&?shc 8P é}gp%}é aﬁ@%ded s%f:orﬁe:ﬁ%hgl Wﬁﬁk@e SEsbiddgy

t he at One Char acters sti e I nput signa
enbodi nent | I [
above it ¢ BSHRLt ?%cg%‘ Frastd %*IQ%Q%L%&EW 3B ot BoiaP Shen
nost anplifiers behave eshold | eve p
T et RS SR Mt it Sl b RABlole 2
first-threshol evel chosen ¢h that th l.ifi
Iinearl?mﬁFmFﬁ%ﬁé b%ﬂ%#ﬁ? CPRRRCe B # @“Eﬁ&@@ht W%Pﬁ¥ﬂ$§§ﬁ6P§mb
| evel. In such a fashion, the actual input power _of thg”% E gilgnal,
so | ongingyt signal 412zaddbe serend signal 4 1o fapabiepibeing used fngnodily thepesoadt t o
outputting the at |east one signal at step 640. The sane at |east one
si gnal , chemstasistihefl the gt enedf 15 fInreembgdimens; 4a drst chasapigristie §§th§1mpiuf s
actual value, is belowthe first threshold, may, therefore,
out put t signa 13 tsafpe Brlituorfskaopwitsignal Al2epd @mem@h@‘ﬁﬁyﬂ%@ Oéfb@émuéd a
single time. To ensure this is the case, the open |oop counter is
cl ear edsighal 4123 thelghase of the input signal 412.
[0076] 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.
[0077] FIG. 5 depicts one embodiment of a software routine 500, including an open loop
control routine 600 and a closed loop control routine 700. In one embodiment, the open loop

control routine 600 is executed by the first control module 304. In another embodiment, the

closed loop control routine 700 is executed by the second control module 308. In one
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[ 0085] Referring again to step 628, after the open | oop control
routine 600 determines that it was executed for a pre-detern ned

period of g which the |nput power of the inp i

above the‘QP?EP%#EPQShOId | evel (i.e., steps 604, 608, %%Tgﬁggﬁé%ﬁggo,
624, and 632 were continuously executed for a pre-determ ned period
of ti neehBRiRESSR, Wie tﬂ@ﬁ?uﬂsﬂg}ﬁl 1 @it h&eive @b the StablRa@inwaydulPleqs eawdad

fromstep 608 to step 6 the open | oop control routine 600 passes

cont r ol gt el seh&%es@ch 9%&9%@9' thé eemr@ﬁpﬂp@s ﬁ%?tug%ég Seggﬁééh Mkte

the open loop control rdutine 600 initializes,

for use, routine 700 with
entries g%eeﬁgﬁje%f g’r&gg ﬁnqé&)dc é@%ggﬁgﬂttgg?ow W th respect to

FI G 6, t c b t|o t he
one or’ 1894} s.s&ﬂd4 g epéh a%% oty @”e%frécﬁ?wgﬁ%u?g“&%@ﬁ%?nﬁ;?
616. In.such a f he. cl os ut i ne.be

oxecut | SR TeeEe 8 s@Bﬁletw&gn?dﬁ@er @%&p@@%{ﬁ? o BT P9 Ene

left off at. In_ one nbodl entr ents

whi ch t‘&‘ﬁt‘?fﬁ’@%eééi‘é‘éthﬁ?ﬂe’aé’dﬁeﬁ ueﬁs ? %a& fo %’émF ﬁ@fbts S@‘il%f%‘é?y | n
anot her enbodi nent, an entry represents an anount which to sq

the phadsierminingwhethesthe amplifisr is aciveiie. emablsd ﬁ@nwhethqﬁéheéﬂwupe‘é’e

stored by the calibration routine in, for exanP one or

| ook- upinputrsignel is Thassa fastrthnpsholdhyIf e amplifigis enap qdr@ﬁéﬁheﬁan%upowﬁf ftfﬁléﬁ

i nput signal. Thus, based on the input power of the input signal

ext r act mgutaignskie pbc@@zthe fistethrssleadd,| thoppes denproohtrel gomting £ 08 draragity asdipey p
and use corresponding entries generated by the calibration routine to
i ni tialloggcduner ki dtd¢pedl2. of the cl osed | oop control routine 700. [0086]
After the open | oop control routine 600 has passed control to the

cl osed j00py Adpredb, the updnieop &fdirol fvatise 608 catpuied 2 Jeasitons sigpal £3@abld of one
enbodi ment, the period of delay in step 732 is adjustable. Follow ng

thedet ?élné)ﬁseéf(ﬂﬂocﬁ%%t [dabteone|cRsastedistiof R MipudbighadUln ¢ chlbddib@ant, the — —
extract a plurality of signals at step 704. In one embodi nent, these

si gnal s, E%dﬁ%nﬁ&%ﬁtﬁﬁ%o Bﬁﬁﬁﬁfs @b s%ﬁﬁs,'oﬂ@ bﬂpaﬁl’e @NBLing Bsehlitd ﬁiodﬂ’i EOr
betmeen e I'nput signal and feed signal representative of the

T T R e e e
oo | e, ARebea P tﬁéﬂs%quo té&%trbl’}Bhﬁrg%oa Qtouliy 18 o BRARBCK

e secon error 'S error i nput signha
and the feedback,si 0087]. At e tine
700 det EPHIBCOA SEFRr PyAregREe @lane%?hs Bl 28y o0 forfiiF Rl PRE= IR g
| oop contrpo] rout,i e 700.is sati sf one e t.he. cl osed
| oop cofR @ CFeﬁti’Ei1 ECXAtp! ‘H@t‘ﬁ gbﬁﬂﬂé’f‘ﬁ’é'?sl’?ﬁéggﬁg qng?’étcajlltg 2oy e
(i. e., enabled or unblanked) and whether the in wer of the
i nput  sToyHeg tojasnciae the a4 laapiong pignel to b oytpwtedy fffl%}qog @%&rﬁ LR, the
closed | oop control routine 700 proceeds to step 712. |f not, the
sof t war embasimént sarsroindested bi shet isputpewetdrihg ispys stzank Rased GLhe FPUBERVEANd
extracts the input power of the input signal at step 604. In one
enbodi nefithg inphissigral extracted atwtent ¢ldethh opeh logecbnitnal xoktine$Pdeckstupop
control routine 700 is less than the value of the first threshold
used i Ncdrfegpodging thkdepPalan rTteotalue oy eefo Bthnipbe, dddiaaivé of the clireant br thé
hysteresis and to prevent the software routine 500 fromtoggling
bet weenydihge 8PBE sikRR R0 BONIthdted] £4ieh BE6,390hedidn 1) oh®sigdutine@0CTR r ol
routine 70 Were the first threshold and the threshold used in the

cl osed I t BRI gnaR Bk I8, tlﬁ‘ﬁldtﬁw'éﬁlbé?&ﬁﬂ%ﬁt ok
the i npbﬁg?%hﬁggﬁgﬁgdog%%%% Sy abolul% thoésf’eqt hreshol ds, th

1 5 RO R e st

with respect to FIG. 6, by a calibration routine to generate the at least one signal to be
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[0088] As will be readily understood by one skilled in the art, the
har dwar e used by the stabilization nodule to generate signals
represent afioWgidifoodaffe first error and/or the second er rgdridabiondSo2

i nperfect. The hardware will, therefore, overshoot or undershoot the
true values for the first error and/or the second error. In fact, the
har dwar eutpattdd. The ictupearay i @@h ah alnbedimnant ;ah beindéxadrbyttheinbniwweabfies
of the first error and/or the second error for each input power |evel

of the iREMut Siz842BaseAGRARSNPE powet Hf tROMpENHEAI entted bivtercd(astd obaop
control routine adjusts, at step 712, the first error and the second

error RS YL RRine 6O lodRludh cat@Pontiit Bdle bitey. STIRRIntry 28/ ibeNforodul e

har dware.  The cl osed | oop control routine 700, in one enbodi nent,

?EES; nSu%aﬁ??%a%ﬂ*%ﬁﬁ%‘# SO CIASdy BIRRRP Y ) PR oPUSIU BEEL Y <1
the ex p%@ﬁgag egq;]s&ﬁiﬁwﬁ%g%rgey s eg&ooggp&%&a Is{itﬁnﬁag HE Yk g@&i&ﬂ{ tﬁ&ﬂ?r&n‘ dyst

error an e secon rror-: Y € expected-overshoot or

undershqot ,to. the first err nd/ t he _seco error ,. u ts
or ovi dedesipseHeoRarRL euting Ao isedaor SasHEBR pfa B g TR B
therefore derjves the true values for the first error and/qr the
second B¥PHH for & ppmdyicay dprqdige by %E}MFIB’BIS oég}?tSFag’thF ?ﬂ?’ﬂ%uqeio-ghelﬁ%écn
appropriately adjusted the first errqr and/or the second error, at
step 71Bopepalrggiag oPQHEn v theqadiys tepﬁét%@%f@%%@eaﬁ%%mhe, at
| east one anount to nodify at | east one characteristic of the input
si gnal . oWpwttedediptel 16.i n one enbodi nent, the cl osed | oop control
routine 700 determ nes two anounts: one to nodify an anplitude of the
i nput  s{0§88) Inambodimentson pordirdapcawiph e Sothetopen loap gentenl gine 69Goutputs,
anot her enbodi nent, the closed | oop control routine 700 determ nes
only onet stdp @20 pdatano thd calibraging i@wtiee bpmoiting the deta to acalénigindiamant At as

di scussed above, the closed | oop control routine 700 uses second
order f plitigfs, tRDpewopeited rdyind60Q] in Mchembbdintents datmitnamepen inwpat

| east one anount. Alternatively, any style of filter, such as, for
exanpl emode BEORARS EBAKIoh RoEIGE.aln dnicletdbdiatedt, ee opeiploop aoiittad B@itine 600
integral derivative filter, can be used by the cl osed | oop control

rout i ne,iE0Quihts %kqagul DEwhiQrdied igpudisial tB ehePdalibaAdd roafige. AfRHSther [ 0090]
Prior to step 724, thé closed |loop control routine 700, of sone

enbodi n@ﬂgédgg}@ﬁtcﬁlg QEie ofithe %E&?xﬂ{)ﬁg Qountets dufist @By tHeBEA Iobp BSntrol routine

i nt roduce t he har dwar e e stabilization nodule. 1Tn one such

enbodi p control routine 700 runs an algorithmto
adj ust ngﬁksetocﬁég?ar@%%gﬁg%n g determned in step 716. The adj usted

h . ' d
2t st ep (831 ARTEp PGl BrRFRE <Pl kiEnP o) FAStBRSesRERe sPHLBYY ©
? g}) :Jcn);[M_s ﬁguoné%gsaé}pét?rce;p% "blff’%gt? t&gqglgolihg&?g, Bﬁeué}ﬁgﬁ%ggcaaﬁqlz&ﬁ&e%gproceeds

non-linearities, is in fact representative of the, desi r%? anount s
det er ni feHeme28s Qtheryiss, the gpen Jeep eonfrakreuting 640muocsedidP SteR Y oMFEhs at es
for the non-linearities of the stabilization nodul e hardware. [0091]
After ogxgsutien ¢fghe ependeanyouting 600hEmamentarlydelsped bafeys she opsk oprpBiolof
the closed | oop control routine is again delayed at step 732 before
t he cl osedint 6&pagaimentiabts theinput gowert af thesinpy signelmt 7er 604.0092] At step
728, the closed |oop control routine 700 outputs data to the
cal i br af6082] Theitccor] thyeskald df step 6Heand altendefay piréventdalsieh 632 ermnreathatalye  For
exanpl e, the closed |loop control routine 700

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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outputs the input power of the input signal, the first error, the
second error, the at |east one anount determ ned at step 716, and a
cl osed | 0qR,IPARedob@d to the calibration routine. [0093rfdsS310622202
depi cts one enbodi nent of a calibration routine 800 according to an
illustrative enbodi nent of the invention. In one enbodi nent, the
cal i br atoutme 608 td itheec] 300 ldop reutsw f700ansone enibbdiencaty desta@nd lhyredhlok of step
calibration nodule 360. The calibration routine 800 is executed, in
one enbem igambbleWesmoblel Bmbddimenethe Heloy pesent Inttepr63atis a0 and t he
cl osed | oop control routine 700 are idle. For exanple, the
cal i br afgo83] Refetiing Bei b dtdh VST MBthplifict Rndchife slah@ovdd IdverHfarsin
st eps Gg?ggnd/or 3%. As %%scribed i'n detail beloﬁ?ythe caIibrat?gn
rout i ne;800:sSRRRY SArst hPesRRBNNE BRR 16 dnRbi ol 4P PRBedso kRAETs.f AOM
t he clogé%@ﬁoop COﬂFF@ﬁEFOUTPnéﬁgbd%pSSCh PE@% thg opgﬁ ?oo contro
routine; S,k ' 804,
st%)r %&?tgg %P%rg{opﬁg&gﬁg ?ou('gﬁ? BW&Q&J%@E yhbfEE thé gﬁe%%?ﬁouﬁ{eﬁﬁ

the cali r I eves data previousl'y witten to

055 S AT R ot i5
CrL o SLASHR B 85T Gt RaBop ORI Ryt
puaile A N EINE R R s M

present), the calibration routine 800 clears a calibration counter at
step 81te Ryt Signsb e embpdimenie thes is dpraatusing the opip tabde, nfisgisssdi on
array at step 804. If the closed |oop control routine 700 is running,
t he cal storvewith respesytd $1eP @00 i ncrements the calibration counter at
step 816 and proceeds to process the data. In this fashion, the

cal i br al0d$H Atdowiinpeit B@@erdentels, prosicempdifisrs dehave lingartye The dirst freeshold level
calibration array by the closed | oop control routine 700. [0095] At

——step—826f stepl668 tsaini dieatribodintent;choren 80w of tisfastese vihefitsethrashald level is -~ — -

calibration counter is between a | ower threshold and a hi gher
t hr eshodhdsenl shelnbb, thé hapkidribblisats ieatlp bt ine p8Aer leadlsibalow the chben B84 to
retrieve further data ?ron1the calibration array. If so, the

cal i br ahiegibold RYEL N8 s@AQ BetidiR tHeSctual infilt@Bwers.the idfuti sipLL, sPRYEEs Bis t he
i nput signal and the first error and/or the second error fromthe

cal i br agdi QP 4R @ YhredRb1E ‘&r‘f‘l‘k‘ﬁ&tﬂsiﬁ r&ll@@a]&n Rt @418t SHRWIHNST atis@p 640

greater than a | ower threshold before proceeding to step 824, t he

Cal 1 b Sk AP0 MLt B bk U088 O8] SBEATERARR i o
00 R0 o HR AL 0, APVEDS: B00uAD F A0 P ooess
Call b1 g o AL 1% LS LR SOl oL 82 700 Lasag

Simlarly, by ensuring that the calibration counter is |less than a
hi gher %WP@§W6PHm%%$Bg@ﬁﬂﬁﬁﬁﬁﬁﬁwng to step 824, the calibration
routine 800 ensures that it processes data witten to the calibration
array biP08H é‘eétrra@@ag%wt@cﬁgr dier thewppimlooy oentivd gruting 600G determings thap i

cl osed | oop control routine 800 (e.g., near the start of a pulse).

[ 0096] vses exeeiedsBa prerdetesminiet pariddof tinwduring v theinpnironss olithe itpey

the first error andJor the second error is less than a fixed anount.

| f so, gifyel empitiolve the fhrstshrsshmbd leve éide.,aateghs GO 608, 61By G| 620, 624 tandh 632
proceeds to step 832. O herwise, the calibration routine 800 proceeds
t 0 retrweyeodtlhublity extatiad forapré-beergahddieaibd oftias bayuktthsopen 1&P4. At
step 832, the calibration routine 800 extracts, fromthe calibration

200" SdEro PRI 6D0WIvidys PPockict roBYstdd 608ab 985 814)00B opstTbbPtori@Ut | Ne

routine 600 passes control to the closed loop control routine 700. In one embodiment, the
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[ 0097] The calibration routine 800 generates, at step 836, the
entries used by the open |oop control routine 600, at step 628, to

initializewhiddobd2ers in the closed | oop control routimef@ehoiing:
entries may be indexed by input power of the input signal and stored

in a look-up array. In one enbodi ment, the calibration routine 800
uses a wpsngbepeebnfrp] rowtine @0gritiakizes.ct stap 62h filters Sor UPhaat stgb 7 be, dyitloarlosed
routine 800, for exanple, generates the current entry for a

parti culep commltoybinn@00 with ehieics gemetatesl) fpn akankple adidseriped baleiwghifledtspeat ue
of the extracted anmobunt to a wei ghted value of the previous entry

appear i ®gFIG1 6} 8iethe oddibrdtion asutiy. The édifés dan Potirespaietd theest@lor njodO8BlalsAt
step 840, the calibration routine 800 uses the entries generated at

step 836t Ausitl® bitRp¥RlIeE SoultRe a8 $16. TR ucARTEHROhe GRI3E Rbp ESttiol NE
600 at step 616. 1n doing so, the calibration routine 800 accounts

for the nGRs bidRakbdukiss of ME 5&9&"{?&%;;9%13% 8 loB%H 1BYRESR] rdufifie left off at. In

stabilization nodule. For exanple, 't cal 1 bration routine 800 runs

1 TR S B 05 RN R sl 1 10

at step al'ues g e ration routine 800 are
Fout i neBebav Rt et e e i B Sty bR R A BE |

f st 20. 1 h a fashion,.it i t t i [
Fouti o 68 o) Miater-A1ae FRY ittt B e EAtP ot e e s s e
[ 00100] Tatlﬁ present inventi oglﬁga _be grlov' ded as c}gle or_nore .
conput efaliPEARE BPUUNG pr SO AR 05 ROBHI0GK-UP ATRYSe THFSeASAES WAY PR indgegds
manufacture. The article of panufacture may be a fI? y di sk, .a hard
di sk, abrpreagwesof the épungisraly Thus Besed opROMPULP YR © QJ%REW sigpaly

magnetic tape. In general, the conputer-readabl e progranms may be
i npl emesxteadted at sieny6Qds thgrorpmionp conire trIgae 68 1@1‘&}Pmng§15%?°qf‘éﬁ§’éﬁ'@es

that can be used include C, C 1-+; or JAVA. The software prograns may
be st or emriergenerated bytie w@tibratiorroating ol indialie theafiltdaet he eloafsiplem eanfrol
code. 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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[00101] FI G 7A depicts a stabilization nodule 900 for stabilizing an
MRl power delivery system (RF transmt chain/path) 910. Cenerally,

t he st abi I‘gﬁg 10@?‘8?@2”' e 900 noves the feedback | oop fé%iﬁsg‘ﬁg@m

out put cou rd port) of the anmplifier 404 (FI
sanpl e of the RF signal fromthe MM system magnetic bore 920. The MM

power dgld wiekher eShRpSwer difigd Mﬂrﬂ%ﬁr:lﬁl% above AQhiredHol, tIe thelcBRyia N
anplifier 404, various |engths of le 912, a transmt/receive

(T/'R) swikfedy, 8115%605 f)'coxﬁfo'l ﬂﬂltlﬁ%or )] ce%&éto s glﬁhﬁfﬂWt&YS%m

magnetic boré nagnetlc 20 |ncI es a pIuraIrty of main

or bodyrsoﬁﬁge‘:@d R0 fl‘le mpgrgogwml MRikhe @d%ﬁ%ggaé rhé% lhlgp g)ggrs 900

|nclude I'S not a processor

error I|f|e 424, st _and seco S
convert atﬁ%’Bﬁg%n 1n epga i‘g? 3 ueoﬁ@ %‘u’ Sho %Sfe mﬂmglcgeﬁi RF
hybri d onblne t he el Leld strength in
nYor i ERTBLe S0 HiRk SE1aC, B%frft'{@@%ﬁdwiai 3974 fo oul g
be understood that there n be from one t pl ur i CK-
coil's ofonkat @Hﬁ%rsﬁoogszﬁr%@wéavw{hrswreéw apﬁtq:rfsréfe*%r ‘rrrf? lt“&eéﬁ(g
magneti c bore 920. The placenent of RE hybrid conbiner 930, its
connect from teggling betwgeniths epeciran eantrgl I@rétl%ﬁpGQQcﬁnFl hegrigsed F?OPH@D%@?}EPP c
bore 920 allows the system 900 to correct in real tine for gain and
phase ef(or¥ere thedirst thfeshdidansthe Suesheld used inftke qipsed lappsantrol geitine gao
These errors can be caused by, but are not limted too, tenperature,
vol t ageeniantl were avieputabiver (fWIBVIRpyt signel emying slightly Feasit ghvise tiresholds,
novenent, and electrical non-linearities, all of which can change the
RE pat hthowmwdré renting GOULERY]d togsll betinlcbritht: bpdzn' loep estrobiiouting 6Gthamdnhe t he
stabilization nodule 900, which is

closed loop control routine 700.

T 77 [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.

25



in electrical comrunication with the MR power delivery system 910,
iﬂcludes a conbi nati on of hardware and software. The software runs on
t he proces 00103] Li ke the stabilization nodul

4, the sta ilﬁogg(tﬁ?%& nodul e 900 receives, froman ext e?%a Szgfd),r'ogiezﬁ
(e.g., a signal generator), an input signal 412 at a preanplifier
416. | n[opgg| ©nRABE EIBSY lod@ntroPiatitisd TD0&ks dpblopriately gljhsseith&brst enpart
signal. A directional coupler 418 then sanples the pre-anplified

i nput  Sheig! thédeRonderfde bteSAIMUR AR loSp bétiel rdufin@fetEririfks, AFRpI7l 6.0k
424, while a second sanple 428 is input to a first controller 432 and

Zg ) a segond conbiRkd ﬁf)dﬁ?’ & lee{s{]o%aﬁ@aﬁgic@ e mlflﬁ Qighhll For GRAIPIQN &
¢ n;f Zlga{rncontro er’, used tO'nDdI y an anplitude of zhe i nput
902" beubonREAREL SURRALATR il 10 RREADN, KANh Ak pdifnddin

phase s phase o e I nput signa

R PR AR TSR AR b
a ) 0104 ' i fi [ [
oD bl BOA0ELL R ST e L RTBY L S © Voot I

representative of an output signal 448 qf the RE hybrid upl er. 930,
i s al soafoppepntiegpdamougisy O%Fﬁq‘gqoﬁ}“éermﬁég‘.s"l}sﬁedcﬁ%"ee%@oﬁ?%éﬁcfo?’ CPPI%O%
error anplifier 424 includes logarithmc internediate frequency (L

| F) anprdwtine 70 wessceenrd erapr filfeps, %@dqqq@ewﬁi bY Ashnpteebigtogle &F et heaSt
feedback signal 444. The error anplifier 424 generates a first error
si gnal 4BQarmout.aAkendivelye amostyle o§filier, 261 as, Torexpmple; a propertiong! dntegraly 5o
/| second error signal 456 ‘

filter and/or a proportional integral derivative filter, can be used by the closed loop control

routine 700 at step 716 to determine the at least one amount.

[0090] Prior to step 724, the closed loop control routine 700, of some embodiments,
accounts, at step 720, for the non-linearities introduced by the hardware of the stabilization
module. In one such embodiment, the closed loop control routine 700 runs an algorithm to
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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is, in one enbodinent, representative of an anplitude error between
t he i nput signal 412 and the feedback signal 444. |1n another

enbodi nent otzﬂﬁm)}vﬁﬁ@t error signal 452 / second error %qﬁ%“l?{ﬁgz'%’ﬁe

representérlve of "a phase error between the input signal
f eedback signal 444. [00105]In one enbodi nent, the stabilization

nmodul e &@puts ﬂ@li%ﬁepow&r&meaﬂ@itggnﬂpmd fight ei@dr, (h8lsédona envie tHeak RatGhe The
Al D converters 460 input digitized representations of a first signal

464 1 epipsentatinifeddt stePg16,RR8h cREANBp hdds 48 thd dalibraBbs Rutisd. gnal
452, and the second error signal 456 to the processor 408. The

processmggqﬁiapsag@&%né&gmm tQF & SaibPMlioh 2o iRB 8D Rh&otdiE: AR I O

signal s that are tputted to the digital to analog (D converters

468. I n. : ' : : Al Ghiide800 1

ot 2R BRaR o hin UG5 g S8 AR N MRS it op i
360. In_qgne enbodi nent,.th r,0C 4 n ) trol
rodul ¢ SORE TApTere L P BURRE Bodtit ol The HBRBT I BER AT ey

nmbodi t, the digital t.r ol t i ncl udi t h | D

S TRl Beath im0 B Sy bHEb 1R RRatRy RO o
repl aced by an_anal og conty ol t t tively, digjtal .
Cont 1 ol iogg Sarkis {8 tn 19 Akt yF o Gpr ARG heSFLERC SR B BUHE Petetiey Siieg
[00106] I n one enbodi ment, when the processgr 408 inplenents fhe open
and c| chedelrpimgodenst bystepbR ander 7%23&%@@6%%% tai el%dg? galiggagion
generates the first signal 472 capable of being used to nodify the

first cleatinecd08rensiesctheppanieon enpire! oitinei004q ampm e clesedlogr §Pm§ivhl
476 capabl e of being used to nodify the second characteristic of the
i nput siogtuzd 7091 @ich that teepenivop contral routiheds 69G parformancads vtreed everftinge
i nput signal 412 is the anplitude of the input signal 412 and the
second [pbed]act sepi 898 the odlibtdtioniropint 360 mprddvedth2 data ptdveouplyamiitenfio thee
i nput signal 412. [00107]FI G 7B depicts another enbodi ment of a
—stabi T Z#ibia6on Mpdityethd 66En 1b& comtrakiiolitii 609 atsteM2(pandalie cledet Wap\costysit em
(RF transmt chain/path) 910. Cenerally, the stabilization nodule

900"  adgdst@moadeiitp 998l TIR caBREAATRANNS SedRACetdnanRs, tdhatp 808, shatiBicthe

into the error anplifier 424 (FIG 4) for the primary |oop, causing a

"bias" {1feh fpRohER TYulrR@B0 is mmning. 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 §12 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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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 910wiygigdese but is not limted too, an anpli figirydddhon22202
various |l engths of RF cable 912, a transmt/receive (T/R) switch 914,
a nonitoring coupler 916, and the MRl system nagnetic bore 920. The
magnet i thah@ldved 20edhord Biglas procpdditigath istey 804, thedalibakioh enlifinRBOECaisiues AL

I n one enbodi nent, the stabilization nodule 900 includes, but is not

li i t edti88 noPpldt QSRS EOHatd Bkt waittePtRhSEalibikBon hirkySby MBdIoSQLIOPS cEfoD!
anplifiers 424, 424', first and second controllers 432, 436, A/D

convert pr g, 4o, lg%l%r, DVATbtRIoR réifie 8HENBlredD ProRB@ s taSRithn bR AbkelRF
hybrid COW‘BI ner that senses the el ectronagnetic field Strength in
the mgﬁ?{a'gér&&?&oglgig%%(s Q%Q&l%aa%;pﬁ BrriPartePie cgcfse?fyo RProl 3 'nlebﬁ@ﬁ%%u' d

be under hére can rom-one to plurality of pic

coils or t enna 2 |l.ocated Wt hi £ in Ly, .

nmagnet i E““ta)f?sl‘raepeé'é’a."?%?& (lp‘f"a‘glgef?etﬁn & :ﬁ’l&ﬁglﬁﬁn& i %%38%2 %%IWQ%OC n%al%ldjtg%t
associ ated pick-up coils 932 in.the ic bore 920 allo e

syst em §@aliyr ‘06‘(5’5}1@8? 1Sii?‘?s aEﬁ|a@%%thﬁ5“’fnegﬁ°q§§?ﬁf%a°eS§‘&§ &R %@Shlign al |
of the conponents, in the RF transmt path 910. These. errors can. be
caused PBRHbragh roytige ﬁ%‘i e‘FSPFFFlﬂ@(‘EI1*&’5%9933?43‘%&?’5%}“8&?/%%‘!’%@ AT
wave ratio (IVSV\R), patient size, nmechani cal novenent, and ectrical
nonl i nealosedileap confrpl reptingni0Omeatihe siprh Atibe Fiveedrpomeantrobipuiing §ifde.g., near
[00108]In the illustrative enbodi nent shown, the stabilization nodule
900', wiiectartiof aipnlse). ectri cal communi cation with the MR power
delivery system 910, includes a conbination of hardware and software.
The sof {M0Q6kAt sies8A8nthelveliprooewsiare 800 etefruing0ehdthdr dhe first estonpnd/prAhe | on
nmodul e 400 of FIG 4, the stabilization nodule 900" receives, froman
ext er nakeceadiere i{ ssthan afisédypmadunt dlifie, altecm)plifienhasrspabilized guvbthe daldragiona
preanplifier 416. In one enbodi nent, the input signal 412 is a pul sed
RF i nputowsih@prdbecddiakitde83 @tadrwisaitht edlibdiliBn thieine S6Orploeseds heretrieve
pre-anplified input signal 412. A first sanple 420 is input to an

error agRinef 484 1drd4he WliblaBoR aSSLARE SOANPAEstRER D, theicalibthtidnroatidel 308t
controller 432 and to a second controller 436. |In one enbodi nent, the

first coptdeR! f&h 13 2libeuidn 8%y 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 ealibration 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 enfries 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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controller, used to nodify an anplitude of the input signal 412. In
anot her enbodi nent, the second controller 436 is a phase shifter,

used to f se of the input signal 412. As des - a
nodi fi edml)ér?gl}%‘m??%gl 440 is output by the first contrg)lrclrn%g%ggiﬁ%!d

t he second controller 436 and input to the amplifier 404. [00110]1In
one enbgabiliEKibn mokiale afpd éxhinle, A 4alitgativhecuting 800 eunyiRie amemigotiéin thet iy
system 910. A feedback signal 444, representative of an output signal
448 of pi®yaEdbdel GoptBhtrolirbutleF00 ki iiiH 7200 Thb Calfés RheraB by tieer 424.
An i nput si gnal 420, al so 936, and output signal 934 representative

of the Bhriphybh dhtinos® 5,5 st%l?é&mﬂ{e%é b0 the second error anplifier
424' . The output signals 452" and 456" are sumred |nto the error

anmplifi @ggﬂeﬁt dedr dﬁ@g i cgl%atfolﬁ% ole BB Yerd RO Ra1 }éﬂrﬁt | nc §§9{heﬂ&tﬁﬁ .

one enb error anpli |ers 424, 424 | ogar |

t
2 Ay AR b fre
The error I|f &g‘éhen rates a f?rst error S|gnal 452 and a
second %W Qegeﬁﬁfes t FEPYHYSr signal 452 / second error

si gnal IS, in.one enbodi nent resentative of an a

or 2o BT ¢ naE RRsER ST GG %ﬁ&é%ﬁa"@?@assoalﬁ%ﬁmfe °@8}£&£$-r%ﬁd§ﬂ%| In
anot her enbodi the first error al cond er.ror

456 s Prega@ééﬁga%%n %tfmgnf)ﬂra@%rwwiﬁs%gm&é Fﬁ'ﬁ‘lﬂe ofimany e

and the summed feedback signal. [00111]In one enbodlnent t he

st abi | i maY bomilopny s, abwd diskcd GBROVhs Beshapemasy ortd, aPROMar RAD)

converters 460. The A/ D converters 460 input digitized
r epr es eROY, pommapietia t4pier $n seiermhahe epgpuiceeadatie prgiapes 1oy heriapiemsgted
signal 412, the first error signal 452, and the second error signal
456 to intaay progoessiog lah@8ageTHemp exaem et lat@8agse Hfapeamsegisethiarlude C,
processing to generate the control signals that are outputted to the
——di-gi tatCty canavag Thesétware pretdney mayBstorbd o oeinend odinnerdrticléshod - - -
processor 408, as shown in FIG 3, utilizes the second control nodul e
308 andmhhifachat bdsiédtedderodul e 360. | n one enbodi nent, the processor
408 executes the second control nodule 308 to |nplenent a closed | oop

control joppssyi Ne. FIG. Y& HeRROh BabilizARAMHIGRT00 férhebdiztigl Al MRDpéWR!
system including the AI'D converters 460, the processor 408, and the

ookt S on sosie b, o8 ptn A st aClosiem
an anal pg GOl %opsfycﬁﬁ HEORF 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 limifed 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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[00112] I n one enbodi nent, when the processor 408 inplenents the
cl osed | oop control routine, the second control nodul e 308 generates

the first @oafoodse capabl e of being used to nodify the1hiad26fo/022202
characteristic of the input signal 412 and the second signal 476

capabl e of being used to nodify the second characteristic of the
i nput s dIiatatélRithih br dndosebadinite i the idagndtic bete 20aMae piacérsdnit of RF t he
I nput signal 412 is the anplitude of the input signal 412 and the

second RyiRdaShBines VI it9 bordrREidnth U8, Sh@ Aibeiddd pick-ubkeilPIBRsie tief midietic
i nput signal 412. [00113]FIG 8 depicts a stabilization modul e 400

for stapiliozi NeLvANhESRIdef 96T todBtedt th RAGRRSRP ggn%a Pha@8ctrbik HSAIT SHthe/ €
enbodi nent of the 1nvention. In the illustrative enbodi nent shown,

the stabili .  Ch QS | ol , Y
! dﬁﬁtﬁﬂh & th'¥1H. d OEEH & BliR
with thghggp |%|ergg%2%’?ﬁg$38§2 a@%%ﬁg#ﬁgg#gﬁ %%gﬂgwgmare éﬁg '
software. The spftware runs. on the .or ﬁﬁﬁor 8izel Q0Hb4;
stabi i g’& BR erﬁ@’ﬂ% NS H’?“é%lg i“\’?&% ,?a’ug r(g %‘1 an’ %aﬁélgtrsrllzae f Ingou r Jg%il‘lﬁ%\{e&e{xt, a
power supply), an input..sighal 412 at .a pre- |i.fier.416. -1 n one
Erbod i ciedisal P beatigs, B ShBef oo B RER b B ot gl T A
directignal coupler 418 then s |l es the pre-anplified.in .. gnal
1120 A TR o mnehes B el VT FrpbROtR SHovg i Sy Bpaids SO0 i 5
second sanple 428 is input to a first controller .and, to a second
cont r ol ineglecarigl cammunipatiop PEBheRMR powe h§?§5¥$@§§§£dWRWEﬂBIe does
not include an error anplifier 424, but, instead, the functionality
of the ermignatiomelf hardware and sefbiaspe hewplivaremnt oiihe Pigeeor 48  exanpl e,
a denodul ating function (e.g., a log function or a divide operation).
100115] [09163]e enticki¢ therstabilizhiéonfrhodsile 409t FEE 4 thestbilizgtion gagde 900
controller, used to nodify
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 confroller 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 tc 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 436
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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 i nput .gj 09 . As described below, a nodified \Worus2o10/022202
5050/ 050028 BXRHL o, 632505 i nput si gnal 440 is out put by the First
controller 432 and the second controller 436 and input to the

ampl i fi &finddé embOdithdh] tepresertithicrdf amphplitudy erfiy HEiRFEn the ihpsit Kigna i T had
to include an isolator (e.g., RF isolator) at the output port of the

anpl i fi gie féedback@igabe4d0n Riched €bodifRn iR lfirdtiefbr digMus1 OiRadrd eh@r 9.
hi gh power signals) that may enter the output port of the anplifier.

For  exagphd 456 f3 répibdeh@AONE] Rt ridr bétwesy Bk ?rl;]{j‘i&t siBha2 417 RS Rkliack

energy created by one anplifier systemmay undesirably be directed to
t he out Pgﬂal eyt of a second anplifier system The el ectromagnetic
ener gy omthe first anplifier systemis capable of creating

Li : . T : it
dammges PHETS oc o h Bat b RASRR 2 FRYA SR SRURlcTh Horude LR RAERTEC.
[ | at ' | t t t of t | fi y st t
pr ot et e CATRoRTer ey Ba A piRo B g ook e FRRLsbisSvtE s

ith [ t t, t t . | t.. T
L L L S R TR

i solator, and out - - of the output port. Any RF signal .entering the
out put 56974 sier gigpal dO8 dp the PERsETIOR H8- The pracesor 4)8 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 -~ -~
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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the load port where it is dissipated as heat in a dummy | oad.
[ 00117] I sol ator operating properties vary during operation and

bet ween use® 20dda@iRbore, placing an isolator on the outgatu®bicihee:
anplifier systemmakes it difficult for the anplifier systemto

operate consistently. In sonme instances, operators use |arge,
expensi that ¢aurleasatgsdor plossshife i the BF phthed the MRI péwerylahiveay system (RF
experienced with isolator operating properties. Accordingly, sone
obj ect i wessnof chizinépatly) Yoot ThnMRI potver detiadiy lsystem P heinBladegabut ipadthindfedan
i solator installed after the output of the anplifier system

stabi | i g®, &hanfRificp hos Caiiisherpthsai RIFSabla 902, d tRekditk@Siva{ TAR) siviich 914, a
anplifier and reduce the physical size of the isolator needed to

gener at gofiélenl doBfle? ®1¢ehndahe REUT9SEMR RE@neticdIelB0l The Miagnanted gment |

the anplifier 404 includes an anplifier nodule 804 and a system

control krﬁfud?pa?%lhﬁiiﬁgﬁ}ﬁa{iﬂb} bJ4Y KIPSKIR0D D MnQfne tRABo AR fHe SfabiiRSie 804.

An out put o e a frer nodule 804 is provided to an isolator

it B LB O Se, 25013 A1 0

RF out put coup g., _ upl er)”. "One out put
R e I I T = L e
LTS AP KRS0 02,20, B IR BehF Frunb AT o o5
e i SoRAFBHTAieH R SEEORIn i DGR 510 POUH DIk R o ey o
system the operation of the anplifier system operatjon accounts for
the eff Et@b@ﬂ@)ge vlersiepdythat dhespreandeifrran pnedp aplyraldy gf Pickup caily f@gfennas
Exenmpl ary isolators used by the inventors are the UTE M crowaye
( Asbur y 93 Nopaterbuishin@rin dsPrexinip fathe magraiic boteci20CThe plagement 86RE¢ or .
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 (V SWR), patient size, mechanical movement, and electrical non-
linearities, all of which can change the RF path over time.
[00168} 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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[ 00119] The basic configuration of a single directional coupler
illustrates two parallel transm ssion |lines over a |ength of

one- quart g W@ﬁ%h@%ﬂth corresponding with the center E%?ﬂ%ﬁﬁ&%n%ﬁ
operation oP e coupler. The main and secondary |ines are separate
by a cal cul ated physical distance which determ nes the coupling

factor @hubha@, lﬂ;@&'tcﬁﬁodlﬁhﬁ AipiEhdedf ke igh@sRnaltde. I aRtent@bidmeRCic
other, the nore power will be introduced on the secondary |ine (and

accor di &G&ﬁa cofRbIfer 286 RULpHRse dhitkr qew!o%adlﬁafmaée%f@l&awlsig[agl fengises
how nmuch of the 1 nput power is sanpled to the coupl ed por IS

defi ne ddﬁ@@%?)ogowa g ?fogﬁieﬁ?ﬁﬂu? 518#1&1 |4ﬁ'6: iscaﬁ%g}ut ﬁ#’foﬁg r&; d& @gntfo@l'éy\@gﬁanﬁ% r ( C

=10 lo Ical “coupling v in practice are 3,

6, 10, 20%%3%%?&1& ?%aﬁgpaﬁ%\é%ﬂlﬁrm' cally any coupling val ue may

be obt al™n oug esign n exenpl ary RE out put coupl er

?Zi???ywbﬁﬁg' one it s rth%:aﬁffbea%%%ﬁ%? o S T
Guar  or om0 Aceetbaean RER (AL TR DR faéaa%v@gwai%ﬁt ﬁt}ﬁg‘h@f@bﬁ%r

| unped el erent desi gn out put cou Ier [00120]1n o ment,. the
anpl i f i €W, akoiiaputafhe swer arpligptis Aé’rmP‘Ftﬁlgé‘ﬁ]o‘pf%*;] ut sigp
anplifier 404 is used in an MM system A feedback signa

r epr esefdaeprossnitive of BetfsUrybsid gaunler448, ase inprito él?ﬁpﬂeP‘fq%é“‘lm%‘RPhﬁ% 43t'so
input to the error anplifier 424. In one enbodi ment, the error

anpl i f i e dutimit sigeals #5%and #56tiate surmesdrintditie esror papliberdps (X164} foy the
anplifiers 426 for anplifying the first sanple 420 and the feedback
si gnal ghiiary Tdog veithiroproesspéri4lR ein ei24mpediereat, éls carof amplifiers (434, £i4gnal
452 and a second error signal 456. The first error signal 452 /
second @eludd logirghalc idlfinédiate froqueney @O rEplifiers 6p6 fs emphifyingethefirsan
anplitude error between the input signal 412 and the feedback signal

L L TR Y saﬁ@%mfanamqedp@&ﬂfe thd feeddatie sipnaey (494, 934 Nitle efdRashpliftez @24l er ror -
signal 456 is representative of a phase error between the input

signal dléraRRdf f&é%%nsﬁﬁgmakz saan@bordi4dror 5igRkl 234.| Theomie: 2fobeighatasy/ t he
stabilization nodul e 400 includes three anal og to

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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digital (AID) converters 460. The AID converters input digitized
representations of a first signal 464 representative of the input

si gnal 41240LhR0bddhet error signal 452, and the second wffhoislgRd
456 to the processor 408. The processor 408 perforns signal

processing to generate the control signals that are outputted to the
di gi t al embodimedtpdye (igitA) cootvohsysity mcldbidg thenA/Dheneerizock Gbe the pradessor 408,
processor 408 includes the first control nodule 304, the second

cont r ol amillelDEA 3OBrertan d 68 Heerntrély bepdiced by amshalag 3ol sistemn dlternatively,
enbodi ment, the processor executes the first control nodule 304 to

I npl enepfe diditaPERR0] HORMGE Bﬁl&r?hﬂlﬁr@bﬁ&d&ﬂ by kil aidléd fmtroByyeeM. ment , t he

processor executes the second control nodule 308 to inplenent a

cl osed [@@p21cont nplont BbddiRent! Whithe BFHREBET408 HRAKERE the didfted Mo t al
control system including the A/D converters 460, the processor 408,

and t hec%tfg‘l foRE %ﬁe%éonﬁ@gntaél%tﬁﬂfei FRo¥ndr P! @€ Gkt BYnd Q?lﬁ BAl8RQ o? 38}@ ol

system ternatively, the digital control systemis only part
repl ace I : i when
the. pr obsttofogBEReaBERRke R bR Bl OREAERPLERR s 00,
control nodul e. 304 nerates.a first, signal. 4 e.of [ used
to nodi F%Paée Pﬁ’?{lg ?:%g F%Elf)é]%( ‘é‘FiS%"OB? cheg Fl"r%{plﬁ 17%21 F gnﬁgfgérﬂg;zﬁ Ejﬁ 8 ﬂgec ond
signal 476 gapable_of being. used to npdif second.characteristic of
e nptbadiaRa e f5t cRRdistn e e Mgt T2 SRR R Bdbu et
i npl enents the closed | oop control routine, .the seco cont rol gule
508 gandkianddhe seod shatoShgiedt he/PDRaIERB 07 the B oL et SRR
the first characteristic of the input signal 412 and the second .
si gnal PP81Hapabl HGCof depieta g sighidigation maskier4p0dprestabdizingrnarantidict 404 18t i ¢
of the input signal 412. In one enbodi nent, the first characteristic
of the hovpudancs wittedn ilfustratiye ethbodampntiof thednyentien dnjthgyiliuststiys amborimentn d
the second characteristic of the input signal 412 is the phase of the
i nput  sklgmal, thé 52bilEa0masjdute e which ddinsisatricalt dosnBinicatj om with ey asnplifigr
i nput anal og representations of

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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the signals 472 and 476 to the controllers 432 and 436, respectively.
I n one enbodi nent, the first controller 432 uses the anal og
r epr esent %b%logvt)og%@e first signal 472 to nmodify the agplhisyfi§opbot he
i nput signal and thereby m nimze an anplitude non-linearity o? t%e
anplifier 404. In another enbodi nent, the second controller 436 uses
t he anajnp: iRl 098 babintdy the fitsheonaeland2 shdihakecdh® cdrarotiedd Foyant hgput
phase of the input signal and thereby m nim ze the phase
non- | i neand finifer bthe anplifier 404. As described above, the nodified
i nput signal 440 is then provided to the anmplifier 404. [00124]FI G
9A depi stahj L. L O b Ll Zd I r
@bzl ?k&éﬁa‘fi‘ﬁ 5:8@;;6‘%@9 gﬁkﬁnsglpgtb%%ﬁé:%% 'fbtﬁhl‘,lhaé :gﬁf(fll?to%vﬁég.,@ e

del i ver ystem trans aln/p Gener

stabilizatian dul e. 90 " r : ut
coupl er PBPSPRAPR e Ploet B ERnl o ORGP BRI P L
the RF signal, fromith syste netjc 920.. The ML power
del i veré'gg’g'%ﬁhé?ﬂ“@iﬁlgpﬁ@:%éléy eﬁ{% ﬁﬁ%guﬁ%t pqrf)%tﬁ%%tn&gg}i gcr’]r D i;gf]iner
404, various lengths. of RF cable 912, a transm’% receive.{T/R) switch
014, & WBHEPelRFRldE armeelecEmAEisS SRITEY CEged B PIRARITE Sl FLTES o
The magnetic bore 920 includes a plurality o{_ mai n or Bodlz RF coils
922. [ Owdesitably eclizeglied tothp Prtppigrortaf &seqpid praplifiensysen; dP&Peetpmagitifye
an isolator (e.g., RF isolator) at the output port of the anplifjer
t o i sol eneegy(form gueéir@t@mphﬁpresym| ip pqpable pf gRtHIEPREIEDE ETQS in tHE SOHbwer
signals) that may enter the output port of the anplifier. In_ this
enbodi manplifiet bysteany, irf some cages, it danagdethe serondrpmplifics sysigaupecodingiing a
systemcontroller 908 for <controlling operation of the anplifier
modul e 8k indmces) ap isdlatdr i¢ plecedrmpthie bt prrtiefltke Soplifies systapy foduetettdhaan
i sol ator nodule 912. An output of the isolator nodule 912 is provided
to an RmglifiepuTlysiel RIFesol@d6 afecthpe-postdetiBesstitli gl inpet pBl, aconpue phrt aghe
out put of the RF output coupler is an RF output signal 920. The RF
—ourpuhﬁ)la&g@t T9e Qoirsal Biredtiod SE RF 0wy it frAd lifigut peGithieugivihe édolattkdandioat an -
RE cabl e 912. Because the isolator is located within the control |oop

of the gl bith&pofty PG RE ifial Elﬁéﬁr%tth@éhtﬁﬁt poligs @raeted ithrOhgtEHS Isetor to
operation accounts fof the effects of the varying operating

Proper t {838 hobtWheteSiPls@iQipated 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



[ 00126] I n one enbodi nent, the stabilization nodule 900 includes, but
Is not limted too, a processor 408, a coupler 418, an error
anplifier ddfeoidobeb and second controllers 432, 436, Addgooanies s
460, D/ A converters 468, |evel and phase sets, and an RE hybrid

conmbi ner 930 that senses the electromagnetic field strength in the
magnet i aobole 81D RGritidadgh aa R onkput poupler 81 ® (e. g randRingtripide R cqiplen). dCrige
understood that there can be fromone to a plurality of pick-up coils
or ant epigst F%E RIOS@b@EovpIEk Bn AF dufpuCiigme 820. dxioht tybbdinete theddnet i c
bore 920. The pl acenent of RF hybrid conbiner 930, its connection to

448, angy@ LP$ 2R s PloSlted B £ QhrlshithBivabwildR vidRe RH dabldqelzs 120 al | ows
t he system to correct inreal tinme for gain and phase errors in
al I of the GOAPAREHifhiol4 BbﬁcﬁﬁBsrméwna oRBhA o IMORF DGR COLFINT S 6GAN
be cause put are not limted too, tenperature, voltage standing

vwave ratj ﬁ)al (4¥8Q‘% ch 1#33{ #ﬁ&tto ﬁ‘h—:ze?ror gﬁ]ﬁ sl g &%Es%%@ olafREh lgéza?&?&&lﬁﬁ‘l

non- I|ne Fities, ange t'he over

5 kst 11"?1"5%‘*%5‘@?&%%5;2”2 N %%“ﬁif‘iﬁgftm e
-rlr-ggulsgf Z?ggii‘gf ?FI > 4°?:?hﬂ'ﬁrva’a%%%?ﬂﬁ%§Pmﬂ’6‘6‘ﬁ%ﬁ E? f?g Eg %ﬁﬁ(}l zation
oxt or malsoiE e bl 0 Ve e gﬁﬁ&p&r@ﬁé’dﬂsﬁwﬁdﬁéﬁﬁiﬁ7ﬁ§§°2‘t “a
preft%{];sfoiﬁ%ﬁgdlgoﬂélréTo?%fms%ﬂmr;ent the input signal 412 is a pul sed

[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 1og1 0(P£/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 2 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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directional coupler 418 then sanples the pre-anplified input signal
412. A first sanple 420 is input to an error anplifier 424, while a
second sa b Input to a first controller 432 a d
controll eI%?%gII%?IIIIZIZone enbodi nents, the stabilizati on%ﬁ%ﬁ@@%@n
not include an error anplifier 424, but, instead, the functionality
of the RbfegdntARB b in QltputSignhlni48 e tHe@ehplifierSii] idalse ivdut th, the ekorexplifite,
a denodul ating function (e.g., a log function or a divide operation).

I'n one grpadiopeahboditiént! thé StrorCipliftiel nlidéISgarithnfic GabiheBRiM ffbRS,
used to nodify an anplitude of the input signal 412. In another

enmbodi "@r% g‘g%ﬂxgﬁﬁ&@ 386 $RApBE) A tﬂqégﬁl% I;a?nge PP tﬁeI‘feIe&lﬁlﬁk s d44.0

nodi fy the I nput “si‘gna descri bed below, a

P A B S
] i fi 404 1S . i VR .del d
Syst em SrbAroRseadldRaTREel e el 43P 3Lis Potodnt BBl R o7

448 of the, hybri d L 930, ,i I i t to.t
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error anplifier 424 generates a first error signal 452 and a second

error seEpidptwesstheprat pigpal 12 apdihe &sedbagk sighgl M second error si gnal

456 is, in one enbodinment, representative of an anplitude error

bet ween[00K&]i nputln engperabodiment theistelilizatior aiodelk 489 inekidesitheee apglog ot her

enbodi ment, the first error signal 452 / second error signal 456 is

r epr es edigizl i(A8)abneeriptsae. dhe 87D batveren inphedigitiped repiegengdtions of aafirdt t he

f eedback signal 444. [00130]In one enbodi nent, the stabilization

modul e S84 #icleprdesntdtive eftha frgluoggad 412, dhet firkt ofvdd Blpnal do.emt dresed®d. The

Al D converters 460 input digitized representations of a first signal
464 TepRs eiptaldse & 0f pidtessoNs The Prdbsséild8 detfornhs sigital procesgingtgnal - 0 0

452, and the second error signal 456 to the processor 408. The

Pr 0cess@heAR8hPETal fBnadd €RHre AASRA S 1he digXali6RREIAE g)/%? QoB@ks abs.
signals"that are outputted to the digital to analog (D/A) converters

468. 1 oﬁlﬁ@mﬁ%ﬁl@ TBRbrodefr MDA S cofolSHMIE 0%, ke Secodd

utilizes e second control modul e 308 and the calibration nodul e

360. "egli}S) @Wﬁ??ﬁgﬁ tth@fb%tﬁg%?ogig% 708 e REHIRTindAe t?&ﬁﬁ'@&gso‘fom rol

ngguge ; ose control routl ne. yet anot her

. . L ¢ el udi
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I d by. I trol t Al t ' . di.gital
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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
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[00131] I n one enbodi nent, when the processor 408 inplenents the open
and cl osed | oop control routines, the second control nodul e 308

gener at es {Vh,ezoid,[rgﬁgzosi gnal 472 capabl e of bei ng used t opagglabivsobire:
first characteristic of the input signal 412 and the second signal

476 capabl e of being used to nodify the second characteristic of the
i nput  sitgpadcesbbimplementethe cloodd Ingntontroheutine; thie sedvad gotter mgidike 308 t he
I nput signal 412 is the anplitude of the input signal 412 and the

second gHRfAGHES first Jignabi72 Eupable pfbeing godto Mddfy the file ciphasaristi dfhe
i nput signal 412. [00132]FIG 10 depicts a stabilization nodule 400

for stabjpld FidaD4 B hnd iR debbif sidRf 470 apaOsORBAIsY folinédifyi thé ebhdt | ve
enbodi merll)t of the invention. n the ?élwllustrative enbodifyrrent shown,

the st a@ﬂ&é&aﬁfﬁi&&tﬂ@ %h@siié{gs?ﬁl Wi GHe briibddimEHt OB biff Bhar&MFMB bERE (R0t

with the anp ler 4 es a conbination of hardware and

sof t war %6&% gfjl'ﬁgﬂés %Qg;glﬁﬂeumhé)ﬂpﬁtg n?%ﬂ%%g& tHe Q6N Qhér?ct&@éﬁtc PlheMRdy! €

1004. | I zation . “receives, froman external
s A
i422ut vv?] f@gg}f; 412_111511? P‘T‘E‘F lglﬁﬂtpfh.@%ié(fo?vsmfﬁgggm.tpblp%&’ér? I%E}’)eg{r?pgifnl?%(ffer
o a setiendadrs o 2P e conto et B0 4 rafresethfly. 77 pit Sotetyd
432 is a gain controller, used to nodify_an _anpli t:jde of é‘iggthi nput

si gnal finsp contrgller G2 wees theprsdnawspresentatign gfe@%ﬁ&t gighal Ad¢ femo fs a

phase shifter, used to nodify a phase of
amplitude of the input signal and thereby minimize an amplitude pon-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.

[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 (¢.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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the input signal 412. As described below, a nodified input signal 440
is output by the first controller 432 and the second controller 436
and input g biageaapl ifier 404. [00134] In this enbodi mgtusbdiBo22202
anplifier 404 includes an anplifier nodule 1004 and a system
controller 1008 for controlling operation of the anplifier nodul e
1004. Asonfrollipgbpahtidned thagphplifiee moduid @04 AR Odtputsof phicoanhiliddr inodale P04 St

RF out put coupler 1012. An output of the RF output coupler 1012 is

provi degrobidedd anffidtothodile 90! &t &ftﬁnﬁ'@fjﬂlb Es0JddrinodleSECQ Providb@tdt anOf
the RF CQut put Coupler 1012 is signal 448 which is an input to the

system An RIE RS t L naleer i i

p?/ovi de%p?g@gdégg@g%%'gﬁﬁ?put célgglkgrce%g%o?g gﬁtp anmRF s?létlﬁlg: ;sne RF
| - F - s an. tput signal

coup elr%]ougfr'?g% AR dgt&,ghﬁe)zﬁ gﬁyﬁﬁ%?ﬁﬁ%iaﬁ 208 pRRRE Rt put i gna

1024. the RF out pu na 4 1s provided to a
transmit/r LVe SW I - R, e - a. 1/ iLve
sui ton SRR Es b 14V R aRr Tt Paldiod e foleic [IRARAIRERRTE
is signal 1028 fch is.an in to the stem.controller 1032.
Becausecpiial g ptbgron et dhe e of R oFRLE S P BrsBT Srovte
anplifier system _the operatiqn of the l.ifier system operation
account rf}@re?t%’ﬁ%o%#"Fé‘%’ﬁ’g"gc?ﬁ’erlaﬂlégW&P%l?fgoqug’e@&?t%g properties of the

i sol at or. 00135],1The f eedback signal.s 448 gnd 1028 Ugre i nput to the
syst em B84l o] | edn expembadimentche ek iratien modyls 80U includps: biHE pefilintifed1 032
includes an error amplifier for differenci ng the first sanple and

f eedbacteosi rypesssor 40§ agenplectiSorn sreas paplifiered 28, firgtand seqond jcaptrallgrs 432,

i mpl enented in hardware and includes logarithmc internediate

f r equend3p, AlTDnvEtera APl i/ Acogverisrs 4afplevel phdiphashiets, prdsan BEAWTEL 420 and
t he feedback signals 448 and 1028. Alternatively, in other

enbodi nesmitsner DR@thet seoses shgléctiomagnetic ifindd| seamgth Bcthe magofic wared2(ithawgh
denodul ati ng function, such as a |log function or a divide operation.

—-The—Sysi pik-upBéil o dnennd 062} Ipsimul desunsergiad that thefohoan boftbmaink rs 432 - -~

and _436. I n one e_nbodi nent, the first controller 432 nodifies the
anpl i t ugl@ra@ify dfipRkiupRistls &t £HitinasInd 163a0dRRS oBiA cBIFP biokklngiey to the magnetic

non-linearity of the anplifier 404. The second controller 436

modi fi eyl 580, PHRSBachel R RF1MEI 8baRAtr B0 Gt Bolhd¥tié o 4488and 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 500

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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phase non-linearity of the anplifier 404. As described above, the
nodi fied input signal 440 is then provided to the anplifier 404.

[ 00136] FI Gyohdfy@enbcts a stabilization nodul e 900 for wimaNzbiomeg: an
MN power delivery system (RF transmt chain/path) 910. Generally, the

stabilization nodul e 900 noves the feedback | oop fromthe RF outgut
coupl er digdetionshrcaipierdi § theh sthpleaithp prefdnaplified Anpuksignal 412+ & Tastsample 426
the RF signal fromthe MN system magnetic bore 920. The MRl power

del i ver i ifips$ toedin b amplifierdied, whileta sesordetmpler28 édinpaido a dist aorgtoller 432
404, various lengths of RE cable 912, a transmt/receive (T/R) sw tch

914, a gRItbhLeEdoRE cERiNlees3@ I8 sorad embiBmbA, theystikamion godile dodsape 920.
The magnetic bore 920 includes a plurality of main or body RF coils

922. | niRnfe GIRAGHARNter 410b0! Mbedd, ZRLRMMEYLEHE 0Rod ASjlIELS, but is
not limted too, a processor 408, a coupler 418, an error anplifier

1100, ;inng‘ﬁ&ﬂé"h@gl A SEANE I L £ Iekﬁﬁﬁe,‘ﬁi%moﬂﬁ@t&ngqﬁb&%g&ﬁﬂ b $Suf@fén or a

| evel phase set nodul es 1150 'and 1154, and an ybrid conbi ner

0 A OARAEIA L5 S L -

ol | or antenna Shoul d ge
o ant cRRAS €550 GRS p a2, T R Sl Aich ool OHRIEP, ©
prger T b e e T e L T
G o] TREeR kR s HIPIHY o SRRt 2g0g e REGE cePrafe i
be caused by, but are not limted too, tenperature, voltage standing

wave ratadinpnyaviRe amphfieiA4. si ze, nmechani cal novement, and el ectri cal

non-linearities, all of which can change the RF Bath over time.
[00129] 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
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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[00137]In the illustrative enbodi nent shown, the stabilization nodul e
900, which is in electrical comunication with the MN power delivery
syst em 910wgl Hfilid6les a conbi nation of hardware and sof tpgBhR2018/08:202
software runs on the processor 408. [00138]Li ke the stabilization
nodul e 400 of FIG 4, the stabilization nodule 900 receives, from an
ext er naln @ewmbedifreny r.he moskgnals,ge slevatin F]G. Jntilizeptite m’:cgnda:bntzﬂdlz at a
pre- anplifier 416. In one enbodinent, the input signal 412 is a

pul sed RodhlBRO; asd 186 adlibraiodiniciald 330N aRwHbRdintth tid1RtccsIROE xcblites
pre-anplified input signal 412. A first sanple 420 is input to the

error  amelstdong torkt thodutdizbg tRinfiGdnea s1358al 160 gﬂ&ﬁtrbﬁrohﬂiwtln&& @othkr St
controller 432 and to a second controller 4 I n one enbodi nent, the

first c @%rﬁrthéa ithScoftr Gy e ORER @k He . r%gﬁqr?gi fn¥ pRgdessor 408,

anplltu e I nput signal 412. I'n anot her e second

contr ol Lfd'th?%@ §§n 123358 1§%h%é1§9? lelé&?gy &P%J-IE&% ca}{trél ase A%ll’n h%&}’ -

i nput sIgna escr I nput si gnha

out put t he fi cont.rol | er the a8 d.controller 436 and
Tpat ¢ BehERLsRt Syatsm462n1Yf66'4f§531?°ﬁ SESERRREINERe anpl 111 or
404 is Hﬁﬁgl]l nt r}n one em o ent wilen tﬁe grocessor 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

[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-aml;liﬂed input
signal 412. A first sample 420 is input to an error amplifier 424, while a second sample 428
is input to a first controlier 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
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system 910. A feedback signal 444, representative of an output signal
448 of the RF hybrid coupler 930, is also input to the error
anplifier Wwbl@10/0b@0o LEVEL SET F nodul e 1150 and PHASE Sihumaohwloe22454
are used to initially adjust the gain and phase of the feedback
signal fromthe MMcoil. In sonme enbodi nents, the adjustnent is_ done
manual | thetigpusigngidi 2t 45 desttibeddtiavs tarrpetdified inprisignalydOdnedpyspy the first
integrating the loop error and using a control loop (e.g., a slow
bandwi dedntlotiep)32tand Mecpcdrdeontrallzr 436 gridhput enthe maglifier 40Me desi red
operating range. In this enbodinment, the error anplifier 1100 is

i npl enegoad4jusi Ndinahis embudirentigkianet feretdiindudes I emplifico meanfe! 1004 end
1100 receives an RF reference signal 420 neasured in directional

coupl er o 4dfem ddtfrol&f RIOB TG LofiraINAY ofetitionof QR HIFIOAmbGIINYOCAN Analag to
digital converter (ADC) 1104 and provided to a Transform Bl ock 1108.

The Transfg ﬁ%&%ﬁ%a&ﬁmmem %ﬁéﬂ%@oﬁ?@gﬁ%ﬂml% A8 datpubsfithe

transform ast Fourier transform ), e Fourier transform

(DT) or P?%%@a Lot 18P4 8 ph AR EAIBEL SHAllhsoldi sRRR! RI16C ASEERl0uthé

to get rom ata stream (e.g., serital or parallel)

E%?XL?;?@%’F#&?@ L%l‘%{ua%g‘i’é i fgpd ?‘8%&%1@3?%?%%%5 B 267 MR chEle 0%
i 420. T ifi ' h
RE 1 codBAARSH A calfr morbieaeT) BB b agRiand ot B BREILIER AT

an anal og_to digital converter (ADC) 04 and pravided t .

Tr ansf OMEISHB%I“QMS‘F’“F%E%' épﬁﬂ‘éé"ﬂ}r ) %%RMR‘% uﬁ?rdﬁg? ggr%l%flg%lglﬁaé, for
exanple, a Hilbert transfor a Fast Fourjer transform (EET),. .
Di scr et 80Founioas embedimersy the RBOutR sigha) ﬁé‘i’ 1S PRW |t%afrP%%%‘EVE?%’¢hV%‘Y1FF8d)
the RF feedback signal 444 to get |/Q data fromthe data streagn

pr ovi dediatan Rfheabler(er. thadpinsmitpceive gwitch 719 of G Fle A sreordomigra of th RF
magni tude (1) and phase (Q of a sine wave. The anplifier 1100 then
cal cul atOmsput Reupterglii2f ixisgrah H028Hvety eh igfan irpat RAhe Sewboktrelley1Qp2. s3epause

[ 00140] The error anplifier 1100 calculates the gain error 1112 by
conput i g ikdistod] F166és lenated withinekencanirel lvemofi the draplifier systernn dheoneration of
signal 420 and the RF feedback signal 444. The error anplifier 1100

cal cul atdesanigliiePHigtem @fefion 2dcbbnts Yorahewfcisrg theharydid fperaing grdpettice ef

t he phase of the reference signal 420 and the RF feedback signal 444.
The gai ghBEs16r. 1112, phase error 1116 and the RF reference nmagnitude
1120 are provided to the processor 408.

[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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[001411The processor 408 perforns signal processing to generate the
control signals that are outputted to the digital to analog (D A)
convert er swé68onbd29ne enbodi ment, the processor 408, wlirhisgAsnibe
second control nodule 308 and the calibration nodule 360 (as shown in
FIG 3). In one enbodi nent, the processor 408 executes the second
cont r ol pimsdudreliB@ftyt of thamh;d'rﬁ@n #04 Ad deseribel @bprecthn trodifiedangiut signal 440
[00142] I n one enbodi nent, when the processor 408 inplenents the open
and cl okekkenl poydeicothicalmplifist #0ves, the second control nodul e 308 (FI G
3) generates the first signal 472 capable of being used to nodify the

first clomisgteri suGe1of dé dﬂias b Babilizatiod el dult b0 Fsrcktdbil RirpesVIRI pévanal

476 capabl e of being used to nodify the second characteristic of the

i nput  shanaly §diém (RP tx‘éﬂﬁm@@ﬁ%ﬂ%dﬁﬁ)"dlo GaRerfity, o s@i%ﬁfz@ﬁérﬁhbéﬂé 9‘003&10&436
i nput signal 412 i's the anplitude of the input signal 412 and the

0o FIRACLLIH i s 1 EubiB e @RSk bR S ARG S8 A g

depi cts a S0P hO§F € ﬂ?%&hﬂ'&m e ﬁRﬂﬂgH ﬂl&g%teﬁc? Bor? 850! Pre MR 3\9& 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 inciudes, 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 modute 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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stabilizing an MRl power delivery system (RF transmt chain/path)

910. Generally, the stabilization nodul e 900" adds an additional or
secondary Jypedlashezh oop that is sum"red into the error amiusk®n22kdD0
for the primary | oop, causing a "bias" in the primary | oop that
conpensates for a |oss/shift in the RF path of the Md power delivery
syst em ERElfqr4he nh orglsabadizient fhegmpnt Srsﬁél Niipromeeddd] inpersignal shem 910
includes, but is not limted too, an anplifier 404, various |engths
of RF céistationd 2pupent418isamisanples tievee-umplifedsuput signgd #42. A firstrsample 42§
coupler 916, and the MRl system nagnetic bore 920. The magnetic bore
920 i ncisinms tathp letropdrhglifient 1 00aivhiloa sdvonl sariple 43y is iPRPto a firstovetrolier
enbodi nent, the stabilization nodule 900" includes, but is not

| i m t ed48Dand ta ape@aé $68rol 8O 6. dn ontighierdirddf, thé firss tormoilersdS@dnd gginr or
anplifiers 1100, 1100', first and second controllers 432, 436, |evel

and phaggnt®8tr, TRd4b ﬁ@d&}a@mﬂﬁmuaeléﬂhe pd ghalRE 2N YR ahciher oo tieten) 3
that senses the elect romagnetic field strength in the magnetic bore

920 t howgBndcdinblieri6G04 bhalk stﬁﬁéreﬁ!d%a t&l%adlgl 4 pisliout de h@uﬂ:ﬂé‘tﬁi] 31004k
that there can be fromone to a plurality of pick-up Coils or

ant ennagesdived B%?%ﬂ:% S i’ ﬁh&l AhISEuPR VYR ok doftr b2 49RGAEHE C

bore 92 enent of bri I ner 930 and associ at ed

pi ck- Ups&%ciéon]?r%ﬁeﬂﬁ@ah ‘g’g?lﬁ }% ? §20 allows the system 900" to

correct”inrea ase errors in all of the

by " but W8T or inre eRSeRFeN @%%%PE@%#&M%QMQM%S%V ratio
non- | et ST A& efoasf St o an e "§§5¥ %ou@ﬁ%%ﬁ%ﬂ‘%@g%the Rfhybrid
%88-“4&%&@#?.‘%6,!%312# bt & RSB AMARRE AL or  L Eh LA Bl | DO aer y
system 910, includes a conbination of hardware and sof tvvar The

sof t war BHASHSEhmedrle b owe uwd toymisially pdimstAy gain and pheseefihs fepé%ek on

nmodul e 400 of FIG 4, the stabilization nodule 900" receives, froman
ext er nabigad dirooethe MRy coila I sayredmbgpdinesnis, Srejadivgimanhis donemghaally by 204t a
pre- WD 2010/ 090920PCT/ US2010/ 022202

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. 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 pargllel) 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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anplifier 416. In one enbodi nment, the input signal 412 is a pulsed RF
i nput signal. A directional coupler 418 then sanples the

pre-anpl i fy i signal 412. Afirst sanple 420 is i

error anpl‘r]??giroyb?%%, while a second sanple 428 is inplﬁ&rt%)szggl %?%zt
controller 432 and to a second controller 436. In one enbodi nent, the
first coMdrantpesvided2o b Trasfyan Blonkritl 08| The Trandeh Blockd tidd tyanaforms
anplitude of the input signal 412. In another enbodi nent, the second
cont r ol {iBing3Bexadnple, B BRIt HASTbR, o Fastdbutier tasfofry (FFDhBRerefFoufier

i nput signal 412. As described below, a nodified input signal 440 is

out put Rynstdi@ (DTP F arfotith 8tabRItraA SR RétHolPthe R@Q_Béiibﬁa@i%:ﬁl herio436/@nd
input to the anplifier 404. [00146]1n one enbodi nent, the anplifier

404 15 uagohind dfa Ml lOUREeCIB e BHoY aRiEETI60.0y0 Aufa SRR E Bl R

444, representative of an output sign 448 o e amplifier %04, S
also in . ifi 1 e 1150
and PHA%%&%E% mgrlque%ﬂa%%g%rgg%gﬂﬁ%g&t ggﬁzﬁg ﬁgk%ﬁ%&@%@ai n and
phase of .t he .feedhack si o from s t MRl coil. In sone

enbodi rr%lﬁ%nsn,%d? ﬁ%éj@&feu%fﬁhn%gﬁ f?eg{’%f?ﬁégnﬁgﬁﬁal |y by an operator. The

adj ust | so n be do by. i nt ti t he | rror _and using a
cont rol T (e e eabemnrist i s oS e Srud it R babm g i o
centereqd_in the desiyed operat] range. ., An j.nput si | .420,. al so
556, CantibriR ke maghpe ot BE e sicogr2DRe e W Bretatyaiii o,
930, are input to the second error anplifier 1100'. The qut put

si gnal s#4h 3de grrgr ammdifics | F00catawiagesith Riiapharas 11 b biasamputing thetiitpyencg,
the primary loop within processor 408. In this enbodinment, the error
anpl i f i egtwaengbe plrsef the cferprce;sigpplARmnd thel¥l fegdtack geraldie Hast gaiogiror
receiver. The error anplifier 1100 receives an RF reference signal

420 meablRephasmerdirridté amithe REoefptepce magitudt bl 20efteprevided toi theplocess® i s
processed using an analog to digital converter (ADC) 1104 and

—providedd& o a Transform Bil-ock 1108-—The TransformBl-ock 1108 — —— — -

transforns (using, for exanple, a Hlbert transform a Fast Fourier

transf o[oon41IFFT) , Thepedceiser Fo8upcrforms ¢igiid ptesinPl) gakradanthé battrob siphiad| e
transform net hod) the reference signal 420 to get I/Q data fromthe

dat a st ihe@ii b@petted 16 BHeididitabio Malbalhal)copfepidisdad. odctmbRim@ht, the
anplifier 1100.
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.



The anplifier 1100 then cal cul ates the magnitude (RF reference

magni t ude 1120) and phase of the reference signal 420. The error
anplifier &b%uﬁdgggorecel ves the RF feedback signal 444cthieoisf22202

f eedback signal 444 is processed using an analog to digital converter
(ADC) 1104 and provided to a Transform Bl ock 1108. The Transform

Bl ock 1{@H843) ansfBiGrd 1B depicig andther embadipiest ofa sHibilization mpdwle POY ipr a
Fast Fourier transform (FFT), D screte Fourier transform (DT) or

anot her sabiliziablae MRIgnsfeo delivent dysiehn (REdraRimit eedidpak) Hi0gizherddy, thoo get
|/ Q data fromthe data stream provided to the error anmplifier 1100.
The anpkiabiligstichRdiule 800’ Gdids Gt hadifional bescomg@iant faelibactidoptinsis sodmict éntdF
f eedback signal 444. [00147] The error anplifier 1100 cal cul ates the

gai n er \Rlerbi ddphiierd Q001 kRprink@y Hobf ALARE 8 “HOIIRER Pty ROPiIHadde of
the reference si gnal 420 a the RF feedback signal 444. The error

anpl i f1 e ﬁ%&&eﬁ%ks 1ofthé MRIF Jv@r&mv&?@py&m@ﬂmaﬁsm

di fference between t ase of the reference signal 420 and the

f eedbac hase RF
refer eniéea}#g 1 ude hf@%l%%e?d?a%{?%s#g%glpﬁe r(s)g{élggoro@%gceﬁ&gbmg] In
this emodi 1 ted
us: ng a g’Bbﬁ%&E‘?}g & Psﬁfg retel v%arbieegflr%p%gglsm(lﬁe&lv ) “ﬁtc}lg@%’e& azde

out put si 934 re of t he RF ,h aqupl er
Thpot -« SRR 216 a0 SRy Sem et Wi 7o ﬁlgﬁiﬁgnﬁ%% Tgo
processed using an anal g nyerter .
provi dedpdusiea ulicy ‘bt? %Pbg%gﬁl%)%’afs?ﬁg °§‘ﬁ§f“€5’§’?ﬁ”§%‘%@'}? g‘atmn
transforns (using, for exanple, a Hilbert transfor %{%& urie
t r ansf ofAdpIEPPY’ ingludesy bt ds b diiter 10, A RELEHER, %ﬂ Ples LR AT BT o
transform net hod) the input signal 936 to get %data fromthe data
stream @goxgamplg'@rs Hpodrlogaiﬁéﬁt ped secondrpnieliers 632t fr20: avebandnhase et er
1100'. The anplifier 1100" then cal cul ates the nmagni tude and phase of
t he i nputodsieghBbi0 986154 and en REhybrihéanibingr 939 got seabesdha dectiomsgnetisdield
out put signal 934 representative of the RF hybrid coupler 930. The
out put sirgidl in9BAmagnetic bare 2@ though a gickiupaoihbogntérma @8I kahowddbwer t er
(ADC) 1104 and provided to a Transform
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-

46



Bl ock 1108. The Transform Bl ock 1108 transfornms (using, for exanple,
a Hilbert transform a Fast Fourier transform (FFT), Discrete Fourier
t ransf or myBE) 000003410t her sui tabl e transform met hod) t heralkbRBA22202
signal 934 to get I/Q data fromthe data stream provided to the error
anplifier 1100'. The anplifier 1100 then cal cul ates the magnitude
and phasmaplifierth@ Ihfrefeambddiaeht, fiegmait sigral 417 GCIpised BRE isputeignalnpl i fi er
1100' calculates the gain error 1130 by conputing the difference

bet weendirdrtiona gatiplarda 8 tentshrapiosithp pte-shglitRd ithad signd 41 heAifguimsle gdal
936. The error anplifier 1100' cal cul ates the phase error 1134 by

conput i RAnfui e 4 drioe bRPELernabiRafletaRecdal 3&aple 28 RenMl P irsbidhfallerd34
and the input signal 936. The gain error 1130 and phase error 1134

are proyiged stQnk BEntRIRFERS Th 0ADENbIRdR AL ARt BiRGASSBR i¢PGaiper f or nB
signal processing to generate the control signals that are outputted

the pr obiBehfh ol PEBLEPal S BRI MY Stz 1R SRR oy

, utrlizes the secon

or Sﬁ'eisl%%%ﬁ%%%é@%ﬁ?é‘? BRI R AR AR SRR s F
or oocs B IR BAELIC T SEBU A0 1GRE b Rar POt e Al Becond

control nodul e 308 nerates the first signal 472 capable of being
used toser“rﬁ‘?:ﬂu“‘l“?tr?]%é‘lgg@% inpydp e AmBBSes 940f the i nput signal 412 and

the second signal 476 capabl e of being used to npdjfy the second
char act B0148]; ¢ ofln PReetRbsiment; B, arpplafgez 40t %?Fglnw REWET Eﬁﬁﬁ‘gyf i rst
characteristic of the input signal 412 is the anplitude of the_ input
si gnal sysEmeig. ¥hisedhaglo pignal Has denresentgtiveofgn outpst signal 4 & oifhepmplifier | s
t he phase of the input signal 412.

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

SET-module 1154 are-used to initially adjustthe 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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[ 00152] FIG 12 depicts a stabilization nodule 400 for stabilizing an
anplifier 404 in accordance with an illustrative embodi ment of the

i nventi on. wioholdifod2b | Ustrative embodi ment shown, the st@biddamirnmn
nodul e 400, which is in electrical conmunication with the anplifier

404, includes a conbination of hardware and software. The software
runs on Ththemplifiee é $@bthent odculfte0ths 3lagniends ( Rb raf¢reraeivagnitodiul l20yad phase
receives, froman external source (e.g., a power supply), an input
si gnal 4flfhe adferanqerseznalgiOi flhe rerrdﬂ:ﬁnplifrer 19 absviectives tite, R fmdlbaw]s wignal
signal 412 is a pulsed RF input signal. A directional coupler 418
t hen samp.eBhdHIefepdtcksighali444 ik progusied By ah axblcl toAlidital sdnvererfh® G} 20
IS input to an error anplifier 1100, while a second sanple 428 is

i nput  t 1@ fnliipsdvide@nsd b TrdrBforthIRo@H 08O THe SRAESOEN BOItkN0E Rhnsfcias | N
sone enbodi nents, the stabilization nodul e does not include an error

anpl i fi gﬁsnfgl@)q’exﬁﬂle al ifeRafnstbhf, fF&Qﬁquﬁ@ﬂL‘dﬂ%ﬁbnﬁf(FFT'ﬁDﬁcf@é Fourier

anplifi 1’5 1 npl emeénted in software with, for exanple,

ST B TS B SRR Attt

control ldgta ’froH'lstﬁg dad stpé%g{ Ingwded to the error amplifier 1100. The amplifier 1100 then
calculates the magnitude and phase of the RF feedback signal 444.
[00147] 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.
[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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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

t he i nput woaoloodhd®. As described below, a nodified i pRYIysSI1gaRRA40
is output by the first controller 432 and the second controller 436
and input to the anplifier 404. [00155]In certain anplifier systens
it is bBhekilti&lThedrinstdrmd@loein! 08 dtansforms((vsing, forRRaingls| aHibyrt tiansfone,
out put port of the anplifier to isolate (or protect) the anplifier
from si gRadt Fovrier GagsfhrrgF FANRiscrate foaies ratdfatn (O¥) oe ahwhertshitabbetigmsform
port of the anmplifier. For exanple, in nmultichannel anplifier

syst ensmeb&)hé ONPGREINRICO3ARE Ee/ T daatiot thy dangreamirovilal toshsdrm may
undesirably be directed to the output port of a second anplifier

system m{{ﬂ?lﬁieell o0 I PRRSASTfE 1800 R chlcQliel AR thdghfhdeddMalIphhde®r MGt em i s
capabl e of creating operating errors in the second anplifier system

or, in EQ&%cl?ﬁ%ﬁa’?M#.t damages the second anplifier system
Accordl ngly, sone i nstances, an isol ator is placed at the output

port of Pbli@r]anpl l-[fhgg{:rmsagﬁé}ﬁ{&&ﬁ)og &tEs ﬁlﬂgalﬁ%f 139" © %@h&%’tthggrt

i solators are three-port ‘devi ces vvlt an | ort,

S.(I’)l?t aI l%?fgﬁgoerl%eﬁwe | Son'g'%’%nr“,udgoéfﬁ %tﬁlﬂ fgnFﬁg% h putlﬁ% llggal)&ﬁg EEQUt
tha T oatibarP IR 00 AR EeaEL s w185 Bhorin e ﬂﬁrﬁ@ﬂ%’i‘%&%‘d%t
00156] | I,

bet eeriiGEuE ShiHELPBr PP AER e P wEGdL S5 gAY €HB ot L sBf Phte

anplifier stemnmakes it difficult for the anplifier systemto
oper at eeré%rli?‘b‘tféﬁfq"}dedlt?lt@d’ﬁ@eﬁﬁg‘i%ces operators use |arge,
expensive isolators to reduce the effects of the variations

exper i el#8¥]Iwi t h Ths pragesser Hfareaformysigrbpreressiag to gewtethpegnirol gemnls

obj ectives of the invention are to stabilize the RF gain path of an

—i-sot-atothat avs eutpitted tafhedigitht aalo (B/2conveeers 68 i T enc ompedierent the - - —— -~ - -

stabilize the RF phase path of an isolator installed after the

anpl i fi goceasud 408 dis sleovirhia §iGy 3 iutilifesshezsecafd dohiolimaluit 318 and ditaxlibration

generate a desired | evel of perfornmance.
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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[00157]In this enbodi ment, the anplifier 404 includes an anplifier
nodul e 804 and a systemcontroller 808 for controlling operation

of t he anplwbizefoo®del e- 804. - An output of the anplifierpgmghzb®/o8042 i s
provided to an isolator nodule 812. An output of the isolator nodule
812 is provided to an RF output coupler 816 ﬁe. ., an RF stripline RF
coupl er #04, @rdudes e pernbipatiqnnd heydwara gadsoltwupl Ehe $(%f"t‘fﬁe s g s procsssghal
820. In one enbodi nent, the RF output signal 820 is provided to a
transm #f8.eceive switch via an RF cable (e.g., the transmt/receive
switch 914 of FIG 7B). A second output of the RF Qutput Coupler 816
i's sign§o1838 whiTie sizbilamtiommodule 404 feeciessy Bomanpkiefriabsoutck(B g, Beewerse
the isolator is located within the control |oop of the anplifier

system sﬁﬁpﬁf),@meﬁ%\n kigRalofi 2 tahe pRrmhplifiees 165 Yis benemipriiatitpthe ipoattigdat4 for
the effects of the varying operating properties of the isolator.

Exenpl agy, @l RFQhsut Ypas. by ditdd8ondl QMR 1438 Bie sitiled thE pM-ahsliRd énput
(Asbury, I ) m)dell%CTi-%%?%-S i sol atg{ﬂland rmde?lh%T- 17§2-N1iqsol at or.

[00158] Iigﬁal Rasi & fﬁ&%hﬂ!lér@b b ORp@fto B StRALBLALT BOb] WRR a ScobHd @ple 428

illustrates two parallel transmssion |lines over a | ength of

- . j i f
one quaqglg%%twgisgg%@ge&@?raﬁa RPPECD% éﬂn{r@llérgg?.;ﬁ-ﬁ'oﬁ{e ARG the

operation r. he nmal n and secon nes are separated

f astor BBty @fé?dﬁféotp%@%%%%?@%ﬁﬁ}%ﬁ ﬁh@ﬁf %3%5%#‘3%“82%%3’
accar i RO S aF Gt SOPlPeriot LB UREe 9 o R PEP I Aoy BamRaL

how nmuch of the input wer is sanpled to the coupled port and is
def i ned (&&: ﬁ’@gmgn?“r@glP’Qf’ioBerﬂ?oq)nci dent Power and Forward Power (C

= 10 logl Q(Pf/Pi). Typical coupling values found jn practice are

6, 10, %19,%@0, 40ngng emHB?mﬁB\aﬁ\?é'lrr% copteplles 4325 ga\?fog%‘af?ﬁ s R?é'i“ti’gfy

may be obtai ned through proper design. An e_xeeg})l ary RF output coupler

used by an paplitidesfithe wpitsignab$12. Jn apehes smbpdiment. the sgeand camrellsnpic 8 g

factor. In some enbodi nents, the output coupler is a one quarter

wavel enghdse clifigr, used do madish e phasa efithe bt signal 413, As flessrbadrhglpve aanodified

guarter). In some enbodi nents, the output coupler is a magnetic or

| unped élpatsgtal désis gntpotibypiht ficw opiteller 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 fo 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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[ 00159] I n one enbodi nent, the anplifier 404 is a pulsed RF anplifier.
I n anot her enbodinent, the anplifier 404 is used in an MR system In
thi s enbodiygBiHomedcds error anplifier 1100 is inplement ggrrikhildn202
software defined receiver. The error anplifier 1100 receives an RF
reference signal 420 neasured in directional coupler 418. The

r ef er encfths bgpat pod2 AnyRIpsigee eisedng be ogpapoanadiogtadchigh thaksolator to
converter (ADC) 1104 and provided to a Transform Bl ock 1108. The

Tr ansf othelddgelt whtfSit Isrdaiphted @B héat & Ddumhploagéxanpl e, a Hi | bert
transform a Fast Fourier transform (FFT), Discrete Fourier transform

(DT) or [msx.g her  giflitabdRrdting Pidperids vRY aeghs dfefutior hed BAGEersisenal 420

to get ata fromthe data stream(e.g., serial or parallel)

provid e‘f‘hér@fo{]ehﬁlaaﬁé O 1sAAR): ioh MR oulph9Bf thgﬁlﬁpﬁfmlsygtélﬁ imakd O dER&I for the

fﬁLCIl:IL?t es the magn:tude (RF reference magni tude 1120) and phase 01;]
P feed%ﬁ@l?es .S%F@Fﬁ’ op ool et 3[52%&@’?? gﬂsn%f‘%‘%‘%&?%%‘?i‘%%fﬁ? RPYER "an
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bandw dth | oop) to kee the error signal centered in the desired

oper at i wetaueairﬁér thm@p errapd agstiek thephrigal siaof the iplatos sexdad fnsgangraer?

analog to digital converter (ADC) 1104 and provided to a Transform

Bl ock 1d®8ed Ippd of perfsmepen Bl ock 1108 transforms (using, for exanpl e,

a Hilbert transform a Fast Fourier transform (FFT), Discrete Fourier

t r ansf of¥H37DT) orn drioerheadinerits the kplifics 464 mchndﬁsemw@a)hﬁenmomﬁe Bebansack

signal 444 to get I/Q data fromthe data stream provided to the error
—anpt i eystehlddbtrolh @08ufqrichitrdling g@titibhrefitheamplifiatreshdd 84megritmdef @nd -

phase of the RF feedback signal 444. [00160] The error anplifier 1100

cal cul aimglifien togdalk 1804 fsrpsvidddltd ah wolstsrmddule® 12 hdndintfue o fhe Bolagirween

t he magni tude of the reference signal 420 and the RF feedback signal

444. ThRoilé 812 8 ?Mvﬁde'u% arl RO Quipat rpRE 8F (68 af REFSrifing RF cbigier)P¥ne
conputing the difference

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-
1783-8S isolator and model CT-1782-N isolator.

[00138] 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



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

ref erence waddidosereo 1120 are provided to the processor efiBus2010/022202

[ 00161] The processor 408 perforns signal processing to generate the
control signals that are outputted to the digital to analog, (D A)
conver t edlgulatedphysisabdistangeryatichndstermines theseuplingdastiondahs devfcgddae t he
first control nodule 304, the second control nodule 308, and the

cal i br aphwivalipdiobe tB6nes kre to pechatisndhermare pomise will briagedicedgeligt es t he
first control nodule 304 to inplenment an open | oop control routine.

| n anot beondarplink (adtccotdinglprmare ssipnt yxbe cdupder) Heheseonmapbagdenotes
nodul e 308 to inplenment a closed | oop control routine. In yet another

enbodi mMagEmichef the@hpubowaris saiplas tierouplad bowd indistdbfingdrae d 8 siaes 08,
and the D/A converters 468, is entirely replaced by an anal og contro

system ot @ TiadenVBdWer ahll €ofitdsd PherqOrt 100lbg BYBLEIN Typicaldoyiphey Hdlyes
repl aced by an anal og control system WO

2010/ 099920RCTLUS20404 622209, 10086230 83 % HRRUATRIY any\iRPlifd ulue

processor 408 i npl ement$ t'he open | oop control routine,” the first

control @@g%@@%ﬁg{@;@ﬁ d@sjgcd. 3%{ eShPRY RE GhpnfRRABlF uRl thehd1g used

to nodi st the I nput signal "412 and a second

. | 476 . : e
ol ot RIS SRR et o e © <
I mpl enents the ¢

I d | t.r ol ' I
a0¢ ?enapwe@uwﬁa%%%pg ao8Re AT (Bl PE b e BRG G St ©
t irst ch teri ' f t ' t si | 41 h .

Si gnal 76 g BIES GroLEmH (ECHR] SRy PHET S QD TER SRR T o
of the im%ut signal 412. In one enbodinent, the first characteristic

of the ioBpUtcosPlhal 412 is the anplitude of the input signal 412 and

the second characteristic of the input signal 412 is the phase of the
i nput si[@HEP] 412. In one embodiment, the amplifier 404 1s 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 inifially

adjust the gain and phase of the feedback signal from the MRI coil. In some embodiments,



[00163] 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, respegbi¥floeszd N one enbodi nent, the first cont rolﬂcqyusg(ﬁgm%@s
the anal og representation of the first signal 472 to nodify the
anplitude of the input signal and thereby m nimze an anplitude

non- | i ntaerdjustmeht is Heneanivally by auloperatom Tha edinetmeatdisnciandatdpng bie second
controller 436 uses the anal og representation of the second signal
476 to imegidtivig thedoghase and utihea corpol loep gl a slovet baitbridthyloon) e keéepehd he
phase non-linearity of the anplifier 404. As described above, the
nodi f i egrdrRipdil cehigredlin ddEetifedidperating Avpe crhe!RF febdbaskpindlises ishfdcessed
[00164]FI G 13A depicts a stabilization nodule 900 for stabilizing an

MRl pOovgdingdel dndBE Yo 8%&51%611&63& LABOSTI0k abdBloRidedtd e TRAGorrBRREk AN 08/,
t he stab| |1 zation ul e 900 noves the feedback | oop fromthe RF

out put forkd Bfo\e@ﬁf’o%%nﬁé (‘Iﬁ/uv? ﬁPPia&Jp'I@% b tEhFomfh Fa 2
sanpl e the RF signal fromthe system magnetic bore 920. The MBA

powet dﬁ&dn}ﬁﬁ%s?&f&ﬁ(?ﬁ’r)g c&ét?ﬁ#bigﬁ EEJ& gnl@"[g%tzaﬂo'tl{gr &bl fmsBn

anplifier various”len a transmt/receive
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(e-g Egdback signal 444.
[00160] 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

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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isolator) at the output port of the anplifier to isolate (or protect)
the anplifier fromsignals (e.g., high power signals) that may enter
t he out putwgifpneford Ne amplifier. In this enbodi ment, togamabioiey
404 includes an anplifier nodule 904 and a systemcontroller 908 for
controlling operation of the anplifier nodule 904. An output of the
anpl i fi 80162 dul e Iooue ¢mbasirertouieentthe pracissw|448 drplamans tegpon loap coMit%but
of the isolator nodule 912 is provided to an RF output coupler 916
(e.g., wotiREtetiritpone nRfdubAdd|gendrateOnErsosigpal 72 tapable oRPeing visdito
coupler is an 12F output signal 920. The RF output signal 920 is
provi deglodi®y @fitst ERSTidristieakthy mpstdigrahd Plzhdwisacomd sighalciiblcap®ledof being
Because the isolator is |ocated wthin the control |oop of the

anpl i i @ed &b a iddendfRfrickiont ¢ffthd Mputaigabl 412¢Tn syl embpdirehi, ohen
accounts for the effects of the varying operating properties of the

I sol at Ofe p%)@,% pleofs {BEDIRSHITESY doRBoisbatld, iheabdoad comell hodR 308

i ncl udes, ot I|mted t oo, a processor 408, a coupler 418, an

error %&Ha fgg{e t?r%%@ nal féaﬁéﬂgo PRGN\ E RThERE BE first StrackdBiic B the

convert ase set nodules (I150 and 1154), and an

R b cont 10 990 Ll SE08% AL QS ARG el T onat

ore or antenna 932.

houl d d. th
o1 ck- uperRestss ot iy R8P R4 Pyt b e Rbus
h b 92Q, Th l.a b
connoot e 12 4% amde e g Bt e 2 ane e sHRRAb IR ol i

bore 920 all ows the system 900 .to rrect inreal tinme for galn and
phase e$18@11§13ﬁt%ﬂﬂ’h36@f°ftth‘°em86tr§b%ﬁ %1?23 in the RF transnmit path 910
These errors can be caused by, but are not |limted too, er at

vol t agel081&}di ng Im%efrlhqqlléief(tvg?\ﬁ]/’* C%‘teﬁ@ﬁt%g Pt SHF%"& ations o
novenent, and electrical non-linearities, all of which can change.the
RF pat hthesignals #fizand 476 to dEGL DU BRYBE RIS Tespedely? I oraEmadimeRdhe
illustrative enbodi nent shown, the stabilization nodule 900, which is
in el ecfirst cakrolams@misesahs anlogi reiresentativRof the fest sigedl 72 fomegist g 910,

i ncl udes a conbi nati on of hardware and software. The software runs on
t he progeslinde ¢fQfk 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 chein/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.



[ 00168] Li ke the stabilization nodule 400 of FIG 4, the stabilization
nmodul e 900 receives, froman external source (e.g., a signa

gener at or )woathokobgdes Signal 412 at a preanplifier 416. gdr@i610/022202
enbodi ment, the input signal 412 is a pulsed RF input signal. A
directional coupler 418 then sanples the pre-anplified input signal
412. A P0i6Y] sanph eerti@@arnplifiengysternsit Hrbeaefroinl taimpluidé apisolabd (5.2 WRF | e a
second sanple 428 is input to a first controller 432 and to a second
cont r ol iseletod3IH thelontpmopmt efthe ainpkfidrio isblae: (8t protelt) et dingpilifiepftoeighale s
not include an error anplifier 1100, but, instead, the functionality
of the @I Mighatiet bilgRdls) tBatiniiyl iR MHeRMipub &bl the iapNfidrh In hey entbodiiing,
a denodul ating function (e.g., a log function or a divide operation).

I n one @Ehedifi@abs iddiflel it ShpERR tioAblee04 432a bitedr SRBIGIVRITRY | er
used to nodify an anplitude of the input signal 412. In another

embodi n&ﬂ{rﬂ%ﬁgg 6%% ¥ .tﬁ@ﬁﬁﬁlfﬁe&’ ﬁ{odﬁ’% ?ghsﬁsﬁ og%ﬁtstﬁftﬁ&-hﬁ 18er b6 9095

nodify a p the i nput” si gnal scri bed below, a
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i npl enented, using a,software define eceiver, The error Jifier
1100 r elEappitgecsiyeRpitthP bt wacR RE ﬁéglizae%%&th? olaton idlprat gfhe
coupler 418. The reference signal 420 is processed using an analog to
di gi t al contspbleen efrthe appljfier spsiera flic ppesationed gﬁmhﬁﬁra%mr%eeﬁ% RECOUIBE
The Transform Bl ock 1108 transfornms (using, for exanple, a Hilbert

t r ansf dionthe affeets of the varymg operating properfigsrof)the iphlgtor.et e Fourier transform
(DT) or another suitable transform nmethod) the reference signal 420

—toget {00 W6iat & in om érhisditnern-the stelsilization grodule®0D atchules; hat inbeligited - -~ - - -

provided to the error anplifier 1100. The anplifier 1100 then
cal cul afoesa prbcssrg0od, laudepleRH 8; ed et@naplif@gniodutist ahil26dond rontpiileset30f
the reference signal 420. The error anplifier 1100 al so receives the

RF f eedpach/staivalierd 448, IdReaddqRdRackmsi @aall 150hd 1NSH), sEM RF hylgidf an
out put signal 448 of the anplifier 404, is also input to the error
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are used to Initially adjust the "gain and phase of the feedback

si gnal {/ﬁi@&hggﬁlmme%ﬁéburll@s eelma%q{ogﬁ'fﬁaﬂhefe%n%gjﬁ%gfﬁ%ais done

manual | n operator. The adjustnment also can be don

i ntegrating the.laoop ror_.an In r . I .
bandut QTG R FictHRets O fructes 52 B A fOls AR Bronfint .l Pafi
operatin . The RF f back signal 444 is pr.ocessed using.an
ohal o e B s eiemonar BF AR taR SillatioGuRien 1 1t G

Bl ock 1108. The Transform Bl ock 1108 transforns éusing, for exanpl e,
a Hi | bePiek-tp snis932 i thy magaeticrhorg 94l allopvg ersystam ORR 19 corfseinredl Emeder i er
transform (DT) or another suitable transform nethod) the RF feedback
si gnal gamandphgee erpordnciitod thereomponantiatiae BY rransmitwady P H dThess erras eany or
anplifier 1100. The anplifier 1100 then cal cul ates the magni tude and
phase offie taheed Ry, Hus extmdt kmdied toml, tednpdrature, voltage standing wave ratio (VSWR),

patient size, mechanical movement, and electrical non-linearities, all of which can change the

RF path over time.

th
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[00170] The error anplifier 1100 cal culates the gain error 1112 by
conputing the difference between the magnitude of the reference

si gnal 420wandidifden2lRF f eedback signal 444. The error amtfd2e10/02300
cal cul ates the phase error 1116 by conputing the difference between

t he phase of the reference signal 420 and the RF feedback signal 444.
The gai H0&6Tor 11m2he Phsirtivesmbedimentaheymr) thesabilizatied mpdyle 800nrgnsh inde
1120 are provided to the processor 408. [001711l n one enbodi nent,
when t hin ghectricas sommiiSationpiitrtba MR Iiphwengediverysgstarh 8@ dndladsp acont r ol
routines, the second control nodul e 308 generates the first signal
472 capadhiin@fonhghagdwaretld seftwme The sdfievatd mas orcthapaetwot 438. ¢ of t he

I nput signal 412 and the second signal 476 capable of being used to

nodi fy {dagesieCondikb e agbRizhisdn Modile 4000fFIG W, t5d @bl zaddmoliile 00E
enbodi nent, the first characteristic of the input signal 412 is the

anpl i t ugRei0fs kPR dniRiinat k@R (e412 sBAH deh&aRPC AR \AIALL BY dtGtpks Of
eEoo s

the input signal 412 is the phase of the input signal 412.
[00172] gtﬁf,l?fgerm&.ﬁﬂocsﬂe%ﬁm)&m%t, tSnlt SREAU1E WERANiARMEBHG sigaCTA bed

above.
directional coupler 418 then samples the pre-amplified input signat 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 limted to
t hose enbodi nents, but rather the intention is that additions and
nmodi fi cat |@@520m9yy3@t was expressly described herein argral$fonz2202

i ncluded within the scope of the invention. Mreover, it is to be
understood that the features of the various enmbodiments descri bed

her ei n provided tt therertrorsdmpfifiex t100s iThe amplifierdd 0@ shies taltwlatesithe msgnitude (RF
conbi nati ons and pernutations, even if such conbinations or

per mut atdfarase wepeitniet] 1 B8)ad phpees thehefemines sigval #20ut Tidepa@r anplifidr1660 t he
spirit and scope of the invention. In fact, variations,

nodi fi calké RbGvesaReIRB fdrdbadkrineat dht Grdbazk sivhalt4spspieseaivbeflather ei n
W Il occur to those of ordinary skill in the art w thout departing

from t heugiisignhl ABGT HmSHFRL4 R istal ihfid &hé eer aifplFeE MO0t MBe LEVEL
i nvention is not to be defined onIy by the preceding illustrative

descri pEEPR-module® 135 arkd PAASERHT ha@hd Pfsméiweﬁf td ﬁ&[t:aﬁ% %ﬁjhét'tﬁé a{m MR
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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 (D7) or another-suitable-transform method) the RF feedback signal 444t0 - -——-
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 fo the processor
408.

[00171] In one embodiment, when the processor 408 implements the open and closed
Joop 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



2. The stabilization nodule of claim 1, wherein the RE output coupler
outputs an RF signal that is provided to an error anplifier, wherein

the error migﬁ(jgﬁgrzgout puts RE magni tude and phase si gnalsus2010822202
processor, wherein the processor outputs control signals to one or

more control nodules that inplenent the closed | oop control routine,.
3. A powsbodimeitye firg gharagierisie ofiheimnuygignal 412 ishprnalitadp ofdhe Rt siEsder
delivery system conprising an RE isolator; and a stabilization
modul e dbiaui thé segoiad diavstedstioofthe mputsidgnal i2tis the phage of thel ipputisignali412.
| east one feedback signal of the MR power delivery system wherein
the stalpo172jat i onCearnditérebadirerts efSthapresanniivention vehadactisrd abbve Iofs, an
input signal with the closed Ioop control routine and provides the
nodi fi edowaiRt exprlegMahotédthbi e Mabenp Divertiosad hotdimited ¥ thess eraliodiraits, bixer
nodul e conprising at | east one output; and
rather the intention is that additions and modifications to what was expressly described herein
are also included within the scope of the invention. Moreover, it is to be understood that the
features of the various embodiments described herein were not mutually exclusive and can
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.
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an RE output coupler conprising at |east one input, wherein the RE-

I solator is electrically coupled to the output of the anplifier and
the input of the RE output coupler. 4. The power delivery system of
claim 3, wherein the RF output coupler outputs an RF signal that is
provided to an error anplifier, wherein the enor anplifier outputs RF
magni t ude and phase signals to a processor, wherein the processor

out puts control signals to one or nore control nodul es that inplenent
the cl osed | oop control routine. 5. Jhe stabilization nodule of claim
1, wherein the feedback signal is s d froma magnetic bore of the
MM power delivery systemusing an RF hybrid conbiner. 6. The power
delivery systemof claim3, wherein the feedback signal is sanpled
froma magnetic bore of the MRI power delivery systemusing an RF
hybri d tomnbiAetabilization modu'e 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 electrically coupled to an output of an amplifier

module and an input of an RF output coupler of the stabilization module;

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, 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.
3. 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;
an amplifier module comprising at least one output; and

an RF output coupler comprising at least one input, wherein the RF isolator is

electrically coupled to the output of the amplifier and the input of the RF output coupler.
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The power delivery system of claim 3, 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 implemert the closed loop control routine.

The stabilization module of claim 1, wherein the feedback signal is sampled from a

magnetic bore of the MRI power delivery system using an RF hybrid combiner.

The power delivery system of claim 3, wherein the feedback signal is sampled from a

magnetic bore of the MRI power delivery system using an RF hybrid combiner.
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