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Purpose: An array-based z-gradient coil with a set of programmable power
amplifiers can outperform a conventional z-gradient coil and make it highly
customizable with a broader range of tunable features.
Methods: A dynamically adjustable imaging volume can be achieved using a
pair of independent arrays and a modified optimization procedure based on
analytic equations. Two modes of operation are provided: (a) standard mode
that resembles a conventional coil; (b) advanced mode, where all performance
parameters can be adjusted employing a controllable feeding mechanism. Com-
mercial software is used to demonstrate the validity and feasibility of the
proposed coil.
Results: Primary and shield array diameters are 24 and 30 cm, both of which
comprise 12 bundles of 10 turns copper wires. Maximum feeding voltage/cur-
rent is 250 V/100 A for all array elements. Four distinct magnetic profiles
are provided: (a) conventional profile with 140 mm diameter spherical region
of interest, 120 mT/m gradient, and up to 4500 T/m/s slew rate; (b) profile
of 200 mT/m, 70 mm region of interest, and up to 6900 T/m/s slew rate; (c)
60 mm axially shifted 70 mm region of interest with 120 mT/m strength and
3600 T/m/s slew rate; and (d) profile of 370 mT/m, 120 mm region of interest,
and 3700 T/m/s slew rate when the active shield is reverse fed.
Conclusion: By using an active-shielded gradient array coil, the magnetic
field profile of the imaging volume can be adjusted dynamically, and it
can provide new features and a wide range of field profiles for diverse
applications in MRI.

K E Y W O R D S
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1 INTRODUCTION

Gradient array coils, also known as “multi-coil gradi-
ents” or “matrix gradient coils,” have recently been used
for diverse applications, including spatial encoding; field

profiling; shimming of B0 field; and for some cases, a
combination of them. In Ref.1, a set of individual circular
coils is used to generate linear and more complex gra-
dient fields within an arbitrary region of interest (ROI).

© 2022 International Society for Magnetic Resonance in Medicine
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TAKRIMI and ATALAR 2719

This approach permits the simultaneous generation of
the encoding and shimming fields by the same setup. No
shielding exists in this design.

In, Ref.2, an optimization problem is formulated to
achieve local nonlinear encoding and eddy current reduc-
tion, resulting in novel coil elements for an actively
shielded matrix gradient coil. Although the proposed plan
offers an active shield, the shield current cannot be inde-
pendently controlled. Another actively shielded gradient
array coil is given in Ref.3, consisting of 84 independent
channels. It is achieved by designing 2 different coil ele-
ments, which form a cylindrical coil configuration that
contains 2 primary current-carrying surfaces and a shared
shielding surface. It is shown that the proposed structure
can flexibly generate encoding fields. Finally, in Ref.4, an
optimized version of the last 2 works is proposed with a
reduced number of gradient power amplifiers (GPAs) due
to the circuit’s complexity. Recently reported array-based
coils5–11 are also very flexible in generating customized
magnetic fields, but either there is no shield or the shield
coil is not independent. The benefits of the proposed
active-shielded z-gradient array configuration, thanks to
its shield independence, are twofold:

1. In its standard mode of operation, both the primary
and shield arrays can be programmed to serve as a con-
ventional z-gradient coil with usual functionality and
performance parameters.

2. In its advanced mode of operation: (a) both of the
arrays can be controlled dynamically using a suit-
able set of driving currents to adjust the performance
parameters and control the overall magnetic pro-
file within the ROI; (b) the shield array functional-
ity can be manipulated to accompany the primary
coil and increase the gradient strength or adjust the
slew rate.

The overall field profile in both modes of operation is
based on a modified optimization procedure accompanied
by a set of stringent constraints on the performance param-
eters. These constraints guarantee that: (a) the profile vari-
ation has either a negligible effect on the performance
parameters, or at least its possible effects are controllable;
(b) necessary shielding is always available when switching
between different modes. Furthermore, without compro-
mising the warm bore’s temperature and degrading the
field profile due to induced eddy currents, the advanced
mode of operation makes it possible:

a To tune the gradient strength, the slew rate, and the
field linearity,

b To adjust the shape, longitudinal position, and dimen-
sion of the ROI that best suits the application,

In this work, we focus on the feasibility of an
active-shielded z-gradient array coil. This feasibility study
is on a small animal size coil. The proposed design pro-
vides a dynamic imaging volume with a highly flexible
field profile.

2 METHODS

Using an analytic expression, the longitudinal vector com-
ponent of the magnetic flux density, B, generated by a
filamentary circular current loop is calculated. A coaxial
arrangement of these loops along the coil axis can be used
to calculate the total magnetic flux density and then design
the z-gradient array coil.

2.1 Magnetic flux density calculation

Because the wire pattern for a z-gradient coil is composed
of coaxial circular annular wires, it is crucial to calculate
the exact B field generated by a planar current loop (on
the xy-plane) at an arbitrary distance from its center. The
longitudinal component of the magnetic flux density, Bz,
created by a filamentary circular wire loop of current I
and radius a, at an arbitrary point of height h and radial
distance 𝜌, from its center is given by Ref.12:

BZ(a, 𝜌, h) =
𝜇I

2𝜋
√
(a + 𝜌)2 + h2

×

[

K(k) +
(

a2 − 𝜌2 − h2)

(a − 𝜌)2 + h2 E(k)

]

;

k2 = 4a𝜌
(a + 𝜌)2 + h2 , (1)

where K and E are the complete elliptic integrals of the
first and second kinds. Using Equation [1], the overall lon-
gitudinal magnetic flux density Bz for the z-array coil can
be calculated using superposition. We assume that the pri-
mary array coil consists of NC bundles of annular wire
loops of current AC,m,m = 1 … NC. The wire bundles are
uniformly spaced along the z-axis with an inter-bundle gap
of bC, where each bundle contains MC turns of uniformly
distributed wire loops with an interwire gap of gC, as
shown in Figure 1A. Additionally, the bundles are symmet-
ric with respect to the xy-plane. The diameter and length of
the primary coil are shown by dC and lC, respectively. Simi-
lar naming is used to refer to the shield array parameters by
replacing the index “C” with “S” as NS,MS, gS, bS, rS, lS, and
AS,n,n = 1 … NS. The main reason for a uniform spacing
is because the intended dynamic ROI faces almost a simi-
lar structure and coil arrangement when it is shifted along
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2720 TAKRIMI and ATALAR

F I G U R E 1 (A) A quarter cross-section of the proposed z-array coil consisting of the inner primary array and outer shield array, where
tiny circles show the wire positions. dC, lC and dS, lS are the diameter and length of the primary and shield arrays, respectively. The interwire
gaps are shown by gC and gS, and the interbundle gaps are shown by bC and bS. Wires in other quadrants are in symmetrical positions with
respect to the relevant axes. (B) The cross-section view for both the primary and the shield arrays, the shifted ROI, and the cryostat, showing
the relative positions and corresponding parameters. Rc and Rr are the ROI center and radius, respectively. The TPs on the border of the ROI(

P𝜌,Pz
)

are controlled by the angle 𝜃 from 0 to 𝜋. The TPs along the cryostat are also shown by tiny circles. ROI, region of interest; TP, target
points.

the coil axis; hence, the expected coil performance can be
significantly preserved by adjusting the feeding currents.

By deploying the symmetry about the xy-plane, the
wire positions WC,m on the primary array and WS,n on the
shield array can be found. Given the radii of both coils,
the overall longitudinal magnetic flux density BArray at any
arbitrary point (𝜌, z) inside and outside of the coil (except
within the wires) can be written as:

BArray (AC,AS, 𝜌, z)

=
NCMC∑

m=1
AC,⌈m∕MC⌉BZ

(
rC, 𝜌, z − wC,m

)

+
NSMS∑

n=1
AS,⌈n∕MS⌉BZ

(
rS, 𝜌, z − wS,n

)
, (2)

where “⌈⌉” is the ceil function. Equation [2] involves 3 sets
of variables:

1. Integer variables NC and NS, both of which should
be determined based on the available GPAs for the
primary and the shield arrays.

2. Integer variables MC and MS that may be determined
based on the required maximum field strength and the
expected shield effectiveness.

3. Real variables AC and AS, which are calculated by
introducing a cost function and performing an opti-
mization routine to achieve a specific field profile.

2.2 The coil dimensions

The field strength decreases rapidly when the array ele-
ments get farther from the isocenter. This effect becomes
dominant for the far-end array elements when the ROI is
close to the other end. It means that the array should be
as short as possible to get the most out of their generated
fields. Assuming a conventional {x, y, z} layer sequence
for both the primary and the shield coils, the diameter
and length of the shield array is chosen to be dS = 30 cm
and lS = 35 cm, respectively, which is a proper size for
small animal imaging. Considering 10 mm thickness for
each coil layer, the primary/shield coil diameter for the
x-and y-gradient coils would be 20/26 cm and 22/28 cm,
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TAKRIMI and ATALAR 2721

respectively; and the diameter of the primary z-gradient
array must be dC = 24 cm. To achieve stronger primary
fields within the shifted ROIs and also create better shield-
ing when the shifted ROI is close to either of both ends,
we choose the primary array length to be 5 cm less than
the dedicated shield array length, that is, lC = 30 cm. Addi-
tionally, in order to mimic the existence of the cryostat’s
warm bore and its possible effects, an aluminum cylindri-
cal shell of dCryo = 90 cm diameter, lCryo = 80 cm height,
10 mm thickness, and conductivity of 3.8 × 107 S∕m has
been inserted into all simulations.

2.3 The constraints

Because the array dimensions are known, some geometri-
cal, practical, electrical, and method-oriented constraints
should be considered to design the proposed array coil as
follows:

1. Geometrical constraints: Considering the wire diam-
eter dw, interwire gaps gC∕S, interbundle gaps bC∕S,
number of bundles NC∕S, and number of wires per
bundle MC∕S, the total length of the windings should
be less than the dedicated lengths lC∕S. Additionally,
gC∕S ≥ dw to prevent any overlapping. The interbundle
gaps should be at least twice the wire diameter, that
is, bC∕S ≥ 2dw to separate the bundles and attach the
external wires.

2. Practical constraints: It is better to consider appro-
priate grooves for all wires on the formers. Depend-
ing on the construction accuracy, the minimum dis-
tance between 2 adjacent grooves should be at least
a few tenths of a millimeter. It makes the wire
positions accurate and prevents wire displacements
due to winding errors. Additionally, it stops wires
sliding under the applied forces and continuous
vibrations.

3. Electrical constraints: (a) The maximum driving cur-
rent for all bundles is limited to ||AC∕S|| ≤ Imax; (b) the
maximum driving voltage is limited to Vmax.

4. Method-oriented constraints: Because we deploy a
modified version of the target field method using dis-
crete windings,13 some constraints should be enforced
for BArray at the target points (TPs). Part of these
TPs are defined on/inside the ROI(s) to achieve
the required shape, position, linearity, and gradient
strength; and the remaining TPs should be consid-
ered on the (cylindrical) surface of the cryostat’s
warm bore.

The proposed array coil is circularly symmetric about
the z-axis and, hence, a shifted polar coordinate system is

deployed to address the TPs and integrate the constraints
into a mathematical expression suitable for the optimiza-
tion. This approach effectively helps to minimize the
linearity errors due to position-shifting or shape-scaling.
Figure 1B illustrates the cross-sectional view of the pro-
posed array coil showing the primary coil, shield coil,
cryostat, and related parameters. In this figure, Rc and Rr
are the center and radius of the shifted ROI (in green),
respectively, and 𝜃 controls the angular position of TPs
on the boundary. Additionally, the TPs along the cryostat
are shown. To have a more complete picture of the final
design with the dimensions already given, Figure 2 shows
the partial cross-section view of a hybrid gradient system
composed of a quarter of the x- and y-gradient coils and
half the proposed z-gradient array, which is the subject of
this work.

2.4 Practical considerations

Using Figure 1A, one can show that for a single layer of
winding, there is a binding relation among the parameters
mentioned in the first constraint as:

NC (MC − 1) gC + (NC − 1) bC + dw ≤ lC, (3)

Equation [3] shows a nonlinear relation among the geo-
metrical parameters that dictates the wire positions on
both arrays. Note that BArray in Equation [2] is a linear
function of the driving currents AC∕S; however, at the
same time it is a nonlinear function of wire positions
and also 4 integer parameters. Complicated tradeoffs exist
between NC, MC, and the field profiles. A similar argu-
ment goes for the shield array. The complication increases
dramatically when an acceptable shift in the ROI position
is required, whereas the other performance parameters
(linearity, gradient strength, shield effectiveness) should
remain intact. As a general solution to tackle the problem,
a mixed-integer nonlinear optimization problem with a set
of linear and nonlinear constraints should be defined and
solved to achieve the expected field profile that may or
may not have a feasible solution. We deploy a few practical
considerations to choose proper values for the integer vari-
ables, which in turn eliminate the need for mixed-integer
optimization and reduces the complexity:

(a) The maximum rating of the 24 available GPAs in our
lab is 250 V/100 A. To keep the balance between the
magnetic fields created by both array coils, we prefer
to choose NC = NS = 12.

(b) The need for a high gradient strength means that MC
(the number of wire turns per each bundle) should
be as large as possible. Taking into account less than
25% duty cycle for driving GPAs, 2 mm diameter
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2722 TAKRIMI and ATALAR

F I G U R E 2 The partial cross-section view of a hybrid gradient system composed of half the proposed z-gradient array and a quarter of
the x- and y-gradient coils. The z-gradient array consists of 2 sets of 12 wire bundles, each with 10 copper wires of 2 mm diameter. The
diameter/height of the primary and the shield array coils are 24/30 and 30/35 cm, respectively. The diameter of the primary/shield coil for the
x- and y-gradient coils are 20/26 cm and 22/28 cm, respectively. An aluminum cylindrical shell of 90 cm diameter, 800 mm height, and 10 mm
thickness has been used for all simulations to mimic the existence of the cryostat, but it is not shown here.

copper wire would be a rational choice for the
windings. Considering 30 cm coil length, 2 mm wire
diameter, 12 bundles of 2 mm physical distance in
between, and about 0.2 mm gap between consecu-
tive grooves, the number of wires per bundle will
be MC = 10.

(c) Because the shield array is 5 cm longer, MS may be
different than MC. Choosing MS < MC increases the
current burden on the shield array GPAs when the
primary coil elements are driven close to the maxi-
mum current. On the other hand, choosing MS ≥ MC
provides better shielding effectiveness and needs less
currents to achieve the same performance parame-
ters; however, the larger dimension of the shield array
elements and a higher number of turns increases the
impedance (especially the inductance) dramatically

compared to the primary array elements. Choosing
MS = MC keeps a balance between the maximum
available slew rate (driving speed) and the perfor-
mance parameters. We provide a comparison for 2
different values of MS in the first design example.

2.5 Optimization procedure

To achieve a precise control over the uniformity of the field
gradient within the ROI, especially when it is shifted, we
deploy a series of distinct constraints on and inside the ROI
for every TP rather than the usual method, which is the
sum of squared field deviations. This approach reduces the
optimization problem to a linear least square problem with
(NC + NS) unknown feeding currents AC and AS, where
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TAKRIMI and ATALAR 2723

the total BArray field has to be minimized on the surface of
cryostat. The final form of the linear least square problem
reads:

min
AC,AS

⎧
⎪
⎨
⎪
⎩

Ncryo∑

p=−Ncryo

B2
Array

(
AC,AS, 𝜌cryo, hp

)
⎫
⎪
⎬
⎪
⎭

, (4)

subjected to the following constraints:

⎧
⎪
⎪
⎪
⎪
⎨
⎪
⎪
⎪
⎪
⎩

1
Bmax

ideal

||BArray (AC,AS,Rr sin 𝜃n,Rc + Rr cos 𝜃n)

−GzRr cos 𝜃n| ≤ 𝜀ROI, n = 1 · · ·NROI
1

Bmax
ideal

||BArray (AC,AS, 0,Rc + zm) − GZzm|| ≤ 𝜀ROI,

m = −NZ · · ·NZ

||AC,i|| ≤ Imax
, i = 1 · · ·NC

||AS,𝑗|| ≤ Imax
, 𝑗 = 1 · · ·NS

(5)

where Imax = 100 A in this work; GZ is the desired gradi-
ent intensity such that Bmax

ideal = GzRr is the expected max-
imum BArray field within the ROI; and BArray is defined
in Equation [3]. NROI is the number of TPs on the right
semicircle boundary of the ROI, where 𝜃n = 𝜋

(
n

NROI

)
con-

trols the angular position of the points when n goes from
1 to NROI (as shown in Figure 1B). NZ is the half num-
ber of TPs along the z-axis and inside the ROI, where
zm = Rr

(
m
NZ

)
controls the points’ positions from −Rr to

Rr when m goes from −NZ to NZ. Inside the cost func-
tion, Ncryo, is the half number of TPs along the cryostat
surface, and hp = lcryo

(
p

2Ncryo

)
spans the longitudinal dis-

tance of−lcryo∕2 to lcryo∕2 when p goes from−Ncryo to Ncryo.
The tuning coefficient, 𝜀ROI, controls the maximum field
linearity error on and inside the (shifted) ROI, and its typ-
ical value is between 5% to 15%. Note that a similar set of
constraints may be defined to achieve nonspherical ROI(s)
for different applications. Furthermore, a better shielding
control may be obtained by assigning more TPs close to the
area where the (shifted) ROI is located.

The first set in [5] enforces NROI distinct constraints
that guarantee the relative field deviations on the (shifted)
ROI will not exceed 𝜀ROI. Simulations show that choosing
at least 3 (NZ = 1) and at most 5 (NZ = 2) points inside
the (shifted) ROI helps achieving a better linearity. This
is controlled by the second constraint that inserts extra
2NZ + 1 TPs inside the (shifted) ROI to have a linearity
deviation no more than 𝜀ROI along the z-axis. It helps
to search for a better gradient uniformity inside the ROI
within all possible solutions that could be a local mini-
mum. These constraints should be duplicated for as many
ROIs as needed. It should be emphasized that the above

optimization problem is defined to guarantee a predefined
level of linearity error while minimizing the stray fields
close to the cryostat region. It can be modified to guar-
antee a predefined level of shielding effectiveness while
maximizing the field linearity.

Taking into account the maximum degrees of freedom
that we may have in such an optimization problem, it is
possible to estimate how many TPs (for both of the ROI
and the cryostat region) should be considered to get accept-
able results that satisfy the above-mentioned constraints.
We have 24 independent currents to be determined. In the
standard mode of operation, the coil is symmetric about
the origin, and at most 12 degrees of freedom exist. How-
ever, in the advanced mode of operation, 24 degrees of
freedom exist, and more TPs have to be considered for
a smooth and satisfactory convergence of the optimiza-
tion problem given in Equation [4] and its constraints in
Equations [5]. Because at least 3 to 5 TPs are inside the
ROI, 20 points on the boundary of the ROI (NROI ≤ 20)
would be enough to run the optimization. The same sce-
nario is valid for the cryostat region, except that for shifted
ROIs a few more points deliver more satisfactory results. In
this work, we choose Ncryo ≤ 27 for different simulations
provided in the result section. The nonlinear programming
solver command (NLPSolve) of Maple 202114 software is
deployed to carry out these optimizations due to its flex-
ibility in programming and capability in using analytic
expressions for both the cost function and the constraints.
An Intel CORE-i7 Eighth Generation laptop with 12GB of
memory and Windows 10 operating system is utilized to
carry out all simulations. All of the optimizations in the
results section take at most 120 s to converge.

2.6 Error estimation

Due to multiple exponentially decaying time constants
governing the induced eddy currents, the overall gradient
field generated by both applied and induced currents devi-
ates from the expected ideal waveform.15 The better the
shielding, the shorter the time required for the magnetic
fields to settle down toward their ideal waveforms dictated
by the applied trapezoidal currents. In this work, there
are 12 distinct set of time constants for 24 symmetrically
positioned wire bundles along the z-axis that are fed inde-
pendently and synchronously by trapezoidal waveforms
of 100 μs rise/fall time and 300 μs plateau time. Because
less eddy-induced fields mean better shielding and faster
field settling, we define the gradient field settlement error
(GFS):

GFS (%) =
||||
BZ(𝜏 seconds after the fall time)

BZ(before the fall time)
||||
× 100 (6)
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2724 TAKRIMI and ATALAR

as a figure-of-merit to compare different field profiles with-
out involving above mentioned time constants. Based on
the transient simulations carried out to assess the GFS
error, it is observed that (a) choosing 𝜏 = 100 μs is a rea-
sonable choice; (b) it is almost insensitive to the sampling
location (as long as it is inside the ROI and has a non-zero
axial coordinate). The sampling point is chosen in the first
quadrant (due to symmetry) at an oblique angle of 𝜃 = 45◦

about the z-axis and half distance from the center to the
boundary of the ROI.

On the other hand, the uniformity of the field gradient
within the shifted ROI is assessed by Ref.8:

err (%) = 100 ×max
ROI

|||||

BArray − GZ (z − RC)
Bmax

ideal

|||||
, (7)

where z is the absolute height of the field probing point
on and inside the ROI. Note that for multiple ROIs and
shifted cylindrical or shifted disk-shaped ROIs,16 the inte-
rior of the ROI should be included for the error assessment
because maximum field deviation does not always happen
on the boundary. A tunable planar disk makes it possi-
ble to achieve a higher gradient strength when imaging
a slice.

It is worthwhile to emphasize that we use current
sources17 instead of voltage sources to feed the array
elements and carry out the electromagnetic simulations.
The voltages developed at the terminals of 24 array
elements are determined by the resistance of the coils
and complicated electromagnetic interactions among the
wire bundles (24 self and 94 distinct mutual induc-
tances) and the induced currents within the cylindrical
body of the warm bore. For all upcoming simulations,
the maximum power loss due to eddy currents, maxi-
mum ohmic power loss within the array coils, maximum
achievable field slew rate, and maximum voltages across
the array elements (comprised of both the resistive and
induced voltages) will be provided for further insight and
comparison.

3 RESULTS

The proposed array-based z-gradient coil has two modes
of operation: In the standard mode, its overall function-
ality is comparable with a conventional z-gradient coil of
similar performance parameters. For this reason, the sim-
ulation of a conventional z-gradient coil with almost the
same performance parameters is provided for compari-
son without including the design details because there are
publications in this field.13 However, the advanced mode
provides some extended features that are not available in
other publications; hence, no comparison is provided. The

numerical simulations presented in this work are based on
Ansys Maxwell 2019.R1.18 It should be emphasized that
for all of provided numerical simulations, the proximity
effect for the copper wire bundles is ignored for the sake of
simplicity.

3.1 Standard mode: ROI at the center
of the coil

We commence by describing a design where the proposed
array is deployed as a conventional z-gradient coil. Figure 3
shows the optimized feeding currents for both the pri-
mary and the shield arrays. In this figure, the red/blue
dots show the longitudinal position and the positive/neg-
ative values of the feeding currents. The RMS value of 24
feeding currents is 61.6 A. These currents are imported to
the Ansys Maxwell to verify the design approach. The Bz
field plot is shown in Figure 4 for peak input current at
t = 400 𝜇𝑠. A gradient strength of 120 mT/m at the cen-
ter of 140-mm diameter spherical ROI with an efficiency
of 1.95 mT/m/Arms and 10% deviation from linearity can
be seen. Additionally, the Bz field transient simulation at
the field sampling point is provided at the bottom of the
same figure, where m1 and m2 marker values for both
horizontal (X) and vertical (Y ) axes are reported inside
the table. These values indicate a GFS error of 2 × 10−6%
defined in Equation [6]. Two other field transient simula-
tions (not shown in the figure) indicated a maximum of
13.4 μW power loss due to induced eddy currents inside
the cryostat, and a maximum of 4.1 kW ohmic power
loss in both the primary and shield array elements. The
self-inductance and resistance of array elements are 47 μH
and 46 mΩ for the primary array and 60 μH and 58 mΩ for
the shield array elements. The maximum voltage across
all array elements during 100 𝜇𝑠 ramp-up time is 66 V.
Considering the available 250 V GPAs, a maximum of
4580 T/m/s field slew rate is achievable.

As mentioned in section 2.4, a larger number of wire
turns (MS) for shield elements can be used. A set of sim-
ilar simulations for MS = 13, instead of MS = 10, show
almost the same performance parameters except the max-
imum eddy power loss, which reduces to 2.3 μW due to
a better shielding; and total ohmic power loss, which
increases to 4.47 kW due to increased resistance. How-
ever, 83% reduction for maximum eddy power loss and
almost 10% increase in ohmic power loss are achieved at
the cost of increased impedance for the shield array ele-
ments. The inductance for MS = 13 is 101 μH, 70% higher
than the one for MS = 10, and almost 2.1 times larger than
the inductance for the primary array element. Regarding
the resistance, it reads 79 mΩ, which is 40% larger than
the case for MS = 10 and 70% larger than the resistance of
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TAKRIMI and ATALAR 2725

F I G U R E 3 The optimized feeding currents for both the primary and the shield arrays when the proposed array is used in the standard
mode as a conventional z-gradient coil. The red/blue dots (circle for primary and square for shield) show the longitudinal position and the
positive/negative values of the feeding currents along the horizontal and vertical axes, respectively. The RMS value for 24 feeding currents is
61.6 A.

F I G U R E 4 The geometrical setup and
the Bz field plot of the proposed array,
deployed as a conventional z-gradient coil.
Both of the primary and shield arrays and
the spherical ROI are shown. The number of
wire bundles and the number of wires per
bundle is 12 and 10 for both coils,
respectively. A 10 mm thick cylindrical
aluminum cryostat of 90 cm diameter is
shown by a vertical gray strip at the
rightmost of the picture. The contour lines
indicate 1 mT separations. Additionally, the
Bz field transient simulation at the field
sampling point is provided, where m1 and
m2 marker values are given for both time
(X) and field (Y ) axes in the table. A gradient
strength of 120 mT/m with an efficiency of
1.95 mT∕m∕Arms and a 10% deviation from
linearity can be seen within the ROI of
140 mm diameter. The GFS error (using m1
and m2 marker values) is less than
2.0 × 10−6%. Active shielding performance
can be seen between the shield array and the
cryostat. GFS, gradient field settlement.

the primary array elements. These higher values of induc-
tance and resistance reduces the available slew rate in the
advanced mode of operation.

3.2 Conventional z-gradient coil,
a comparison study

The standard mode of operation acts as a conventional
z-gradient coil. To have a comparison, a conventional
active-shielded z-gradient coil with almost the same

performance parameters, composed of 34 (primary coil)
and 20 (shield coil) circular annular wires of 2 mm diam-
eter, is designed using Maple. The same simulation con-
ditions consisting of a trapezoidal current source of 95 A
amplitude as well as similar rise and fall times are used.
Figure 5A shows 54 wire positions for both the primary
(blue circles) and the shield (red squares) coils. Figure 5B
illustrates half of the coil, both primary and shield coils,
the ROI, half BZ field plot, and the space between the coil
and cryostat, where the contour lines indicate 1 mT sep-
arations. Simulations (not shown in the figure) indicate
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2726 TAKRIMI and ATALAR

(B)

(A)

F I G U R E 5 The structure and field simulation of a conventional z-gradient coil consisting of 34 and 20 circular annual wires of 2 mm
diameter for the primary and shield coils, respectively. (A) The calculated axial wire positions: blue circles for the primary coil of 12 cm
radius, red squares for the shield coil of 15 cm radius. (B) The half Bz field plot of the conventional z-gradient coil. Both of the primary and
shield coils and the 140 mm spherical ROI are shown. The cryostat is shown at the rightmost of the picture. The contour lines show 1 mT
separations. (C) The Bz field transient response at the field sampling point where m1 and m2 marker values are given for both time (X) and
field (Y ) axes in the table. The actuating current is 94.6 A. A gradient strength of 121 mT/m with an efficiency of 1.27 mT∕m∕A and a 16.1%
deviation from linearity can be seen within the ROI. The GFS error is less than 2.1 × 10−6%.

a maximum of 0.68 μW power loss due to induced eddy
currents inside the cryostat, and a maximum of 4.71 kW
ohmic power loss in both coils. The actuating current
is 94.6 A. A gradient strength of 121 mT/m at the cen-
ter of 140 mm diameter ROI, efficiency of 1.27 mT/m/A,
and 16% deviation from linearity is seen. An explanation

about possible reasons for a lower efficiency (compared to
array case) is given in the discussion. The inset Figure 5C
shows the BZ field transient response at the same sampling
point. The GFS error is about 2.1 × 10−6%, which is equal
to the array case. The inductance and resistance of the con-
ventional coil are 494 μH and 530 mΩ, respectively. The
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TAKRIMI and ATALAR 2727

F I G U R E 6 The optimized feeding currents for the first example in the advanced mode for both the primary and the shield arrays
explained in section 3.3. The red/blue dots (circle for primary, square for shield) show the longitudinal position and the positive/negative
values of the feeding currents along the horizontal and vertical axes, respectively. The RMS value for 24 feeding currents is 87.3 A.

maximum voltage across the coil during the ramp-up time
is 517 V, which is more than 7 times higher than the arrays
example.

3.3 Advanced Mode: 70% higher
gradient with a smaller ROI at the center

As the first array design in the advanced mode, the gra-
dient strength increases by 70% to 206 mT/m. Due to a
trade-off between performance parameters, the ROI diam-
eter is reduced by 50% to 70 mm to maintain the field’s
linearity and the expected shielding effectiveness based on
the GFS error. The Bz field plot for a new set of optimized
feeding currents shown in Figure 6 is depicted in Figure 7
without showing the fields around the cryostat. The RMS
value of currents is increased by 12%, reaching 87.3 A,
which provides an efficiency of 2.36 mT/m/Arms. Simula-
tions show an 8% deviation from linearity, GFS error of less
than 4 × 10−5%, maximum eddy current loss of 243 μW,
and maximum of 8.45 kW ohmic power loss for all array
elements. The maximum voltage across the terminals of all
array elements is 74 V for the same 100 𝜇𝑠 ramp-up time. A
maximum field slew rate of 6940 T/m/s is achievable using
available GPAs.

3.4 Advanced mode: Shifted ROI
with the same performance parameters

Another set of the optimized driving currents is computed
to shift the ROI 60 mm along the z-axis keeping the gra-
dient strength and field linearity intact. Figure 8 shows
the Bz field plot, field sampling point for the GFS error
assessment, and field transient response in this point. The
simulations show the same RMS value of 87.6 A; gradient

strength of 121 mT/m at the center of the shifted ROI;
efficiency of 1.39 mT/m/Arms; and 7.8% deviation from lin-
earity within 70 mm diameter ROI, shifted 60 mm above
the origin. The GFS error reads 7 × 10−4% (the field tran-
sient response not shown). A maximum eddy power loss
of 160 μW and a maximum of 8.6 kW ohmic power loss for
all array elements are seen. The maximum voltage among
all array elements is 83.9 V for the 100 𝜇𝑠 rise time, which
leads to a maximum available field slew rate of 3600 T/m/s.

3.5 Advanced mode: Threefold higher
gradient without shielding

An important key feature of the proposed active-shielded
array coil compared to previous works10–14 lies in its extra
flexibility in adjusting the shield array functionality for
specific applications. The extra degrees of freedom pro-
vided by the shield array elements can be used to provide
very high gradient or slew rate for a short enough time
such that the eddy effects can be ignored, or it may accom-
pany the primary array to achieve a large ROI with a highly
uniform but lower gradient strength and an acceptable
shielding efficiency.

As a demonstration for extra flexibility, the shield array
is fed in the reverse mode to increase the gradient strength
up to threefold. Figure 9 shows the field map and the tran-
sient response for a new set of optimized currents with
an RMS value of 86.0 A. About 7.6% deviation from lin-
earity within the ROI of 120 mm diameter and a gradient
strength of 376 mT/m can be seen. Due to intense induced
eddy currents, the provided transient response shows 6.8 ×
10−3% GFS error that is about 3400 times higher compared
to the standard mode of operation shown in Figure 4. Sim-
ulations (not shown here) show a maximum of 8.5 kW
ohmic power loss in the array coils, a maximum of 14.8 W
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2728 TAKRIMI and ATALAR

F I G U R E 7 The Bz field plot of
the proposed array, deployed in high
gradient mode with the ROI at the
center. The contour lines indicate
1.2 mT separations. A gradient strength
of 206 mT/m with an efficiency of
2.36 mT∕m∕Arms and 8% deviation
from linearity are achieved within the
ROI of 70 mm diameter. The currents
RMS is 87.3 A. The GFS error (transient
response not shown) is less than
4 × 10−5%.

power loss due to the eddy currents, and a maximum of
219.8 V among all array elements. In this case, the max-
imum field slew rate reaches to 3760 T/m/s for 100 𝜇𝑠
ramp-up time. Although this amount of power loss can
be tolerated by the cryogenic cooling system for a short
enough time, it can be reduced by decreasing the slew
rate. By increasing the current ramp-up time to 200 μs and
300 μs, the maximum power loss in the cryostat reduces to
10 W and 8.52 W, and the corresponding maximum volt-
ages reduce to 113 and 77.1 V, respectively. It should be
noted that the GFS error and the eddy current power loss
will increase dramatically when the distance between the
array elements and the cryostat decreases, which means
that longer pulses should be used to prevent the quenching
effect.

A magnetic profile with multiple ROIs is another sig-
nificant feature of the proposed array in the advanced
mode that is not shown in the results due to the article
length limit. Simulation results and some experimental
verification were shown for the unshielded array version in
Ref.7. Furthermore, a simulation consisting of 2 (shiftable)
ROIs is available for the active-shielded z-gradient array

coil in Ref.19. More recently, in Ref.20, multiple (shiftable)
ROIs were reported based on a configuration similar to the
current work, two of which are provided in the Supporting
Information Figures S1-S2.

4 DISCUSSION

The space dimension of the magnetic fluxes generated
by all array elements is less than NC + NS because those
fields are not perpendicular to each other, neither within
the ROI nor along the cryostat region. Based on a wide
range of simulations not shown in this work, the fol-
lowing trade-offs have been observed between both NC∕S
and MC∕S and the resulted field profile. (a) By increasing
NC, the resolution of adjustable performance parameters
increases. This is similar to increase the number of shim-
ming coils to achieve higher orders of spherical harmonics
for more accurate shimming. (b) Increasing NS improves
the shielding effectiveness and provides better control to
nullify the stray fields, especially when the ROI is shifted or
a higher gradient is required. (c) Increasing MC increases
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TAKRIMI and ATALAR 2729

F I G U R E 8 The BZ field plot of the
proposed array deployed in advanced
mode, where the ROI is shifted 60 mm
along the z-axis. The contour lines
indicate 0.8 mT separations. The inset
picture shows the field transient
response at the field sampling point of
18 mm < 45◦ with respect to the center
of the shifted ROI (shown by a tiny red
circle). The gradient strength of
121 mT/m with an efficiency of 1.39
mT∕m∕Arms and a 7.8% deviation from
linearity is achieved within the ROI of
70 mm diameter. The RMS of currents is
86.7 A. The GFS error is about
7 × 10−4%, which is low enough to
ignore the eddy effects.

the gradient strength but reduces the resolution of fea-
sible shifts and limits the dynamic range for the size of
the ROI. (d) Increasing MS provides better shielding but
significantly increases the impedance of the shield array
elements (compared to the primary array elements). The
numbers we chose for different parameters mentioned in
this work are collectively based on the above-mentioned
trade-offs. Further investigations are required if the perfor-
mance parameters or coil dimensions are changed.

Although the proposed array coils can change and shift
the ROI only along the z-axis, similar methods based on
the array concept3 may be applied to yield similar results in
other directions as well. This means that current MRI scan-
ners can be upgraded to the array versions to deliver more
sophisticated and advanced functionalities. The need for
an advanced mode of operation that can adjust and local-
ize the ROI(s) seems to draw more attention these days
because of the diversity of new neuroscience applications
and fMRI studies.

The proposed arrays can be controlled by a compre-
hensive look-up table for some predefined field profiles.
However, it is more advantageous to use digital control
algorithms (or even adaptive ones) to monitor the mag-
netic field on both the cryostat’s surface and the inner

surface of the RF coil (i.e., the closest physical surface
to the ROI) to adjust the GPAs. Another benefit of an
advanced digital driving system is its potential to achieve
arbitrary nonlinear field profiles or nontraditional k-space
traversing for modern gradient systems.

It is worth mentioning that comparing the efficiency of
a conventional coil to that of an array coil might be mis-
leading for two reasons: (a) The efficiency of the array coil
is calculated using the RMS value of 24 independent cur-
rents (shown in Figures 3 and 6). Because there are so
many constraints involved in designing an array coil, even
a modest but marginal adjustment in one of them, such
as greater linearity or reduced ohmic power loss, drasti-
cally impacts the distribution of those currents and hence
the overall efficiency. (b) One of the most important con-
straints governing a conventional coil is that the current of
all wires must be equal, regardless of whether they belong
to the primary or shield coil or how far they are from the
ROI. There is no such constraint in the array configuration
that allows just enough current to be delivered wherever
it is required. As our simulations show, such a freedom
translates to a greater efficiency, that is, 1.95 mT/m/Arms
in the array design compared to 1.27 mT/m/A in the con-
ventional design.
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2730 TAKRIMI and ATALAR

F I G U R E 9 The Bz field plot of
the proposed array deployed in the
advanced mode, where threefold higher
gradient strength is achieved with low
shielding. The contour lines indicate
2 mT separations. The inset picture
shows the field transient response at a
point with a relative polar coordinate of
30 mm < 45◦ . The gradient strength of
376 mT/m and a 7.6% deviation from
linearity are achieved within the ROI of
120 mm diameter. The RMS value for
all feeding currents is 86.0 A. The GFS
error is about 0.0068, that is, about 3400
times higher compared to the standard
mode of operation shown in Figure 4.

Regarding the power consumption, as demonstrated
in section 3.1, the total ohmic power loss for the pro-
posed array in the standard mode is 4.1 kW, which is 13%
less than the same-size conventional z-gradient coil of
similar parameters (section 3.2). Regarding the advanced
mode, the maximum power loss is 8.6 kW (the case with
shifted ROI), which is 82% higher than the corresponding
ohmic power loss of a conventional one. This is mainly
because the conventional coils are optimized for minimum
stored energy and/or minimum inductance13 with fixed
performance parameters. It is worth mentioning that array
coils use multiple but less expensive GPAs compared to
high-power GPAs used in conventional systems. Further-
more, because array elements have much less impedances
(L+R) than the conventional design, turning on and off
or switching between different configurations and modes
would be considerably more agile. This can be verified
by the values provided for the conventional coil, that is,
494 μH and 530 mΩ compared to the 59.8 μH and 58 mΩ
for the shield array elements.

Finally, all possible mechanical design problems
regarding the exerted forces and torques will be quite simi-
lar to the conventional designs with no further issues. This

is also valid for the heat extraction subsystem because the
power loss is in the same range (at most 40% higher for a
short period of time).

5 CONCLUSION

A modified optimization procedure based on analytic
expressions is deployed to design and simulate an
array-based z-gradient coil that consists of the primary
array and its dedicated shield array. The performance of
both arrays can be adjusted on the fly using a proper set of
independent but programmable GPAs. The performance
parameters such as the shape and position of the ROI,
the gradient strength, and the linearity of the field can be
adjusted. Commercial full-wave simulations are used to
verify different modes of operations.
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Figure S1. Two half cross-section BZ field maps of the
proposed array (with 0.2 mT contour lines) that generate
double ROI configurations20: (a) Symmetric ROIs about
the isocenter at ±7 cm; (b) the same ROIs shifted up
by 2 cm. The cryostat is not shown for better magnifi-
cation of the field details. (a) For 2 symmetric ROIs at
±7 cm, the diameter, linearity error, maximum gradient
strength, and GFS error are 100 mm, 23.0%, 63 mT/m, and
less than 2.4 × 10−4%, respectively. The maximum RMS
current for array elements is 42 A. (b) For the shifted
version of (a) by 2 cm along the coil axis, the perfor-
mance parameters are 100 mm, 24.8%, 62.3 mT/m, and
2.3 × 10−4%, respectively. The RMS current is increased
to 78.6 A.
Figure S2. The BZ field maps of (a) three ROIs (0.2mT con-
tours) and (b) five ROIs (0.1 mT contours) (20). (a) The
gradient strengths are 58.9 mT/m at z = 0 and -60.4 mT/m
at z = ±8 cm. The diameter, linearity error, and GFS error
are 60 mm, less than 25.7%, and 1.0 × 10−4 % respectively.
The RMS current is 81.2 A. (b) The gradient strengths are
-22.2 mT/m at z = 0, 22.6 mT/m at z = ±7 cm, and -20.0
mT/m at z = ±14 cm. The diameter, linearity error, GFS
error, and RMS current are 50 mm, between 23% and 27%,
about 8.8 × 10−4 %, and 87.6 A, respectively.
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