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The conventional magnetic resonance imaging (MRI) equipment cannot measure large volume samples nondestruc-
tively in the engineering site for its heavy weight and closed structure. In order to realize the mobile MRI, this study
focuses on the design of gradient coil of unilateral magnet. The unilateral MRI system is used to image the local area above
the magnet. The current density distribution of the gradient coil cannot be used as a series of superconducting nuclear
magnetic resonance gradient coils, because the region of interest (ROI) and the wiring area of the unilateral magnet are
both cylindrical side arc surfaces. Therefore, the equivalent magnetic dipole method is used to design the gradient coil, and
the algorithm is improved for the special case of the wiring area and the ROI, so the X and Y gradient coils are designed.
Finally, a flexible printed circuit board (PCB) is used to fabricate the gradient coil, and the magnetic field distribution of
the ROI is measured by a Gauss meter, and the measured results match with the simulation results. The gradient linearities
of x and y coils are 2.82% and 3.56%, respectively, less than 5% of the commercial gradient coil requirement.

Keywords: unilateral MRI, equivalent magnetic dipole method, gradient coil, current density distribution

PACS: 87.61.–c, 84.32.Hh, 02.30.Zz DOI: 10.1088/1674-1056/27/5/058702

1. Introduction
Conventional magnetic resonance imaging (MRI) must

work in highly homogeneous field,[1,2] but the volume and
weight of the equipment restrict its applications, especially
for huge object. For conventional closed magnet structures,
the sample must be placed inside the magnet. However, the
unilateral magnet provides a new direction of application for
MRI.

Unilateral magnetic resonance imaging (UMRI) is a new
type of nuclear magnetic resonance (NMR) measurement
method. We use the characteristics of unilateral magnets to
build a system to realize magnetic resonance imaging (MRI),
which is called UMRI. Compared with conventional closed
MRI, the UMRI can be easily moved for its open structure,
small size, and the sample can be nondestructively tested
from the surface above sample, obviously UMRI has a good
prospect.[3,4] In recent years, the research on imaging systems
based on UMRI equipment has also made some progress.[5–7]

Blümich presented a two-dimensional (2D) phase-encoding
imaging method to realize 2D imaging with a unilateral NMR
probe.

The gradient coils play an irreplaceable role in MRI,
which should be specially designed for unilateral magnet. At
the same time, since the unilateral magnet has a static gradi-
ent field perpendicular to the surface of the magnet (the z-axis

direction as shown in Fig. 1), we only need to design x and y
gradient coils to realize a three-dimensional (3D) gradient.

The design of the gradient coil is an inverse problem of
the electromagnetic field. The design method can be divided
into regular separation winding method and distributed wind-
ing method.[8,9] The distributed winding method does not pre-
determine the shape of the coil, but rather calculates the de-
sired current density distribution by a predetermined magnetic
field distribution within the region of interest (ROI), and then
use conductive copper plates or distributed winding to sim-
ulate the current density distribution, in order to determine
the specific shape and size of the coil winding. This method
is also easy to determine inductors, energy consumption and
self-shielding constraints and other conditions. The design
method includes stream function method,[10,11] target field
method,[12,13] harmonic coefficient method,[14] and equiva-
lent magnetic dipole method.[15,16] Owing to different magnet
structures, the gradient coil design method is slightly different.
At present, some design methods are applied to the design of
coils in Halbach magnets,[17,18] which has some similarities to
the unilateral magnet gradient coil design. However, in this
paper the design of gradient coils for unilateral magnets is still
lacking. We adopt the equivalent magnetic dipole method to
design gradient coils, focusing on the characteristics of a uni-
lateral magnet, and whose ROI and wiring area are both cylin-
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drical side arc surfaces.

2. Unilateral MRI magnet structure
In this study, a unilateral MRI magnet was designed for

mobile UMRI. The main magnetic field is parallel to the upper
surface of the magnet. The default direction is the X direction
as shown in Fig. 1. The magnetic field distribution in the ROI
is shown in Fig. 2, and has a natural gradient in the direction of
the vertical main magnetic field (Z direction). Therefore, the
three-direction gradient magnetic field can be realized only by
designing the gradient coils in the X and Y direction. Uni-
lateral NMR sensor is shown in Fig. 3. The magnetic field
strength in the center of the arc is 188.56 mT, corresponding
to an NMR frequency of 8.02 MHz. The angle of ROI is 90◦,
the length of ROI is 60 mm, and the magnetic field uniformity
in the ROI range is 1.5%. With passive shimming and active
shimming, we make the magnetic field uniformity in the ROI
reach 500 ppm below. The gradient of the center of the arc
along the Z axis is 0.754 T/m.

Bx

ROI

gradient 
Coil

RF 
coil

magnet

x

yz

Fig. 1. (color online) Unilateral magnet structure diagram.

Fig. 2. (color online) Magnetic field distribution in the region of interest
of the unilateral magnetic field.

Fig. 3. (color online) Unilateral magnet sensor physical map.

3. Theory and method

In this paper, the wiring area of the gradient coil is a
cylindrical side arc surface, and it can be divided into q units,
each unit is a tiny cylindrical piece with thickness h, length a,
and arc length a, as shown in Fig. 4. We assume that there
is only one base current loop (or magnetic dipole) in each
unit cylindrical piece. If each unit cylindrical pieces are small
enough, the current paths formed by these base currents can be
equivalent to the actual current distribution (the current flow-
ing through each loop is In, the current flowing through the
entire cylinder surface is I).

ROI

r′
y

x

Sq

Sq⇁Qc

Sq↩Qc

Sq↩ Sq⇁

h a

a

r

unit q

Js

z

Qr

Qc

Fig. 4. Split cylindrical surface schematic diagram.

3.1. Stream function

According to the law of current continuity, important pre-
conditions for current densities can be obtained as

∇ ·𝐽s(𝑟
′) = 0. (1)

Therefore, we can define a hypothetical scalar stream
function S(𝑟′) to represent the current density distribution

𝐽s(𝑟
′) = ∇×S(𝑟′) ·𝑛(𝑟′). (2)

The stream function defines the function with the con-
tinuous direction changing in a limited area. Therefore, the
stream function is suitable for the current distribution prob-
lem discussed in this paper. The stream function is used to
describe the current density distribution of the base current in
each split cylindrical surface, wherein the contour distribution
of the stream function can represent the actual current rout-
ing, and the difference in stream function between the adjacent
contour lines is the actual current value

I =
Smax−Smin

N
, (3)

where Smin refers to the minimum value of the stream func-
tion, Smax represents the maximum value on the plane, N is
the number of contour lines, and I is the current in each wind-
ing line.
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3.2. Equivalent magnetization

We can solve the value of the stream function S(𝑟′) to
obtain the winding structure, so we hope to establish the rela-
tionship between the stream function S(𝑟′) and the magnetic
field 𝐵 in the ROI. In this paper, we use an intermediate quan-
tity (equivalent magnetization 𝑀(𝑟′)) to connect the stream
function S(𝑟′) and the target magnetic field 𝐵. Assuming
that the magnetization of a single dipole is 𝑀(𝑟′), and that
the equivalent magnetizing current flows through each of the
split cylindrical surfaces, the equivalent current density of the
dipole can be obtained by the theory of electromagnetic field
as follows:

𝐽s(𝑟
′)≈ ∇

′×𝑀(𝑟′)h. (4)

Therefore, substituting Eq. (2) into Eq. (4), we can obtain
the relationship between the equivalent magnetization and the
stream function as follows:

𝑀(𝑟′)≈ S(𝑟′) ·𝑛(𝑟′)
h

. (5)

3.3. Magnetic field in ROI

In Fig. 4, when the unit length a is sufficiently small, the
value of the stream function in the unit cylinder q can be ap-
proximated by a constant Sq, and the area of the unit can be
approximated as a2. Let 𝑛q denote the outer normal direction
of unit q and assume that the cylinder surface is divided into
Qc columns along the circumference and Qr rows along the
axial z axis, and we will have totally Q = QcQr units. The q
is sorted according to the rows one by one as shown in Fig. 4.
The difference between the numbers of the two adjacent cells
in the left and right is 1, and the difference between the num-
bers of the two adjacent cells in the upper and lower is Qc.
These units of q = 1 ∼ Qc and Q−Qr ∼ Q are the upper and
lower boundaries of the cylinder, respectively.

If a� |𝑟−𝑟′|, then a single magnetic dipole produces an
equivalent magnetic moment

𝑚q =𝑀a2h = a2Sq𝑛q, (6)

where Sq is the q-th magnetic dipole stream function value.
According to Eq. (2), the solution current distribution can

be obtained by solving the value Sq of the stream function S on
each dipole base coil. Equivalent magnetic dipole moment 𝑚
is generated by the magnetic field expressed in the following
formula:[17]

𝐵 =
µ0

4π
(𝑚 ·∇)∇

1
r
=

µ0

4π
∇

(
𝑚 ·∇1

r

)
= − µ0

4π
∇

(
𝑚 · 𝑟

|r|3

)
. (7)

Therefore, the relationship between the target magnetic
field 𝐵 and the magnetic dipole moment is obtained, then sub-
stituting Eqs. (5) and (6) into Eq. (7), the magnetic field value

at this point (x, y, z) in the ROI is composed of the values of
magnetic dipoles Q, which are generated by the source point
x-direction magnetic field expression

Bx(x,y,z) =
µ0a2

4π

Q

∑
q=1

cx,qSq, (8)

where

cx,q = R−5[2(x− xq)
2nx− (y− yq)

2nx− (z− zq)
2nx + · · ·

3(x− xq)(y− yq)ny +3(x− xq)(z− zq)nz]. (9)

In Eq. (9), nx, ny, and nz denote the normal vectors outside
the unit of cylinder, namely the components of 𝑛q along the x,
y, and z direction. Therefore, the relationship between target
magnetic field 𝐵 and stream function Sq is obtained. Since
the target field is known, the coil structure can be obtained by
solving Sq.

3.4. Optimizing strategy

If the design of the coil only makes the magnetic field
in the ROI meet the target magnetic field, the structure of the
gradient coil may be not smooth, which will increase the re-
sistance of the coil and make the local temperature too high.
Hence, the energy loss needs to be optimized. The energy
consumption expression produced by all magnetic dipole ele-
ments can be written as

P =
Q

∑
q=1

[
(Sq+1−Sq)

2 +(Sq+Qc −Sq)
2]. (10)

The optimal mathematical model is constructed as fol-
lows:

min : f =
Q

∑
q=1

[(Sq+1−Sq)
2 +(Sq+Qc −Sq)

2],

st Bx−Btarget = 0. (11)

The constraints in Eq. (11) are difficult to satisfy, making
it difficult to solve the initial solution of the optimization prob-
lem, which leads to the interruption of the solution. There-
fore, the penalty function can be constructed to transform the
constraint problem into an unconstrained optimization prob-
lem, and then use the unconstrained optimization method to
solve the problem. The coil constraint as a penalty function, is
multiplied by the penalty parameter λ added to the optimiza-
tion function f , because the penalty function is close to 0, and
a large value of λ is required to make the penalty operation
meaningful. The ROI is divided into N subregions, each corre-
sponding to a field point. Then the optimal objective function
is constructed as follows:

min : F =
Q

∑
q=1

[(Sq+1−Sq)
2 +(Sq+Qc −Sq)

2]
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+λ

N

∑
n=1

(Bx−Btarget)2. (12)

The latter item on the right-hand side in Eq. (12) is the
square sum of the difference between the calculated mag-
netic field Bx and the target magnetic field Btarget in the ROI,
where Bx is calculated from Eq. (8). The target magnetic field
is changed according to the design requirements, for exam-
ple, for the x gradient coil, Btarget = Gxx, for the y gradient
coil, Btarget = Gyy. The optimization problem of type (12)

can be solved by the lsqnonlin toolbox of MATLAB software.
Lsqnonlin library function uses the least square method for
solving the nonlinear function in the following form:

min
x
‖ f (x)‖2

2 = min
x
( f1(x)2 + f2(x)2 + · · ·+ fn(x)2), (13)

where x is a vector or matrix and f (x) is a function of the
returned vector or matrix value. Equation (12) can be trans-
formed to the least square form

min : F =
N

∑
n=1

(√
Q
∑

q=1
[(Sq+1−Sq)

2 +(Sq+Qc −Sq)
2] +λ (Bx−Btarget)2

)2

. (14)

After obtaining the optimal value of the stream function
Sq, the coil structure can be obtained by drawing the contour
of the stream function. In addition, the optimal value of the
penalty parameter λ needs to be determined. This requires the
gradient linearity δ to be used as an optimization indicator,
which is expressed as

δ =
∆B

Btarget
×100%. (15)

When δ is calculated, the magnetic field 𝐵 is the Bx value
calculated from Eq. (7), and Btarget is the ideal magnetic field
set above. The optimization steps are as follows.

(i) Set the initial value of λ to be λ = 1010.
(ii) Obtain the optimal solution Sq from Eq. (13).
(iii) Calculate the Bx value by substituting Sq into Eq. (7)

to further calculate the gradient linearity degree δ value.
(iv) Set the optimal exit conditions for δ < ε , where ε is

the gradient linearity requirement. When exit conditions are
met, the loop ends. The current value λ is used as the optimal
penalty parameter, or λk+1 = aλk, where a is usually set to be
10[i]. Then repeat steps (ii)–(iv).

4. Results
4.1. Simulation results

According to the actual magnet structure and simulation
parameter optimization, the wiring area of the gradient coil in
this paper is a 200-mm-length cylindrical side arc surface. Its
radius is 45 mm, and its central angle is 120◦. Wiring area is
divided into 50 subareas equally in the X , Y direction, and is
divided into a total of 2500 units, each unit can be approxi-
mated as a square, split unit side length a total. The ROI is
a cylindrical surface with a radius of 35 mm central angle of
90◦, length of 60 mm. We divide the cylindrical surface into
100 area elements, each corresponding to a target field point.
Using the above analysis we can carry out the calculation to
obtain the X and Y gradient coil.

When designing the gradient coil, at λ = 1010, we set the
parameter ε = 3% to exit from the loop to obtain X , Y gradi-
ent coil, and the structure of the gradient coil can be obtained
as shown in Figs. 5(a) and 6(a). Then we use the Biot–Savart
law to verify the magnetic field of the gradient coil simulated.
The magnetic field distributions in the ROI of the X and Y gra-
dient coil when the current of 1 A is provided are shown in
Figs. 5(b) and 6(b), respectively.

100
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Fig. 5. (color online) X direction gradient coil, showing (a) gradient coil con-
tour and (b) magnetic field distribution of the ROI of the XoY plane.

As the conventional coil resistance is too large, more se-
rious heat is produced, we use the anti-coil structure to reduce
the coil resistance. The final structure is shown in Fig. 7, the
red area above is the ROI, and the blue and dark red areas be-
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low are the X and Y gradient coil.
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Fig. 6. (color online) Y direction gradient coil, showing (a) gradient coil
contour and (b) magnetic field distribution of ROI of the XoY plane.
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Fig. 7. (color online) Gradient coil structure.

4.2. Experiment results

According to the simulated coil structure, the anti-coil
structure design and optimization, and finally using the flex-
ible printed circuit board (PCB) processing, the gradient coil
is obtained as shown in Fig. 7.

This study uses the United States FW.Bell8030 Gauss me-
ter, 3D stepper platform, Agilent6653A current source consti-
tutes a measurement platform shown in Fig. 10. When 1 A
current is applied, the magnetic field above the gradient coil is
measured to obtain the Bx distributions of the X and Y gradient
coil in the ROI as shown in Fig. 8. From the measured mag-
netic field distribution map, it follows that the designed gradi-
ent coil basically satisfies design requirements. However, due
to uneven wiring and processing errors and other effects, there
is a certain deviation from the simulation results.

Fig. 8. (color online) Gradient coil physical map.

computer

gauss 
meter

current 
source

gradient coilstepper motor

Fig. 9. (color online) Experimental platform of measurement.
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Fig. 10. (color online) Measured magnetic fields of gradient coil ROI,
produced by (a) X gradient coil and (b) Y gradient coil.

Then the results measured from X gradient coil and Y gra-
dient coil and simulation results are analyzed and compared in
Tables 1 and 2, the results indicate that the measured coil ef-
ficiency and linearity are slightly worse than the simulation
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results, but meet the design requirements, to achieve the func-
tion of the gradient coil.

Table 1. X gradient coil parameter alignment.

Item Efficiency/mT·m−1·A−1 Linearity/%
Simulation 4.54 2.41

Measurement 4.01 2.82

Table 2. Y gradient coil parameter alignment.

Item Efficiency/mT·m−1·A−1 Linearity/%
Simulation 1.46 2.97

Measurement 1.70 3.56
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Fig. 11. (color online) Measured central axial magnetic field of ROI,
produced (a) X gradient coil and (b) Y gradient coil.

Table 3. X gradient coil.

Current/A
Maximum Efficiency

Linearity/%
temperature rise/◦C /mT·m−1·A−1

1 2.2 4.01 2.82
2 8.5 3.89 3.45
3 18.3 3.78 4.21

We inject direct currents (DCs) of 1 A, 2 A, and 3 A into
the X and Y gradient coil, and obtain the distribution of the
central axial magnetic field of ROI, which is shown in Fig. 11.
According to the data we measured, which are shown in Ta-
bles 3 and 4, we find that when the injected current increases,
the coil temperature will increase, and the coil efficiency and
linearity decline to different degrees, but the variation range is
acceptable. Moreover, in the actual MRI work, the alternating
current (AC) pulse square wave is applied to the gradient coil,
and its calorification is smaller than the DC test result, so the
coil performance is better.

Table 4. Y gradient coil.

Current/A
Maximum Efficiency

Linearity/%
temperature rise/◦C /mT·m−1·A−1

1 1.5 1.70 3.56
2 6.8 1.68 3.78
3 13.2 1.68 4.23

5. Conclusions
First of all, in this work we design a unilateral magnet in

the field of medical local imaging of mobile MRI equipment
and realize the arc-shaped target magnetic field distribution
with a natural gradient in the area of 10 mm cylindrical side
arc surface above the magnet.

Then based on the principle of the unilateral specific di-
rection of the main magnetic field, the gradient coil design
adopts the equivalent magnetic dipole method. According to
the requirements for this unilateral magnet, the gradient coil
wiring area and the ROI are designed to be cylindrical side arc
surface, in this paper, the design method for the above situa-
tion has been improved and optimized.

Finally, we apply the coil design results to real coils, use
mature measurement platform to measure the gradient coil,
and find that the magnetic field distribution in the ROI is close
to the simulation results. However, because of wiring prob-
lems such as asymmetry, there are still some deviations.

The mobile UMRI will be widely used, especially for
the open imaging of large volume samples (such as localized
breast imaging). Gradient coil design for unilateral magnets is
an important research foundation for the study of the mobile
UMRI, so it needs to be further studied. In the future work,
we will further investigate the sequence and imaging results of
UMRI in combination with the existing UMRI equipment.
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[1] Blümich B 1988 Angew. Chem. Int. Ed. 27 195
[2] Callaghan P T 1992 Z. Phys. Chem. 176 132
[3] Xu Z, Meng K K and Cheng J Y 2015 Int. J. Appl. Elec. & Mech. 47

777
[4] Xu Z, Cui X J and Meng K K and Xia YF 2016 IEEE Sens. J. 16 1168
[5] He Z H and He W 2016 Appl. Magn. Reson. 47 1
[6] He Z H, He W, Wu J M and Xu Z 2017 Sensors 17 526
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