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(57) Abstract: A Class-E amplifier has bee adapted for use in the radio frequency section of a magnetic resonance imaging (MRI)
system. A drive signal is produces by modulating the envelope of a radio frequency carrier signal and then applied to a switch in the
Class-E amplifier. The switch is connected in series with a choke between a supply voltage terminal and circuit ground with an output
node formed between the choke and the switch. The output node is coupled to circuit ground by a shunt capacitor. In a preferred
embodiment, a pair of such amplifiers, that are II radians out of phase, are connected to each rung of a transverse electromagnetic

transmit array type radio frequency coil of the MRI system.
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MAGNETIC RESONANCE IMAGING SYSTEM
WITH A CLASS-E RADIO FREQUENCY AMPLIFIER

Cross-Reference to Related Applications

This application claims benefit of U.S. Provisional Patent Application No,

60/776,855 filed February 24, 2006.

Statement Regarding Federally
Sponsored Research or Development

Not Applicable

Background of the Invention

1. Field of the Invention

[0001] The present invention relates to magnetic resonance imaging (MRI) scanners,
which are used for non-invasive imaging of the internal organs of a patient for medical
diagnostic purposes, and more particularly to a radio frequency amplifier for use with

an MRI scanner.

2. Descn'ption.of the Related Art |

[0002] Magnetic Resonance Imaging (MRI) is a well-known procedure based on
nucléar magnetic resonance (NMR) principles for obtaining detailed, two and three
dimensional images of patients. MRI is well suited for the imaging of soft tissues and

is primarily used for diagnosing internal injuries.

[0003] Typical MRI systems include a magnet capable of producing an intense,
homogenous magnetic field around a patient or portion of the patient; a radio frequency
(RF) transmitter and receiver system, including a transmit/receiver RF coil also surrounds

a portion of the patient; a magnetic gradient system localizes a portion of the patient; and
1
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a computer processing/imaging system, which receives the demodulated signals from the

receiver system and processes the signals into interpretable data, such as visual images.

{0004] The superconducting magnet is used in conjunction with a magnétic gradient
coil assembly, which is sequentially pulsed to create a sequence of controlled gradients
in the main magnetic field during an MRI data gathering sequence. The superconducting
magnet and the magnetic gradient coil assembly include the radio frequency coil on an
inner circumferential side of the magnetic gradient coil assembly. The controlled
sequential gradients are effectuated throughout a patient imaging volume (patient bore)
which is coupled to at least one MRI RF coil or antenna, The RF coils and an RF shield

are typically located between the magnetic gradient coil assembly and the patient bore.

[0005]  Asapart of a typical MRI, RF signals of suitable frequencies are transmitted
into the patient bore. Nuclear magnetic resonance responsive RF signals are received
from the patient via the RF coils. Information encoded within the frequency and phase
parameters of the received RF signals, by the use of an RF circuit, is processed to form
visual images. These visual images represent the distribution of NMR nuclei within a

cross-section or volume of the patient, within the patient bore.

[0006] Inmodern MRI, the demand for high spatial and temporal resolution
necessitates the use of high static magnetic field. Active electric coils are used to drive
spatial gradients into the static magnetic field. Enhanced imaging sequences typically
demand high amplitude gradient fields, rapid field transitions, and large duty cycles in
order to improve resolution and scan time. Unfortunately, these properties also increase

the power dissipation and thus cause higher temperatures in the scanner.
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[0007]  With reference to Figure 1, the radio frequency transmit signal is produced
by an RF oscillator 100 and féd to an RF amplifier 102 that drives a transmit coil 104
located around the patient. The RF oscillator 100 and amplifier 102 usually are located
in an equipment cabinet in another roorﬁ from the patient scanner and connected to the
_ transmit coil 104 by a coaxial cable 106 that often is about ten meters long. Typically,
the RF amplifier 102 of choice has been a Class-AB analog amplifier. The class of an
analog amplifier defines what proportion of the input signal cycle is used to actually
switch on the amplifying device. With a Class-AB amplifier more than 50%, but less
than 100%, of the signal cycle that is used to switch on the amplifier. Unfortunately,
these amplifiers are not very efficient and produce a significant amount of heat. The
efficiency of a power amplifier is defined as the ratio of output power and input power

expressed as a percentage and due to heat production.

[0008] Linearity is another important characteristic desired for the RF amplifier. A
Class-A amplifier has very good linearity, but this type of amplifier is less than 10%
efficient, therefore its power consumption is relatively high. Class-B amplifiers have
somewhat- worse linearity but are only on half of the time, and rely on the flywheel
effect of the resonator to come around. This type of amplifier is, therefore, much

more efficient than class A. The disadvantage is linearity, which is decreased to a level
that is less desirable. Class-AB alﬁpliﬂers are in between Classes A and B. Class-C
amplifiers are more efficient than Class-B, but have worse linearity. They are on less
than half of the signal cycle. Any amplifier that greatly relies on the flywheel effect is

required to be close to or right on the resonator for maximum effect.
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[0009]  Recently, a different kind of amplifier, known as a switching amplifier, has
been developed. A particularly useful switching amplifier is called a Class-E amplifier.
Switching amplifiers have relatively high power efficiency due to the fact that perfect
switching operation does not dissipate power. An ideal switch has zero impedance
when closed and infinite impedance when open, implying that there is zero voltage
across the switch when it conducts current (on state) and a non-zero voltage across

it in the non-conductive state (off state). Consequently, the product of voltage and
current (power loss) is zero at any time. Therefore, a Class-E amplifier has a theoretical

efficiency of 100%, assuming ideal switching.

[0010] Although those advantages of Class-E amplifiers could be beneficial for an
RF amplifier in a magnetic resonance imaging system, their high non-linearity make

conventional amplifiers of this type undesirable for MRI applications.

Summary of the invention

{0011]) The present invention is directed to a version of a Class-E amplifier that is
particularly useful in the radio frequency section of a magnetic resonance imaging (MRI)
system. The MRI system produces a control signal that defines an intensity for a radio

frequency excitation signal.

[0012]  The radio frequency section includes an exciter that produces a radio frequency
carrier signal. A Class-E amplifier responds to the radio frequency carrier signal and

the control signal by producing the radio frequency excitation signal. The preferred
embodiment of the Class-E amplifier comprises a choke and a switch connected in series

between a supply voltage source and circuit ground with an output node formed between
4
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choke and the switch. A shunt capacitor coupling the amplifier output node to the circuit

ground. In addition an input capacitor may be connected between the supply voltage

source and the circuit ground.

[0013] A transmit coil, for placement around a person being scanned by the MRI
system, is connected to the output node of the Class-E amplifier to receive the radio
frequency excitation signal. Typically the transmit coil is a volume type, or transverse
electromagnetic (TEM) style transmit array, having a plurality of rungs, and a separate

Class-E amplifier is connected to drive each rung.

[0014]  For a volume type transmit coil, a separate Class-E amplifier is connected to
drive each rung. In this case, the radio frequency section preferably further comprises a
-drive circuit and a power splitter. The drive circuit modulates the radio frequency carrier

signal with the control signal to produce a drive signal. The power splitter divides the
drive signal into a plurality of sub-drive signals one of which for each rung of the
transmit coil, wherein each sub-drive signal is employed to drive one of the Class-E
amplifiers. In a preferred embodiment, a pair of Class-E amplifiers that are I'T radians out of
phase are connectgd to each transmit coil rung, and a plurality of phase splitters produce a phase

shifted sub-drive signal for each rung. For each rung, a phase-shifted sub-drive signal is applied

to one Class-E amplifier and the sub-drive signal is applied to another Class-E amplifier.

Brief Description of Drawings

[0015]  Figure 1 is a schematic diagram of a conventional connection of a radio

frequency amplifier to a transmit coil in an MRI system;

[0016]  Figure 2 is a block diagram of an MRI system;

5
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[0017]  Figure 3 is a representation of an MRI transmit/receive body coil on which a

plurality of Class-E radio frequency amplifiers are located;

{0018]  Figure 4 is a block diagram of a first circuit that produces signals for driving

the plurality of Class-E amplifiers on the transmit/receive body coil in Figure 3;

[0019]  Figure 5 is a block diagram of a second circuit that produces signals for

driving the plurality of Class-E amplifiers on the transmit/receive body coil;
[0020]  Figure 6 illustrates waveforms of the signal for driving the Class-E amplifier;

[0021] Figures 7A, B and C are schematic diagrams of the circuits in the blocks of

Figure 6;

[0022] Figure 8 is a schematic diagram of a Class-E amplifier for an MRI system,

according to the present invention;

[0023] Figure 9 is a block diagram of a third circuit that produces signals for driving

the plurality of Class-E amplifiers on the transmit/receive body coil;

[0024]  Figure 10 is a representation of an MRI transmit/receive local coil on which a

plurality of Class-E radio frequency amplifiers are located,;

10025] Figuré 11 is a block diagram of one circuit that produces signals for driving

the plurality of Class-E amplifiers on the transmit/receive local coil in Figure 10;

[0026] Figure 12 is a block diagram of another circuit that produces signals for

driving the plurality of Class-E amplifiers on the transmit/receive local coil;
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[0027]  Figure 13 is a block diagram of a further circuit that produces signals for

driving the plurality of Class-E amplifiers on the transmit/receive local coil; and

[0028]  Figure 14 illustrates a coil system for NMR spectroscopy which employs

a Class-E amplifier according to the present invention.

Detailed Description of the Invention

[0029]  With initial reference to Figure 2, an imaging scan in an MRI system 10
commences with the patient 11 being prepared by a technologist who is responsible for
patient safety and placement of a transmit/receive local coil 22 on the patient. Once
the landmark (origin of the scan location) is set and the patient 11 positioned inside the
scanner 12, the prescribed protocol is entered into the processor 34. The protocol is a
set of parameters for the imaging pulse sequence being prescribed. When the protocol
is Ioad.ed, the pulse sequence generation and control unit 14 in the system cabinet 15
specifies the magnetic field gradient and radio frequency (RF) waveforms and prepares
the system 10 for data acquisition. The X, Y, and Z magnetic field gradient waveforms
produced by generator 23 are amplified by the gradient amplifiers 24 (also known as
“gradient drivers™) and fed to the gradient coils 26 in accordance with the waveforms

prescribed by the current protocol.

[0030]  The RF subsystem comprises transmitter section having an exciter 16 which
generates RF waveform pulses that fed through an RF amplifier 20 and a transmit/receive
(T/R) switch 32 to the transmit/receive local coil 22 positioned around the head of the
patient 11. A bigger body transmit/receive coil located inside the gradient coils 26

alternatively is used for imaging larger regions of the patient. The required peak power
7
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needed to be applied to a body transmit/receive coil for excitation of the spin system is 16

KW for 64 MHz excitation and 35 KW for 128 MHz excitation, for example.

{0031]  The RF receiver section has a preamplifier 30, which alternately is connected
by the T/R switch 32 to the transmit/receive local coil 22. The output of the preamplifier
30  is applied to a receiver 18 that samples the echo signal, referred to as the free-induction
decay (FID) or echo response signal, and those sample are written into the raw data file in
memory of the processor 34. Upon completion of the scan, the raw data is reconstructed

by a processor 34 fo form the final images displayed on the monitor 36.

[0032]  Focusing on the transmitter section, the RF power amplifier 20 amplifies the
modulated MRI excitation signal to a level sufficient to generate the required circularly
polarized RF magnetic field (B1). Peak B1 field amplitudes between 15 puT and 30 uT
inside a whole-body transmit coil require a peak power of 15t0 20 kW in a typical 1.5T
whole-body MRI system. The RF power requirement is proportional to the square of the
RF B field magnitude. This becomes a very important consideration for higher field
strengths (e.g. 3 T) whole-body MRI systems. Other significant requirements for the
MRI RF power amplifier 20 include the linearity, stability, and efficiency. The linearity
is very important to preserve the fidelity of the modulated pulse, since the accuracy of
the slice profile depends on it. The amplifier stability contributes to the repeatability of
the MRI pulse sequences. The efficiency of the RF power amplifier 20 is important to
maintain the cooling requirements, packaging size and cost at practical levels. Class A
amplifiers are linear but inefficient. Class B amplifiers are more efficient, but linearity
suffers from signal “crossover distortion,” which is not acceptable for high-quality MRI

applications. In class AB amplifiers, the operating point is adjusted to eliminate the
8
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crossover distortion, yet provide higher efficiency. Therefore, class AB amplifiers are

commonly used for MRI systems.

[0033]  The RF power amplifier system according to the present invention utilizes a’
plurality of novel Class-E amplifiers integrated on the transmit/receive local coil 22 and
on a larger transmit/receive body coil. The transmit/receive body coil is located in the
scanner 12 shown in Figure 1 and has a plurality (e.g. sixteen) equally spaced conductive
rungs arranged cylindrically. Each rung is a series resonator at the Larmor frequency of
the MRI systefrf. The details of the exemplary MRI transmit/receive body coil 80 are
depicted in Figure 3 in which for ease of illustration the cylinder of the coil has been slit
longitudinally and laid flat. The ends of each rung 82 are fed by separate amplifiers 84
and 85 which are IT radians out of phase from one another are connected to a ground
surface 86 inside the coil cylinder. The mid-point 88 of every rung 82 is directly

. connected to the ground surface 86. Therefore, unlike prior MRI systems, the amplifiers
84 and 85 that collectively form the RF amplifier are distributed on the transmit/receive
body coil 80. The two sections on opposites sides of the mid-point 88 of each rung is
decoupled from the adjacent rungs by separate isolation networks 83 and 87. Each
isolation network 83 and 87 provides the opposite impedance to the coupling inductance

factor M and may simply be a capacitor.

[0034]  With additional reference to Figure 4, the signals for driving the coil rung
amplifiers 84 and 85 are produced by a distribution circuit 40 that comprises a 16-way
power splitter 50, a set of individually variable attenuators 51, a stepped phase shifter 52,
and a set of 0/180 degree phase splitters 54. Figure S depicts a similar distribution circuit

41 which does not include variable attenuators S1.
9
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[0035]  The coil rung amplifiers 84 and 85 are driven by pulse width modulated
(PWM) signal and for linear applications, the PWM frequency is selected in conformity
with the maximum bandwidth and phase linearity desired in the output signal. The

exciter 16 (Figure 1) generates an envelope voltage, designated V gnveLopE, On input

line 44. This voltage defines the intensity of the RF energy to be applied to the
transmit/receive body coil 80 during the transmit period. The envelope vo]tagé
maintains a predefined constant power output via PWM control. The input to the

- amplifier is a fixed amplitude signal, which is time sampled, wherein the pulse width
modulation is accomplished by switching the carrier si gnal on and off in proportion to

the PWM duty cycle indicated by the filtered feedback signal.

[0036] In one embodiment, the input signal is varied and the modulation is achieved
by digitizing an analog waveform. The bandwidth of the analog waveform should be at
least one half of the PWM frequency, and may need to be significantly lower depending
on the maximum allowable phase variance. The digitized waveform is expressed by
pulses that vary in duration. Now a setpoint for a preset output (e.g. 30%) is digitally
modulated to carry the digital representation of an analog signal. For example, if a 25%
modulation is allowed, then the output of the amplifier will vary £25% and results in an

output signal duty cycle that varies from 5% to 55%.

[0037]  As shown in Figure 4, an initial section of the distribution circuit 40,
designated drive circuit 42, produces a signal depicted in Figure 6 for driving the coil
rung amplifiers. The envelope voltage signal, V ENVELOPE, from the exciter 16 is

applied to one input of a mixing node 46 that has another input which receives the

10
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sinusoidal RF carrier signal Fy. The V gnyyverope controls the intensity of the RF

signal, based on the parameters specified for the MRI scan. The two input signals

combine to form the DRIVE signal for operating the coil rung amplifiers 84 and 85.
The output of each amplifier is a radio frequeﬁcy excitation signal that has the same
waveform as the DRIVE signal and which is applied to the respective rung 82 of the

transmit/receive local coil 22,

[0038] In an optional, more robust implementation, the drive circuit 42 varies the
on-time (or duty ;:ycle) of the coil rung amplifiers 84 and 85 in response to the output of
the transmit/receive body coil 80 as measured by an output sensor, such as a pickup coil
49. The voltage induced across the pickup coil 49 is rectified and filtered by an RC
network 48 to provide a feedback voltage signal that is translated at the mixing node 46
to control a duty cycle of the DRIVE signal. A greater feedback voltage translates to a
lower duty cycle, and a lesser feedback voltage translates to a higher duty cycle. Thus

the duty cycle is proportional to the signal measurement from the pickup coil 49.

[0039]  This feedback circuit measures the field level generated under load conditions
and proportions the DRIVE signal (on-duration of the coil rung amplifiers 84 and 85)
accordingly to maintain the oscillatory condition. The feedback circuit may not be self
starting. However, it could be operated as a modified self oscillating circuit, in which
there is a base frequency F, operated at a minimum idle current. A unique feature of the

present invention is the use of an envelope voltage signal, V enverLope, With a sinusoidal

voltage that is non-linearly manipulated to derive the rectangular pulses. This enables the

number of components in the Class-E amplifier to be reduced substantially.

11
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[0040]  The resultant DRIVE signal is fed to a sixteen-way power splitter 50 to
provide a signal for each rung 82 of the transmit/receive body coil 80. Figure 7A
illustrates a circuit for the 16-way power splitter 50. Each output of the power splitter
50 is passed through a separate variable attenuator 51 which adjusts the amplitude of
the individual split signals. Then each individual split signal is applied to a stepped
phase shifter 52, that sets up the required phase differences between the signals going
to each rung in the transmit coil, as necessary to create a uniform transmit field.
Figure 7B depicts details of the stepped phase shifter circuit for one coil rung. This
circuit may include a mechanism for mndependently varying the phase and output
signal for each rung. Finally, each rung’s signal is passed through a 0/180 degree
phase splitter 54, such as the type shown in Figure 7C, to derive the signals for
driving the two amplifiers 84 and 85 on the respective rung 82. The final stage of
each power amplifier section is integrated with the individual Tungs as shown in

Figure 3.

[0041]  Each amplifier 84 and 85 on the rungs 82 of the transmit/receive body
coil 80 is a novel Class-E, RF power amplifier 300 shown in Figure 8. The novel
features of this amplifier 300 comprise an overrated switch 325 with low channel
resistance and feedback capacitance, a drive circuit 350 closely integrated with the
switch, a mechanism to tune components by adjusting the drive frequency and in
which the oscillation duty cycle is controlled by non-linearly manipulating a

sinusoidal drive signal.

[0042]  The Class-E, RF power amplifier 300 has a supply terminal connected to a

rail voltage Vg and coupled to ground by an input capacitor 310. A choke 320 couples
12
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the supply terminal to the switch 325. The choke 320 maintains the current that flows
through the switch 325 during its on time, such that after the switch opens, the current
flow is distributed between a series resonant rung 82 of the transmit/receive body coil
80 and a shunt capacitor 330. The ratio of this distribution is a function of the phase of
the resonant tank circuit’s periodic cycle and the switch timing. For maximum
efficiency, the switch 325 should close (i.e. make a transition from a non-conductive
state to a conductive state) while the voltage across the shunt capacitor 330, and thus
the switch 325, is substantially to zero. Preferably, the derivative of that voltage also

should be zero.

[0043]  The switch 325 is a low impedance device, preferably a MOSFET, which is
operated by a drive voltage or current determined based on the voltage (E) across or
field strength (B) level produced by the series resonant coil rung 82, It is important to
use a switch 325 that is over specified by preferablcy an order of magnitude or more.

For example, if the maximum expected current is one ampere, the switch should be
rated to handle a transient current of at least ten amperes. The switch element has a low
channel resistance and low feedback capacitance. The channel resistance preferably
should be such that the product of channel resistance and the peak current is less than
3% of the supply voltage to the circuit. The feedback capacitance preferably should be

such that it is less than 10% of the input circuit capacitance.

[0044]  The drive circuit 350 is closely integrated with the switch 325, wherein the
circuit board layout is chosen based on the selected component configuration, for
example by mounting the components as close together as possible. In addition, the

loop containing the peak current is spatially located in close proximity to the switch
13
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325. The respective output signal from the associated 0/1 80 degree phase splitter 54
is applied to a pulse shaping network 355 in.which the mixed signal is AC coupled to
a fraction of the sine wave signal and the base line is shifted by a suitable design
parameter. The pulse shaping network 355 counteracts parasitic components (e.g.
Miller capacitance) of the switch and provide pre-emphasis that properly turns the
switch on and off. This non-linearly manipulated signal forms the signal used for

driving the gate of the amplifier switch 325.

[0045]  The series resonant coil rung 82 connects an amplifier outpuf node 340 between
the choke 320 and the switch 325 to ground. The series resonant coil rung 82 of the
transmit/receive body coil 80,.approximates the resonant waveform that is measurable in
an inductively coupled load, as represented by the "body tissue coﬁpled load” 380. The

majority of the coupling with the body tissue is inductive (L courLing) and losses

associated with that coupling are represented by R; oap.

[0046] VTo maintain the oscillatory condition, it is desirable to have either predictable
phase and gain parameters or control over these parameters. When a load is presented,
the DRIVE signal is increased to meet a predefined setpoint, or a variable setpoint,
alternatively a combination of these two methods. In one implementation, it is sufficient
to provide a start condition that initially closes the switch 325 for a limited period of
time, followed by providing feedback such that the switch is turned off when sufficient

current is detected through the tank circuit.

[0047] The period that the amplifier switch 325 is closed is given by Tson = 11 TT,

where T is the total time of on and off periods that form one signal cycle, and 1 is the
14
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ratio of on time to the total time. Note that Tf=1/Fo. The drive signal is formed by

bursts of higher frequency pulses that are present during the switch on time. These
higher frequency pulses provide finer control of the drive signal without affecting the
base frequency Fy, as occurred with prior methods. Note that this unique pulse design
also makes the design more robust and relatively immune to load variations. Thus it
allows tuning of components by slight adjustment of drive frequency and control of the

output power of the amplifier 300.

[0048] It should be noted that in a traditional MRI amplifier, multiple SCCﬁO;lS of
amplifiers are used in parallel with a common output transformer to achieve higher power
levels. This concept is readily applicable to the Class-E amplifier described in the current

invention.

10049]  The rate of RF energy deposition is another factor that an RF amplifier design
needs to take into account for MRI applications. The rate of energy deposition is usually
determined by the specific absorption rate (SAR). A single drive point on a large antenna
usually gives rise to large local electric fields, causing federally regulated SAR limits to
be exceeded. Multiple drive points around the antenna are used in the present design to
limit the SAR. This design will require the application of multiple amplifiers having

mutual phase relationships.

[0050]  Figure 9 is a block diagram of parallel distribution circuit 60 for producing
signals to drive the plurality of Class-E amplifiers 84 and 85 on a transmit/receive
body coil 80. Here each pair of amplifiers for a given rung of the coil is driven by a
separately modulated signal and thus parallel distribution circuit 60 has a separate

15
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mixing node 62, for each coil rung 82, Each mixing node 62 receives the common

RF carrier signal Fy from the exciter 16 and a different envelope voltage signal,

V ENVELOPE, that defines the amplitude and pulse shape of the DRIVE signal for the

respective coil rung. This enables an asymmetric coil or phased array to be used with

the DRIVE rive signals being configured to produce a symmetrical field within the
patient being imaged. The RF carrier signal Foand the envelope voltage signal are

applied to inputs of a mixing node 46 for the rung circuit. The DRIVE signal resulting
from the combination of those input signals is fed to a stepped phase shifter 64, similar
to splitter 52 previously described. Each rung’s signal then is passed through a 0/180

degree phase splitter 66, such as the type shown in Figure 7C, to derive the signals for

driving the two amplifiers 84 and 85 on the respective rung 82,

[0051] .Instead of using the MRI the transmit/receive body coil 80, the RF signal can
be applied to the transmit/receive local coil 22 shown in Figure 1 that forms a transverse
electromagnetic (TEM) transmit array. The details of the transmit/receive local coil 22
are depicted in Figurg 10 and comprise a plurality of rungs 90 arranged cylindrically, e.g.
there are eight or sixteen rungs. One end of each rung 90 is connected to circuit ground,
while the other end is connected to the output of a Class-E amplifier 92 of the type
illustrated in Figure 8. Because the transmit/receive local coil 22 requires less power
than the transmit/receive body coil 80, only one amplifier per rung is used. Each rung is

decoupled from the adjacent rungs by an isolation network 91.

[0052]  With reference to Figure 11, the Class-E amplifiers 92 are driven by a
distribution circuit 94 that is similar to the distribution circuit 40 in Figure 4, but

16
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without the set of 0/180 degree phase splitters 54, as there is only one amplifier per
rung in the transmit/receive local coil 22. Like components in both distribution
circuits have been assigned identical reference numerals. The latter distribution circuit
94 otherwise functions the same as the previously described one. Figure 12 depicts a

similar distribution circuit 95 which does not include variable attenuators 51.

[0053]  Figure 13 illustrates a paralle! distribution circuit 96 for producing sigﬁals
to drive the Class-E amplifiers 92 on the transmit/receive local coil 22 in Figure 10.
The parallel distribution circuit 96 functions in an equivalent manner to the parallel

distribution circuit 60 in Figure 9 except for lacking the 0/180 degree phase splitters 66.

[0054] Figure 14 illustrates application of the present Class-E amplifier to NMR
spectroscopy which is another form of a magnetic resonance imaging. Here the
excitation signal is applied as an input signal to the Class-E amplifier 200 that has an
output coupled by a capacitor 202 to a single loop transmit coil 204. The single loop
transmit coil 204 has distributed capacitance and inductance. This configuration is
applicable in NMR spectroscopy for stﬁdying phosphorus ('P), carbon (**C), sodium

(23Na) or other nuclei.

[0055]  The foregoing description was primarily directed to a preferred embodiment
of the invention. Although some attention was given to various alternatives within

the scope of the invention, it is anticipated that one skilled in the art will likely realize
additional alternatives that are now apparent from disclosure of embodiments of the
invention. Accordingly, the scope of the invention should be determined from the

following claims and not limited by the above disclosure.
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CLAIMS

1. A radio frequency section, for a magnetic resonance imaging system in
which a control signal defines an intensity for a radio frequency excitation signal, the
radio frequency section comprising:

an exciter which produces a radio frequency carrier signal;

a Class-E amplifier that. in response to the radio frequency carrier signal and
the control signal produces the radio frequency excitation signal; and

a transmit coil for placement around a person being scanned by the magnetic
resonance imaging system wherein the transmit coil is connected to the Class-E

amplifier to receive the radio frequency excitation signal.

2. The radio frequency section as recited in claim 1 wherein the Class-E
amplifier comprises a choke and a switch connected in series between a supply voltage
source and circuit ground with an amplifier output node formed between choke and the

switch wherein the transmit coil is connected to the amplifier output node.

3. The radio frequency section as recited in claim 2 wherein the Class-E

amplifier further comprises a shunt capacitor connected in parallel with the switch.

4. The radio frequency section as recited in claim 2 wherein the Class-E
amplifier further comprises a shunt capacitor coupling the amplifier output node to the

circuit ground.
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5. The radio frequency section as recited in claim 2 wherein the Class-E
amplifier further comprises an input capacitor connected between the supply voltage

source and the circuit ground.

6. The radio frequency section as recited in claim 1 further comprising a drive
circuit that receives the control signal and the radio frequency carrier signal and

produces a drive signal which is applied to an input of the Class-E amplifier.

7. The radio frequency section as recited in claim 6 wherein the drive circuit
modulates the radio frequency carrier signal with the control signal to produce the drive

signal.

8. The radio frequency section as recited in claim 7 wherein the radio frequency

carrier signal has an envelope defined by the control signal.

9. The radio frequency section as recited in claim 6 wherein the radio frequency
carrier signal comprises pulses of the radio frequency carrier signal wherein each pulse

has a shape that is defined by the control signal.

10. The radio frequency section as recited in claim 1 further comprising an
output sensor which provides a feedback signal indicating an intensity of radio frequency
excitation signal, and wherein the Class-E amplifier responds to the feedback signal by

varying the radio frequency excitation signal.
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11.  The radio frequency section as recited in claim 1 wherein the transmit
coil is a transverse electromagnetic transmit array having a plurality of rungs, and

a separate Class-E amplifier is connected to drive each rung.

12. The radio frequency section as recited in claim 11 further comprising:

a drive circuit that receives the control signal and the radio frequency
carrier signal and produces a drive signal;

a power splitter connected to the drive circuit and dividing the drive signal
into a plurality of sub-drive signals, a power splitter connected to the drive circuit
and dividing the drive signal into a plurality of sub-drive signals one of which for
each rung of the transmit coil, wherein each sub-drive signal is employed to drive
the Class-E amplifier connected to a rung of the transmit coil. one of which for
each rung of the transmit coil, wherein each sub-drive signal is employed to drive

the Class-E amplifier connected to a rung of the transmit coil.

13.  The radio frequency section as recited in claim 12 further comprising

a phase shifter for shifting phases of at least some of the sub-drive signals.

14. The radio frequency section as recited in claim 12 wherein there is a
pajr of Class-E amplifiers connected to each rung of the transmit coil; and further
comprising a plurality of phase splitters each receiving a sub-drive signal and
producing a phase-shifted sub-drive signal wherein for each rung the phase-shifted
sub-drive signal is applied to one Class-E amplifier and the sub-drive si gnal is
applied to another Class-E amplifier.
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15. The radio frequency section as recited in claim 14 wherein the Class-E

amplifiers are located on the transmit coil.

16. A radio frequency section, for a magnetic resonance imaging system in
which a control signal defines an intensity for a radio frequency excitation signal, the
radio frequency section comprising:

a transmit coil having a plurality of rungs;

an exéiter which produces a radio frequency carrier signal;

a drive circuit that receives the control signal and the radio frequency carrier
signal and produces a drive signal;

a power splitter connected to the drive circuit and dividing the drive signal into
a plurality of sub-drive signals, one of which for each rung of the transmit coil;

a phase shifter for shifting phases of at least some of the sub-drive signals; and

a plurality of Class-E amplifiers, each one responding to the radio frequency
carrier signal and the control signal by producing a radio frequency excitation signal

that is applied to one of the plurality of rungs of the transmit coil.

17.  The radio frequency section as recited in claim 16 wherein there is a pair of
Class-E amplifiers connected to each rung of the transmit coil; and further comprising
plurality of phase splitters each receiving a sub-drive signal and producing a phase-
shifted sub-drive signal, wherein for each rung the phase-shifted sub-drive signal is
applied to one Class-E amplifier and the sub-drive signal is applied to another Class-E
amplifier.
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18. The radio frequency section as recited in claim 16 wherein each Class-E
amplifier comprises a choke and a switch connected in series between a supply voltage
source and circuit ground with an amplifier output node formed between choke and the
switch wherein one of the plurality of rungs of the transmit coil is coupled to the

amplifier output node.

19. The radio frequency section as recited in claim 18 wherein each Class-E

amplifier further comprises a shunt capacitor connected in parallel with the switch.

20. The radio frequency section as recited in claim 18 wherein each Class-E
amplifier further comprises a shunt capacitor coupling the amplifier output node to the

circuit ground.

21. The radio frequency section as recited in claim 18 wherein each Class-E
amplifier further comprises an input capacitor connected between the supply voltage

source and the circuit ground.

22. The radio frequency section as recited in claim 18 wherein the plurality of

Class-E amplifiers are located on the transmit coil.

23. The radio frequency section as recited in claim 16 wherein the drive circuit
modulates the radio frequency carrier signal with the control signal to produce the drive

signal.
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24. The radio frequency section as recited in claim 16 wherein the radio

frequency carrier signal has an envelope defined by the control signal.

25. The radio frequency section as recited in claim 16 wherein the radio
frequency carrier signal comprises pulses of the radio frequency carrier signal wherein

each pulse has a shape that is defined by the control signal.

26. The radio frequency section as recited in claim 16 further comprising an
output sensor which provides a feedback signal indicating an intensity of radio
frequency excitation signal, and wherein the drive circuit responds to the feedback

signal by varying the drive signal.

27. A magnetic resonance imaging system in which a control signal is produced
that defines an intensity for an excitation signal, the magnetic resonance imaging
system comprising:

at least one Class-E amplifier having a choke and a switch connected in series
between a supply voltage source and circuit ground with an amplifier output node formed
between choke and the switch, a shunt capacitor connected in parallel with the switch,
wherein the switch makes a transition from a non-conductive state to a conductive state
when voltage across the switch and a derivative of the voltage across the switch both are
zero; and

a coil for placement around a person being scanned by the magnetic resonance

imaging system and connected to the amplifier output node.
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28. The magnetic resonance imaging system as recited in claim 27 wherein the
coil is has a plurality of rungs in which each rung is electrically isolated from adjacent
rungs and is a series resonator at a Larmor frequency of the magnetic resonance

imaging system.

29. The magnetic resonance imaging system as recited in claim 28 wherein a

separate Class-E amplifier is integrated on each rung of the coil.

30. A magnetic resonance system in which a control signal is produced that
defines an intensity for an excitation signal, the magnetic resonance system comprising:

at least one Class-E amplifier having a choke and a switch connected in series
between a supply voltage source and circuit ground with an amplifier output node formed
between choke and the switch, a shunt capacitor connected in parallel with the switch,
wherein the switch makes a transition from a non-conductive state to a conductive state
when voltage across the switch and a derivative of the voltage across the switch both are
substantially zero; and

a transmit coil connected to the amplifier output node.

31. The magnetic resonance system as recited in claim 30 wherein the system

is a magnetic resonance imaging scanner.

32. The magnetic resonance system as recited in claim 30 wherein the system is a

nuclear magnetic resonance spectroscope.
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