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UNIFIED COIL (UNIC) SYSTEMS AND
METHOD FOR NEXT GENERATION
MAGNETIC RESONANCE COILS

PRIORITY CLAIM

[0001] This application claims priority from U.S. Provi-
sional Application Ser. No. 62/252,031 filed Nov. 6, 2015.
The contents of that application are hereby incorporated by
reference.

TECHNICAL FIELD

[0002] The present disclosure relates to systems and meth-
ods for magnetic resonance imaging. More specifically, the
present disclosure relates to a unified coil (UNIC) system
consisting of separate or partially shared-conductor RF and
shim coil arrays.

BACKGROUND

[0003] During the past few decades, major developments
in magnetic resonance imaging (MRI) scanner technology
have been driven by the ever-increasing demand for higher
static magnetic field (BO) strengths, prevalently 1.5 Tesla a
decade ago, now 3 Tesla, and in the future probably 7 Tesla.
As is understood, MRI uses such powerful magnets to
generate a magnetic field over the area of scanning interest.
An MRI scanner uses a radio frequency (RF) coil or coil
array that generates radio frequency (RF) waves into the
area of interest. A transmitting RF coil is used to generate the
RF magnetic field and a receiver RF coil is used to receive
RF signals from the area of interest that indicate the com-
position of the tissue. The static magnetic field (BO) inho-
mogeneity has always been one major challenge with
increased field strengths. Another major challenge is the
inhomogeneity of the radio frequency (RF) magnetic field
(B1). Many offresonance imaging problems are essentially
attributed to B0 field inhomogeneities, which are unfortu-
nately proportional to the B0 field strength. For example,
image artifacts and signal voids compromise whole brain
functional imaging particularly in prefrontal cortex and
temporal cortex and cardiac SSFP imaging particularly at 3
Tesla and higher field strengths. The shimming magnetic
field is used to adjust the homogeneity of the static magnetic
field (BO) and therefore remedy the inhomogeneity of the RF
magnetic field (B1).

[0004] The RF coils in current scanner designs are placed
in proximity to the area of interest. For example the magnet
to generate the static magnetic field may be located in a tube
around a patient, while the RF coil is located nearer to the
chest of the patient in the tube. The shimming coil is
currently located in the tube but is generally ineflicient
because it is too far removed from the RF coil.

[0005] Since 2012, a new platform MR coil technology,
known as an “iPRES” coil, has been proposed to solve the
challenge of the inhomogeneities of the static magnetic field
(BO). “iPRES” is defined as integrated, parallel, reception,
excitation, and shimming. The iPRES coil system is an
integrated RF and BO shimming coil array. Such a system is
described in U.S. Patent Publication No. 2014/0002084 to
inventors Hui Han, Trong-Kha Truong, and Allen Song at
the Duke University Medical Center.

[0006] The iPRES concept uses a single coil array rather
than separate coil arrays for parallel RF reception/transmis-
sion and B0 field shimming. It relies on a circuit design that
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allows aradio frequency current for excitation/reception and
a direct current for BO shimming to coexist independently in
the same physical coil loop or conductor. The underlying
principle that currents or waves at different frequencies can
coexist independently in the same conductor or media
without undesired interference between them is simple and
widespread in the electro-physics and communications
fields.

[0007] The iPRES system has now been regarded as
probably the most efficient and easy to implement shimming
technology compared to all other existing shimming tech-
niques including in-scanner spherical harmonic (SH) shim
coils, multi-coil shimming techniques using separate shim
coils/elements distantly located from an RF coil array. The
localized multi-coil shimming functionality inherently pro-
vided by the same RF/DC coil loops can address many
off-resonance imaging problems due to air/bone/tissue sus-
ceptibility differences in brain, cardiac, and musculoskeletal
imaging at an unprecedented level, thus greatly increasing
image fidelity and resolution in problematic regions of
interest. The iPRES technology may be applied to a range of
coils from head coils, cardiac coils, musculoskeletal coils,
breast coils, knee coils, and etc. Such integrated RF/shim
arrays will likely replace current generation RF coil array
with minimal modification of MRI system hardware archi-
tecture.

[0008] Although largely surpassing other existing tech-
nologies, there are still two critical limitations inherent in
1PRES coils, particularly for 3 T & 1.5 T human body MRI
scanners, prevalent in most hospitals and research institutes,
and all animal MRI scanners. First, the size, shape, and
position of the DC shim loops are limited to the same as the
RF loops because both RF and DC currents flow in the same
conductor/loop. Second, the number of DC shim coil loops
for an iPRES coil is limited by the number of available RF
receivers, i.e., 32 RF receivers (with 32 shim coils) in
state-of-the-art 3 T human body scanners and 16 or 8 RF
receivers (with 16 or 8 shim coils) in many 1.5 T/3 T
scanners, and 1-8 RF receivers (with 1-8 shim coils) in most
animal scanners. Another problem with iPRES coils is the
need for multiple large-size RF chokes in order to suppress
unwanted RF currents generated in the DC shim coil loop.
[0009] These limitations largely constrain the effective-
ness of shimming that prevents increasing the number of
shim coils. Increasing the number of shim coils (i.e., the
number of freedoms) can dramatically improve shimming
effectiveness. Equally important, the size of the shim coils
should match the dimension of anatomical structures pos-
sessing high-order (above second order) field inhomogene-
ities due to air/bone/tissue susceptibility differences, in order
to generate opposite high-order shim fields to cancel the
inhomogeneous field within those anatomical structures. In
addition, the increasing number of large-size RF chokes
increases coil construction complexity and degrades RF coil
performance due to their interaction with RF fields.

[0010] Thus, there is a need for a magnetic resonance coil
system that allows for more shim coils than the number of
RF receiver channels to improve shimming effectiveness.
There is also a need for a coil system that allows separate RF
and shim loop arrays that overlap and share the same surface
or layer of a coil mechanical supporting structure with a
minimal distance between them to improve shimming effec-
tiveness. There is also a need for a coil system that does not
require the increase of the radial diameter of a MRI RF coil
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compared to a conventional RF array or coil or an iPRES
coil or an oPRES array. There is also a need for a coil
assembly that minimizes the number of RF chokes required
in the shimming coil. More importantly, there is a need for
a coil system that minimizes the interaction between the
shimming coils and the RF coil array due to their mutual
inductance.

SUMMARY

[0011] One example is a Magnetic Resonance Imaging
(MRI) system that includes a mechanical coil supporting
structure and a united coil array system. The unified coil
array system includes an RF coil array having a plurality of
coil elements. Each of the coil elements are operative in an
RF mode for at least one of transmit or receive. A separate
shim coil array has a plurality of coil elements operative in
a direct current (DC) mode with DC current flow in the
respective coil elements generating local BO magnetic fields
for BO shimming. The two separate RF and shim coil arrays
are geometrically overlapped and share the same surface or
layer of the mechanical coil supporting structure. The two
separate RF and shim coil arrays are inherently RF
decoupled from each other by geometrical decoupling meth-
ods to minimize the RF interactions between two coil
systems. A magnet bore of a MRI scanner holds a target
object. The mechanical structure supports the separate RF
coil and shim arrays to be positioned about the target object.
A DC power supply is in communication with the shim coil
array to supply DC current to the respective coil elements of
the shim coil array. A shim coil circuit is in communication
with the shim coil array configured to direct the DC power
supply to supply the DC current to the respective coil
elements to generate the local BO magnetic fields for BO
shimming. An RF circuit is in communication with the
separate RF coil array configured to receive an MR signal
from the object for RF receive or transmit RF pulses to the
object for RF transmit.

[0012] Another example is a Magnetic Resonance Imag-
ing (MRI) system that includes a mechanical coil supporting
structure and a united coil array system. The unified coil
array system includes an RF coil array having a plurality of
coil elements. Each of the coil elements are operative in an
RF mode for at least one of transmit or receive. A shim coil
array has a plurality of coil elements operative in a direct
current (DC) mode with DC current flow in the respective
coil elements to generate local BO magnetic fields for BO
shimming. The RF and shim coil arrays share at least one
physical conductor, and are geometrically overlapped and
share the same surface or layer of the supporting structure.
The two separate RF and shim coil arrays are inherently RF
decoupled from each other by geometrical decoupling meth-
ods to minimize the RF interactions between two coil
systems. A magnet bore of a MRI scanner holds a target
object. The mechanical structure supports the separate RF
coil and shim arrays to be positioned about the target object.
A DC power supply is in communication with the shim coil
array to supply DC current to the respective coil elements of
the shim coil array. A shim coil circuit is in communication
with the shim coil array configured to direct the DC power
supply to supply the DC current to the respective coil
elements to generate the local BO magnetic fields for BO
shimming. An RF circuit is in communication with the
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separate RF coil array configured to receive an MR signal
from the object for RF receive or transmit RF pulses to the
object for RF transmit.

[0013] Another example is a method of shimming Mag-
netic Resonance (MR) systems. At least one shim coil array
with a plurality of coil elements is provided. The coil
elements have associated circuits with a direct current (DC)
current path comprising at least one loop. The at least one
RF coil array is operated in at least one of an RF transmit or
receive mode. The RF coil array is separate from the at least
one shim coil array. The two separate RF and shim coil
arrays are geometrically overlapped and share the same
surface or layer of the mechanical coil supporting structure.
The two separate RF and shim coil arrays are inherently RF
decoupled from each other by geometrical decoupling meth-
ods to minimize the RF interactions between two coil
systems. DC current is flowed through the DC current paths
of the coil elements of at least one shim coil array concur-
rently with the transmit or receive mode of at least one RF
coil array. Local BO magnetic fields are generated in
response to the flow of the DC current through the DC
current paths of the coil elements, thereby BO shimming an
imaging space of a magnet of the MR system using the
generated local B0 magnetic fields.

[0014] Another example is a method of shimming Mag-
netic Resonance (MR) systems. At least one shim coil array
with a plurality of coil elements is provided. The coil
elements have associated circuits with a direct current (DC)
current path comprising at least one loop. The at least one
RF coil array is operated in at least one of an RF transmit or
receive mode and the RF and shim coil arrays share at least
one physical conductor. The two separate RF and shim coil
arrays are inherently RF decoupled from each other by
geometrical decoupling methods to minimize the RF inter-
actions between two coil systems. DC current is flowed
through the DC current paths of the coil elements of at least
one shim coil array concurrently with the transmit or receive
mode of at least one RF coil array. Local BO magnetic fields
are generated in response to the flow of the DC current
through the DC current paths of the coil elements, thereby
BO shimming an imaging space of a magnet of the MR
system using the generated local BO magnetic fields.
[0015] Another example is a unified coil array assembly
for a Magnetic Resonance Imaging (MRI) system including
a mechanical coil supporting structure, an RF coil and at
least one shim coil array with a plurality of coil elements,
each physically separated from the RF coil. The two separate
RF and shim coil arrays are geometrically overlapped and
share the same surface or layer of the mechanical coil
supporting structure. The two separate RF and shim coil
arrays are inherently RF decoupled from each other by
geometrical decoupling methods to minimize the RF inter-
actions between two coil systems. Each coil element
includes a DC current loop having a DC power supply
connection with positive and negative terminals. DC current
flows and circulates in the DC current loop to generate a
local BO magnetic field. The unified coil array assembly is
configured to simultaneously provide an RF mode for at
least one of transmit or receive and a direct current mode to
generate a local BO magnetic field for BO shimming.
[0016] Another example is a unified coil array assembly
for a Magnetic Resonance Imaging (MRI) system including
an RF coil and at least one shim coil array with a plurality
of coil elements. At least one of the coil elements has a
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segment shared with the RF coil and a segment not shared
with the RF coil. Each coil element includes a DC current
loop having a DC power supply connection with positive
and negative terminals. DC current flows and circulates in
the DC current loop to generate a local BO magnetic field.
The unified coil array assembly is configured to simultane-
ously provide an RF mode for at least one of transmit or
receive and a direct current mode to generate a local BO
magnetic field for BO shimming. The two separate RF and
shim coil arrays are inherently RF decoupled from each
other by geometrical decoupling methods to minimize the
RF interactions between two coil systems.

[0017] Additional aspects of the invention will be apparent
to those of ordinary skill in the art in view of the detailed
description of various embodiments, which is made with
reference to the drawings, a brief description of which is
provided below.

BRIEF DESCRIPTION OF FIGURES

[0018] Exemplary embodiments are illustrated in refer-
enced figures. It is intended that the embodiments and
figures disclosed herein are to be considered illustrative
rather than restrictive.

[0019] FIG. 1 is a circuit diagram of an example element
design of a coil assembly with a separated RF coil and a
shimming coil array;

[0020] FIG. 2 is a circuit diagram of an example element
design of a coil assembly with a separated RF coil and a
shimming coil array with six coils;

[0021] FIGS. 3A-3B are circuit diagrams of an example
element design of a coil assembly with a separated RF coil
and a shimming coil array with two coils;

[0022] FIGS. 4A-4C are different alternatives of an
example element design of a coil assembly with a rectan-
gular loop RF coil separated from a shimming coil array
with two coils;

[0023] FIGS. 5A-5B are different alternatives of an
example element design of a coil assembly with an RF coil
separated from a shimming coil array with two coils, each
with multiple loops;

[0024] FIGS. 5C-5D are different alternatives of an
example element design of a coil assembly with an RF coil
separated from a shimming coil array with two coils, each
with multiple loops and connected to a voltage source;
[0025] FIG. 6 is an example unified coil array system
incorporating the coil assemblies having separated RF coils
from the shimming coils;

[0026] FIG. 7A is a close-up view of the coil assemblies
in the unified coil array system shown in FIG. 6; and
[0027] FIG. 7B is a close-up view of the use of coil
assemblies having two separate two channel shim arrays in
the unified coil array system shown in FIG. 6;

[0028] FIG. 8 is a circuit diagram of an example element
design of a coil assembly with a partially separated RF coil
and a shimming coil array sharing part of a common
conductor;

[0029] FIG. 9 is a circuit diagram of an example element
design of a coil assembly with a partially separated RF coil
and a shimming coil array with two coils sharing part of a
common conductor;

[0030] FIG. 10 is a block diagram of an MRI system that
incorporates coil assemblies with separated or partially
separated RF and shim coil arrays;
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[0031] FIG. 11A is a block diagram of a unified coil array
that has separate RF and shim coil arrays used in the MRI
system in FIG. 10;

[0032] FIG. 11B is a block diagram of a unified coil array
that has RF and shim coil arrays that share a common
conductor used in the MRI system in FIG. 10;

[0033] FIG. 12 is a circuit diagram of a united coil array
that has a partially overlapped but separated RF and DC
shim loops;

[0034] FIG. 13 is a circuit diagram of an example UNIC
array for brain imaging;

[0035] FIG. 14A is a UNIC head coil for brain imaging
using the circuit in FIG. 13; and

[0036] FIG. 14B are images that are the reulsts of a
shimming simulation.

DETAILED DESCRIPTION

[0037] FIG. 1 is a block diagram of a coil assembly 100
that includes a RF coil 102 and a shim array 104 for a
magnetic resonance system. The RF coil 102 is an outer
circular shaped loop that represents a traditional RF-only
loop coil. In a previous system, the loop coil by definition
either receives MR radiofrequency (RF) signals as a receive-
only RF coil from the spins in tissue or non-tissue material,
or transmits RF pulses as a transmit-only RF coil to excite
the spins in tissue or non-tissue material, or performs both
functions as a transmit and receive RF coil. The coil 102
includes a number of distributed capacitors 110, 112, 114,
and 116 that stabilize the performance of the coil 102. The
number of capacitors such as the capacitors 110, 112, 114,
and 116 is n, a positive integer. In this example, n=4. In this
example and other examples in this specification, a tradi-
tional RF-only loop coil will follow the same definition. The
RF coil 102 and the shim array 104 are mounted on a coil
supporting structure 106. The coil mechanical supporting
structure 106 may be a coil helmet, coil housing, or any
other mechanical coil assembly.

[0038] In this example, the diameter of the loop of the RF
coil 102 may be between 2 cm and 30 cm depending on the
application. For example, a cardiac coil array may include
16 loops, each being 10-20 cm in diameter, on a top chest
structure and 16 loops, each being 10-20 ¢m in diameter, on
a bottom chest structure. A head coil may have 32 loops,
each having a diameter of 5-12 ¢cm. Of course other sized
loops and number of loops may be used for different types
of arrays. The typical frequency for the RF signal may be
63.9 MHz or 63.6 MHz for a 1.5 T scanner, 128 MHz or
123.2 MHz for a 3 T scanner, and 298 MHz for a 7 T scanner.
[0039] The shim array 104 includes four interconnected
identical square-shaped shim coils 120, 122, 124, and 126
that represent an example of the completely separate shim
coil array 104 in relation to the RF coil 102. Both the RF coil
102 and the shim coils 120, 122, 124, and 126 are a
conductor material. The shim array 104 in FIG. 1 is a four
channel shim coil array with the DC current of each shim
coil 120, 122, 124, and 126 independently controlled by a
controller 130. In this example, the controller 130 is a
four-channel DC current source that includes source ampli-
fiers that provides a DC current supply. Each shim coil 120,
122, 124, and 126 is a square loop that has n distributed RF
chokes where n may be 0 or a positive integer. In this
example, each square loop of the respective coils 120, 122,
124, and 126 has a respective RF choke 140, 142, 144, and
146 that are each inductors. Other forms of local RF choke
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circuits such as an inductor in parallel with a capacitor, or
any combination of inductors and/or capacitors and/or
diodes may be used. The RF chokes 140, 142, 144, and 146
prevent RF currents but allow DC currents in the shim loops
120, 122, 124, and 126.

[0040] The shim coil array 104 thus includes four channels
for each of the shim coil 120, 122, 124, and 126 that are each
controlled by the controller 130. The channels Chl+-,
Ch2+-, Ch3+-, and Ch4+- in FIG. 1 represent the positive
and negative polarities of DC current feeding terminals 150,
152,154, and 156 of the 4-channel DC current source supply
of the controller 130. The DC current for each shim coil 120,
122, 124, and 126 is independently controlled by each
channel current amplifier in the controller 130 via respective
pairs of DC feed wires 160, 162, 164, and 166. The current
is controlled to all of the shim coils 120, 122, 124, and 126
via the controller 130 for a combined shim field. One or
more RF chokes such as the RF chokes 170, 172, 174, 176,
178, 180, 182, and 184 are inserted in the DC feed wires 160,
162, 164, and 166 to eliminate unwanted RF currents. The
RF chokes 170, 172, 174, 176, 178, 180, 182, and 184 are
inductors in this example, but may be other types of local RF
choke circuits for preventing RF currents but allowing DC
currents. Each pair of DC feeding wires 160, 162, 164, and
166 are twisted together to avoid generating unwanted
additional local magnetic fields.

[0041] The four identically sized square shim loops of the
coils 120, 122, 124, and 126 are connected through three
pairs of DC blocking capacitors 186, 188, 190, 192, 194, and
196. The positive terminal of the DC feed wire 160 is
coupled to the shim coil 120 and the blocking capacitor 186.
The other side of the blocking capacitor 186 is also coupled
to the positive feed wire of the DC feed wire 162 and the
shim coil 122. The negative terminal of the DC feed wire
160 is coupled to the shim coil 120 and the blocking
capacitor 188. The other side of the blocking capacitor 188
is coupled to the blocking capacitor 190. The other side of
the blocking capacitor 190 is coupled to the positive termi-
nal of the DC feed wire 164 and the shim coil 124. The
negative terminal of the DC feed wire 162 is coupled to the
shim coil 122 and the blocking capacitor 192. The other side
of the blocking capacitor 192 is also coupled to one side of
the blocking capacitor 194. The other side of the blocking
capacitor 194 is coupled to the positive feed wire of the DC
feed wire 166 and the shim coil 126. The negative terminal
of the DC feed wire 164 is coupled to the shim coil 124 and
the blocking capacitor 196. The other side of the blocking
capacitor 196 is coupled to the negative feed wire of the DC
feed wire 166 and the shim coil 126. In this example, the
capacitors 186, 188, 190, 192, 194, and 196 are between
0-10,000 PE. It is to be understood that the two blocking
capacitors 188 and 190 may be replaced by a single capaci-
tor and similarly the two blocking capacitors 192 and 194
may be replaced by a single capacitor.

[0042] As shown in FIG. 1, the four shim coils 120, 122,
124, and 126 are arranged symmetrically and routed sequen-
tially in such a way that undesirable RF currents induced by
the loop of the RF coil 102 will flow along the path directed
by the arrows on the shimming coils 120, 122, 124, and 126.
Therefore, the magnetic flux generated by unwanted RF
currents have opposite signs (marks +- in FIG. 1) in each
pair of two adjacent shim loops and thus cancel each other.
For example, the loops 120 and 124 are positive flux while
the loops 122 and 126 are negative flux. The mutual induc-
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tance between the shim coil array 104 and the RF coil 102
is zero and the shim coil array 104 is thus inherently
decoupled from the RF coil 102. The geometrical symmetry
of the shim coils 120, 122, 124, and 126 ensures that the
direction of undesirable RF currents induced by the RF-only
loop is clockwise in the shim coils 120 and 124 and is
counterclockwise in the shim coils 122 and 126. Alterna-
tively, if the direction of the undesirable current is counter-
clockwise in the shim coils 120 and 124, the direction is
clockwise in the shim coils 122 and 126. As a result, the
magnetic flux generated by the undesirable RF currents has
opposite polarities in the shim coils 120 and 122 and 124 and
126, respectively.

[0043] Each shim loop and the RF loop may be a closed
curve shape, a polygon shape, a square shape, a circular
shape, a rectangular shape, a diamond shape, a triangular
shape, or any other shape. FIG. 2 shows an alternate
magnetic resonance system 200 having six shim coil loops
arranged in a hexagonal arrangement. The system 200
includes an RF coil 202 and a shim coil array 204. The shim
array 204 has six connected shim coils 210, 212, 214, 216,
218, and 220.

[0044] As with the system 100 in FIG. 1, the coil 202 has
an outer circular shaped loop that represents a traditional
RF-only loop coil with distributed capacitors 208. The shim
coils 210, 212, 214, 216, 218, and 220 are diamond shaped
loops each with a single RF choke 222. The shim coils 210,
212, 214, 216, 218, and 220 are coupled to a six-channel
controller 230 through DC wires 232. The DC wires 232
include RF chokes 234. The number of RF chokes for each
DC wire may be any positive integer. The diamond-shaped
shim loops of the coils 210, 212, 214, 216, 218, and 220 are
of identical sizes and are connected through five pairs of DC
blocking capacitors 236 that are between 0-10,000 PF. The
six shim coils 210, 212, 214, 216, 218, and 220 are arranged
symmetrically relative to the RF coil 202 and routed sequen-
tially in such a way that undesirable RF currents induced by
the RF only coil 202 will flow along the path directed by the
arrows. Therefore, the magnetic flux generated by RF cur-
rents have opposite signs (marks +-) in each pair of two
adjacent shim coils and thus cancel each other. Thus the
magnetic flux of the shim coils 210 and 216 cancel each
other, the magnetic flux of the shim coils 212 and 218 cancel
each other, and the magnetic flux of the shim coils 214 and
220 cancel each other. Each of the opposite flux coils cancel
each other and thus, the magnetic flux of the shim coils 210
and 212 cancel each other, the magnetic flux of the shim
coils 214 and 216 cancel each other, and the magnetic flux
of the shim coils 218 and 220 cancel each other as well. The
mutual inductance between the shim coil array 204 and the
RF coil 202 is zero and the shim coil array 204 is thus
inherently decoupled from the RF coil 202. The six shim coil
arrangement in the system 200 allows for better shimming of
the static BO magnetic field. It is to be understood that the
blocking capacitors 208 in series may be replaced by a single
capacitor.

[0045] FIG. 3A shows a coil assembly 300 that is one
example of a two-shim loop array. FIG. 3B shows another
coil assembly 350 that is another example of a two-shim
loop array. In both assemblies 300 and 350, the shim loops
represent a two-channel shim loop that is controlled by a
current controller with two channels.

[0046] The coil assembly 300 includes an RF coil 302.
The circular shaped loop of the RF coil 302 represents a
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traditional RF-only loop coil. The coil assembly 300
includes two inner rectangular shim coils 304 and 306. The
two shim coils 304 and 306 are connected through a pair of
DC blocking capacitors 310 and 312 that may be between
0-10,000 PF. The shim coils 304 and 306 include respective
RF chokes 314 and 316. A pair of DC current wires 324 and
326 each includes an RF choke and provides current to the
respective shim coils 304 and 306. The number of RF chokes
for each DC wire and shim coil may be any positive integer.
The shim coils 304 and 306 are arranged symmetrically
relative to the RF coil 302 so that undesirable RF currents
induced by the RF only coil 302 flow along the path directed
by the arrows. Therefore, the magnetic flux generated by RF
currents have opposite signs (marks +-) in the two identical
shim coils 304 and 306 and cancel each other. The mutual
inductance between the two channel shim array of the shim
coils 304 and 306 and the RF coil 302 is zero and the shim
array is thus inherently decoupled from the RF coil 302.

[0047] Similarly, the coil assembly 350 includes an RF
coil 352 and a two-channel shim array including a shim coil
354 and a shim coil 356. The two shim coils 354 and 356 are
connected through a pair of DC block capacitors and each
includes RF chokes. The two shim coils 354 and 356 are
arranged to overlap each other and are partially outside the
RF coil 352. Similar to the coil assembly 300, undesirable
RF currents induced by the RF-only coil 352 flow along the
path directed by the arrows. The magnetic flux generated by
RF currents have opposite signs in the two identical shim
coil 354 and 356 and cancel each other. The mutual induc-
tance between the two channel shim array of the shim coil
354 and 356 and the RF coil 352 is zero and the shim array
is thus inherently decoupled from the RF coil 302. The larger
sized shim coils in FIG. 3B relative to those in FIG. 3A can
generate a further shim field for the same DC current level
while the smaller sized shim coils in FIG. 3A can generate
a more localized shim field than the coils in FIG. 3B.

[0048] Additional variations of a shim array with two coils
may have different shaped loops as shown in FIGS. 4A-4C.
The coil assemblies in FIGS. 4A-4C show the flexibility
both in the shape, size, and construction of the shim loops
and the RF-only loop alike, and in their arrangements with
respect to each other. FIG. 4A shows a coil assembly 400
having an RF coil 402 and a shim array having two shim
coils 404 and 406. The RF coil 402 is a rectangular shaped
loop and represents a traditional RF-only loop coil. The RF
coil 402 includes several distributed capacitors 408. The two
inner circular shaped shim coils 404 and 406 are of identical
size and include RF chokes 410 and 412 respectively. The
shim coils 404 and 406 are powered by respective channel
input wires 420 and 422 that are controlled by a controller.
The input wires 420 and 422 include RF chokes. The shim
coils 404 and 406 are connected through a pair of DC
blocking capacitors 424 and 426 that are 0-10,000 PF in this
example. The positive terminal of the input wire 420 is
coupled to the shim coil 404 and the blocking capacitor 424.
The other end of the blocking capacitor 424 is coupled to the
positive terminal of the input wire 422 and the shim coil 406.
The negative terminal of the input wire 420 is coupled to the
shim coil 404 and the blocking capacitor 426. The other end
of the blocking capacitor 426 is coupled to the negative
terminal of the input wires 422 and the shim coil 406.

[0049] The two shim coils 404 and 406 are arranged
symmetrically relative to the RF coil 402 so that undesirable
RF currents induced by the RF-only coil 402 will flow along
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the path directed by the arrows. Therefore, the magnetic flux
generated by RF currents have opposite signs (marks +-) in
the two identical shim coils 404 and 406 and cancel each
other. The mutual inductance between the two shim coils
404 and 406 making up the two channel shim array and the
RF coil 402 is zero and the shim array is thus inherently
decoupled from the RF coil 402. The number of RF chokes
for each shim loop and DC current wire may be any positive
integer.

[0050] FIG. 4B shows a coil assembly 450 that is an
alternate arrangement from the coil assembly 400 in FIG.
4A. The coil assembly 450 includes a rectangular RF-only
coil 452 that surrounds two shim coils 454 and 456. The
shim coils 454 and 456 are circular shaped and overlap each
other. The shim coils 454 and 456 are powered by a
controller and are coupled via blocking capacitors 460.
[0051] FIG. 4C shows a coil assembly 480 that is an
alternate arrangement from the coil assembly 400 in FIG.
4A. The coil assembly 480 includes a rectangular RF-only
coil 482 that surrounds two shim coils 484 and 486. The
shim coils 484 and 486 are circular shaped and border each
other. The shim coils 484 and 486 are powered by a
controller and are coupled via blocking capacitors 490.
FIGS. 4A-4C demonstrate that for a fixed size of the
RF-only coil, the shim coil size may be larger for generating
a further shim field as shown in FIG. 4B, or may be smaller
for generating a more localized shim field as shown in FIG.
4A, or may be a medium size for a compromised shim field
as in FIG. 4C in favor of different applications.

[0052] The shim array may also use multiple turn loops as
shown in FIGS. 5A-5B. FIGS. 5A-5B show two possible
alternatives to the two coil shim array shown in FIG. 3A.
The coil assembly 500 has an RF coil 502 and a shim coil
array having a shim coil 504 and a shim coil 506. The RF
coil 502 includes several distributed capacitors 508. The two
inner rectangular shaped shim coils 504 and 506 are of
identical size. In this example, the shim coils 504 and 506
each have two turns or loops. The shim coils 504 and 506
each include a first loop having RF chokes 510 and 512
respectively. The second loop of each of the shim coils 504
and 506 also include a respective RF choke 514 and 516.
The shim coils 504 and 506 are powered by respective
channel input wires 520 and 522 that are controlled by a
controller that regulates DC current supply to each channel.
The input wires 520 and 522 include RF chokes. The shim
coils 504 and 506 are connected through a pair of DC
blocking capacitors 524 and 526 that are 0-10,000 PF in this
example. For the shim coils 504 and 506, the two overlapped
turns use insulated wires and are only electrically connected
in series to the positive and negative terminals of the DC
current supply via the input wires 520 and 522. The spacing
between multiple shim loops is only for the demonstration
purpose and in practice multiple turn wires are grouped with
minimized spacing in between. The number of RF chokes
for each shim loop and DC current wire may be any positive
integer.

[0053] As previously explained, the two shim coils 504
and 506 are arranged symmetrically relative to the RF coil
502 so that undesirable RF currents induced by the RF-only
coil 502 will flow along the path directed by the arrows.
Therefore, the magnetic flux generated by RF currents have
opposite signs (marks +-) in the two identical shim coils 504
and 506 and cancel each other. The mutual inductance
between the two coils 504 and 506 making up the two
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channel shim array and the RF coil 502 is zero and the shim
array is thus inherently decoupled from the RF coil 502. The
two turn configuration of the shim coils 504 and 506 allows
approximately half the current to generate the same shim-
ming field strength as the shim loops in the other two shim
loop configurations in FIGS. 3A-3B and 4A-4C.

[0054] Another example of a multiple turn shim coil
system is the coil assembly 550 in FIG. 5B that includes
three turn shim coils. The coil assembly 550 functions in the
same manner as the coil assembly 500 in FIG. 5A. The coil
assembly 550 has an RF coil 552 and a shim array having a
shim coil 554 and a shim coil 556. The two inner rectangular
shaped shim coils 554 and 556 are of identical size and have
three turns each. Each of the turns include a RF choke such
as RF chokes 560, 562, and 564 in the shim coil 554 and RF
chokes 570, 572, and 574 in the shim coil 556. The three
turns of each of the shim coils 544 and 556 are wired in
series to the respective channel that supplies DC current.
The three turn configuration of the shim coils 554 and 556
allows approximately a third of the current to generate the
same shimming field strength as the shim loops in the other
two shim loop configurations in FIGS. 3A-3B and 4A-4C.
The number of RF chokes for each shim loop and DC
current wire may be any positive integer.

[0055] FIG. 5C is an alternate configuration of the double
loop system shown in FIG. 5A. FIG. 5C shows an alternate
coil assembly 580 that includes a circular RF coil 582 and
two double loop shimming coils 584 and 586. In the
alternate coil assembly 580, the double turns of the coils 584
and 586 are wired in parallel to one of the channels 588
connected to a voltage source. The channels 588 are wire
pairs with a set of blocking capacitors arranged in a similar
configuration as those in FIG. 5A.

[0056] FIG. 5D is an alternate configuration of the double
loop system shown in FIG. 5B. FIG. 5C shows an alternate
coil assembly 590 that includes a circular RF coil 592 and
two triple loop shimming coils 594 and 596. In the alternate
coil assembly 590, the triple turns of the coils 594 and 596
are wired in parallel to one of the channels 598 connected to
a voltage source. The channels 598 are wire pairs with a set
of blocking capacitors arranged in a similar configuration as
those in FIG. 5C.

[0057] All the shim loop configurations proposed in this
disclosure may be extended to multiple turns such as two,
three, or more turn loops. The multiple turns allow for
decreased currents to produce the same shim fields as a
single turn loop. Alternatively, the multiple turns allow for
the same current level to produce a multiplied shim field
strength compared to a single turn coil.

[0058] The number of the shim coils comprising an array
alike can be 2, 4, 6, or any other positive even number. For
example, the system 200 in FIG. 2 uses six connected shim
coils while the systems in FIG. 3A and 3B and FIG. 4A, 4B,
and 4C use two connected shim coils.

[0059] As long as these shim coils are arranged in a
geometrical symmetry in relation to the respective RF loop
coil, and are connected and routed sequentially in a way that
unwanted RF currents induced by the RF loop coil generate
magnetic flux of opposite polarities in each adjacent pair of
two shim coil loops. 2N identical shim coil loops are
sequentially connected through (2N-1) pair of DC blocking
capacitors (where N is a positive integer). The total magnetic
flux is thus zero or minimized. The mutual inductance
between the separate shim coil array and the RF-only coil is
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thus zero or minimized. As a result, two completely separate
shim and RF coil arrays are inherently decoupled from each
other through this geometrical decoupling method as
described above.

[0060] The size of identical shim loops may be larger or
smaller than the RF loop. The relative positions between the
separate shim coil array and RF loop can be flexible as long
as it follows the abovementioned geometrical symmetry rule
in order to zero or minimize the mutual inductance between
two coil systems. For example. one half of the shim coil
array can be outside the RF loop while the other half can be
inside the RF loop but both coil systems can be still
completely decoupled.

[0061] The shim coil array and RF-only coil are physically
completely separate. They may share the same surface of a
coil support structure. The wires comprising the shim array
and the wires comprising the RF coil can cross each other
with minimal distance but use insulated wires without
electrical contact.

[0062] FIG. 6 shows an example cardiac coil system 600
that includes an RF coil array composed of coil assemblies
similar to the coil assembly 100 shown in FIG. 1. The
cardiac coil system 600 may be used for magnetic resonance
of a cardiac region of a patient. The cardiac coil system 600
includes sixteen coil assemblies 602 arranged in a four by
four array. Each of the coil assemblies 602 includes a single
RF loop 604 and a shimming array 606 having four shim
coils. Thus, the coil system 600 has a sixteen channel RF
coil array and a completely separate 64 channel shim array.
Thus, each coil assembly 602 is a modular RF/shim element
that includes one circular RF-loop overlapped with a four
channel shim array, as described above in FIG. 1. A control
unit 610 transmits RF signals to the RF coils of the coil
assemblies 602 in transmit mode and receives the RF signals
from each of the coil assemblies 602 in receive mode in
conjunction with sensing of a cardiac region of a patient.
[0063] The 16 channel RF-only array in the system 600
has four gapped columns and each column contains four
partially overlapped RF circular loops 604. The separate
shim and RF arrays share the same surface of a coil support
structure 620 with minimal physical distance but without
electrical contact between each other. The DC current in
each of the 64 shim loops is independently controlled by
each channel of a 64 channel DC current supply 630.
[0064] FIG. 7A is a magnified portion of the array 600 in
FIG. 6 consisting of a 9 channel RF only array and a
36-channel shim array. In this example, the RF only array is
part of nine coil assemblies 602a, 6025, 602¢, 6024, 602e¢,
602/, 602g, 602/, and 602/ that each have four shim coils.
[0065] In comparison to FIG. 7A, FIG. 7B shows the
substitution of a coil assembly array 700 similar to the
modular RF/shim element design as described in FIG. 3B, in
which a coil assembly array 702a includes one RF loop 704
is overlapped with two separate two channel shim arrays 706
and 708. The coil assembly 700 shows nine coil assemblies
702a, 7025, 702¢, 7024, 702¢, 702f, 702g, 702k, and 702i.
Tt is apparent that all the RF/shim element designs illustrated
in FIGS. 1-5 can be extended to formulate such a unified coil
system.

[0066] The arrangement as shown in FIG. 7A, has a better
decoupling effect between the shim array and RF array than
the arrangement shown in FIG. 7B. For example, the four
channel shim array within the coil assembly 602¢ element is
completely decoupled from the RF loops in the assemblies



US 2018/0275234 Al

6025, 6024, 602¢, 602/, and 602/ due to geometrical sym-
metry to those assemblies. In contrast, the two channel shim
arrays in the assembly 702¢ are only completely decoupled
from the RF loops of the assemblies 7024, 702¢, and 702f
[0067] The assemblies described above, allow for the
expansion of more shim loops than the number of available
RF receivers resulting in increased shimming performance
because of greater number of shimming loops. The resulting
assemblies when used in an MRI system may greatly
increase image fidelity and resolution, for example in fMRI
of important brain regions prefrontal cortex and temporal
cortex and in cardiac imaging of heart/lung boundaries.
[0068] The illustrated various geometrical decoupling
methods provide a better decoupling between the shim
arrays and the RF arrays causing a significantly increased
signal-to-noise ratio (SNR) than iPRES designs. This is a
considerably increased signal-to-noise ratio (SNR) at 3
Tesla, and significantly increased SNR at 7 Tesla, compared
to iPRES designs with the same number of shim channels.
The complexity in fabricating such a unified coil system is
reduced because each shim loop only requires fewer RF
chokes while each iPRES loop requires multiple RF chokes.
This is particularly favorable for ultrahigh fields MRI scan-
ners (e.g., 7 Tesla and above).

[0069] The assemblies described may be generally applied
to coils for imaging all parts of a human or animal body,
such as, for example, head coils, head neck spine coils,
cardiac coils, body coils, torso coils, breast coils, musculo-
skeletal coils, knee coils, foot/ankle coils, carotid coils, wrist
coils, and Cervical/Thoracic/Lumbar coils. The assemblies
may also be applied to imaging non-tissue material includ-
ing petroleum rock core, food, chemical system, and any
other materials. The assemblies may be generally applied to
all human or animal MRI scanners or even NMR spectrom-
eters and can be generally applied to any main magnetic Bo
field strengths, 1.5 T, 3 T, and 7 T. The assemblies may be
applied to any MRI system equipped by any number of RF
receivers.

[0070] The minimal requirement for the modification of
MRI hardware architecture will make an easy transfer to
next generation scanners. The add-on ability compared to a
traditional RF array allows for upgrades as it does not
require increase of radial or longitudinal dimensions of RF
arrays and will look similar to a traditional coil and be used
like a traditional coil after integrating the coil to the scanner.
[0071] The RF array may be a traditional RF coil/array, a
receive-only coil/array, or a transmit-only coil/array, or a
Transmit/Receive coil/array. It can be of any design, gapped
or partially overlapped designs, or any other designs. The
total number of RF receiver channels or DC shim channels
in a unified coil system can be any positive integer, i.e., 1-4,
8, 16, 24, 32, 48, 64, 96, 128, 192, 256, and etc.

[0072] The shapes of each element shim loop and the RF
loop can be any closed curve, any polygon, square, circular,
rectangular, diamond, triangular, or any other shapes, and
their sizes and positions can be flexible.

[0073] The coil assemblies described in FIGS. 1-5 may
use previous designs including iPRES RF/DC shared loop
modular design, RF/DC partially shared loop modular
designs, or a traditional RF-only loop modular design with-
out any integrated DC or BO shim coils. In brief the unified
coil array can be a mixture between the RF/shim element
modular design in the above described assemblies and any
other previous element modular designs.
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[0074] FIG. 8 shows an alternate alternative coil assembly
800 having RF coil 802 and a shimming coil array that is a
partially shared modular design. The RF coil 802 and the
shimming coil array share at least one physical conductor,
and are geometrically overlapped and share the same surface
or layer of a mechanical supporting structure 804. The RF
loop coil 802 is a large square shape loop including four
capacitors 810. The capacitors 810 are wired on parts of a
conductor wire 812 that is exclusively part of the RF coil
802. Other parts of the RF coil 802 such as the wires 814 are
also part of the shim coils that make up the shimming coil
array. The RF loop coil 802 either receives MR radiofte-
quency (RF) signals as a receive-only RF coil from the spins
in tissue or non-tissue material, or transmits RF pulses as a
transmit-only RF coil to excite the spins in tissue or non-
tissue material, or performs both functions as being a
transmit and receive RF coil.

[0075] The coil array 804 includes four sequentially-
connected small square shape loops 820, 822, 824, and 826
of identical shape and size that represent one example of the
respective shim coil array. The shim coil array 804 partially
shares physically the same conductor/loop with four por-
tions 814 of the outer RF loop coil 802. Other segments 816
of the coils of the shim coil array are unshared by the RF
loop coil §02.

[0076] The four-channel shim coil array 804 is supplied
with DC current through a DC current controller 830. The
DC current of each shim coil 820, 822, 824, and 826 is
independently controlled by one channel of the 4-channel
DC current source amplifiers or supply in the DC current
controller 830. Each inscribed square shim coil has at least
one distributed RF chokes such as the RF chokes 840, 842,
844, and 846 distributed in the unshared portion 816 of each
of the shim coils 820, 822, 824, and 826. The RF choke is
an inductor in this example, but may be any other type of
local RF choke circuits that prevent RF currents but allow
DC currents to flow.

[0077] The channels Chl+-, Ch2+-, Ch3+-, and Chd+-
in FIG. 1 represent the positive and negative polarities of DC
current feeding terminals 850, 852, 854, and 856 of the
4-channel DC current source supply of the controller 130.
The DC current for each shim coil 820, 822, 824, and 826
is independently controlled by each channel current ampli-
fier in the controller 830 via respective pairs of DC feed
wires 860, 862, 864, and 866. The current is controlled to all
of the shim coils 820, 822, 824, and 826 via the controller
830 for a combined shim field. RF chokes are inserted in the
DC feed wires 860, 862, 864, and 866 to eliminate unwanted
RF currents. The RF chokes are inductors in this example,
but may be other forms of local RF choke circuits for
preventing RF currents but allowing DC currents. Each pair
of DC feeding wires 860, 862, 864, and 866 arc twisted
together to avoid generating unwanted additional local mag-
netic fields. The number of RF chokes for each shim loop
and DC current wire may be any positive integer.

[0078] The four identically sized square shim loops of the
coils 820, 822, 824, and 826 are connected through three
pairs of DC blocking capacitors 870, 872, 874, 876, 878, and
880. The positive terminal of the DC feed wire 860 is
coupled to the shim coil 820 and the blocking capacitor §70.
The other side of the blocking capacitor 870 is also coupled
to the positive feed wire of the DC feed wire 862 and the
shim coil 822. The negative terminal of the DC feed wire
860 is coupled to the shim coil 820 and the blocking
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capacitor 872. The other side of the blocking capacitor 872
is coupled to the blocking capacitor 874. The other side of
the blocking capacitor 874 is coupled to the positive termi-
nal of the DC feed wire 864 and the shim coil 824. The
negative terminal of the DC feed wire 862 is coupled to the
shim coil 822 and the blocking capacitor 876. The other side
of the blocking capacitor 876 is also coupled to one side of
the blocking capacitor 878. The other side of the blocking
capacitor 878 is coupled to the positive feed wire of the DC
feed wire 866 and the shim coil 826. The negative terminal
of the DC feed wire 864 is coupled to the shim coil 824 and
the blocking capacitor 880. The other side of the blocking
capacitor 880 is coupled to the negative feed wire of the DC
feed wire 866 and the shim coil 826. In this example, the
capacitors 870, 872, 874, 876, 878, and 880 are between
0-10,000 PF.

[0079] As shown in FIG. 8, the four shim coils 820, 822,
824, and 826 are arranged symmetrically and routed sequen-
tially in such a way that undesirable RF currents induced by
the loop of the RF coil 802 will flow along the path directed
by the arrows on the shimming coils 820, 822, 8§24, and 826.
Therefore, the magnetic flux generated by RF currents have
opposite signs (marks +- in FIG. 1) in each pair of two
adjacent shim loops and thus cancel each other. For
example, the loops 820 and 824 are positive flux while the
loops 822 and 826 are negative flux. The mutual inductance
between the shim coil array and the RF loop 802 is zero and
the shim coil array is thus inherently decoupled from the RF
coil 802. The geometrical symmetry of the shim coils 8§20,
822, 824, and 826 ensures that the direction of undesirable
RF currents induced by the RF-only loop is clockwise in the
shim coils 820 and 824 and is counterclockwise in the shim
coils 822 and 826. Alternatively, if the direction of the
undesirable current is counterclockwise in the shim coils
820 and 824, the direction is clockwise in the shim coils 822
and 826. As a result, the magnetic flux generated by the
undesirable RF currents has opposite polarities in the shim
coils 820 and 822 and 824 and 826, respectively.

[0080] The RF signals are only limited to flow in the outer
large square loop 802 because various RF chokes 840, 842,
844, and 846 and the RF chokes in the wire pairs 860, 8§62,
864, and 866 prevent RF currents from leaking to the
unshared portions of the DC shim coils 820, 822, 824, and
826. Similarly, DC currents are only limited to flow in the
inscribed four square shim coils 820, 822, 824, and 826
because the capacitors 810 block DC currents.

[0081] FIG. 9 shows another example of a shim coil
assembly 900 having an RF coil 902 and a shim array
including two shim coils 904 and 906 where the shim coil
array and RF coil have partially shared conductors. FIG. 9
shows the flexibility in the shim loops size and construction,
and their arrangement with respect to the RF coil. The RF
coil 902 includes a number of capacitors 910. In this
example, the RF coil 902 includes segments 912 that are
exclusively part of the RF coil 902. Other parts of the RF
coil 902 such as the segments 914 are also part of the shim
coils 904 and 906 that make up the shimming coil array.
Other segments 916 of the shim coils 904 and 906 are not
shared by the RF coil 902.

[0082] The two shim coils 904 and 906 are connected
through a pair of DC blocking capacitors 920 and 922 that
may be between 0-10,000 PF. The shim coils 904 and 906
include respective RF chokes 924 and 926. A pair of DC
current wires 932 and 934 each include a pair of RF chokes
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936 and 938 and provide current to the respective shim coils
904 and 906. The shim loops 904 and 906 are arranged
symmetrically relative to the RF coil 902 so that undesirable
RF currents induced by the RF-only coil 902 flow along the
path directed by the arrows. Therefore, the magnetic flux
generated by RF currents have opposite signs (marks +-) in
the two identical shim coils 904 and 906 and cancel each
other. The mutual inductance between the two channel shim
array of the shim coils 904 and 906 and the RF coil 902 is
zero and the shim array is thus inherently decoupled from
the RF coil 902. The number of RF chokes for each shim
loop and DC current wire may be any positive integer.
[0083] As shown in FIG. 9, the two square shim coils 904
and 906 partially shares physically the same conductor/loop
with two portions 914 of the outer RF coil 902. The RF
signal is only limited to flow in the outer square coil 902
because the RF chokes 924, 926, 936, and 938 prevent RF
currents from leaking to the unshared portions of the DC
current driven shim coils 904 and 906. Similarly, DC cur-
rents are limited to flow in each inscribed square coil 904
and 906 because of the capacitors 910 blocking DC currents.
[0084] As with the other examples herein, the shape of
each shim coil and the RF loop coil may be a closed curve
or a polygon including square, circular, rectangular, dia-
mond, triangular, or any other shapes. The number of the
inscribed shim loops comprising a shim array alike can be 2,
4, 6, or any other positive even number 2N.

[0085] As long as the shim coils are arranged in a geo-
metrical symmetry in relation to the respective RF loop coil,
and are connected and routed sequentially, unwanted RF
currents induced by the RF loop coil generate magnetic flux
of opposite polarities in each adjacent pair of two shim
loops. The 2N identical shim loops are sequentially con-
nected through (2N-1) pairs of DC blocking capacitors
(where N is a positive integer). The total magnetic flux is
thus zero or minimized. The mutual inductance between the
shim coil array and the RF coil partially sharing a conductor
is thus zero or minimized. As a result, two partially shared
shim and RF coil arrays are inherently decoupled from each
other through this geometrical decoupling method as
described above. The size of the identical shim loops can
vary. The relative positions between separate shim array and
RF loop can be flexible as long as it follows the abovemen-
tioned geometrical symmetry rule in order to zero or mini-
mize the mutual inductance between two coil systems.
[0086] FIG. 10 is a Magnetic Resonance Imaging (MRI)
system 1000. The system 1000 includes an MRI scanner
1002 that is controlled by an MRI control system 1004. In
this example, MRI scanner 1002 includes a tubular support-
ing structure 1010 that surrounds a target object 1012 that
may be a patient. The tubular supporting structure 1010
forms a bore 1014 that includes a permanent or supercon-
ducting (high-field magnet) that generates a static magnetic
field (BO) of large magnitude such as 1.5 T,3 T or 7 T. The
target object 1012 is in proximity to a unified coil array
system 1020 that is supported by a mechanical coil support-
ing structure 1020. The control system 1004 includes scan-
ner operating components such as RF amplifiers, gradient
amplifiers, controllers, and processors that typically direct
the pulse sequences and select the scan planes of the target
object 1012.

[0087] The unified coil array system 1020 may be com-
posed of any of the coil assemblies described above such as
the coil assemblies where the RF coil and shim coil arrays
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are separated as in FIGS. 1-5 or coil assemblies where the
RF coil and shim coil arrays partially share conductor
segments as shown in FIGS. 8A-8B. Thus, the unified coil
array system 1020 may include an RF coil array having a
plurality of coil elements where each of the coil elements are
operative in an RF transmit mode or RF receive mode. The
unified coil array system 1020 also includes a shim coil array
having a plurality of coil elements operative in a direct
current (DC) mode with DC current flow in the respective
coil elements to generate local B, magnetic fields for B,
shimming. The RF coil array and the shim coil array are
geometrically overlapped and share the same surface or
layer of the supporting structure 1022. The RF coil array and
the shim coil array are decoupled by geometrical decoupling
methods as above described to minimize the RF interaction
between two coil systems.

[0088] The MRI control system 1004 includes a multi-
channel DC circuit and current supply 1030, a multi-channel
RF control circuit 1032, a multi-channel RF transmitter
1034, a multi-channel RF receiver 1036, and a control
console 1038. As explained above, the DC circuit and
current supply controller 1030 is in communication with the
shim coil array of the united coil array system 1020 to
supply DC current to the respective coil elements of the shim
coil array. The DC controller 1030 includes a shim coil
circuit that is in communication with the shim coil array
configured to direct the DC power supply to supply DC
current to the respective coil elements to generate the local
B, magnetic fields for B, shimming. The DC controller 1030
allows separate control of each shim coil via separate
channels.

[0089] The multi-channel RF control circuit 1032 is in
communication with the RF coil array of the united coil
array system 1020. The RF control circuit 1032 is configured
to receive an MR signal from the target object 1012 via the
multi-channel RF receiver 1036. The RF control circuit 1032
is also configured to transmit RF pulses to the target object
1012 from the multi-channel RF transmitter 1036.

[0090] The control console 1038 controls the multi-chan-
nel DC circuit and current supply 1030, the multi-channel
RF control circuit 1032, the multi-channel RF transmitter
1034, the multi-channel RF receiver 1036 to transmit RF
signals, adjust the shimming and receive RF signals in
conjunction with the scanning function. Generally, the RF
circuit controller 1032 is in communication with the MRI
scanner 1002 to cause the RF coil array of the unified coil
array system 1020 to transmit and receive while causing the
shim coil array to shim a main field B, inhomogeneity using
the generated local B, magnetic fields from the shim coil
array. The multiple shimming coils allow the controller 1030
to be configured to generate the local B, magnetic fields to
provide a uniform magnetic field across the target object
1012. This creates better imaging from the MRI scanner
1002. Other functions associated with the scanning process
may also be performed. For example, the console 1038 may
control shim coil circuit of the DC controller 1030 to
generate B, maps associated with the generated local B,
magnetic fields and perform B, shimming. The console 1038
may also control DC current in the coil elements of the shim
coil array via the DC controller 1030 and measure the
generated local B, magnetic fields.

[0091] FIG. 11A shows a block diagram of the use of coil
assemblies such as those shown in FIG. 1 as part of the
unified coil array system 1020. In FIG. 11A, like elements
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are labeled with like numbers as in FIG. 10. As shown in
FIG. 11A, the coil support structure 1020 allows placement
of an RF coil array having four coil elements 1102, 1104,
1106, and 1108 in proximity to the target object 1012. As
explained above, the RF coil elements 1102, 1104, 1106, and
1108 are coupled to the multi-channel RF circuit 1032 for
receive and transmit modes. Each of the RF coil elements
1102, 1104, 1106, and 1108 are physically separated by
symmetrically arranged shim coil arrays 1112, 1114, 1116,
and 1118. The shim coil arrays 1112, 1114, 116, and 1118 in
this example each have four shim coils. The shim coil arrays
1112, 1114, 1116, and 1118 are controlled for shimming by
the DC controller 1030. The separate RF coil array and shim
coil arrays 1112, 1114, 1116, and 1118 are geometrically
overlapped and share the same surface or layer of the
mechanical coil supporting structure 1022. In this example,
since there are four RF coil elements 1102, 1104, 1106, and
1108, the RF control circuit is a four-channel circuit. Simi-
larly, there are 16 shim coils in the four-shim coil arrays
1112, 1114, 1116, and 1118; the shim coils are controlled via
a 16 channel DC controller such as the DC controller 1030.
Of course more or less RF coils may be used and more or
less shim coils may be used with corresponding control
channels.

[0092] FIG. 11B shows a block diagram of the use of coil
assemblies such as those shown in FIG. 8 as part of the
unified coil array system 1020. In FIG. 11B, like elements
are labeled with like numbers as in FIG. 10. As shown in
FIG. 11B, the coil support structure 1020 allows placement
of an RF coil array having four coil elements 1152, 1154,
1156, and 1158 in proximity to the target object 1012. As
explained above, the RF coil elements 1152, 1154, 1156, and
1158 are coupled to the multi-channel RF circuit 1032 for
receive and transmit modes. Each of the RF coil elements
1152, 1104, 1156, and 1158 share at least one physical
conductor with the shim coils or the respective symmetri-
cally arranged shim coil arrays 1162, 1164, 1166, and 1168.
The shim coil arrays 1162, 1164, 166, and 1168 in this
example each have four shim coils. The shim coil arrays
1162, 1164, 1166, and 1168 are controlled for shimming by
the DC controller 1030. The RF coil array and shim coil
arrays 1162, 1164, 1166, and 1168 are geometrically over-
lapped and share the same surface or layer of the mechanical
coil supporting structure 1022. In this example, since there
are four RF coil elements 1152, 1154, 1156, and 1158, the
RF control circuit is a four-channel circuit. Similarly, there
are 16 shim coils in the four-shim coil arrays 1162, 1164,
1166, and 1168, and the shim coils are controlled via a 16
channel DC controller such as the DC controller 1030. Of
course more or less RF coils may be used and more or less
shim coils may be used with corresponding control chan-
nels.

[0093] The chokes throughout the above described
examples may alternatively be an RF trap or filter using at
least one inductor and at least one capacitor in parallel
connection, with its resonant frequency adjusted and
matched to the Larmor frequency of the MRI system. A low
frequency AC power supply to supply a low frequency AC
current may be used instead of the DC power supply for the
shim coil arrays in the above examples.

[0094] The above examples may be applied to almost all
MR coil systems including musculoskeletal coils with less
receive channels (1-8), birdcage coils and even animal
scanners, to meet various challenges in fMRI, DTI, MRSI
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and etc, and greatly improve image quality in air/tissue/bone
interfaces from head to toe. Alternatively, the shim coils of
the above examples may be replaced with gradient coils
each having at least one coil element operative in a direct
current (DC) or low frequency alternating current (AC)
mode for spatial encoding of the spins to be imaged.
[0095] The above described UNIC systems are based on
simple geometrical decoupling that may dramatically reduce
RF interaction to almost negligible levels so that maximal
SNR be maintained and RF chokes reduced to one per DC
loop or even zero, an ideal solution for 7 T power MRI
applications. Multiple turns largely increase shim field
strengths for deep tissues shimming and 7 T Mill systems,
where higher shim field strengths are necessary.

[0096] FIG. 12 is a circuit diagram of an example united
coil array 1200 that has a partially overlapped but separated
RF and DC shim loops. The coil array 1200 includes an RF
loop 1202 and a single circular loop shim coil 1204. The
separate RF loop 1202 includes a number (1 to n) of
distributed capacitors (C,;) 1210. The RF loop 1202 may also
be an RF/DC shared-conductor loop as defined in the iPRES
coils as described in WO 2014/003918 A1 hereby incorpo-
rated by reference.

[0097] The single circular loop shape DC shim coil 1204
is independently controlled by a DC current source supply
channel 1220. The source supply channel 1220 has DC
feeding terminals (Chl+ and chl- representing positive and
negative polarities). An RF choke (L_,) 1230 is inserted in
each DC loop such as the DC shim coil 1204 to decouple
from the transmit coil during RF excitation, and also to
eliminate residual unwanted RF currents. The number of RF
chokes per each DC shim loop may be zero to any integral
numbers. One or more RF chokes (L ,) 1232 are inserted in
the DC feeding wires to eliminate unwanted RF currents.
The number of RF chokes per DC-feeding wire can be zero
to any integral numbers. A DC current blocking capacitor
(C,) 1234 is wired on the DC shim coil 1204. In this
example, the DC current blocking capacitor 1234 has a value
between 0-10,000 PF. Alternatively, the DC current blocking
capacitor 1234 may be replaced by breaking the loop at the
location of the capacitor 1234.

[0098] The separate RF and DC shim loops 1202 and 1204
are partially overlapped, as defined by a distance d shown in
line 1240. The diameter of the DC shim loop 1204 may be
defined as D. When the ratio d/D is a specific number
between 0.7-0.8, the two loops 1202 and 1204 are com-
pletely decoupled. Using overlapping ratios of d/D=(0-0.5)
can largely reduce coupling and using d/D=(0.5-0.75) can
considerably reduce the coupling.

[0099] Simple partial overlapping can largely reduce the
strong coupling between two loops 1202 and 1204 so that
fewer numbers of RF chokes are sufficient to eliminate the
residual coupling. As illustrated in FIG. 13, the combination
of a figure-8 shape shim loop decoupling and partial over-
lapping decoupling will allow the flexible arrangement of
DC shim loops. The residual coupling will be eliminated or
reduced to negligible levels by adding fewer RF chokes.
Thus, the number of RF chokes for a circular DC loop can
be zero, or more than one. Its shape may be rectangular,
square, triangular, or any other shapes.

[0100] FIG. 13 shows an example UNIC array 1300 for
brain imaging. The array 1300 includes seven large diameter
loops 1302, 1304, 1306, 1308, 1310, 1312 and 1314 for RF
reception. The loops 1302, 1304, 1306, 1308, 1310 and 1312
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are RF/DC shared-conductor loops (iPRES designed loops
according to the description in WO 2014/003918 A1, hereby
incorporated by reference. The loop 1314 is an RF-only
loop. The array 1300 includes four figure-8 shaped loops
1320, 1322, 1324 and 1326 that are separate shim loops
targeting shimming of prefrontal cortex (PFC) or temporal
lobes (TLs). The figure-8 shaped shim loops 1320, 1322,
1324, and 1326 (loops A B C and D) are inherently
decoupled from both the RF-only loop 1314 and the RF/DC
shared loops 1302, 1304, 1306, 1308, 1310, and 1312 as
explained in reference to the above description of FIGS. 3-4
and largely decoupled from the loops 1304, 1306, 1308, and
1310 by partial-overlap decoupling as explained by the
above description relating to FIG. 12. Residual RF coupling
may be eliminated by at least one RF choke 1330.

[0101] The whole head array is shown in FIG. 14A, where
sizes of the figure-8 shim loops match those of anatomical
structures. In addition, separate shim loops can enable
multiple-turn, overcoming another major limit in shim field
strength as iPRES loops are limited to a single tum only.

[0102] Alternatively, the RF-only loop 1314 can also be an
iPRES RF/DC loop or red loops may also be RF-only loops.
The four pairs of figure-8 shape shim-only loops 1320, 1322,
1324, and 1326 consist of eight independently controlled
DC loops for Bo shimming. The DC feeding wires and
current source supplies are not shown for simplicity of
illustration in FIG. 13.

[0103] A practical example of using the array 1300 may be
a brain fMRI coil. In such an application, four pairs of
figure-8 shim-only loops may be placed as close as possible
to the prefrontal cortex and each temporal lobe. The size
may be matched to be 4-6 cm diameter of each circular DC
loop for the PFC and 3-5 cm diameter of each circular DC
loop for the temporal lobes. The nested large RF loops may
be up to 32 channels for a scanner equipped by 32 channel
RF receivers. The RF loops can be either RF-only loop such
as the RF-only loop 1314 or an RF/DC iPRES type loop
such as the loop 1302. The complexity is actually reduced
because each DC loop only requires fewer RF chokes (0, 1,
or n) while each iPRES loop requires 2-6 chokes. More
importantly the shim-only loops effectively target the PFC
and temporal lobe shimming.

[0104] The concepts of the brain application for the array
in FIG. 13 may be generally applied to other coils for
imaging other parts of human or animal body. The figure-8
shape may be any variety of shape. The number of pairs of
figure-8 shim loops may be any integral number above 1.
The size of the loops 1302, 1304, 1306, 1308, 1310, 1312
and 1314 may be any range of sizes. Single circular loops as
that shown in FIG. 12 may be used rather than figure-8 shim
loops.

[0105] FIG. 14A shows a UNIC head coil design 1400 for
brain imaging under construction with 31-channel RF recep-
tion and 48-channel shimming, as described above with
reference to FIG. 13. The coil design array 1400 is used for
scanning a brain 1402 that includes a prefrontal cortex 1404
and temporal lobes 1406 of interest. Sizes of UNIC figure-8
shim loops match those of anatomical structures. In addition,
separate shim loops may enable multiple-turn, overcoming
another major limit in shim field strength as iPRES loops are
limited to one turn only. A simulation shows about 80%
reduction of standard deviation of field offsets for both the
prefrontal cortex and temporal lobes. The simulation shows



US 2018/0275234 Al

a UNIC head coil may reduce field inhomogeneity to an
unprecedented level allowing application to a real whole
brain imaging.

[0106] The UNIC head array 1400 includes three separate
figure-8 shaped DC shim loops 1412, 1414, and 1416 at the
prefrontal cortex. In this example the figure-8 shaped DC
shim loops 1412, 1414 and 1416 are 5 cm in diameter. Two
groups of four figure-8 shim loops 1420 and 1422 are
located at each temporal lobe 1404. The loops in the groups
of shim loops 1420 and 1422 are 4 cm in diameter in this
example. The head array 1400 includes a group of eight
iPRES loops 1430, a group of seventeen iPRES loops 1432
and a single IPRES loop 1434 that are arranged around the
brain 1402 that perform RF reception and BO shimming
simultaneously. In this example the loops 1430, 1432 are 9.5
cm in diameter. The example head array 1400 also includes
five RF-only loops 1440 that are in proximity to the pre-
frontal cortex 1402 and temporal lobes 1404.

[0107] FIG. 14B shows the results of the shimming simu-
lation. The first row are Bo field maps 1450a-1450facquired
on a 3T human scanner for a volunteer subject after applying
the scanner to obtain second order global shimming. The
second row are simulated Bo field maps 143056-1450f after
applying UNIC slab optimized shimming using the coil
configure as in FIG. 14A. One slab has consecutive three
3-mm slices. After applying scanner second order spherical
harmonic global shimming of the whole brain, the standard
deviation of the field offsets within each slab of the subject
brain is between 14.5-19 Hz, which were further reduced
down to 3.1-3.9 Hz by further applying UNIC slab opti-
mized shimming. The simulation results in FIG. 14B shows
about 80% reduction of standard deviation of field offsets for
both the prefrontal cortex and temporal lobes. The simula-
tion shows a UNIC head coil can reduce field inhomogeneity
to an unprecedented level, which may ultimately meet the
challenge in fMRI for a real whole brain imaging.

[0108] Successful results have been obtained by bench
measurements using a RF network analyzer to verify the
elemental circuit design in FIG. 1. Without proposed geo-
metrical decoupling, one and two shim loops, experienced
dramatic drops in Q0 nded! Qroadeas 10 70% and 46% com-
pared to an RF-only loop. With UNIC designed loops, one
turn figure-8 shim loop only dropped to 96% and had no
drop in using critical overlapping decoupling. The UNIC
butterfly shape design with 4-channel shim loops based on
the circuit shown in FIG. 1, only had a Q-ratio drop of 94%.
These results were obtained without any RF chokes.
[0109] Neighboring coupling was also negligible for
UNIC one turn figure-8 shim loops. Two turn figure-8 shim
loops and three turn figure-8 loops with 1-2 chokes per
channel had slight drops of 92-93%. The UNIC loop has a
better signal to noise ratio compared to iPRES loop while
providing more shim channels and have less RF chokes per
shim loop. Multiple-turn multiplies shim field strengths.
UNIC coils don’t increase coil assembly dimensions com-
pared to traditional RF coils.

[0110] Various embodiments of the invention are
described above in the Detailed Description. While these
descriptions directly describe the above embodiments, it is
understood that those skilled in the art may conceive modi-
fications and/or variations to the specific embodiments
shown and described herein. Any such modifications or
variations that fall within the purview of this description are
intended to be included therein as well. Unless specifically
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noted, it is the intention of the inventors that the words and
phrases in the specification and claims be given the ordinary
and accustomed meanings to those of ordinary skill in the
applicable art(s).

[0111] The foregoing description of various examples
known to the applicant at this time of filing the application
has been presented and is intended for the purposes of
illustration and description. The present description is not
intended to be exhaustive nor limit the invention to the
precise form disclosed and many modifications and varia-
tions are possible in the light of the above teachings. The
examples described serve to explain the principles of the
invention and its practical application and to enable others
skilled in the art to utilize the invention in various examples
and with various modifications as are suited to the particular
use contemplated. Therefore, it is intended that the invention
not be limited to the particular embodiments disclosed for
carrying out the invention.

[0112] While particular examples of the present invention
have been shown and described, it will be obvious to those
skilled in the art that, based upon the teachings herein,
changes and modifications may be made without departing
from this invention and its broader aspects. It will be
understood by those within the art that, in general, terms
used herein are generally intended as “open” terms (e.g., the
term “including” should be interpreted as “including but not
limited to,” the term “having” should be interpreted as
“having at least,” the term “includes” should be interpreted
as “includes but is not limited to,” etc.).

1. A Magnetic Resonance Imaging (MRI) system, com-
prising:

a unified coil array system including:

an RF coil element operative in an RF mode for at least
one of transmit or receive;

a separate shim coil array having at least one shim coil
element operative in a direct current (DC) mode with
DC current flow in the at least one shim coil element
generating local BO magnetic fields for BO shim-
ming;

wherein at least part of the RF coil element and the
separate shim coil array overlap each other and are
geometrically decoupled from each other;

a magnet bore of a Mill scanner holding a target object,
the RF coil element and the separate shim array posi-
tioned about the target object;

a DC power supply in communication with the separate
shim coil array to supply DC current to the at least one
shim coil element of the separate shim coil array;

a shim coil circuit in communication with the separate
shim coil array configured to direct the DC power
supply to supply the DC current to the at least one shim
coil element to generate the local BO magnetic fields
for BO shimming; and

an RF circuit in communication with the RF coil element
configured to receive an MR signal from the object for
RF receive or transmit RF pulses to the object for RF
transinit.

2. The system of claim 1, wherein the RF coil element is
one of a plurality of RF coil elements in an RF coil array and
at least one of the plurality of RF coil elements in the RF coil
array has an associated respective 2N shim coil elements of
the separate shim coil array.

3. The system of claim 2, wherein one of the respective
2N shim loops has a magnetic flux of one polarity resulting
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from undesirable RF currents induced by the respective RF
coil element, and the second one of the respective shim coil
elements has an opposite polarity induced by the same RF
coil element.

4. The system of claim 2, wherein the 2N shim coil
elements are identical in size and shape, and at least two of
the 2N shim coil elements are sequentially connected though
a pair of DC blocking capacitors.

5. The system of claim 2, wherein the DC power source
includes 2N channels, each of the channels corresponding to
a shim coil element and wherein the shim circuit allows
individual adjustment of each DC current in each shim coil
element.

6. The system of claim 1, wherein the shim coil element
is a multiple-turn loop.

7. The system of claim 2, wherein the respective RF coil
array is one of a receive-only RF coil array, a transmit-only
RF coil array, or a transmit/receive RF coil array.

8. The system of claim 1, wherein the shape of the at least
one shim coil element and the RF coil element may be one
of a closed curve, a polygon, a circular shape, a square
shape. a rectangular shape, a diamond shape, or a triangular
shape.

9. The system of claim 1, wherein the unified coil array
system is one of a head coil, a head neck spine coil, a cardiac
coil, abody coil, a torso coil, a breast coil, a musculoskeletal
coil, a knee coil, a foot/ankle coil, a carotid coil, a wrist coil,
a Cervical/Thoracic/Lumbar coil.

10. The system of claim 1, wherein the MRI system
images non-tissue material.

11. The system of claim 1, wherein the MRI scanner is
one of a human scanner, an animal scanner, a material MR
system, or a NMR spectrometer.

12. The system of claim 2, wherein the unified coil array
system includes a plurality of closely stacked layers of
individually operable discrete coil elements of the RF coil
array and the separate shim coil array.

13. The system of claim 1, wherein the shim coil circuit
is configured to generate BO maps associated with the
generated local BO magnetic fields and perform BO shim-
ming.

14. The system of claim 1, wherein the shim coil circuit
is configured to control DC current in the at least one coil
element of the separate shim coil array and measure the
generated local B0 magnetic fields.

15. The system of claim 1, wherein the shim coil circuit
is in communication with an MR scanner, and wherein the
at least one shim coil element in the separate shim coil array
comprise at least one loop for DC current from the DC
power supply, wherein the at least one loop includes an
inductor.

16. The system of claim 1, wherein the RF coil element
is a single transmit and receive RF coil element, and wherein
the RF circuit is in communication with an MR scanner to
cause the RF coil array to transmit and receive while causing
the separate shim coil array to shim a main field BO
inhomogeneity using the generated local BO magnetic fields
from the shim coil array.

17. The system of claim 1, wherein the RF coil element
is configured to transmit or receive an RF signal and the at
least one shim coil element of the separate shim coil array
is configured to operate independently and simultaneously to
generate the local BO magnetic fields for BO magnetic field
shimming.
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18. The system of claim 1, wherein the separate shim coil
array is configured to generate the local BO magnetic fields
to provide a uniform magnetic field across the target object.

19-36. (canceled)

37. A method of shimming Magnetic Resonance (MR)
systems, comprising:

providing at least one shim coil array with a shim coil

element, the shim coil element having an associated
circuit with a direct current (DC) current path compris-
ing at least one loop;
operating an RF coil element in at least one of an RF
transmit or receive mode, wherein at least part of the
RF coil element and the at least one shim coil array
overlap each other and are geometrically decoupled
from each other;
flowing DC current through the DC current paths of the
shim coil element of the at least one shim coil array
concurrently with the transmit or receive mode of the
RF coil element; and

generating local BO magnetic fields in response to the
flow of the DC current through the DC current paths of
the shim coil element, thereby B0 shimming an imag-
ing space of a magnet of the MR system using the
generated local BO magnetic fields.
38. The method of claim 37, wherein the total magnetic
flux from the at least one shim coil array is minimized.
39. The method of claim 37, wherein a mutual inductance
between the at least one shim coil array and the RF coil
element is minimized.
40. (canceled)
41. A unified coil array assembly for a Magnetic Reso-
nance Imaging (MRI) system, comprising:
an RF coil;
at least one shim coil array with a plurality of coil
elements, each of the plurality of coil elements being
physically separated from the RF coil, wherein each of
the plurality of coil elements includes a DC current
loop having a DC power supply connection with posi-
tive and negative terminals and wherein, DC current
flows and circulates in the DC current loop to generate
a local BO magnetic field; and

wherein the unified coil array assembly is configured to
simultaneously provide an RF mode for at least one of
transmit or receive and a direct current mode to gen-
erate a local BO magnetic field for BO shimming.

42. The unified coil array assembly of claim 41, wherein
each of the plurality of coil elements include an RF choke.

43. The unified coil array assembly of claim 41, wherein
a first RF choke is wired in series between the positive
terminal and the DC current loop and a second RF choke is
wired in series between the negative terminal and the DC
current loop.

44. (canceled)

45. The system of claim 1, wherein the RF coil element
and the separate shim coil array share at least one physical
conductor.

46. The method of claim 37, wherein the RF coil element
and the at least one shim coil array share at least one physical
conductor.

47. The unified coil array assembly of claim 41, wherein
at least one of the plurality of coil elements has a first
segment shared with the RF coil and a second segment not
shared with the RF coil.
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