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ABSTRACT Gradient coils are essential for MRI where fast and large electrical current pulses are
typically applied to conventional, single-channel gradient coils, particularly for high-performance gradient
applications. However, these pulses result in significant power losses and heating of the coil. We investigate
the design of power-efficient multi-channel Z-gradient coils operating in the conventional mode comparing
them to conventional single-channel coils designed using similar dimensions and alike DC performance char-
acteristics. The power-efficiencies of thirteen different two-channel configurations having various section
lengths for two different dimensions are analyzed. The current density of each section is approximated
by Fourier series expansion where a linear equation relating the desired target field and current density is
formulated and then solved. A stream function is derived from the obtained current density and then used to
extract the final winding patterns of each section using a particular track width and a specific number of turns.
The design process involves optimizing the current driving each channel, the distribution of coil windings,
and the section size. Similarly, the performance of three-channel coils is also investigated. Results show that
a power dissipation reduction of 17-28% and ∼23% can be achieved using two- and three-channel coils,
respectively. Moreover, we showed that multi-channel coils may have a slightly better shielding efficiency
compared to conventional coils. A new methodology for designing two- and three-channel coils is presented
where an advantage in terms of power efficiency can be gained depending on design parameters, coil’s
dimensions, number of turns, and other metrics.

INDEX TERMS Gradient coil array, MRI, power dissipation, stream function, and target-field method.

I. INTRODUCTION
The gradient coils are critical components of Magnetic reso-
nance imaging (MRI) scanner. They are responsible to gen-
erate linearly varying magnetic fields to localize (spatially
encode) the MR signal. The gradient coils are constituted
of three sets to generate magnetic fields in the X, Y, and
Z directions within the imaging region, which is usually
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defined by a diameter of spherical volume (DSV). The major-
ity of human MRI scanners have cylindrical gradient coils.
Desirable characteristics of gradient coils include low power
dissipation, high linearity, low inductance, minimal stray
field, minimal interaction with the rest of the MRI system
components. . . etc.

Various methods to design gradient coils of desirable
characteristics were shown over the last three to four
decades [1]. The discrete wire design and continuous cur-
rent density methods are considered to be the two main
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gradient design methods. In discrete wire-space methods,
the general coil pattern is initially selected based on a
priori knowledge or experience then optimization algo-
rithms are used to optimize the position of the coils. This
gradient coil design technique may be computationally
intensive [2].

The continuous current density method is mainly based
on the target-field method initially introduced by Turner [3].
The current density surface can be represented by stream
functions where discretization is employed using numerical
techniques such as finite difference method (FDM) [4], finite
element method (FEM) [5], or boundary element method
(BEM) [6], [7], [8], [9] to relate the stream-functions to
the desired target via a set of linear equations. The cur-
rent intensity and winding patterns are derived from the
obtained stream function [10], [11]. The solution requires
fine meshing and is computationally expensive. On the other
hand, the current density on the coil’s surface can be written
as a Fourier series expansion [12], [13], [14], [15], [16],
[17], [18], [19] where a set of linear equations relating the
Fourier coefficients and the desired field at specific locations
are formulated to solve an inverse problem. The parametric
stream function is then computed where current intensities
and winding patterns are obtained. This method is proved to
be relatively computationally efficient albeit it is restricted to
particular geometries. It is noted that regularization is needed
for both of the later methods to achieve a stable solution for
an ill-posed problem.

Recently, new multi-channel or matrix gradient coils were
introduced [20], [21], [22], [23], [24], [25], [26], [27], [28].
Matrix gradient coils are usually designed by properly arrang-
ing multiple similar coil elements on cylindrical or biplanar
surfaces. Unlike single-channel coil, each coil element in
matrix gradient coil is driven by its own independent gradient
amplifier. Matrix gradient coils are able to generate both
linear and nonlinear spatially varying magnetic fields [22].
Even though these designs have great flexibility to produce
different field patterns over the DSV, they require a large
number of amplifiers for driving each coil element.Moreover,
the total dissipated power used to drive a linear gradient
field can be relatively higher than that of a conventional coil
[26]. Taraghinia [28] designed a three-channel unshielded
Z-gradient coil array system by driving each channel with an
independent amplifier. They divided the cylindrical surface
into equal sections and assigned an equal number of turns
for each section to dynamically change the magnetic field.
An advantage of using multi-channel coils is to reduce the
power requirements of current amplifiers used despite the
increase in their numbers. Also, a design based on an equal
division of surfaces with an equal number of turns each
does not necessarily provide optimal power efficiency for the
linear gradient mode. Takrimi and Atalar [29], [30] modified
further the previous Z-gradient coil array by adding an active
shielding array. Recently, we showed that a two-channel
unshielded bi-planar Z-gradient coil design operating in the
conventional linear mode can achieve better power efficiency

compared to a single-channel design of similar dimensions
and gradient field requirements [31].

In this paper, we focus on the design of multi-channel
gradient coils exploring the DC power reduction advantage
of two- and three-channel actively shielded Z-gradient coils
compared to that of a single-channel one with similar dimen-
sions and performance metrics. We also investigate how
the changes in coil dimensions may affect such gains. The
target-field method is used to compute current densities and
wire patterns. For the two-channel coil, both the primary and
secondary coils are divided into four sections where each
channel consists of two symmetric sections with respect to
Z = 0 plane each having similar current densities but in
opposite directions. Current densities of coil sections asso-
ciated with each channel are approximated by Fourier-series
expansion. Linear equations relating the desired target field
and the current densities are formulated and solved. A stream
function is derived from the obtained current density and then
used to extract the final winding patterns of each section using
a particular track width and a specific number of turns. The
size of each section of the primary and shielding coils was
varied with a fixed incremental length in the longitudinal
direction until an efficient design of optimal geometry is
obtained. The two symmetrical primary and corresponding
shielding sections are driven by the same current intensity.
The DC-power was calculated for each solution and then the
coil configuration with the least power was finally chosen.

Following similar procedures, another three-channel coil
was designed. The three-channel had two independent chan-
nels for the primary coil and a third channel was associated
with the shielding coil surface. The number of turns for all
designs was optimized keeping the total number of turns
equal. The dissipated power comparisons of all multi-channel
and conventional coil configurations were performed at a
fixed total number of turns on the primary coil surface.

As will be shown, the proposed multi-channel coil designs
resulted in a gradient coil with higher power efficiency in
comparison to a single-channel coil with similar characteris-
tics and dimensions. Moreover, the multi-channel coils may
have a slightly better shielding efficiency. It is noted that the
reduction achieved in DC dissipated power for multi-channel
gradient coils is dependent on the design parameters, coil’s
dimension, and number of turns for a specific coil dimension.

II. METHODS
Fig. 1 illustrates the proposed cylindrical gradient coil config-
uration. The configuration shows the division of the primary
and shielding surfaces of a Z-gradient coil into four sections
each along the length of the surface (Z direction). The primary
coils are located on the inner cylindrical surface that has a
radius Ra and length La. Similarly, the shielding coils are
positioned on the surface of the middle cylinder with a radius
Rb and length Lb. The first channel consists of the peripheral
two symmetric sections of the primary coils (section one
(Ls to La/2) and section four (−La/2 to −Ls)) as well as
the peripheral two symmetric sections of the shielding coils
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FIGURE 1. Schematic diagram showing the coordinate system of the
primary and shielding two-channel coils. The first channel consists of the
two annular pairs (shaded gray) on the primary and shielding coil
surfaces, whereas the second channel consists of the rest of the sections.
The outer cylinder is the cryostat and the inner spherical region is the DSV.

(section one (Lss to Lb/2) and section four (−Lb/2 to−Lss)).
The second channel consists of the two middle symmetrical
sections of the primary coils (section two (0 to Ls) and section
three (−Ls to 0)) as well as the two middle symmetrical
sections of the shielding coils (section two (0 to Lss) and
section three (−Lss to 0)). The outer cylinder with a radius
Rc and length Lc is the cryostat surface where 256 uniformly
distributed points are sampled.

As shown in [4], the magnetic flux density, B, at any point
on the DSV and the stray field regions can be generally
calculated from the current density J(ri) as follows:

B(ro) =
µ0

4π

∫
S

J(ri)× R
R3

dS (1)

where µ0 is the permeability of free space, J(ri) = Jrer +
Jθeθ + Jzez is the current density expressed in cylindrical
coordinates, R = ro − ri is the displacement vector from the
source region (ri (r, θ, z)) to the target region (ro (xo, yo, zo)),
and dS is the surface element integral. Expressing the cur-
rent density in cartesian coordinates as J = (Jr cos(θ ) −
Jθ sin(θ ))ax+ (Jr sin(θ )+Jθ cos(θ ))ay+ (Jz)az where no cur-
rent flows in the radial direction, andR = (xo−r cos(θ ))ax+
(yo− r sin(θ ))ay+ (zo− z)az, equation (1) is used to yield the
longitudinal component of the magnetic flux density given
by:

Bz

=
µ0

4π

∫ Lterm

Linit

∫ 2π

0

Jθ (r − yo sin(θ )− xo cos(θ ))
R3

rdθdz

(2)

where

R =
√
(xo − r cos(θ ))2+(yo − r sin(θ ))2+(zo − z)2),

the variables r , Linit and Lterm are the radius, initial, and
terminal longitudinal positions of the cylindrical surface,
respectively.

In this study, the performances of various self-shielded
designs by varying the lengths of the primary and correspond-
ing shielding sections were investigated. For the primary coil,
the length of the first section was varied from the smallest

length ( 1
10La) to ( 4

10La) with an incremental length (1L =
1
40La). The corresponding length of the second section can
also be simultaneously obtained from the length of the first
section as:

Lf =
La
10
+ m×

La
40

Ls =
La
2
− Lf (3)

where Lf and Ls are the lengths of the first and second sec-
tions, respectively, and m = 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11,
12. This results in 13 different two-channel Z-gradient coil
configurations out of which the most power-efficient design
was chosen. The length of each corresponding section for the
shielding coil was also proportionally updated.

For each design configuration, the current density of each
section was expanded using Fourier series approximation.
The induced gradient field for the Z-gradient coil is anti-
symmetric with respect to the Z-direction [12], [13], [14]
and current flows only in the angular direction (Jz = 0).
It has been previously shown that the current density of each
independent section can be expanded using Fourier series
expansion [19] where the current densities at each boundary
vanish to zero. Accordingly, for the two-channel Z-gradient
coils, the Fourier series expansion of section (i) is expressed
as follows:

Jθ i(z) =
Ni∑
n=1

ani sin(
nπ (z− Linit )

Lsec
), i = 1, 2, 3, 4 (4)

where Jθ i is the angular component of the current density of
ith section of primary coils. Ni is the number of finite terms of
the Fourier series expansion for ith section of primary coils.
The variable ani is the unknown Fourier series coefficient of
ith section. Lsec = Lf for the first and fourth sections and
Lsec = Ls for the second and third sections. Linit is equal
to Ls, 0, 0, and −Ls for sections one, two, three, and four,
respectively. The ranges of z are Ls ≤ z ≤ La/2, 0 ≤ z ≤ Ls,
−Ls ≤ z ≤ 0, and −La/2 ≤ z ≤ −Ls for first, second,
third, and fourth sections, respectively (see Fig. 1). A similar
expression was derived for the Fourier series expansions of
current densities of the corresponding shielding coils where
the length and radius of the coils will now be Lb and Rb,
respectively.

For the primary Z-gradient coils, the Z component mag-
netic flux density on the DSV can be obtained by substitut-
ing (4) into (2) and is given by:

Bz(xo, yo, zo) =
4∑
i=1

Ni∑
n=1

aniCni (5)

where

Cni

=
µ0

4π

∫ Lterm

Linit

∫ 2π

0

Di(r − yo sin(θ )− xo cos(θ ))
R3

Radθdz

(6)

where
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D1 = sin( nπ (z−Ls)Lf
), D2 = sin( nπzLs ), D3 = sin( nπzLs ), D4 =

sin( nπ (z+Ls)Lf
), Ra is the radius of the primary coil, and Cni is

the coefficient matrix (Cn) of ith section, i = 1, 2, 3, 4.
The Z component of the magnetic flux density on the

stray field region can be similarly obtained from the current
densities of primary and shielding cylindrical surfaces using
the Biot-Savart law. We used a total ofM = 256 points on the
DSV and Q = 256 points on the cryostat to simultaneously
calculate the magnetic flux densities of the two regions using
the expression:

Bzk =
4∑
i=1

Npi∑
n=1

apniC
p
k,ni +

4∑
i=1

Nsi∑
n=1

asniC
s
k,ni (7)

where k = 1, 2, . . . ,M + Q,Npi and Nsi are the maxi-
mum number of Fourier series coefficients (NFSC) of the ith

section of primary (p) and shielding (s) coils, respectively.
A maximum number of NFSC= 8 for each section was used
for the current density function approximation (other studies
used 4-5 coefficients [16], [18]). The variables apni and a

s
ni

are the unknown Fourier series coefficient of ith section of
primary and shielding coils, respectively. The variables Cp

k,ni
and Cs

k,ni are the coefficients of the primary and shielding
coils which were determined by using (6) and computed
by the built-in MATLAB R© numerical integration function
integral2 (the Math Works R©, Inc. MATLAB R©). Given the
target field points on the DSV and stray-field regions, the
following linear equation can be formed from (7).

Ax = b (8)

where x is a column vector of the unknown Fourier series
coefficients (apni, . . . , a

s
ni)

T , b = (b1, b2, · · · , bM+Q)T is a
column vector of the given target field ( DSV and stray field
regions), the matrixAwith dimension ((M+Q)×(8×NFSC))
is the coefficient matrix derived from Cp

k,ni and C
s
k,ni. There-

fore, if we let N = 8 × NFSC and U = M + Q, then the
equivalent matrix equation of (8) will be:

A11 A12 · · · A1N
A21 A22 · · · A2N
...

...
...

...

AU1 AU2 · · · AUN



x1
x2
...

xN

 =

b1
b2
...

bU

 . (9)

Equation (9) is an ill-posed inverse problem, so regular-
ization is needed to get a practically feasible solution. In this
work, the well-known Tikhonov’s regularization [32], [33],
[34] was used and the unknown Fourier series coefficients
were expressed as:

xλ = argmin{‖Ax − b‖22 + λ
2
‖Lx‖22} (10)

where λ > 0 is the regularization parameter and L is the
regularization matrix. The value of λ was iteratively selected
from the predetermined range (5 × 10−11 to 1.75 × 10−8)
around the corner value of the L-curve using the regulariza-
tion tool [34] to minimize both the maximum field deviation
on theDSV andmaximum stray field on the cryostat [19]. The

final expression for the unknown Fourier series coefficients
can be expressed by simplifying (10) as:

xλ = (ATA+ λ2LTL)−1AT b. (11)

The matrix (LTL) was deduced from the penalty function
given below. For the primary Z-gradient coils, the functions
can be expressed as:

Fi =
∫ Lterm

Linit

∫ 2π

0

(
∂Jθ i
∂z

)2

Radθdz, i = 1, 2, 3, 4 (12)

whereFi is the penalty function of each section of the primary
coil and Jθ i is the angular component current density of each
section (i). Similar expressions can be formulated for the
shielding coils. Here, the penalty function is used to reduce
the maximum current density variation and widen the wire
spacing [4]. The current densities with the equivalent Fourier
series expansions (4) can be substituted into (12) and the
following expressions were obtained after simplification of
the analytical integration (12).

Lnpi =
n2π3Ra
Lsec

, i = 1, 2, 3, 4 (13)

where Lnpi is the regularization vector for the ith section of
primary coil, Ra is the radius of the primary coil, Lsec is the
length of each section, and n = 1, 2, . . . ,NFSC.

Lnsi =
n2π3Rb
Lsecs

, i = 1, 2, 3, 4 (14)

where Lnsi is the regularization vector for ith section of shield-
ing coil, Rb is the radius of the shielding coil and Lsecs is the
length of each section of the shielding coil.

Thematrix (LTL) in (11) was obtained by concatenating all
the eight vectors given above diagonally [18], [35]. An itera-
tive method was then used to solve (11). As a result, using
the change of variables, A′ = ATA + λ2LTL and b′ =
AT b, the Krylov subspace iterative method namely GMRES
(generalized minimal residual) method [36] was applied to
solve (11). Once the Fourier series coefficient column vector
(xλ) is determined, the current densities of both primary and
shielding coils can be calculated by using (4).

The winding patterns of the primary and shielding coils
were obtained from the stream function. The stream function
can be derived from the surface current density by using the
current continuity equation [4] given by:

∇ · J = 0 (15)

where J can be expressed in terms of the stream function
ψ [4] as:

J = ∇ × ψer

Jθ =
∂ψ

∂z
(16)

where ψ is the stream function. Therefore, for Z-gradient
coils, the stream functions can be found by integrating the
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angular component of the current densities (4). Accordingly,
the stream functions of each section (i) are given by:

ψpni = −

Npi∑
n=1

(apni)
Lsec
nπ

cos(
nπ (z− Linit )

Lsec
), i = 1, 2, 3, 4

(17)

where ψpni are the stream functions of ith section of the pri-
mary coil. The Fourier series coefficients were calculated by
using (11). Similarly, the stream functions of the correspond-
ing shielding sections were also calculated by using (17)
where the lengths are now substituted by the shielding-section
dimensions.

Once the stream functions are determined, the current for
the primary and corresponding shielding sections can be
calculated. First, for each configuration, the optimal number
of turns of each section that satisfies <5% maximum field
deviation on the DSV and <5 Gauss maximum stray field on
the cryostat was determined. The details are illustrated in the
flow chart diagram (see Fig. 2). If the optimal number of turns
of the primary coils are Ntp1, Ntp2, Ntp3, and Ntp4 for sections
one, two, three, and four, respectively, then, the currents of
each section can be calculated based on [10] as follows:

Ii =
max(ψpni)− min(ψpni)

Ntpi
, i = 1, 2, 3, 4 (18)

where Ii, Ntpi, max(ψpni), and min(ψpni) are the current,
the number of turns, maximum stream function value, and
minimum stream function value of ith section of the primary
coil, respectively.

Here, Ntp1 = Ntp4, Ntp2 = Ntp3, I1 = −I4, I2 = −I3 due
to symmetry. For the two-channel coils (i.e., four-section pri-
mary and four-section shielding configurations), the current
of ith section of the primary is the same as the current of
ith section of the shielding coil (i = 1, 2, 3, 4). According
to [10], once the currents are determined, the track locations
are given by the contour lines whose stream function values
are calculated by:

ψ ′pni = min(ψpni)+ (j− 0.5)Ii, i = 1, 2, 3, 4 (19)

where ψ ′pni is the stream function values of the new con-
tour lines of ith section, Ii is current of ith section, and
min(ψpni) is theminimum stream function value of ith section,
j = 1, 2, · · · ,Ntpi. The number of turns of the correspond-
ing shielding sections can be obtained using the following
equation:

Ntsi = round(Ntpi
max(ψsni)− min(ψsni)
max(ψpni)− min(ψpni)

), i = 1, 2, 3, 4

(20)

where Ntsi, max(ψsni), and min(ψsni) are the number of turns,
maximum, and minimum stream functions of the shielding
sections, respectively. An equation similar to (19) was used
to calculate the locations of streamlines of the shielding sur-
faces. The detailed procedures for the optimization of section
size and the number of turns per section are illustrated in the

flow chart diagram (Fig. 2). For the three-channel coils that
have two channels on the primary cylinder and one indepen-
dent channel associated with the secondary cylinder, all the
aforementioned mathematical formulations and procedures
were applied for the primary sections, whereas the shielding
coil had a Fourier series expansion of current density given
by:

Jθ (z) =
Ns∑
n=1

ans sin(
2 nπz
Lb

), −Lb ≤ z ≤ Lb (21)

where Jθ is the current density, Ns is the number of Fourier
series coefficients, ans are the unknown Fourier series coef-
ficients, and Lb is the length of the shielding coil. Moreover,
the shielding section had an equal number of turns as that of
the conventional coil (Nts = 54).
For each design passing the field deviation and stray field

requirements, the minimum gap between consecutive con-
tours and the total length of the contours of each section for
both the two- and three-channel coils were calculated. The
total resistance of each section (Ri) was then computed from
the total length of extracted wires (winding patterns) and the
cross-sectional area of the wires as:

Ri =
ρ × LTi
A

(22)

where ρ is the resistivity of copper, LTi is the total length
of all contour wires of a section (digitizing resolution was
less than 1.5 cm in both the Z and θ directions), and A is
the cross-sectional area of the wire. The total dissipated DC
power of each design was computed from the sum of powers
of each section of primary and shielding coils. The total dis-
sipated DC power of a certain configuration can be expressed
as:

power =
Nsec∑
i=1

I2i Ri (23)

where Ii is the current of each section, Ri is the total resistance
of each section, and Nsec is the total number of sections of a
two- or three-channel configuration.

After the dissipated power and minimum wire spacing
of all configurations passing the design criteria in Fig. 2
are obtained, the most power efficient configuration was
selected. The total number of turns on the primary coil sur-
face was fixed (NT = 78) for all configurations during the
selection process. As a result, a configuration with the least
dissipated power that satisfies minimum wire spacing above
5 mm and NT = 78 was chosen.
In this work, all scripts for all computations were devel-

oped in-house by using MATLAB R© (the Math Works R©, Inc.
MATLAB R©). The regularization tool [34] was used to deter-
mine the regularization parameter (λ). We used Intel (R) Core
(TM) i7 CPU (2.90 GHz) laptop with 20 GB RAM for the
simulation.
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FIGURE 2. Flow chart diagram showing optimization of section dimension and number of turns. Here, Bcalc is the calculated magnetic field from the
winding patterns, Gmax and Gmin are the maximum and the minimum calculated gradients, Ntp1max is the maximum number of turns of section one
which was calculated from the length of the section by assuming a uniform coil distribution with wire spacing = 12 mm, nlin is the non-linearity (linearity
error) of the calculated gradient on the DSV, E3 is the maximum field deviation on the DSV, and E4 is the maximum field strength on the stray field region.
Note: the lengths of all shielding section coils are also proportionally updated simultaneously and the sign ‘ =′ is the assignment operator.

TABLE 1. Dimensions of the two actively shielded Z-gradient cylindrical
coils.

III. RESULTS
Similar to [4], the multi-channel and conventional Z-gradient
coils were designed to produce a linear magnetic field gradi-
ent strength ofGz = ∂Bz/∂z = 30mT/m. The dimensions for
the first and second conventional cylindrical coils are shown
in TABLE 1. All results illustrated here are based on the
first cylindrical coil dimensions. The second cylindrical coil
dimensions are used to show that the power efficiency of the
two-channel coil varies with the coil’s dimension.

For the geometry optimization of the two-channel coils,
different ratios of the surface divisions were considered.
We started from 1

10 of the total length of the cylinder (i.e.,
the first and fourth sections initially had a length of 13.8 cm,
whereas the second and third sections had a length of 55.2 cm

each). Hence the total length of the cylinder is constant, as the
length of the first section increases, the length of the second
section decreases simultaneously (3). Accordingly, the size
of the first section was increased with an incremental length
(1L = 3.45 cm) till it reaches 55.2 cm. The size of the second
section was reduced proportionally till it reaches 13.8 cm at
the same time as shown in Fig. 2. This resulted in a total
of 13 different two-channel and 13 different three-channel
coils. For the two-channel coils, the shielding sections were
varied proportionally as those of the corresponding primary
sections, whereas for all 13 coil designs of three-channel
coils, the length of the shielding coil was fixed (similar to
the conventional shielding coil). As a result, the optimal
coil with low dissipated power keeping the maximum field
deviation below 5% and stray field less than 5 Gauss (for
16 × 16 points distributed over the Z and θ directions at
the cryostat) was found when the lengths of the first, sec-
ond, third, and fourth sections for the primary surfaces of
two-channel coils are 20.7 cm, 48.3 cm, 48.3 cm, and 20.7 cm,
respectively. The corresponding sections of the two-channel
shielding coil had lengths of 22.2 cm, 51.8 cm, 51.8 cm,
and 22.2 cm, respectively. For the three-channel coils, out
of the 13 possible designs, the coil with an optimal length
of the primary 20.7 cm, 48.3 cm, 48.3 cm, and 20.7 cm for
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FIGURE 3. Designed multi-channel and conventional Z-gradient coils. 3D winding patterns for the power-efficient two-channel coil (a),
three-channel coil (b), conventional coil (c); and their corresponding (d-f) field maps on the X-Z plane illustrating the gradient field. The dashed
circle shows the desired operational region. In Fig. (a) and (b) green and blue windings have currents in the counter-clockwise direction,
whereas yellow and red windings have currents in the clockwise direction.

sections one, two, three, and four, respectively had the best
performances. For all three-channel coil configurations, the
shielding coil had a length of 1.48 m.

The results of the most power-efficient coil out of 13 differ-
ent designs from both two- and three-channel configurations
are illustrated where they are compared to a designed conven-
tional Z-gradient coil with similar dimensions.

Fig. 3 (a), (b), and (c) demonstrate the 3D winding patterns
of two-channel, three-channel, and conventional Z-gradient
coils, respectively. For the two-channel coils, the first channel
consists of all yellow and green windings, whereas the second
channel consists of all windings with blue and red colors.
For the three-channel coils, the first and second channels
on the primary coil surface have similar winding colors as
those of the two-channel coil, whereas the third channel
is the shielding coil with blue and red windings. For both
coils, the sections with the same winding colors have cur-
rents in the same directions. For instance, for the primary
two-channel Z-gradient coil, the first and second sections
have currents in the counter-clockwise direction, whereas
the third and fourth sections have currents in the clockwise
direction. As shown in TABLE 2, the proposed two-channel
coil requires less driving current per channel to generate the
same gradient field on the DSV than the conventional coil.
Similar to the two-channel configuration, the current of each
channel of the three-channel coil was lower than that of the
conventional coil as well.

To check the performance of the designed coils, the mag-
netic field maps on the X-Z plane were calculated from the
winding patterns of Fig. 3 (a), Fig. 3 (b), and Fig. 3 (c) for two-
channel, three-channel, and conventional coils, respectively
using the Biot-Savart law and displayed at higher resolution
as shown in Fig. 3 (d-f).

In our design, the calculated smallest distance between
consecutive contours was 5.3 mm. So, when a copper wire
with a track width of 4.0 mm is adopted as [4], the minimum
wire gap will be 1.3 mm. The thickness and resistivity of cop-
per wires were 5 mm and 1.68× 10−8 �m, respectively [4].
The total resistance of each designed coil was then computed
by using (22) which in turn was used to calculate the total
dissipated power. Fig. 4 compares the total dissipated power
of various configurations of two-channel, three-channel, and
conventional coils with a fixed total number of turns on the
primary coil cylinder (NT = 78). The dissipated DC power
for the two-channel and three-channel coils are displayed by
black and green curves, respectively, where the 13 stars stand
for the dissipated power of 13 different coil configurations
of both coils whose dimensions were calculated by using (3).
The total dissipated powers of the most power-efficient two-
and three-channel coils were less than that of the corre-
sponding conventional coil by 25% and ∼23%, respectively
(see TABLE 2). As shown in TABLE 2, the multi-channel
coils had also a better figure of power than the conventional
coil.

103846 VOLUME 10, 2022



H. B. Kassahun et al.: Multi-Channel, Actively Shielded, Power Efficient MRI Z-Gradient Cylindrical Coil Design

FIGURE 4. Total dissipated power comparison of 13 different
configurations of two-channel, 13 different configurations of
three-channel, and conventional coils. The black and green curves are
used to determine the most power-efficient two-channel and
three-channel coil configurations, respectively.

FIGURE 5. Total dissipated power comparison of the most power-efficient
two-channel and conventional coil configurations as a function of the
total number of turns on the primary coil surface. The number inside the
square brackets on each dot represents the total number of turns for the
corresponding shielding layer. The power efficiency of both two-channel
and conventional coils increases as the total number of turns on the
primary cylinder increases. The dissipated power reduction for the
two-channel coil at a larger number of turns is comparably lower;
however, a coil design with a large number of turns is not desirable as
this increases the coil’s inductance.

Fig. 5 shows the total dissipated power comparison of
the most power-efficient two-channel coil with that of the
conventional coil by varying the total number of turns on the
primary cylinder from 54 to 108.

As shown in the figure, the two-channel coil has much
lower dissipated power at a fewer number of turns compared
to that of the conventional coil. As the number of turns
increases, the two-channel coil still has a power dissipation
advantage albeit with less efficiency. Increasing the number
of primary turns for the single-channel coil, however, is not
desirable as it increases the coil’s inductance.

FIGURE 6. Total dissipated power comparison of 13 different
configurations of two-channel and conventional coils using the second
cylindrical coil dimensions shown in TABLE 1. The green curve is used to
determine the most power-efficient two-channel coil configuration.

To understand better the power efficiency advantage for
the two-channel design, different coil dimensions similar
to [37] (the second cylindrical coil dimensions shown in
TABLE 1) were used. The power reduction of the designed
coils using these dimensions was comparably lower. First,
the conventional and two-channel coils were designed by the
proposed method with the same dimensions as [37]. Fig. 6
depicts the total power of 13 designs of two-channel coils and
conventional coil. The power was reduced by 17% when the
length of the first section is 15.58 cm. Here, the total powers
of the designed coils are larger because the target gradient
field was 45 mT/m and a 3 mm × 3 mm track cross-section
was chosen. From the computed results, it has been observed
that the longer the coil lengths, the higher the dissipated
power reduction factor of multi-channel coils for the same
number of turns on the primary coil cylinder.

Fig. 7 shows the comparison of maximum longitudinal
stray magnetic flux densities at the cryostat for conventional,
two-channel, and three-channel coils. As shown in the figure,
multi-channel coils may have slightly better shielding effi-
ciency as compared to the conventional coil.

Although we sampled the stray field along the Z direction
similar to [4], we have noticed that the stray field is nearly
constant along the θ direction and varies significantly along
the Z direction. Accordingly, for better fidelity to achieve the
desired shielding efficiency, we redesigned the coil configu-
rations shown in Fig. 3 for target field points on the cryostat
cylinder using 4×64 points in the θ and Z directions, respec-
tively. The performances of all coils using the two target stray
field sampling schemes (16 × 16 and 4 × 64) are tabulated
in TABLE 2. The two-channel and three-channel coils still
have a power dissipation reduction of ∼28% and ∼23%,
respectively compared to the conventional coil. Fig. 8 (a-c)
show the winding patterns of the redesigned power-efficient
two-channel, three-channel, and conventional coils, respec-
tively. Fig. 8 (d-f) show the magnitude of longitudinal stray
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FIGURE 7. Comparison of maximum longitudinal stray magnetic flux
densities for 13 different configurations of two-channel, 13 different
configurations of three-channel, and conventional coils for 16× 16 target
stray field sampling scheme. The curves show that the most
power-efficient two- and three-channel coils (configuration 3 for both
cases) may have less maximum stray field strength compared to the
conventional coil.

magnetic flux density maps for the redesigned two-channel,
three-channel, and conventional coils, respectively, where
the stray field pattern along the Z direction is illustrated.
As shown in TABLE 2 and the maps in Fig. 8, the maximum
stray field of each multi-channel coil is still slightly lower

than that of the conventional coil. The DC performances of
the coils shown in Fig. 8 are tabulated in TABLE 2 where
they have a target field performance in the operational region
similar to Fig. 3 (d-f) (not illustrated to avoid redundancy).

IV. DISCUSSION
This study investigates the design of multi-channel
Z-gradient coils by dividing the current-density surface into
multiple sections along the length of the coil.

In a conventional, single-channel coil, the whole coil sur-
face is driven by the same current, this, however, leads to a
relatively large dissipated power in the coil. In our design,
each channel is driven by an independent amplifier, and the
total dissipated power of the proposed configuration is lower
than that of the conventional coil.

In this study, the performances of 13 possible designs of
two- and three-channel coils obtained by varying the length
of each section while keeping the total number of turns on
the primary cylinder equal were analyzed. A configuration
with better performance was obtained when the second and
first sections of the primary cylinder are 70% and 30% of
the half-primary-coil length (La/2), respectively, for both
two-channel and three-channel Z-gradient coils (Fig. 4).

Recently, Takrimi and Atalar [30] designed a 24-channel
animal-size Z-gradient array coil with an active-shield array
by dividing the primary and shielding coil surfaces into equal
sections each. They aimed to achieve a dynamic DSV where

FIGURE 8. Redesigned multi-channel and conventional Z-gradient coils for configurations illustrated in Fig. 3 using 4× 64 points on the cryostat. 3D
winding patterns for the power-efficient two-channel coil (a), three-channel coil (b), conventional coil (c); and their corresponding (d-f) stray field maps
showing the magnitude of the longitudinal stray field component on the θ-Z plane (the display is for 16× 64 points).
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TABLE 2. Performance comparison of actively shielded two-channel, three-channel, and conventional Z-gradient coils.

they placed their coil turns at equidistance fixed locations
and optimized only the current per channel for each DSV
location. For the conventional mode operation, Takrimi et al.
achieved a 13% power reduction. In this work, we aim to
design multi-channel coils just operating in a conventional
mode using a minimal number of channels where we opti-
mize for the coil distribution patterns, driving currents, and
section size. The DC characteristics for our multi-channel
coil designs compare well to the conventional single-channel
coil. We have noticed that the stray field is nearly con-
stant along the θ direction and varies significantly along the
Z direction as shown in Fig. 8 (d-f). Also, when computing
the high resolution stray field maps for the coils designed
using the 16 × 16 sampling scheme for the target stray
field, the maximum stray field noticeably increased. Accord-
ingly, for better fidelity to achieve the desired shielding
efficiency, we redesigned the power-efficient two-channel,
three-channel, and conventional coil configurations using a
4×64 sampling scheme (keepingQ = 256 for computational
efficiency). We observed that the achieved maximum stray
fields for the redesigned coils do not noticeably change for
higher resolution maps. As a result, we recommend the con-
figurations reported in Fig. 8. Generally, we achieved 17-28%
and∼23% power reduction using the two- and three-channel
coils, respectively. The findings of the study suggest that coils
with less operating DC power requirements can be designed
by dividing conventional coils into more than one channel.
Similar to the findings of the two-channel whole-body RF
coil [38], it was observed that the two-channel gradient coil
can operate with less dissipated DC power compared to the
single-channel configuration. It is also shown that the power
reduction factor is dependent on the gradient coil’s geometri-
cal dimensions and number of turns (Fig. 4-6) as well as the
design parameters.

High-performance gradient coils are usually needed to
provide high maximum gradient field strength for high spa-
tial resolution MRI used in neuroimaging applications [39],

[40]. Also, diffusion-weighted imaging and diffusion tensor
imaging (DTI) which are important imaging modalities for
diagnosing neurological disorders and mapping brain con-
nectivity require high-performance gradients [41], [42], [43].
The findings of this study may thus be applied to the design
of high gradient field MRI applications as indicated where
power considerations become critical.

V. CONCLUSION
In this work, a new methodology for designing two- and
three-channel Z-gradient coils is presented. The perfor-
mances of the designed multi-channel coils are compared
to those of a single-channel conventional coil with simi-
lar dimensions and DC performance metrics. The following
points are specifically attained:
• Using Fourier series expansion approximation of current
densities, a framework was developed to optimize multi-
channel Z-gradient coil design.

• The distribution of the windings, current per channel,
and sectional size were optimized to achieve the least
possible dissipated power for the multi-channel coil
design performing with the desired DC characteristics.

• Power efficiency gains for two- and three-channel,
whole body, Z-gradient coils of 17-28% and∼23%were
achieved, respectively.

• It was also shown that the power efficiency depends
on the coil’s dimension, number of turns, and design
parameters.

• The importance of the sampling scheme used for the
target stray field during the design process, while not
changing the total number of points for computational
efficiency, is noted.

The findings of this study may thus be applied to the design
of high gradient field MRI applications where gradient coils
yielding high gradient fields are needed and their operat-
ing power requirements become critical. Currently, the more
challenging problem of determining the power reduction gain
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of multi-channel transverse gradient coil designs is further
investigated using the discrete wire designmethod [44]. In the
future, practical implementations for such multi-channel gra-
dient configurations may be performed where channel cou-
pling considerations among other aspects are to be studied.
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