
METHODS AND SYSTEMS FOR STABILIZING AN AMPLIFIER Technical Field [0001] The
invention generally relates to methods and systems for stabilizing an
amplifier. More particularly, the invention relates to methods and systems
that use a combination of open loop and closed loop control systems for
stabilizing the amplifier. Background Information [0002] Typically, a
magnetic resonance imaging (MRI) system employs a radio frequency (RF)
amplifier to drive RF coils located within a main magnet structure of the
MRI system. The RF amplifier accepts as input a series of pulses generated
by an external RF source and generates as output a series of pulses of
increased power. The RF amplifier's output is used to drive the RF coils.
[0003] As improved image quality is demanded, higher Tesla magnets are
required, necessitating greater RF amplifier output power. Providing a
greater output power, however, can introduce RF amplifier gain
non-linearities and phase non-linearities into the system and,
consequently, can result in distortions in the MRI image. 



Summary of the Invention [0004] The present invention provides methods and
systems for stabilizing an amplifier. Typically, the methods and systems
stabilize a pulsed RF amplifier used in an MRI system. However, the methods
and systems of the present invention may also be used to stabilize
amplifiers used in other systems. For example, they may be used to
stabilize a pulsed RF radar amplifier. [0005] In one embodiment of the
present invention, a stabilization module of the present invention combines
hardware and software for stabilizing the amplifier. The stabilization
module includes both an open loop control system and a closed loop control
system.  [0006] Using a closed loop control system at the start of a pulse
tends to result in instability (e.g., the gain and phase parameters of the
closed loop control system tend to be driven to their maximum or minimum
values). Thus, embodiments of the present invention use the open loop
control system at the start of a pulse to stabilize the amplifier. The open
loop control system stabilizes the amplifier by, for example, using the
input power of an input signal received by the stabilization module. Once
the amplifier has settled, the closed loop control system is used to
further stabilize the amplifier. [0007] In some embodiments, the systems
and methods of the invention use a calibration routine for improving the
performance of the open loop control system. The calibration routine, in
some embodiments, generates outputs for use by the open loop control system
based on outputs previously generated by the closed loop control system.
The calibration routine thereby enables the open loop control system to
learn from the closed loop control system. Consequently, the open loop
control system's performance is improved over time. [0008] In one aspect,
the invention generally involves a method for stabilizing an amplifier. The
method includes four steps. One step is providing a stabilization module
that is in electrical communication with the amplifier and that includes an
open loop control system and a closed loop control system. Another step is
using the open loop control system to modify at least one characteristic of
an input signal received by the stabilization module and to pass control to
the closed loop control system. Another step is using the closed loop
control system to modify the at least one characteristic of the input
signal. The final step is providing the modified input signal to the
amplifier. 



[0009] In various embodiments of this aspect of the invention, the at least
one characteristic of the input signal is an amplitude of the input signal
or a phase of the input signal. In one embodiment, the open loop control
system is used when an input power of the input signal is above a threshold
level. In another embodiment, the closed loop control system is used after
using the open loop control system for a pre-determined period of time
during which an input power of the input signal is above a threshold level.
Filters in the closed loop control system of one embodiment are initialized
by the open loop control system based on outputs of the open loop control
system. [0010] In some embodiments, an input power of the input signal is
measured. In some such embodiments, the open loop control system is used to
modify the at least one characteristic of the input signal based on the
input power. In one such embodiment, the open loop control system modifies
the at least one characteristic of the input signal based on a value in a
lookup table corresponding to the input power. The look-up table may be
updated based on outputs of the closed loop control system. In some such
embodiments, a first error between the input signal and a feedback signal
representative of an output signal of the amplifier and a second error
between the input signal and the feedback signal are also measured. The
closed loop control system in one such embodiment is used to modify the at
least one characteristic of the input signal based on the input power, the
first error, and the second error. In another such embodiment, the closed
loop control system adjusts both the first error and the second error.
[0011] In some embodiments, the closed loop control system accounts for at
least one non-linearity introduced by the stabilization module. In other
embodiments, the open loop control system accounts for at least one
non-linearity introduced by the stabilization module. The amplifier is, in
some embodiments, a pulsed radio frequency amplifier of a magnetic
resonance imaging system.  [0012] In another aspect, the invention
generally involves a system for use in a stabilization module for
stabilizing an amplifier. The system includes a first control module and a
second control module. The first control module is for performing three
functions: (a) receiving a first signal representative of an input signal
received by the stabilization module, (b) 



generating a second signal capable of being used to modify a first
characteristic of the input signal using an open loop control routine, and
(c) sending a third signal capable of being used to pass control to a
second control module. The second control module is for generating a fourth
signal capable of being used to modify the first characteristic of the
input signal using a closed loop control routine. [0013] In some
embodiments of this aspect of the invention, the first control module is
capable of determining if an input power of the input signal is above a
threshold level and of generating the second signal capable of being used
to modify the first characteristic of the input signal using the open loop
control routine when the input power is above the threshold level. In some
embodiments, the first control module is capable of determining if the
first control module has been using the open loop control routine for a
pre-determined period of time during which an input power of the input
signal was above a threshold level. In some such embodiments, the first
control module sends the third signal when the foregoing criterion has been
met. In an embodiment in which the second control module includes filters,
the system may further include a calibration module for generating entries
for initializing the filters. The first control module, in one such
embodiment, is capable of using the entries to initialize the filters in
the second control module. [0014] In some embodiments, the first control
module is capable of generating a fifth signal capable of being used to
modify a second characteristic of the input signal using the open loop
control routine and the second control module is capable of generating a
sixth signal capable of being used to modify the second characteristic of
the input signal using the closed loop control routine. In some related
embodiments, the system includes a calibration module for generating a
first value representing an amount to modify the first characteristic of
the input signal and a second value representing an amount to modify the
second characteristic of the input signal. The first value and the second
value may be used by the first control module. In one embodiment, the first
control module is capable of using the first value to generate the second
signal and of using the second value to generate the fifth signal. In a
related embodiment, the calibration module is capable of updating the first
value and the second value based on outputs of the second control module.
In yet another embodiment, the calibration module is capable of generating
the first value and the second value to account for at least one
non-linearity introduced by the stabilization module. [0015] In some
embodiments, the first characteristic of the input signal is an amplitude
of the input signal and the second characteristic of the input signal is a
phase of the input signal. In still further embodiments, the second control
module is capable of generating the fourth signal to account for a
non-linearity introduced by the stabilization module and the second control
module is capable of receiving a first error signal and a second error
signal and of adjusting the first error signal and the second error signal
to compensate for a non-linearity present in the first error signal and the
second error signal. In still other embodiments, the first control module
accounts for a non-linearity introduced by the stabilization module in
generating the second signal. 



[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 module that includes an open loop control system and a closed
loop control system. Another step is using the open loop control system to
modify a phase of the input signal and minimize a phase non-linearity of
the amplifier and to pass control to the closed loop control system. The
other step is transitioning from using the open loop control system to
using the closed loop control system to modify the phase of the input
signal and minimize the phase non-linearity of the amplifier. [0018] In one
embodiment of this aspect of the invention, the method includes
transitioning after using the open loop control system for a pre-determined
period of time during which an input power of the input signal is above a
threshold level. In another embodiment, the 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 (c) sending a third signal capable
of being used to pass control to a second control module. The second
control module is for generating a fourth signal capable of being used to
minimize a phase non-linearity of the amplifier by modifying the phase of
the input signal using a closed loop control routine. [0020] The invention,
in another aspect, features a stabilization module for stabilizing an MRI
power delivery system. The stabilization module includes a closed loop
control routine for analyzing at least one feedback signal of the MRI power
delivery system, wherein the MRI power delivery system includes an RF
isolator. The stabilization module modifies at 



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. [0021] In some embodiments, the stabilization module 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. [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. Brief
Description of the Drawings [0024] The foregoing and other objects,
aspects, features, and advantages of the invention will become more
apparent and may be better understood by referring to the following
description taken in conjunction with the accompanying drawings. 



[0025] FIG. 1 is a flow diagram of a method for stabilizing an amplifier in
accordance with an illustrative embodiment of the invention. [0026] FIG. 2
is also a flow diagram of a method for stabilizing an amplifier in
accordance with an illustrative embodiment of the invention. [0027] FIG. 3
is a block diagram of a system for use in a stabilization module for
stabilizing an amplifier in accordance with an illustrative embodiment of
the invention. [0028] FIG. 4 is a circuit diagram of a stabilization module
for stabilizing an amplifier in accordance with an illustrative embodiment
of the invention. [0029] FIG. 5 is a flow diagram of a method, including an
open loop control routine and a closed loop control routine, for
stabilizing an amplifier in accordance with an illustrative embodiment of
the invention. [0030] FIG. 6 is a flow diagram of a calibration routine
that is used in one embodiment of the invention. 



[0031] FIG. 7A is a circuit/block diagram of a closed loop, fast feedback
magnetic resonance imaging (MRI) transmit stabilization module. [0032] FIG.
7B is a circuit/block diagram of a closed loop, slow feedback MRI transmit
stabilization module. [0033] FIG. 8 is a circuit diagram of a stabilization
module for stabilizing an amplifier in accordance with an illustrative
embodiment of the invention. [0034] FIG. 9A (9A-1 and 9A-2) is a
circuit/block diagram of a closed loop, fast feedback magnetic resonance
imaging (MRI) transmit stabilization module.  [0035] FIG. 10 is a circuit
diagram of a stabilization module for stabilizing an amplifier in
accordance with an illustrative embodiment of the invention. 



[0036] FIG. 11A (11A-1 and 11A-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. [0037]
FIG. 11B (11B-1 and 11B-2) is a circuit/block diagram of a closed loop,
slow feedback MRI transmit stabilization module, according to an
illustrative embodiment of the invention. [0038] FIG. 11C is a
circuit/block diagram of an error amplifier, according to an illustrative
embodiment of the invention. [0039] FIG. 11D is a circuit/block diagram of
an error amplifier, according to an illustrative embodiment of the
invention. [0040] FIG. 12 is a circuit diagram of a stabilization module
for stabilizing an amplifier in accordance with an illustrative embodiment
of the invention, according to an illustrative embodiment of the invention.
[0041] FIG. 13A (13A-1 and 13A-2) is a circuit/block diagram of a closed
loop, fast feedback magnetic resonance imaging (MRI) transmit stabilization
module, according to an illustrative embodiment of the invention. 



Detailed Description [0042] FIG. 1 depicts a method 100 for stabilizing an
amplifier according to an illustrative embodiment of the invention. The
method 100 may be carried out by a stabilization module that is in
electrical communication with the amplifier and that includes an open loop
control system and a closed loop control system. In the illustrative method
of FIG. 1, an attribute of the input signal is measured (step 104), the
open loop control system is used to modify at least one characteristic of
an input signal received by the stabilization module (step 108), the closed
loop control system is passed control (step 116) upon the satisfaction of
one or more control parameters (step 112), and the closed loop control
system is used to modify the at least one characteristic of the input
signal (step 120). The modified input signal is provided to the amplifier
during the use of the open loop control system (step 108) and during the
use of the closed loop control system (step 120). The method 100 begins
upon receipt, by the stabilization module, of a pulsed input signal and may
be repeated on each separate instance of a pulse. The method may be
implemented, for example, to stabilize an amplifier of an MRI system.
[0043] Step 104 is the measurement of an attribute of the input signal. In
one embodiment, the attribute is the input power of the input signal. In
another embodiment, the attribute is the voltage level of the input signal.
In yet another embodiment, the attribute is the current of the input
signal. The attribute is measured, in one embodiment, by an element in the
stabilization module. [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 least one
characteristic. For example, in one embodiment, the measured attribute is
the input power of the input signal, the at least one characteristic is
amplitude, and the table identifies an amount to vary the amplitude for
each input power level. As described in greater detail 



below, the modified input signal is then provided by the open loop control
system to the amplifier to stabilize the amplifier. [0046] In step 112, one
or more control parameters are checked to determine if it is an appropriate
time for the open loop control system to pass control to the closed loop
control system. When the one or more control parameters are satisfied, the
open loop control system passes control to the closed loop control system
at step 116. When, on the other hand, the control parameters are not
satisfied, the open loop control system is used (step 108). In one
embodiment, a control parameter is a counter value. In another embodiment,
a control parameter is an elapsed period of time. In still another
embodiment, a control parameter is the amplitude of the input signal. In
one particular embodiment, the open loop control system checks the control
parameter(s). Alternatively, the closed loop control system or another
element can check the control parameter(s). [0047] In step 116, the open
loop control system can pass control to the closed loop control system. In
one embodiment, described in greater detail below, the open loop control
system initializes the closed loop control system for use. [0048] After the
closed loop control system is passed control, the closed loop control
system is used to modify the at least one characteristic of the input
signal (step 120). The closed loop control system receives a feedback
signal representative of an output signal of the amplifier. In various
embodiments, the at least one characteristic that is modified is the
amplitude and/or the phase of the input signal. In some embodiments, the
closed loop control system measures a first error between the input signal
and the feedback signal. In some such embodiments, the closed loop control
system also measures a second error between the input signal and the
feedback signal. The closed loop control system, in these embodiments, is
used to modify the at least one characteristic of the input signal based on
the input power, the first error, and the second error. The modified input
signal is then provided, in step 120, by the closed loop control system to
the amplifier to stabilize the amplifier. 



[0049] In various embodiments, the closed loop control system includes one
or more filters for use in determining how to modify the at least one
characteristic of the input signal. In one embodiment, a filter is used to
determine an appropriate output for use in modifying the amplitude of the
input signal. In another embodiment, a filter is used to determine an
appropriate output for use in modifying the phase of the input signal. In
one embodiment, second order filters, as documented by A. J. Viterbi, are
used in the closed loop control system. In alternative embodiments, the
closed loop control system uses any other type of filter, including, but
not limited to, a proportional integral filter and a proportional integral
derivative filter. In one embodiment, a filter includes one or more
integrators. Referring again to step 116, the closed loop control system is
initialized by the open loop control system in some embodiments by
initializing the filters, or, more particularly, the integrators, based on
outputs of the open loop control system. [0050] FIG. 2 is a flowchart of a
method 200 for stabilizing an amplifier in accordance with the invention.
In comparison with the method 100 depicted in FIG. 1, the method 200
depicted in FIG. 2 includes three additional steps. In particular, the
illustrative method of FIG. 2 determines whether the criteria for using the
open loop control system is satisfied (step 106), determines whether the
criteria for continuing to use the closed loop control system is satisfied
(step 124), and updates open loop control parameters (step 128). Generally
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. [0052] At step 106, it is determined whether the one or more
criteria for using the open loop control system are satisfied. In one
embodiment, step 106 is performed by the open loop control system itself.
In other embodiments, another element in the stabilization module performs
step 106. In some embodiments, one criterion corresponds to the measured
attribute of the input signal. For example, in one such embodiment, when
the input power of the input signal is above a threshold level, the open
loop control system is used at step 108. On the other hand, if the input
power of the input signal is below the threshold level in that embodiment,
the open loop control system is not used and the input power of the input
signal is again measured at step 104. Step 104 could be repeated until the
input power of the input signal rises above the threshold level. In
embodiments, one criteria used in determining whether to use the open loop
control system is whether the amplifier is active. More than one criteria
may be considered in determining whether to use the open loop control
system. [0053] In step 108, the open loop control system is used to modify
a characteristic of the input signal and to minimize an amplifier
non-linearity associated with that characteristic. Thus, in one particular
embodiment, the open loop control system may initially be used, at step
108, to modify a phase of the input signal and minimize a phase
non-linearity of the amplifier. This step may be implemented in a way
similar to the description of step 108 in FIG. 1.  [0054] At step 112, it
is decided whether to transition from using the open loop control system to
using the closed loop control system. In one embodiment, for example, the
transition occurs after the open loop control system is used for a
pre-determined period of time during which an input power of the input
signal is above a threshold level. If the criteria is satisfied in step
112, the closed loop control system is passed control in step 116. In one
embodiment, the open loop control system initializes the closed loop
control system for use. 



The initialization may be considered part of the transition from using the
open loop control system to using the closed loop control system. [0055] In
step 120, the closed loop control system is used to modify a characteristic
of the input signal and to minimize a non-linearity of the amplifier
associated with that characteristic. In one embodiment, for example, the
closed loop control system modifies a phase of the input signal and
minimizes a phase non-linearity of the amplifier. [0056] At step 124, it is
determined whether the criteria for continuing to use the closed loop
control system is satisfied. The determination is made, in some
embodiments, by considering 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 first control module 304 and the second control
module 308 is implemented as a software program. Alternatively, in another
embodiment, the first control module 304 and/or the second control module
308 are/is implemented as one or more hardware devices. In one embodiment,
the first control module 304 uses an open loop control routine and the
second control module uses a closed loop control routine. In one
embodiment, the hardware device is an application-specific integrated
circuit (ASIC). In another embodiment, the hardware device is a
field-programmable gate array (FPGA). In other embodiments, another type of
hardware device is used. [0059] The first control module 308 of system 300
is for performing three functions: 



(a) receiving a first signal 312 representative of an input signal received
by the stabilization module, (b) generating a second signal 316 capable of
being used to modify a first characteristic of the input signal using the
open loop control routine, and (c) sending a third signal 320 capable of
being used to pass control to the second control module 308. The second
control module 308 of the system 300 is for generating a fourth signal 324
capable of being used to modify the first characteristic of the input
signal using the closed loop control routine. [0060] In some embodiments,
the first control module is capable of generating the second signal 316 to
account, as further described below, for a non-linearity introduced by the
stabilization module. In some embodiments, the second control module 308 is
capable of generating the fourth signal 324 to account, as further
described below, for a non-linearity introduced by the stabilization module
hardware.  [0061] In some embodiments, the first control module 304 is
capable of generating a fifth signal 336 capable of being used to modify a
second characteristic of the input signal using the open loop control
routine. In a related embodiment, the second control module 308 is capable
of generating a sixth signal 340 capable of being used to modify the second
characteristic of the input signal using the closed loop control routine.
[0062] In one embodiment, a first controller 376 is used to modify the
first characteristic of the input signal. In another embodiment, a second
controller 380 is used to modify the second characteristic of the input
signal. [0063] In some embodiments, the first characteristic of the input
signal is an amplitude of the input signal and the second characteristic of
the input signal is a phase of the input signal. In an alternative
embodiment, the first characteristic of the input signal is a phase of the
input signal and the second characteristic of the input signal is an
amplitude of the input signal. [0064] In some embodiments, the first
control module 304 includes a transition logic module 332. In some such
embodiments, the transition logic module 332 checks one or more criteria
and determines if the open loop control routine will be used. In one such
embodiment, the transition logic module 332 is capable of determining
whether the amplifier is active. In another such embodiment, the transition
logic module 332 is capable of determining if an input power 328 of the
input signal is above a threshold level. If so, the 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 period of time during
which the input power 328 of the input signal was above a threshold level.
If so, the first control module 304 will send the third signal 320 to the
second control module 308. 



[0065] In a further embodiment, the second control module 308 is capable of
receiving a signal 346 representative of an input signal received by the
stabilization module and one or more error signals 344 and 348. An error
signal in one such embodiment may represent an amplitude error between the
input signal received by the stabilization module and a feedback signal
representative of an output signal of the amplifier. An error signal, in
another such embodiment, may represent a phase error between the input
signal and the feedback signal. The second control module 308, in one
embodiment, adjusts the one or more error signals 344 and 348 to
compensate, as further described below, for a non-linearity present in a
first error signal and/or in a second error signal. [0066] In some
embodiments, the second control module 308 includes a transition logic
module 356. In some such embodiments, the transition logic module 356
checks one or more criteria and determines if the closed loop control
routine will be used or whether control will be passed to the first control
module 304, via a connection 352. In one such embodiment, the transition
logic module 356 is capable of determining whether the amplifier is active.
In another such embodiment, the transition logic module 332 is capable of
determining if an input power 328 of the input signal is above a threshold
level. If not, the second control module 308 will pass control, via the
connection 352, to the first control module 304. [0067] In another
embodiment, the system 300 includes a calibration module 360. The
calibration module 360 may be implemented as a software program and may use
a calibration routine. Alternatively, in another embodiment, the
calibration module 360 is implemented as a hardware device. In one
embodiment, the hardware device is an ASIC. In another embodiment, the
hardware device is an FPGA. In other embodiments, another type of hardware
device is used.  [0068] The calibration module 360, in one embodiment, is
capable of generating entries for initializing one or more filters used by
the second control module 308. The first control module 304 can then
retrieve, via a connection 364, the entries from the calibration module 360
and use the entries to initialize, by using transition logic module 332,
the one or more filters in the second control module 308. 



[0069] In another embodiment, the calibration module 360 is capable of
generating a first value, representing an amount to modify the first
characteristic of the input signal, and a second value, representing an
amount to modify the second characteristic of the input signal. The first
control module 304 is capable of retrieving, via the connection 364, the
first value and the second value from the calibration module 360. The first
control module 304 is capable of using the first value to generate the
second signal 316 and of using the second value to generate the fifth
signal 336. [0070] The calibration module 360 is, in another embodiment,
capable of updating the first value and the second value based on outputs
received, via a connection 368, from the second control module 308. In a
further embodiment, the calibration module 360 uses an algorithm 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 is a pulsed RF
input signal. A directional coupler 418 then samples the pre-amplified
input signal 412. A first sample 420 is input to an error amplifier 424,
while a second sample 428 is input to a first controller 432 and to a
second controller 436. In one embodiment, the first controller 432 is a
gain controller, used to modify an amplitude of the input signal 412. In
another embodiment, the second controller 436 is a phase shifter, used to
modify a phase of the input signal 412. As described below, a modified
input signal 440 is output by the first controller 432 and the second
controller 436 and input to the amplifier 404. [0073] 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,
representative of an output signal 448 of the amplifier 404, is also input
to the error amplifier 424. In one embodiment, the error amplifier 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. 



[0074] In one embodiment, the stabilization module 400 includes three
analog to digital (AID) converters 460. The A/D converters input digitized
representations of a first signal 464 representative of the input signal
412, the first error signal 452, and the second error signal 456 to the
processor 408. The processor 408 performs signal processing to generate the
control signals that are outputted to the digital to analog (D/A)
converters 468. In one embodiment, the processor 408 includes the first
control module 304, the second control module 308, and the calibration
module 360. In one embodiment, the processor executes the first control
module 304 to implement an open loop control routine. In another
embodiment, the processor executes the second control module 308 to
implement a closed loop control routine. In yet another embodiment, the
digital control system, including the AID 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. [0075] 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 the processor 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. [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 embodiment, when the input signal is first received by the
stabilization module (e.g., when the external source, such as, for example,
the power supply, is first turned on), the software routine 500 defaults to
using the open loop control routine 600. 



[0078] At step 604, the open loop control routine 600 extracts the input
power of the input signal received by the stabilization module. At step
608, the open loop routine 600 then determines whether the criteria for
using the open loop control routine 600 is satisfied by determining whether
the amplifier is active (i.e., enabled) and whether the input power of the
input signal is above a first threshold. If the amplifier is enabled and
the input power of the input signal is above the first threshold, the open
loop control routine 600 increments an open loop counter at step 612.
[0079] At step 616, the open loop control routine 600 outputs at least one
signal capable of being used to modify at least one characteristic of the
input signal. In one embodiment, the open loop control routine 600 outputs
two signals, one capable of being used to modify an amplitude of the input
signal and one capable of being used to modify a phase of the input signal.
In another embodiment, the open loop control routine 600 outputs only one
of the two aforementioned signals. In one embodiment, the open loop control
routine 600 uses a lookup table created, for example as discussed below
with respect to FIG. 6, by a calibration routine to generate the at least
one signal to be outputted. The look-up table in such an embodiment can be
indexed by the input power of the input signal. Based on the input power of
the input signal extracted at step 604, the open loop control routine 600
looks-up a corresponding table value. The value may be, for example,
indicative of the current or the voltage of the signal to be outputted, at
step 616, by the open loop control routine 600. The open loop control
routine 600 outputs such a signal at step 616. In another embodiment, the
open loop control routine 600 uses a look-up array created, for example as
discussed below with respect to FIG. 6, by a calibration routine to
generate the at least one signal to be outputted. The look-up array in such
an embodiment can be indexed by the input power of the input signal. Based
on the input power of the input signal extracted at step 604, the open loop
control routine 600 looks-up a corresponding table entry. The entry may be,
for example, indicative of an amount to modify an amplitude or a phase of
the input signal. In such an embodiment, the open loop control routine 600
runs the same algorithm that is run by the closed loop control routine 700
at step 720, as described below, to adjust the entry to account for a
non-linearity introduced by the hardware of the stabilization module. The
open loop control routine 600 then uses the adjusted entry to generate the
at least one signal outputted at step 616. [0080] In embodiments in
accordance with FIG. 5, the open loop control routine 600 outputs, at step
620, data to the calibration routine by writing the data to a calibration
array. At a minimum, the open loop control routine 600, in such
embodiments, outputs an open loop mode flag to the calibration routine. In
one embodiment, the open loop control routine 600 also outputs the input
power of the input signal to the calibration routine. In another
embodiment, the value of the open loop counter is outputted by the open
loop control routine 600 to the calibration routine. [0081] At step 624,
the open loop control routine 600 determines whether the open loop counter
is greater than a second threshold. If yes, the open loop control routine
600 proceeds to step 628. Otherwise, the open loop control routine 600
proceeds to step 632, where execution of the open loop routine 600 is
momentarily delayed before the open loop control routine 600 again extracts
the input power of the input signal at step 604.  [0082] The second
threshold of step 624 and the delay present in step 632 ensure that the
open loop control routine 600 is executed for a minimum period of time
before control is passed to the closed loop control routine 700 at step
628. Consequently, the amplifier is given a period of time to settle before
the software routine 500 transitions from the open loop 



routine 600 to the closed loop routine 700. In one embodiment, the second
threshold of step 624 is tunable. In another embodiment, the delay present
in step 632 is tunable. [0083] Referring again to step 608, if the
amplifier is inactive or the power level of the input signal is below a
first threshold, the open loop control routine 600 proceeds to step 636. At
step 636, the open loop control routine 600 determines whether the open
loop counter is greater than 0. If not, the open loop control routine 600
proceeds to step 632. If so, the open loop control routine 600 proceeds to
step 640. At step 640, the open loop control routine outputs at least one
signal capable of being used to modify the at least one characteristic of
the input signal. In one embodiment, this is done by using the look-up
table, as discussed above with respect to step 616. [0084] At low input
power levels, most amplifiers behave linearly. The first threshold level of
step 608 is, in one embodiment, chosen in view of this fact, i.e., the
first threshold level is chosen such that the amplifier behaves linearly at
input power levels below the chosen first threshold level. In such a
fashion, the actual input power of the input signal, so long as it is below
the first threshold, will not be relevant to outputting the at least one
signal at step 640. The same at least one signal, where the input power of
the input signal, regardless of its actual value, is below the first
threshold, may, therefore, be outputted at step 640. Consequently, step 640
need only be executed a single time. To ensure this is the case, the open
loop counter is cleared at step 644. [0085] Referring again to step 628,
after the open loop control routine 600 determines that it was executed for
a pre-determined period of time during which the input power of the input
signal was above the first threshold level (i.e., steps 604, 608, 612, 616,
620, 624, and 632 were continuously executed for a pre-determined period of
time because the open loop control routine 600 always proceeded from step
608 to step 612), the open loop control routine 600 passes control to the
closed loop control routine 700. In one embodiment, the open loop control
routine 600 initializes, at step 628, filters for use, at step 716, by the
closed loop control routine 700 with entries generated, for example as
described below with respect to FIG. 6, by the calibration routine. The
entries can correspond to the one or more signals last outputted by the
open loop routine at step 616. In such a fashion, the closed loop control
routine begins execution at the same settings that the open loop control
routine left off at. In one embodiment, an entry represents an amount by
which to increase or decrease the amplitude of the input signal. In another
embodiment, an entry represents an amount by which to shift the phase of
the input signal. In one embodiment, the entries are stored by the
calibration routine in, for example, one or more look-up arrays. These
arrays may be indexed by input power of the input signal. Thus, based on
the input power of the input signal extracted at step 604, the open loop
control routine 600 can look up and use corresponding entries generated by
the calibration routine to initialize the filters of the closed loop
control routine 700. [0086] After the open loop control routine 600 has
passed control to the closed loop control routine 700, there is a delay at
step 732. In one embodiment, the period of delay in step 732 is adjustable.
Following the delay of step 732, the closed loop control routine 700 can
extract a plurality of signals at step 704. In one embodiment, these
signals include the input power of the input signal, a first error between
the input signal and a feedback signal representative of the output signal
of the amplifier, and a second error between the input signal and the
feedback signal. In one such embodiment, the first error is an amplitude
error between the input signal and the feedback signal and the second error
is a phase error between the input signal and the feedback signal. 



[0087] At step 708, the closed loop routine 700 determines whether the one
or more criteria for using the closed loop control routine 700 is
satisfied. In one embodiment, the closed loop control routine 700
determines whether the amplifier is active (i.e., enabled or unblanked) and
whether the input power of the input signal is above a threshold. If the
criteria is satisfied, the closed loop control routine 700 proceeds to step
712. If not, the software routine 500 returns to the open loop control
routine 600 and extracts the input power of the input signal at step 604.
In one embodiment, the value of the threshold used in the closed loop
control routine 700 is less than the value of the first threshold used in
the open loop control routine 600 to allow for a level of hysteresis and to
prevent the software routine 500 from toggling between the open loop
control routine 600 and the closed loop control routine 700. Were the first
threshold and the threshold used in the closed loop control routine 700
equal, and were the input power of the input signal varying slightly about
those thresholds, the software routine 500 could toggle between the open
loop control routine 600 and the closed loop control routine 700. [0088] As
will be readily understood by one skilled in the art, the hardware used by
the stabilization module to generate signals representative of the first
error and/or the second error will be imperfect. The hardware will,
therefore, overshoot or undershoot the true values for the first error
and/or the second error. In fact, the hardware will introduce a predictable
variation from the true values of the first error and/or the second error
for each input power level of the input signal. Accordingly, in one
embodiment, the closed loop control routine adjusts, at step 712, the first
error and the second error measurements provided at step 704 by the
stabilization module hardware. The closed loop control routine 700, in one
embodiment, uses, at step 712, a look-up chart indexed by input power level
of the input signal. For each input power level, the look-up chart lists
the expected overshoot or undershoot of the true values for the first error
and/or the second error. By adding the expected overshoot or undershoot to
the first error and/or the second error measurements provided by the
hardware, the closed loop control routine 700 therefore derives the true
values for the first error and/or the second error. [0089] Once the closed
loop control routine 700 has appropriately adjusted the first error and/or
the second error at step 712, the closed loop control routine determines,
at step 716, at least one amount to modify at least one characteristic of
the input signal. For example, in one embodiment, the closed loop control
routine 700 determines two amounts: one to modify an amplitude of the input
signal and one to modify a phase of the input signal. In another
embodiment, the closed loop control routine 700 determines only one of the
two aforementioned amounts. In one embodiment, as discussed above, the
closed loop control routine 700 uses second order filters, as documented by
A. J. Viterbi, to determine the at least one amount. Alternatively, any
style of filter, such as, for example, a proportional integral 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 outputs the input power of the input signal, the first
error, the second error, the at least one amount determined at step 716,
and a closed loop mode flag to the calibration routine. [0093] FIG. 6
depicts one embodiment of a calibration routine 800 according to an
illustrative embodiment of the invention. In one embodiment, the
calibration routine 800 is a software routine executed by the calibration
module 360. The calibration routine 800 is executed, in one embodiment,
when both the open loop control routine 600 and the closed loop control
routine 700 are idle. For example, the calibration routine 800 is executed
during the delay introduced by steps 632 and/or 732. As described in detail
below, the calibration routine 800 enables the open loop control routine
600 to learn from the closed loop control routine 700, such that the open
loop control routine's 600 performance is improved over time. [0094] At
step 804, the calibration routine 800 retrieves the data previously written
to the calibration array by the open loop control routine 600 at step 620
and the closed loop control routine 700 at step 728. The calibration
routine 800 then determines, at step 808, whether the closed loop control
routine 700 is running. For example, in one embodiment, the calibration
routine 800 checks to see if the closed loop mode flag is present. If not
(i.e., the open loop mode flag is present), the calibration routine 800
clears a calibration counter at step 812 and proceeds to retrieve further
data from the calibration array at step 804. If the closed loop control
routine 700 is running, the calibration routine 800 increments the
calibration counter at step 816 and proceeds to process the data. In this
fashion, the calibration routine 800 only processes data written to the
calibration array by the closed loop control routine 700.  [0095] At step
820, the calibration routine 800 determines whether the calibration counter
is between a lower threshold and a higher threshold. If not, the
calibration routine 800 returns to step 804 to retrieve further data from
the calibration array. If so, the calibration routine 800 extracts, at step
824, the input power of the input signal and the first error and/or the
second error from the calibration array. By ensuring that the calibration
counter is greater than a lower threshold before proceeding to step 824,
the calibration routine 800 ensures that it does not processes the data
first written to the calibration array by the closed loop control routine
700. Rather, the calibration routine 800 is sure to process data written by
the closed loop control routine 700 to the calibration array after the
closed loop control routine 700 has run for a period of time (i.e., when
the amplifier is more stable). Similarly, by ensuring that the calibration
counter is less than a higher threshold before proceeding to step 824, the
calibration routine 800 ensures that it processes data written to the
calibration array by the closed loop control routine 700 near the start of
the closed loop control routine 800 (e.g., near the start of a pulse). 



[0096] At step 828, the calibration routine 800 determines whether the
first error and/or the second error is less than a fixed amount. If so, the
amplifier has stabilized and the calibration routine proceeds to step 832.
Otherwise, the calibration routine 800 proceeds to retrieve further data
from the calibration array at step 804. At step 832, the calibration
routine 800 extracts, from the calibration array, the amounts written to it
by the closed loop control routine 700. [0097] The calibration routine 800
generates, at step 836, the entries used by the open loop control routine
600, at step 628, to initialize the filters in the closed loop control
routine 700. The entries may be indexed by input power of the input signal
and stored in a look-up array. In one embodiment, the calibration routine
800 uses a weighted filter to generate the entries. The calibration routine
800, for example, generates the current entry for a particular input power
of the input signal by adding a weighted value of the extracted amount to a
weighted value of the previous entry appearing in the look-up array at that
input power level. [0098] At step 840, the calibration routine 800 uses the
entries generated at step 836 to determine values for use by the open loop
control routine 600 at step 616. In doing so, the calibration routine 800
accounts for the non-linearities introduced by the hardware of the
stabilization module. For example, the calibration routine 800 runs the
same algorithm that is run by the closed loop control routine 700 at step
720. The values generated by the calibration routine 800 are stored in the
look-up table. [0099] At step 844, the calibration routine 800 sets the
calibration counter above the higher threshold of step 820. In such a
fashion, it is ensured that the calibration routine 800 only generates the
entries and the values once per pulse. [00100]The present invention may be
provided as one or more computer-readable 



programs embodied on or in one or more articles of manufacture. The article
of manufacture may be a floppy disk, a hard disk, a CD ROM, a flash memory
card, a PROM, a RAM, a ROM, or a magnetic tape. In general, the
computer-readable programs may be implemented in any programming language.
Some examples of languages that can be used include C, C++, or JAVA. The
software programs may be stored on or in one or more articles of
manufacture as object code. [00101]FIG. 7A depicts a stabilization module
900 for stabilizing an MRI power delivery system (RF transmit chain/path)
910. Generally, the stabilization module 900 moves the feedback loop from
the RF output coupler (forward port) of the amplifier 404 (FIG. 4) to a
sample of the RF signal from the MRI system magnetic bore 920. The MRI
power delivery system 910 includes, but is not limited too, an amplifier
404, various lengths of RF cable 912, a transmit/receive (T/R) switch 914,
a monitoring coupler 916, and the MRI system magnetic bore 920. The
magnetic bore 920 includes a plurality of main or body RF coils 922. In one
embodiment, the stabilization module 900 includes, but is not limited too,
a processor 408, a coupler 418, an error amplifier 424, first and second
controllers 432, 436, AID 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 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. [00102]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. 



[00103]Like the stabilization module 400 of FIG. 4, the stabilization
module 900 receives, from an external source (e.g., a signal generator), an
input signal 412 at a preamplifier 416. In one embodiment, the input signal
412 is a pulsed RF input signal. A directional coupler 418 then samples the
pre-amplified input signal 412. A first sample 420 is input to an error
amplifier 424, while a second sample 428 is input to a first controller 432
and to a second controller 436. In one embodiment, the first controller 432
is a gain controller, used to modify an amplitude of the input signal 412.
In another embodiment, the second controller 436 is a phase shifter, used
to modify a phase of the input signal 412. As described below, a modified
input signal 440 is output by the first controller 432 and the second
controller 436 and input to the amplifier 404. [00104]In one embodiment,
the amplifier 404 is used in the MRI power delivery system 910. A feedback
signal 444, representative of an output signal 448 of the RF hybrid coupler
930, is also input to the error amplifier 424. In one embodiment, the error
amplifier 424 includes logarithmic intermediate frequency (LOG IF)
amplifiers 426 for amplifying the first sample 420 and the feedback signal
444. The error amplifier 424 generates a first error signal 452 and a
second error signal 456. The first error signal 452 / second error signal
456 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. 



[00105]In one embodiment, the stabilization module 900 includes three
analog to digital (AID) converters 460. The AID 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 embodiment, the
digital control system, including the AJD 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 



that compensates for a loss/shift in the RF path of the MRI power delivery
system (RF transmit chain/path) 910. The MRI power delivery system 910
includes, but is not limited too, an amplifier 404, various lengths of RF
cable 912, a transmit/receive (T/R) switch 914, a monitoring coupler 916,
and the MRI system magnetic bore 920. The magnetic bore 920 includes a
plurality of main or body RF coils 922. In one embodiment, the
stabilization module 900 includes, but is not limited too, a processor 408,
a coupler 418, first and second error amplifiers 424, 424', first and
second controllers 432, 436, AID 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 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 nonlinearities, all of
which can change the RF path over time. [00108]In the illustrative
embodiment shown, the stabilization module 900', which is in electrical
communication with the MRI power delivery system 910, includes a
combination of hardware and software. The software runs on the processor
408.  [00109]Like the stabilization module 400 of FIG. 4, the stabilization
module 900' receives, from an external source (e.g., a signal generator),
an input signal 412 at a preamplifier 416. In one embodiment, the input
signal 412 is a pulsed RF input signal. A directional coupler 418 then
samples the pre-amplified input signal 412. A first sample 420 is input to
an error amplifier 424, while a second sample 428 is input to a first
controller 432 and to a second controller 436. In one embodiment, the first
controller 432 is a gain controller, used to modify an amplitude of the
input signal 412. In another embodiment, the second controller 436 is a
phase shifter, used to modify a phase of the input signal 412. As described
below, a modified input signal 440 is output by the first controller 432
and the second controller 436 and input to the amplifier 404. 



[00110]In one embodiment, the amplifier 404 is used in the MRI power
delivery system 910. A feedback signal 444, representative of an output
signal 448 of the amplifier 404, is also input to the error amplifier 424.
An input signal 420, also 936, and output signal 934 representative of the
RF hybrid coupler 930, are input to the second error amplifier 424'. The
output signals 452' and 456' are summed into the error amplifier 424 (FIG.
4) for the primary loop within processor 408. In one embodiment, the error
amplifiers (424, 424') include logarithmic intermediate frequency (LOG IF)
amplifiers 426 for amplifying the first sample 420 and the respective the
feedback signals (444, 934). The error amplifier 424 generates a first
error signal 452 and a second error signal 456. The first error signal 452
/ second error signal 456 is, in one embodiment, representative of an
amplitude error between the input signal 412 and the summed feedback
signal. In another embodiment, the first error signal 452 / second error
signal 456 is representative of a phase error between the input signal 412
and the summed feedback signal. [00111]In one embodiment, the stabilization
module 900' includes three analog to digital (AID) 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 embodiment, the digital control system, including the AID
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. [00112]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. [00113]FIG. 8 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. [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  input signal 440 is output by
the first controller 432 and the second controller 436 and input to the
amplifier 404. [00116]In certain amplifier systems it is beneficial to
include an isolator (e.g., RF isolator) at the output port of the amplifier
to isolate (or protect) the amplifier from signals (e.g., high power
signals) that may enter the output port of the amplifier. For example, in
multichannel amplifier systems, electromagnetic energy created by one
amplifier system may undesirably be directed to the output port of a second
amplifier system. The electromagnetic energy from the first amplifier
system is capable of creating operating errors in the second amplifier
system or, in some cases, it damages the second amplifier system.
Accordingly, in some instances, an isolator is placed at the output port of
the amplifier system to protect the amplifier. Typical RF isolators are
three-port devices with an input port, an output port and a load port. The
normal direction of RF flow is into the input port, through the isolator,
and out of the output port. Any RF signal entering the output port is
directed through the isolator to the load port where it is dissipated as
heat in a dummy load. [00117]Isolator operating properties vary during
operation and between uses. 



Therefore, placing an isolator on the output of the amplifier system makes
it difficult for the amplifier system to operate consistently. In some
instances, operators use large, expensive isolators to reduce the effects
of the variations experienced with isolator operating properties.
Accordingly, some objectives of the invention are to stabilize the RF gain
path of an isolator installed after the output of the amplifier system,
stabilize the RF phase path of an isolator installed after the amplifier
and reduce the physical size of the isolator needed to generate a desired
level of performance. [00118]In this embodiment, the amplifier 404 includes
an amplifier module 804 and a system controller 808 for controlling
operation of the amplifier module 804. An output of the amplifier module
804 is provided to an isolator module 812. An output of the isolator
module 812 is provided to an RF output coupler 816 (e.g., an RF stripline
RF coupler). One output of the RF output coupler is an RF output signal
820. In one embodiment, the RF output signal 820 is provided to a
transmit/receive switch via an RF cable (e.g., the transmit/receive switch
914 of FIG. 7B). A second output of the RF Output Coupler 816 is signal 448
which is an input to the error amplifier 424. Because the isolator is
located within the control loop of the amplifier system, the operation of
the amplifier system operation accounts for the effects of the varying
operating properties of the isolator. Exemplary isolators used by the
inventors are the UTE Microwave (Asbury, NJ) model CT-1783-S isolator and
model CT-1782-N isolator. [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
loglO(Pf/Pi). Typical coupling values found in practice are 3, 6, 10, 20,
30, 40 & 50 dB; however, practically any coupling value may be obtained
through proper design. An exemplary RF output coupler used by the inventors
is a stripline coupler with a 60 dB coupling factor. In some embodiments,
the output coupler is a one quarter wavelength coupler or a shortened
coupler (e.g., less than one quarter). In some embodiments, the output
coupler is a magnetic or lumped element design output coupler. [00120]In
one embodiment, the amplifier 404 is a pulsed RF amplifier. In another
embodiment, the amplifier 404 is used in an MRI system. A feedback signal
444,  representative of an output signal 448 of the amplifier 404, is also
input to the error amplifier 424. In one embodiment, the error amplifier
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. [00121]In one
embodiment, the stabilization module 400 includes three analog to 



digital (AID) converters 460. The AID converters input digitized
representations of a first signal 464 representative of the input signal
412, the first error signal 452, and the second error signal 456 to the
processor 408. The processor 408 performs signal processing to generate the
control signals that are outputted to the digital to analog (D/A)
converters 468. In one embodiment, the processor 408 includes the first
control module 304, the second control module 308, and the calibration
module 360. In one embodiment, the processor executes the first control
module 304 to implement an open loop control routine. In another
embodiment, the processor executes the second control module 308 to
implement a closed loop control routine. In yet another embodiment, the
digital control system, including the A/D converters 460, the processor
408, and the D/A converters 468, is entirely replaced by an analog control
system. Alternatively, the digital control system is only partly replaced
by an analog control system. [00122]In one embodiment, when the processor
408 implements the open loop control routine, the first control module 304
generates a first signal 472 capable of being used to modify a first
characteristic of the input signal 412 and a second signal 476 capable of
being used to modify a second characteristic of the input signal 412. In
another embodiment, when  the processor 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. 



[00123]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. [00124]FIG. 9A depicts a stabilization module 900 for
stabilizing an MRI power delivery system (RF transmit chain/path) 910.
Generally, the stabilization module 900 moves the feedback loop from the RF
output coupler (forward port) of the amplifier 404 (FIG. 4) to a sample of
the RF signal from the MRI system magnetic bore 920. The MRI power delivery
system 910 includes, but is not limited too, an amplifier 404, various
lengths of RF cable 912, a transmit/receive (T/R) switch 914, a monitoring
coupler 916, and the MRI system magnetic bore 920. The magnetic bore 920
includes a plurality of main or body RF coils 922.  [00125]In certain
amplifier systems it is beneficial to include an isolator (e.g., RF
isolator) at the output port of the amplifier to isolate (or protect) the
amplifier from signals (e.g., high power signals) that may enter the output
port of the amplifier. In this embodiment, the amplifier 404 includes an
amplifier module 904 and a system controller 908 for 



controlling operation of the amplifier module 904. An output of the
amplifier module 904 is provided to an isolator module 912. An output of
the isolator module 912 is provided to an RF output coupler 916 (e.g., an
RF stripline IZF coupler). One output of the RF output coupler is an RF
output signal 920. The RF output signal 920 is provided to a
transmit/receive switch 914 via an RF cable 912. 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. [00126]In one embodiment, the
stabilization module 900 includes, but is not limited too, a processor 408,
a coupler 418, an error amplifier 424, first and second controllers 432,
436, AID 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 932 located within or in close proximity to the magnetic bore 920.
The placement of RF hybrid combiner 930, its connection to 448, and
associated pick-up coils 932 in the magnetic bore 920 allows the system 900
to correct in real time for gain and phase errors in all of the components
in the RF transmit path 910. These errors can be caused by, but are not
limited too, temperature, voltage standing wave ratio (VSWR), patient size,
mechanical movement, and electrical non-linearities, all of which can
change the RF path over time. [00127]In the illustrative embodiment shown,
the stabilization module 900, which is in electrical communication with the
MRI power delivery system 910, includes a combination of hardware and
software. The software runs on the processor 408. 



[00128]Like the stabilization module 400 of FIG. 4, the stabilization
module 900 receives, from an external source (e.g., a signal generator), an
input signal 412 at a preamplifier 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). 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. [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 AID 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 embodiment, the
digital control system, including the AID 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. [00131]In one embodiment, when the processor
408 implements the open and closed loop control routines, the second
control module 308 generates the first signal 472 capable of being used to
modify the first characteristic of the input signal 412 and the second
signal 476 capable of being used to modify the second characteristic of the
input signal 412. In one embodiment, the first characteristic of the input
signal 412 is the amplitude of the input signal 412 and the second
characteristic of the input signal 412 is the phase of the input signal
412. 



[00132]FIG. 10 depicts a stabilization module 400 for stabilizing an
amplifier 404 in accordance with an illustrative embodiment of the
invention. In the illustrative embodiment shown, the stabilization module
400, which is in electrical communication with the amplifier 404, includes
a combination of hardware and software. The software runs on a processor
located in control module 1004. [00133]The stabilization module 400
receives, from an external source (e.g., a power supply), an input signal
412 at a pre-amplifier 416. In one embodiment, the input signal 412 is a
pulsed RF input signal. A directional coupler 418 then samples the
pre-amplified input signal 412. A first sample 420 is input to an error
amplifier 424, while a second sample 428 is input to a first controller 432
and to a second controller 436. In one embodiment, the first controller 432
is a gain controller, used to modify an amplitude of the input signal 412.
In another embodiment, the second controller 436 is a phase shifter, used
to modify a phase of  the input signal 412. As described below, a modified
input signal 440 is output by the first controller 432 and the second
controller 436 and input to the amplifier 404. 



[00134]In this embodiment, the amplifier 404 includes an amplifier module
1004 and a system controller 1008 for controlling operation of the
amplifier module 1004. An output of the amplifier module 1004 is provided
to a first RF output coupler 1012. An output of the RF output coupler 1012
is provided to an input of an isolator module 1016. A second output of the
RF Output Coupler 1012 is signal 448 which is an input to the system
controller 1032. An output of the isolator module 1016 is provided to a
second RF output coupler 1020 (e.g., an RF stripline RF coupler). One
output of the RF output coupler is an RF output signal 1024. In one
embodiment, the RF output signal 1024 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 1020 is signal 1028 which is an
input to the system controller 1032. Because the isolator 1016 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. [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  phase
non-linearity of the amplifier 404. As described above, the modified input
signal 440 is then provided to the amplifier 404. 



[00136]FIG. 11A depicts a stabilization module 900 for stabilizing an MRI
power delivery system (RF transmit chain/path) 910. Generally, the
stabilization module 900 moves the feedback loop from the RF output coupler
(forward port) of the amplifier 404 (FIG. 4) to a sample of the RF signal
from the MRI system magnetic bore 920. The MRI power delivery system 910
includes, but is not limited too, an amplifier 404, various lengths of RF
cable 912, a transmit/receive (T/R) switch 914, a monitoring coupler 916,
and the MRI system magnetic bore 920. The magnetic bore 920 includes a
plurality of main or body RF coils 922. In one embodiment, the
stabilization module 900 includes, but is not limited too, a processor 408,
a coupler 418, an error amplifier 1100, first and second controllers 432,
436, D/A converters 468, level and phase set modules 1150 and 1154, and an
RF hybrid combiner 930 that senses the electromagnetic field strength in
the magnetic bore 920 though a pick-up coil or antenna 932. It should be
understood that there can be from one to a plurality of pick-up coils or
antennas 932 located within or in close proximity to the magnetic bore 920.
The placement of RF hybrid combiner 930, its connection to 448, and
associated pick-up coils 932 in the magnetic bore 920 allows the system 900
to correct in real time for gain and phase errors in all of the components
in the RF transmit path 910. These errors can be caused by, but are not
limited too, temperature, voltage standing wave ratio (VSWR), patient size,
mechanical movement, and electrical non-linearities, all of which can
change the RF path over time. [00137]In the illustrative embodiment shown,
the stabilization module 900, which is in electrical communication with the
MRI power delivery system 910, includes a combination of hardware and
software. The software runs on the processor 408.  [00138]Like the
stabilization module 400 of FIG. 4, the stabilization module 900 receives,
from an external source (e.g., a signal generator), an input signal 412 at
a pre- 



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 the error amplifier 1100, while
a second sample 428 is input to a first controller 432 and to a second
controller 436. In one embodiment, the first controller 432 is a gain
controller, used to modify an amplitude of the input signal 412. In another
embodiment, the second controller 436 is a phase shifter, used to modify a
phase of the input signal 412. As described below, a modified input signal
440 is output by the first controller 432 and the second controller 436 and
input to the amplifier 404. [00139]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 1100. The LEVEL SET F module 1150 and
PHASE SET module 1154 are used to initially adjust the gain and phase of
the feedback signal from the MRI coil. In some embodiments, the adjustment
is done manually by an operator. The adjustment also can be done by
integrating the loop error and using a control loop (e.g., a slow bandwidth
loop) to keep the error signal centered in the desired operating range. 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 RF feedback signal 444 is processed using an analog to digital
converter (ADC)  1104 and provided to a Transform Block 1108. The Transform
Block 1108 transforms (using, for example, a Hilbert transform, a Fast
Fourier transform (FFT), Discrete Fourier transform (DT) or another
suitable transform method) the RF feedback signal 444 to get I/Q data from
the data stream provided to the error amplifier 1100. I/Q data are the
changes in magnitude (I) and phase (Q) of a sine wave. The amplifier 1100
then calculates the magnitude and phase of the RF feedback signal 444. 



[00140]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.
[00141]The processor 408 performs signal processing to generate the control
signals that are outputted to the digital to analog (D/A) converters 468.
In one embodiment, the processor 408, utilizes the second control module
308 and the calibration module 360 (as shown in FIG. 3). In one embodiment,
the processor 408 executes the second control module 308 to implement a
closed loop control routine. [00142]In one embodiment, when the processor
408 implements the open and closed 



loop control routines, the second control module 308 (FIG. 3) generates the
first signal 472 capable of being used to modify the first characteristic
of the input signal 412 and the second signal 476 capable of being used to
modify the second characteristic of the input signal 412. In one
embodiment, the first characteristic of the input signal 412 is the
amplitude of the input signal 412 and the second characteristic of the
input signal 412 is the phase of the input signal 412.  WO
2010/090920PCT/US2010/022202 [00143]FIG. 11B 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 1100 for the primary loop, causing a "bias" in the primary loop
that compensates for a loss/shift in the RF path of the MRI power delivery
system (RF transmit chain/path) 910. The MRI power delivery system 910
includes, but is not limited too, an amplifier 404, various lengths of RF
cable 912, a transmit/receive (T/R) switch 914, a monitoring coupler 916,
and the MRI system magnetic bore 920. The magnetic bore 920 includes a
plurality of main or body RF coils 922. In one embodiment, the
stabilization module 900' includes, but is not limited too, a processor
408, a coupler 418, first and second error amplifiers 1100, 1100', first
and second controllers 432, 436, level and phase set modules 1150 and 1154,
and an RF hybrid combiner 930 that senses the electromagnetic field
strength in the magnetic bore 920 though a pick-up coil or antenna 932. It
should be understood that there can be from one to a plurality of pick-up
coils or antennas 932 located within or in close proximity to the magnetic
bore 920. The placement of RF hybrid combiner 930 and associated pick-up
coils 932 in the magnetic bore 920 allows the system 900' to correct in
real time for gain and phase errors in all of the components in the RF
transmit path 910. These errors can be caused by, but are not limited too,
temperature, voltage standing wave ratio (VSWR), patient size, mechanical
movement, and electrical non-linearities, all of which can change the RF
path over time. [00144]In the illustrative embodiment shown, the
stabilization module 900', which is 



in electrical communication with the MRI power delivery system 910,
includes a combination of hardware and software. The software runs on the
processor 408. [00145]Like the stabilization module 400 of FIG. 4, the
stabilization module 900' receives, from an external source (e.g., a signal
generator), an input signal 412 at a pre-  amplifier 416. In one
embodiment, the input signal 412 is a pulsed RF input signal. A directional
coupler 418 then samples the pre-amplified input signal 412. A first sample
420 is input to an error amplifier 1100, while a second sample 428 is input
to a first controller 432 and to a second controller 436. In 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. [00146]In one embodiment, the amplifier 404 is used in the
MRI power delivery 



system 910. A feedback signal 444, representative of an output signal 448
of the amplifier 404, is also input to the error amplifier 1100. The LEVEL
SET F module 1150 and PHASE SET module 1154 are used to initially adjust
the gain and phase of the feedback signal from the MRI coil. In some
embodiments, the adjustment is done manually by an operator. The adjustment
also can be done by integrating the loop error and using a control loop
(e.g., a slow bandwidth loop) to keep the error signal centered in the
desired operating range. An input signal 420, also 936, and output signal
934 representative of the RF hybrid coupler 930, are input to the second
error amplifier 1100'. The output signals 1130 and 1134 are summed into the
error amplifier 1100 for the primary loop within processor 408. In this
embodiment, the error amplifier 1100 (FIG. 11C) is implemented using a
software defined receiver. The error amplifier 1100 receives an RF
reference signal 420 measured in directional coupler 418. The reference
signal 420 is processed using an analog to digital converter (ADC) 1104 and
provided to a Transform Block 1108. The Transform Block 1108 transforms
(using, for example, a Hilbert transform, a Fast Fourier transform (FFT),
Discrete Fourier transform (DT) or another suitable transform method) the
reference signal 420 to get I/Q data from the data stream (e.g., serial or
parallel) provided to the error amplifier 1100.  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) 1104 and provided to a Transform Block
1108. The Transform Block 1108 transforms (using, for example, a Hilbert
transform, a Fast Fourier transform (FFT), Discrete Fourier transform (DT)
or another suitable transform method) the RF feedback signal 444 to get I/Q
data from the data stream provided to the error amplifier 1100. The
amplifier 1100 then calculates the magnitude and phase of the RF feedback
signal 444. [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  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 output signal 934 to get I/Q data from the data
stream provided to the error amplifier 1100'. The amplifier 1100' then
calculates the magnitude and phase of the RF feedback signal 444.
[00149]The error amplifier 1100' calculates the gain error 1130 by
computing the difference between the magnitude of the output signal 934 and
the input signal 936. The error amplifier 1100' calculates the phase error
1134 by computing the difference between the phase of the output signal 934
and the input signal 936. The gain error 1130 and phase error 1134 are
provided to the processor 408. 



[00150]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. [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 



404, includes a combination of hardware and software. The software runs on
the processor 408. [00153]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 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).
[00154]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. 



[00155]In certain amplifier systems it is beneficial to include an isolator
(e.g., RF isolator) at the output port of the amplifier to isolate (or
protect) the amplifier from signals (e.g., high power signals) that may
enter the output port of the amplifier. For example, in multichannel
amplifier systems, electromagnetic energy created by one amplifier system
may undesirably be directed to the output port of a second amplifier
system. The electromagnetic energy from the first amplifier system is
capable of creating operating errors in the second amplifier system or, in
some cases, it damages the second amplifier system. Accordingly, in some
instances, an isolator is placed at the output port of the amplifier system
to protect the amplifier. Typical RF isolators are three-port devices with
an input port, an output port and a load port. The normal direction of RF
flow is into the input port, through the isolator, and out  of the output
port. Any RF signal entering the output port is directed through the
isolator to the load port where it is dissipated as heat in a dummy load.
[00156]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. 



[00157]In this embodiment, the amplifier 404 includes an amplifier module
804 and a system controller 808 for controlling operation of the amplifier
module 804. An output of the amplifier module 804 is provided to an
isolator module 812. An output of the isolator module 812 is provided to an
RF output coupler 816 (e.g., an RF stripline RF coupler). One output of the
RF output coupler is an RF output signal 820. In one embodiment, the RF
output signal 820 is provided to a transmit/receive switch via an RF cable
(e.g., the transmit/receive switch 914 of FIG. 7B). A second output of the
RF Output Coupler 816 is signal 448 which is an input to the error
amplifier 1100. Because the isolator is located within the control loop of
the amplifier system, the operation of the amplifier system operation
accounts for the effects of the varying operating properties of the
isolator. Exemplary isolators used by the inventors are the UTE Microwave
(Asbury, NJ) model CT-1783-S isolator and model CT-1782-N isolator.
[00158]The basic configuration of a single directional coupler illustrates
two parallel transmission lines over a length of one-quarter wavelength,
corresponding with the center frequency of operation of the coupler. The
main and secondary lines are separated by a  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 log 10(Pf/Pi). Typical coupling values found in practice are 3, 6, 10,
20, 30, 40 & 50 dB; however, practically any coupling value may be obtained
through proper design. An exemplary RF output coupler used by the inventors
is a stripline coupler with a 60 dB coupling factor. In some embodiments,
the output coupler is a one quarter wavelength coupler or a shortened
coupler (e.g., less than one quarter). In some embodiments, the output
coupler is a magnetic or lumped element design output coupler. 



[00159]In one embodiment, the amplifier 404 is a pulsed RF amplifier. In
another embodiment, the amplifier 404 is used in an MRI system. In this
embodiment, the error amplifier 1100 is implemented using a software
defined receiver. The error amplifier 1100 receives an RF reference signal
420 measured in directional coupler 418. The reference signal 420 is
processed using an analog to digital converter (ADC) 1104 and provided to a
Transform Block 1108. The Transform Block 1108 transforms (using, for
example, a Hilbert transform, a Fast Fourier transform (FFT), Discrete
Fourier transform (DT) or another suitable transform method) the reference
signal 420 to get I/Q data from the data stream (e.g., serial or parallel)
provided to the error amplifier 1100. The amplifier 1100 then calculates
the magnitude (RF reference magnitude 1120) and phase of the reference
signal 420. The error amplifier 1100 also receives the RF feedback signal
444. The feedback signal 444, representative of an output signal 448 of the
amplifier 404, is also input to the error amplifier 1100. The LEVEL SET F
module 1150 and PHASE SET module 1154 are used to initially adjust the gain
and phase of the feedback signal from the MRI coil. In some embodiments,
the adjustment is done manually by an operator. The adjustment also can be
done by integrating the loop error and using a control loop (e.g., a slow
bandwidth loop) to keep the error signal centered in the desired operating
range. The RF feedback signal 444 is processed using an analog to digital
converter (ADC) 1104 and provided to a Transform Block 1108. The Transform
Block 1108 transforms (using, for example, a Hilbert transform, a Fast
Fourier transform (FFT), Discrete Fourier transform (DT) or another
suitable transform method) the RF feedback signal 444 to get I/Q data from
the data stream provided to the error amplifier 1100. The amplifier 1100
then calculates the magnitude and phase of the RF feedback signal 444.
[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 444. The error amplifier 1100 calculates the phase error
1116 by computing the difference 



between the phase of the reference signal 420 and the RF feedback signal
444. The gain error 1112, phase error 1116 and the RF reference magnitude
1120 are provided to the processor 408. [00161]The processor 408 performs
signal processing to generate the control signals that are outputted to the
digital to analog (D/A) converters 468. In one embodiment, the processor
408 includes the first control module 304, the second control module 308,
and the calibration module 360. In one embodiment, the processor executes
the first control module 304 to implement an open loop control routine. In
another embodiment, the processor executes the second control module 308 to
implement a closed loop control routine. In yet another embodiment, the
digital control system, including the processor 408, and the D/A converters
468, is entirely replaced by an analog control system. Alternatively, the
digital control system is only partly replaced by an analog control system.
WO 2010/090920PCT/US2010/022202 [00162]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 the processor
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. [00163]In one
embodiment, the D/A converters 468 input analog representations of the
signals 472 and 476 to the controllers 432 and 436, respectively. In one
embodiment, the first controller 432 uses the analog representation of the
first signal 472 to modify the amplitude of the input signal and thereby
minimize an amplitude non-linearity of the amplifier 404. In another
embodiment, the second controller 436 uses the analog representation of the
second signal 476 to modify the phase of the input signal and thereby
minimize the phase non-linearity of the amplifier 404. As described above,
the modified input signal 440 is then provided to the amplifier 404.
[00164]FIG. 13A depicts a stabilization module 900 for stabilizing an MRI
power delivery system (RF transmit chain/path) 910. Generally, the
stabilization module 900 moves the feedback loop from the RF output coupler
(forward port) of the amplifier 404 (FIG. 4) to a sample of the RF signal
from the MRI system magnetic bore 920. The MRI power delivery system 910
includes, but is not limited too, an amplifier 404, various lengths of RF
cable 912, a transmit/receive (T/R) switch 914, a monitoring coupler 916,
and the MRI system magnetic bore 920. The magnetic bore 920 includes a
plurality of main or body RF coils 922.  



WO 2010/090920PCT/US2010/022202 [00165]In certain amplifier systems it is
beneficial to include an isolator (e.g., RF isolator) at the output port of
the amplifier to isolate (or protect) the amplifier from signals (e.g.,
high power signals) that may enter the output port of the amplifier. In
this embodiment, the amplifier 404 includes an amplifier module 904 and a
system controller 908 for controlling operation of the amplifier module
904. An output of the amplifier module 904 is provided to an isolator
module 912. An output of the isolator module 912 is provided to an RF
output coupler 916 (e.g., an RF stripline RF coupler). One output of the RF
output coupler is an RF output signal 920. The RF output signal 920 is
provided to a transmit/receive switch 914 via an RF cable 912. 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. [00166]In one embodiment, the
stabilization module 900 includes, but is not limited too, a processor 408,
a coupler 418, an error amplifier 1100, first and second controllers 432,
436, D/A converters 468, level and phase set modules (1150 and 1154), and
an RF hybrid combiner 930 that senses the electromagnetic field strength in
the magnetic bore 920 though a pick-up coil or antenna 932. It should be
understood that there can be from one to a plurality of pick-up coils or
antennas 932 located within or in close proximity to the magnetic bore 920.
The placement of RF hybrid combiner 930, its connection to 448, and
associated pick-up coils 932 in the magnetic bore 920 allows the system 900
to correct in real time for gain and phase errors in all of the components
in the RF transmit path 910. These errors can be caused by, but are not
limited too, temperature, voltage standing wave ratio (VSWR), patient size,
mechanical movement, and electrical non-linearities, all of which can
change the RF path over time.  



WO 2010/090920PCT/US2010/022202 [00167]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. [00168]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 preamplifier 416. In one embodiment, the input signal 412 is a pulsed RF
input signal. A directional coupler 418 then samples the pre-amplified
input signal 412. A first sample 420 is input to an error amplifier 1100,
while a second sample 428 is input to a first controller 432 and to a
second controller 436. In some embodiments, the stabilization module does
not include an error amplifier 1100, but, instead, the functionality of the
error amplifier is implemented in software with, for example, a
demodulating function (e.g., a log function or a divide operation). In one
embodiment, the first controller 432 is a gain controller, used to modify
an amplitude of the input signal 412. In another embodiment, the second
controller 436 is a phase shifter, used to modify a phase of the input
signal 412. As described below, a modified input signal 440 is output by
the first controller 432 and the second controller 436 and input to the
amplifier 404. 



[00169]In one embodiment, the amplifier 404 is used in the MRI power
delivery system 910. A feedback signal 444, representative of an output
signal 448 of the RF hybrid coupler 930, is also input to the error
amplifier 424. In this embodiment, the error amplifier 1100 is implemented
using a software defined receiver. The error amplifier 1100 receives an RF
reference signal 420 measured in directional coupler 418. The reference
signal 420 is processed using an analog to digital converter (ADC) 1104 and
provided to a Transform Block 1108. The Transform Block 1108 transforms
(using, for example, a Hilbert transform, a Fast Fourier transform (FFT),
Discrete Fourier transform (DT) or another suitable transform method) the
reference signal 420 to get I/Q data from the data stream (e.g., serial or
parallel)  provided to the error amplifier 1100. The amplifier 1100 then
calculates the magnitude (RF reference magnitude 1120) and phase of the
reference signal 420. The error amplifier 1100 also receives the RF
feedback signal 444. The feedback signal 444, representative of an output
signal 448 of the amplifier 404, is also input to the error amplifier 1100.
The LEVEL SET F module 1150 and PHASE SET module 1154 are used to initially
adjust the gain and phase of the feedback signal from the MRI coil. In some
embodiments, the adjustment is done manually by an operator. The adjustment
also can be done by integrating the loop error and using a control loop
(e.g., a slow bandwidth loop) to keep the error signal centered in the
desired operating range. The RF feedback signal 444 is processed using an
analog to digital converter (ADC) 1104 and provided to a Transform Block
1108. The Transform Block 1108 transforms (using, for example, a Hilbert
transform, a Fast Fourier transform (FFT), Discrete Fourier transform (DT)
or another suitable transform method) the RF feedback signal 444 to get I/Q
data from the data stream provided to the error amplifier 1100. The
amplifier 1100 then calculates the magnitude and phase of the RF feedback
signal 444. [00170]The error amplifier 1100 calculates the gain error 1112
by computing the difference between the magnitude of the reference signal
420 and the RF feedback signal 444. The error amplifier 1100 calculates the
phase error 1116 by computing the difference 



between the phase of the reference signal 420 and the RE feedback signal
444. The gain error 1112, phase error 1116 and the RF reference magnitude
1120 are provided to the processor 408. [00171]In one embodiment, when the
processor 408 implements the open and closed loop control routines, the
second control module 308 generates the first signal 472 capable of being
used to modify the first characteristic of the input signal 412 and the
second signal 476 capable of being used to modify the second characteristic
of the input signal 412. In one  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. [00172]Certain embodiments of the present invention were
described above. It is, 



however, expressly noted that the present invention is not limited to those
embodiments, but 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. [00173]What is claimed is:  Claims 1. A
stabilization module for stabilizing an MRI power delivery system,
comprising: 



a stabilization module comprising a closed loop control routine for
analyzing at least one feedback signal of the MRI power delivery system,
wherein the MRI power delivery system comprises an RF isolator;
wherein the stabilization module modifies at least one characteristic of an
input signal with the closed loop control routine and provides the modified
input signal to the MRI power delivery system. 2. The stabilization module
of claim 1, comprising an amplifier module and an RF output coupler,
wherein the RF isolator is electrically coupled to an output of the
amplifier module and an input of the RF output coupler. 3. The
stabilization module of claim 2, wherein the RF output coupler outputs an
RF signal that is provided to an error amplifier, wherein the error
amplifier outputs RF magnitude and phase signals to a processor, wherein
the processor outputs control signals to one or more control modules that
implement the closed loop control routine. 4. A power delivery system for
an MRI device, comprising: an MRI power delivery system comprising an RF
isolator; and       a stabilization module comprising a closed loop control
routine for analyzing at least one feedback signal of the MRI power
delivery system, wherein the stabilization module modifies at least one
characteristic of an input signal with the closed loop control routine and
provides the modified input signal to the MRI power delivery system. 



5. The power delivery system of claim 4, comprising an amplifier module and
an RF output coupler, wherein the RF isolator is electrically coupled to an
output of the amplifier module and an input of the RF output coupler.  WO
2010/090920PCT/US2010/022202 6.The power delivery system of claim 5,
wherein the RF output coupler outputs an RF signal that is provided to an
error amplifier, wherein the error amplifier outputs RF magnitude and phase
signals to a processor, wherein the processor outputs control signals to
one or more control modules that implement the closed loop control routine.




