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We report a novel inside-out NMR (nuclear magnetic resonance) probe for the measurement of soil mois-
ture. The probe consists of a dumbbell-shape magnet and an opposed-solenoid RF (radio frequency) coil.
Optimization methods for the structure of the magnet and RF coil that maximize the SNR (signal-to-noise
ratio) of NMR measurements are also described. The dumbbell-shape magnet consists of three cylindrical
magnets in series whose magnetic field was calculated with analytic expression deduced by converting
magnet to equivalent magnetization current on its cylindrical surface. Based on the analytic expression, a
nonlinear optimization mathematical model was built to determine the optimal structure parameters
automatically. The opposed-solenoid is a pair of reverse-connected solenoids and used as RF coil on
inside-out NMR probe in this work. Its structure-parameter optimization was carried out based on
FEM (finite element method) simulation, and UD (uniform design) was applied to increase the optimiza-
tion efficiency. A prototype was designed and built consisting of a magnet with length of 100 mm and a
diameter of 40 mm. An NMR-based soil moisture measuring experiment was conducted by this proto-
type, with NMR performed using the CPMG (Carr-Purcell-Meiboom-Gill) pulse sequence for soil sample
in different moisture content. The T2 distribution spectrum reveals that there are two compartments of
water in the soil sample: free water and bound water.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

Soil moisture (i.e water) is an inevitable part of the three phases
system of the soil, which comprises of soil minerals (solids), mois-
ture and air [1,2]. It has a major role to play as far as the plant
growth [3]. In agriculture practice, the application of adequate
and timely moisture for irrigation is essential in crop production,
and its schedule depends upon the soil-moisture-plant environ-
ment [4–7]. So, accurate accessing of the soil-moisture-plant envi-
ronment plays an essential role in agriculture. Indeed, a firm
quantitative description of the phenomena of moisture in soils
and the factors which are part of it will greatly advancement of
deeper understanding in soil hydrology.

The requirement for accurate soil-moisture measurement has
led to the emergence of experimental techniques such as Time
Domain Reflectometry (TDR) [8], Neutron Absorption [9] or Electri-
cal Impedance Tomography [10]. Over the past decades, these
techniques demonstrated their utility. Nevertheless, they are not
free of drawbacks: their results for soil moisture can also be
adversely affected by local ion concentration in water and the
changes induced by the actual presence of the sensor. NMR
(Nuclear Magnetic Resonance) measurement is non-invasive; it
would not affected by ion concentrations, which is determined
by the physical principle it relies on. Besides the mere moisture
content, the local dynamics of the liquid in the pore system can
also be observed by it [11].

The advent of NMR performed with highly inhomogeneous low
magnetic fields traces back to the pioneering work of Jasper Jack-
son in 1980 [12–20] where the concept of ‘‘inside-out” was first
proposed. This work advanced the early work of Brown and Gam-
son in creating a NMR well-logging tool (NWL) based on earth field
in 1960s, overcoming the long ‘‘deadtime” of NWL and the fact that
measurements were subject to being perturbed by the presence of
drilling mud in the borehole [21,22]. The measurement of soil
moisture via NMR, though it was among the first applications of
low-field instruments [23], has not been developed to the same
level as in well-logging applications.

Low-field NMR certainly can play an important role in the
future of soil moisture measurement. A promising example of this
is given by the NMR-sounding technique, which has successfully
been applied in the search of aquifers in the last 10 years [24].

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmr.2019.07.052&domain=pdf
https://doi.org/10.1016/j.jmr.2019.07.052
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Recently, several NMR probes for water moisture measurement
were proposed. Perlo [25] and Wu [26] analyzed different struc-
tures of low-field NMR probe, and discussed their performance.
However the published work did not develop any method to opti-
mize the structure of NMR probe. In this paper, we propose a novel
geometry inside-out NMR probe, including the development of dif-
ferent methods to optimize the structure of the magnet and RF coil.

The probe consists of a dumbbell-shape magnet and opposed-
solenoid RF coil. The dumbbell-shape magnet can be applied on
inside-out probe with magnetization along radial direction or lon-
gitudinal direction, its static magnetic field in ROI (region of inter-
est) could be optimized by adjusting the structure parameter of
magnet [25–27]. In the presently described work, the dumbbell-
shape magnet was exploited with magnetization along longitudi-
nal direction. To optimize the structure, we deduced an analytic
expression of magnetic field generated by dumbbell-shape magnet,
that makes it possible to describe the optimization problem using
an analytic mathematical model, which could be solved automati-
cally in commercial mathematical computing software with high
efficiency and precision. Based on the analytic magnetic field
expression, we converted the structure parameter optimization
to a nonlinear optimization problem which was solved using func-
tion fmincon in MATLAB (The MathWorks, Inc.).

The structure of probe we studied in this paper is a solid of rev-
olution. RF coils, designed for revolved-body probe, are usually
solenoid and saddle coil. The structure of first inside-out NMR
probe is also a solid of revolution; the RF coil is a solenoid
[12,13]. Additionally, different saddle RF coils were developed to
match revolved-body magnet which is magnetized in different
directions [20,25,26,28]. In this paper, we propose a novel RF coil:
opposed-solenoid with a differential structure that can reduce cou-
pling noise in space and benefit the SNR of NMR measurement
[29,30]. Moreover, both the ROI of the probe and the opposed-
solenoid RF coil are solids of revolution, and compared to the sad-
dle RF coil, the RF magnetic field of an opposed-solenoid RF coil can
be more homogeneous, and match the static magnetic field ROI
better. We also optimized the structure of RF coil and that was car-
ried out based on the analysis of its magnetic field distribution and
AC (alternative current) resistance. However, because of the influ-
ence of eddy current in magnet shielding, it is hard to calculate
magnetic field and AC resistance precisely with analytical method.
In this paper, we calculate these parameters with FEM (finite ele-
ment method) simulation which could provide precise result but
also require large hardware and time cost. In order to improve
the optimization efficiency, UD (uniform design), an experiment
design method, was used to design simulation and analyze simula-
tion results.

To verify the design and optimization methods, we also made a
prototype with magnet height of 100 mm, diameter of 40 mm, and
conducted soil moisture measuring experiments. We set up soil
samples with different moisture content; NMR measurements
were evaluated by analyzing the relation between NMR signal
and soil moisture content of sample.
2. Method

The magnet to be optimized is shown as Fig. 1(a), with a mag-
netic axis along its axial direction. Gray ring in Fig. 1(b) indicates
the ROI. The direction of B0 (static magnetic field) around the mag-
net is parallel to the axis. Because the SNR of NMR measurement is
proportional to B0

2 [31], the goal of magnet optimization is to max-
imize the static magnetic field strength with required homogeneity
in ROI. The structure parameters, to be optimized, were shown as
Fig. 1(c), where D1, H1 are the diameter and height of the magnet
in the end, and D2, H2 are the diameter and height of magnet in
the middle. In this paper, the parameter optimization was con-
verted to a nonlinear optimization problem, introduced in 2.1.

The RF coil needs to generate an AC magnetic field (B1) which is
orthogonal to static magnetic field (B0) generated by the magnet.
The opposed-solenoid RF coil, shown as Fig. 2(a), consists of two
reverse-connected solenoids, and it was applied on inside-out
NMR probe for the first time in this paper. Basically, B1, the RF
magnetic field, is along the radial direction of dumbbell-shape
magnet, and that is orthogonal to the static magnetic field B0. Con-
sidering that only a reasonable design with an optimal structure
could make the RF coil to maximize the SNR in NMR measurement,
the coil structure parameters should be optimized, and that
include the number of turns X1, turn spacing X2, and the gap
between two solenoids X3, shown as Fig. 2(b). Fig. 3 shows the
electromagnetic structure of the probe, I denotes current in RF coil;
the vector distributions of B0 and B1 are in a rotating plane of ROI.
Because both the magnet and ROI are solids of revolution, magnetic
field distribution in space could be reflected by analyzing that in
the rotating plane.

2.1. Magnet optimization

Magnet optimization was carried out based on calculation of its
magnetic field distribution. In this paper, we introduced equivalent
magnetization current method to calculate it with analytic expres-
sion. As is shown in Fig. 4, we replaced the source of B0 from cylin-
drical magnet, with magnetization along its axis, to current density
K on cylindrical surface of the magnet. Then, B0 could be regarded
as that generated by surface current density K, and it could be cal-
culated according to Biot-Savart law, shown as Eqs. (2)–(6). K could
be obtained by Eq. (1), where Br is the residual flux density of per-
manent magnet, Br is permeability of free space l0 is permeability
of free space (4p � 10�7 H/m) [32].

K ¼ Br=l0 ð1Þ

Then, B0 at any point P (x0,y0,z0) in the space was calculated
according to Biot-Savart law, and the components of 3 directions
were expressed as Eqs. (2)–(4):

Bx ¼ Brdz
4p

Z ZþH

Z

Z 2p

0

Rðz0 � zÞcosh
Km

dh ð2Þ

By ¼ Brdz
4p

Z ZþH

Z

Z 2p

0

Rðz0 � zÞsinh
Km

dh ð3Þ

Bz ¼ �Brdz
4p

Z ZþH

Z

Z 2p

0

R ðx0 � R coshÞcoshþ ðy0 � R sinhÞsinh½ �
Km

dh

ð4Þ

Km ¼ ðx� R coshÞ þ ðy� R sinhÞ þ ðz - z0Þ½ �32 ð5Þ

where (R,h,z0) is the corresponding coordinate of (x0,y0,z0) in
cylindrical-coordinate system. Flux density module value is calcu-
lated by:

B0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2
x þ B2

y þ B2
z

q
ð6Þ

The dumbbell-shape magnet consists of 3 cylindrical magnets,
and the magnetic field distribution can be calculated by the super-
position of magnetic field generated by all cylinder magnets. Based
on the analytic expression of magnetic field, we can build a nonlin-
ear optimization model to optimize the structure parameters, D1,
H1, D2, H2, as is shown in Fig. 1(c).

Because the SNR of NMR signal is proportional to B0
2, and also

influenced by magnetic field homogeneity in ROI [31]. Nonlinear



Fig. 1. Dumbbell-shape Magnet. (a) The structure of magnet. (b) The ROI and magnetic field distribution of the magnet. (d) Structure parameter of the magnet.

Fig. 2. RF coil. (a) RF coil and RF magnetic field distribution. (b) Structure parameter of RF coil.

Fig. 3. NMR probe. I indicates the current in RF coil. Vector distribution of B0 and B1

was shown in the rotating plane.

Fig. 4. Equivalent magnetization method. Cylindrical magnet with magnetization
along its axis is equivalent to the surface current density K.
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optimization was built to find a structure which generates
maximum magnetic field strength with certain homogeneity
which defined as standard deviation of magnetic flux density in
ROI. Nonlinear Optimization problem was described as (7).

Maximum : f ðxÞ ¼ 1
n

Xn
i¼1

BiðD1;H1;D2;H2Þ

Subject to :

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Pn
i¼1 BiðD1;H1;D2;H2Þ � 1

n

Pn
i¼1BiðD1;H1;D2;H2Þ

� �q
6 r

H1 þ 2 � H2 6 Hmax

D1 6 Dmax

D2 6 Dmax

8>>>><
>>>>:

ð7Þ

where Bi is the magnetic flux density at test points, chosen uni-
formly in ROI; r is the limitation of standard deviation of magnetic
flux density in ROI; Hmax, Dmax are the limitations of magnet length
and diameter, respectively. Objective function f(x) calculates aver-
age value of magnetic flux density at test points, the optimization
target is to maximize magnetic field strength in ROI. Homogeneity
requirements and magnet size requirements have been reflected
in the constraints.

2.2. RF coil optimization based on uniform design (UD)

The RF coil was optimized based on FEM simulation which can
be implemented on many choices of commercial software, such as
COMSOL Multiphysics (COMSOL Inc.), ANSYS Maxwell (Ansys Inc.),
and CST (Dassault Systèmes SIMULIA Corp.). Generally, a large
number of simulations and analysis are required for the optimiza-
tion leading to a high-cost in human and hardware resources. To
improve optimization efficiency, UD was introduced to optimize
the coil and that could make it optimized with a reasonable num-
ber of simulations.

UD is one kind of space filling approach that can be used for
designing simulation and experiments. It seeks design points to
be uniformly scattered on the experimental domain. Suppose there



Table 2
U10(103) and corresponding design.

No. 1 2 3 X1 X2 X3

1 1 5 7 1 20 3.5
2 2 10 3 2 40 1.5
3 3 4 10 3 16 5
4 4 9 6 4 36 3
5 5 3 2 5 12 1
6 6 8 9 6 32 4.5
7 7 2 5 7 8 2.5
8 8 7 1 8 28 0.5
9 9 1 8 9 4 4
10 10 6 4 10 24 2
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are s parameters of interest over a domain CS. The goal here is to
choose a set of m points Pm = {1, . . ., m} � CS such that these points
are uniformly scattered on CS [33]. Study on problem in a certain
experimental domain could be conducted by analyzing a set of uni-
formly scattering points in it instead of all the experimental
domain. That provides a way to choose typical points in experi-
mental domain, and make conclusion just by analyzing these
points.

UD, applied in RF coil optimization, was implemented by fol-
lowing steps [33]:

(1) Choose a parameter (or factor in design terminology) search
domain, determine a suitable number of levels for each
parameter.

(2) Choose a suitable UD table to accommodate the number of
parameters and levels. This can be easily done by visiting
the UD-web. http://www.math.hkbu.edu.hk/UniformDesign.
UD table is described as Un(qm), where U, n, q and m stand
for the UD, the number of experimental trials, the number
of levels and the maximum number of factors, respectively.

(3) From the UD table, randomly determine the run order of
simulations and conduct the simulations.

(4) Quantify performance measure, find the best parameter
combination that maximize or minimize the performance
measure.

(5) Adjust experiment domain according to existing results, and
conduct further follow-up simulation.

We describe here an example of RF coil optimization using UD.
The are 3 factors need to be considered in the optimization, shown
as Fig. 2(c), the number of turns X1, solenoid gap X2, and turn spac-
ing X3. The experiment domain (X1,X2,X3) was chosen as [1,10] �
[4,40] � [0.5, 5], where the unit of X2 and X3 is mm; the level was
set to 10; experimental domain with level of 10 is shown in Table 1.
If we analyze all the experimental domain, 3 factors with level of
10 would need 1000 (10 3) simulations, while UD provides a way
to analyze and optimize with 10 simulations.

These simulations were arranged with a UD table U10(10 3), as is
listed in Table 2. Specifically, the heading of (1,2,3) in Table 2 rep-
resents uniform design table for 3 factors in 10 runs. The heading
of (X1,X2,X3) in Table 2 represents the actual experiment values
for these three factors. For example, the first combination under
heading (1,2,3) is (1,5,7), which represent the 1st level of X1, 5th
level of X2 and 7th level of X3, the corresponding parameters is
X1 = 1, X2 = 20 and X3 = 3.5.

All the simulations were conducted according to the UD table,
and the best structural parameter was chosen from 10 parameter
combinations according to the result of FEM simulation. The per-
formance measure of RF coil was quantified by SNR [31]. Consider-
ing that the electromagnetic design focus on magnetic filed
distribution and AC resistance of RF coil, for simplicity, we use sim-
Table 1
Experiment domain with level of 10.

X1 X2 X3

1 4 0.5
2 8 1
3 12 1.5
4 16 2
5 20 2.5
6 24 3
7 28 3.5
8 32 4
9 36 4.5
10 40 5
plified SNR to evaluate the performance of RF coil which is named
as sSNR, shown as Eq. (8).

sSNR ¼
Z
V

B2
0ðB1=IÞcoshffiffiffi

R
p dv ð8Þ

where V is the volume of ROI; R is AC resistance of RF coil; and h is
the angle between B0 and B1.

The optimal RF coil structure was acquired by comparing sSNR;
optimal structure corresponds to maximum sSNR. Usually, the
optimal structure was acquired by implementing UD for several
rounds. In new UD round, experiment domain was reduced and
optimal parameter in last round becomes the center in new exper-
imental domain. Optimization ends when sSNR of RF coil no longer
becomes larger.

3. Results

3.1. Magnet optimization

We designed and built a prototype of NMR probe in this work.
The magnet of the probe was constrained in a cylindrical volume
with height of 100 mm and diameter of 40 mm; the ROI of the
probe is a ring at a radial distance of 25 mm from the cylinder axis;
the depth along radial direction is 5 mm, and the height along axis
is 10 mm. Considering that magnetic field strength and homogene-
ity, in ROI, were affected by each other, we optimized magnet
structure with different constraint of standard deviation r, the
result was shown as Table 3. Where average B0 is the average mag-
netic flux density of test points in ROI.

Fig. 5 shows that the average magnetic flux density, in ROI,
increases with the increasing of the standard deviation r. In other
word, magnetic field strength is negatively related to magnetic
field homogeneity in ROI. Fig. 6 shows the relationship between
the optimal structure parameters and r. With the increase of r
from 0.03 to 0.08, D1 changed from 30.7381 mm to 35.9274 mm,
increased by 6.88%; H1 changed from 65.1774 mm to
43.8153 mm, reduced by 32.78%; D2 remained unchanged; H2

changed from 17.4113 mm to 28.0924 mm, increased by 61.35%.
Finally, we chose the optimal structure obtained with the stan-

dard deviation r = 0.05. Fig. 7(a) shows magnitude and vector dis-
tribution of magnetic field of optimal magnet, acquired by FEM
simulation in ANSYS Maxwell. Fig. 7(b) shows that measured by
gaussmeter (BELL-8030, F. W. Bell, Inc.) with resolution of 1 mm,
the measured gradient in ROI is 1.02 T/m. Fig. 7(c) shows the mea-
suring platform. The analyzing district corresponds to the rotating
plane in Fig. 3.

3.2. RF coil optimization

The design and optimization of RF coil is based on magnet
structure, and the magnet was protected by a plastic shell

http://www.math.hkbu.edu.hk/UniformDesign


Table 3
Optimization result.

r 0.03 0.04 0.05 0.06 0.07 0.08

Average B0 (mT) 18.7977 22.9612 25.7175 27.7457 29.3452 30.6699
D1 (mm) 30.7381 32.9546 34.1706 34.9506 35.5062 35.9274
H1 (mm) 65.1774 57.4294 52.3865 48.7948 46.2072 43.8153
D2 (mm) 40.0000 40.0000 40.0000 40.000 40.0000 40.0000
H2 (mm) 17.4113 21.2853 23.8067 25.6026 26.9864 28.0924
Minimum B0 (mT) 18.7348 22.8722 25.6068 27.6118 29.1883 30.4875
Maximum B0 (mT) 18.8786 23.0717 25.8589 27.9133 29.5369 30.8875

Fig. 5. The relation between average flux density in ROI with standard deviation of
magnetic field in ROI.

Fig. 6. The relation between structural parameter of magnet with standard
deviation of magnetic field in ROI.
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(diameter: 44 mm), made by 3D printer. The RF coil was wound
around the plastic shell with a diameter of 44 mm. The optimiza-
tion was carried out based on FEM simulation which was also
implemented in ANSYS Maxwell for this work.

Simulation models of RF coil are shown as Fig. 8. Fig. 8(a) is the
model of RF coil. Because FEM simulation of the full 3D model is
computationally demanding and outside the resources of a typical
desktop computer, we simplified the RF coil to several rings, shown
as Fig. 8(b), then, the simulation model becomes a solid of revolu-
tion; FEM simulation of a 3D solid of revolution could be converted
to a 2D simulation, which can be solved much more efficiently. The
RF coil was simulated with the 2D model, shown as Fig. 8(c) on a
desktop computer with result obtained in about 15 min.

Based on FEM simulation results, RF coil parameters, X1, X2 and
X3 were optimized with 3-round UDs. The first round UD was
implemented as the example in 2.1; the experiment domain, levels,
and UD table were shown as Tables 1 and 2; after that, two more
rounds of UDs were implemented. We arranged the sSNRs of every
round of UD from small to large, shown as Fig. 9. Basically, sSNRs
did not increase after 3-round UDs, and optimal structure param-
eters of RF coil were that correspond to the maximum sSNR in 3-
round UDs. The optimal structure parameter is shown as Table 4.
FEM simulation was conducted to study the magnetic field distri-
bution of the optimal RF coil; Fig. 10 shows vector and magnitude
distribution of RF magnetic field; Fig. 11 shows vector distribution
of static and RF magnetic field of the probe.

Considering that saddle coil geometry is usually exploited on
inside-out NMR probe, we compared the performance of a typical
saddle RF coil whose structure is presented in [26] with our opti-
mal opposed-solenoid RF coil. Fig. 12(a) shows the diagram of sad-
dle coil (number of turns = 4; radius of the coil = 19.5, L = 28,
h = 15.2, w = 0.6, d1 = 1.2, d2 = 2; unit: mm). Fig. 12(b), (c) show
magnitude distribution of B1 on cross section of ROI. B1, generated
by optimal RF coil, is the same at a certain depth, it is more homo-
geneous than that of saddle coil on the cross section, which could
be found by comparing the scale of colour bar in Fig. 12(b), (c).

Moreover, we evaluate the performance of RF coil according to
sSNR: the sSNR of saddle RF coil and the optimal RF coil was com-
pared and the result was presented in Fig. 13. We chose three sam-
pling circles, shown as Fig. 12(a), and calculated sSNR of RF coils at
these 3 circles. According to the result, sSNR of NMR signal, mea-
sured by optimal coil, is the same at a certain depth, while that,
measured by saddle coil, vary with circumferential angle h, and
at most parts of sampling circles, sSNR of optimal coil is larger than
that of saddle coil. Therefore, the volume in ROI excited by optimal
coil is larger that of saddle coil, and the SNR of NMR measurement
of optimal coil can also be larger.

3.3. NMR probe

The prototype of NMR probe was built according to the optimal
structure of magnet and RF coil, shown as Fig. 14(a). Fig. 14(b)
shows the tuning and matching circuit, where Cm is the matching
capacitor and Ct is the tuning capacitor, Lcoil and Rcoil is the equiva-
lent inductance and resistance of RF coil.
4. Soil moisture measurement experiment

In order to verify the design and optimization of the probe, a
soil moisture content experiment was conducted. The sample
under study was natural river sands (particle diameter:
0.4–1.0 mm), shown as Fig. 15(a). The moisture content w, defined
as equation (9), where m1 is the mass of water, and m2 is the mass
of sands.

w ¼ m1

m1þm2
� 100% ð9Þ

The samples with moisture content of 5%, 10%, 15% were mea-
sured in a beaker by the probe respectively. NMR signal was mea-
sured with hardware system shown in Fig. 15(b), including laptop,
duplexer (1–2 MHz, Magritek Inc.), spectrometer (Kea2, Magritek
Inc.) and RF power amplifier (BT00500 ALPHA-SA, Tomco Inc.).



Fig. 8. FEM simulation model. (a) Actual model of RF coil. (b) Simplified RF coil model. (c) 2D model of RF coil for FEM simulation.

Fig. 9. sSNR comparison of simulations in 3-round UDs.

Table 4
Optimal RF coil structural parameter.

X1 X2 (mm) X3 (mm)

3 14 0.6
Fig. 10. RF magnetic field (B1) distribution of optimal RF coil.

Fig. 7. Magnetic field distribution of magnet (B0), the unit is mT. (a) Magnetic field distribution acquired by FEM simulation. (b) Magnetic field distribution measuring by
gaussmeter. (c) 3D platform for magnetic field measuring.
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Fig. 11. Magnetic field distribution of the probe.

Fig. 14. NMR probe prototype. (a) The prototype. (b) Tuning and matching circuit.

Fig. 15. NMR measuring experiment. (a) Sample for experiment (sands). (b)
Hardware system for experiment.
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The NMR signal was obtained in 300 averages of a CPMG experi-
ment; the 90◦ and 180◦ pulse widths are 24 ms, the NMR frequency
is 1.08 MHz, the echo time is 200 ms, the time between two echos is
200 ms, the total echo number of one scan is 400, and the delay
between 2 scans is 2.4 s. TR (time of repetition) is 3.2 s, and time
for one experiment is 16 min. Fig. 16 shows CPMG decay curve
measured from the sample with different moisture.
w

L

Sampling 

Circle
Cross Section 

of ROI

d1

d2

h

(c) (b) (a) 

Fig. 12. (a) Diagram of saddle coil and 3 testing circle, L denotes the arc length,w denote coil width, d1 and d2 denote the gap between coils, h denotes the height of saddle coil,
and the unit of radius is mm; (b) B1 generated by saddle coil at cross section of ROI; (c) B1 generated by optimized coil at cross section of ROI.

Fig. 13. sSNR comparison. Ropt denotes sSNR of optimized RF coil at a certain radius, Rsad denotes sSNR of saddl coil; the unit of radius is mm.
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Noise ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX50

i¼1

x2i

 !
=50

vuut ð10Þ

The SNR of NMR measurement was shown in Table 5, which is
calculated by taking the ratio of the calculated signal and noise.
The signal was calculated as the maximum of a moving average
of 3 points. For the noise , last 50 echos xi was chosen, and noise
was calculated by Eq. (10). Basically, SNR was reduced with
moisture content decrease.

The CPMG decay curves were further analyzed and the results
were shown in Fig. 17. Fig. 17(a) shows the inverse Laplace trans-
formation result of CPMG decay curves (Contin inversion routine).

Two kinds of peaks could be observed in Fig. 17(a), the peaks
marked by Peak2 decrease and move toward left along as the mois-
ture content of sand decreases, while the peaks marked by Peak1
change only slightly. The interpretation of NMR signal has been
Table 5
SNR of NMR measurement.

Moisture Content 5% 10% 15%

SNR 14.47 16.05 19.47
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Fig. 17. Analysis of NMR signal. (a) T2 distribution spectrum (Contin inversion routine).
relates to long T2 peak. (c) Relation between moisture content and total peak area of T2
studied extensively: Andrada [34] classified water into 3 states,
free water, weakly bound water and bound water; peak distribu-
tion reflects different states of water in sample, the water whose
signal peak is located in the right in T2 distribution spectrum is
more freer than that whose signal peak is located in the left [35].
In our work, water in sands could be classified into free water
which exist in the pore of sands and bound water which exist on
the particle surface of sands. The signal of Peak1 is from bound
water and the signal of Peak2 is from free water. With moisture
content decrease, Peak1 shows no apparent change; while the
amplitude of Peak2 decreased; the location of Peak2 move toward
left which indicates water-state change, and this could be used to
infer the reduction of pore size between sands.

The water state was analyzed according peak distribution in T2
distribution spectrum, the research published in [36,37] indicate
peak area in T2 distribution spectrum is proportional to moisture
content in the sample. We analyzed peak area of T2 distribution
spectrum in Fig. 17(a) and the results were presented in
Fig. 17(b). Basically, with moisture content decrease from 15% to
5%, the peak area of peak1 remain unchanged, and peak area of
peak2 decreased, which indicates that only free water content
was affected when moisture content decreased from 15% to 5%.
We also analyzed the relation between total moisture content in
sample and total area of T2 distribution spectrum, according to
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the linear fitting result in Fig. 17(c), basically, the peak area is pro-
portional to the moisture content.
5. Discussion

The application of the equivalent magnetization current
method greatly increased the efficiency of optimization of magnet
structure. However, this method was limited by the shape of mag-
net. Magnet designs with regular shapes, such as cylinders,
cuboids, could be efficiently optimized with this method, while
irregular-shape magnet may not, because the irregular shape
makes it difficult to build an equivalent magnetization current
model. As for the optimal magnet in this paper, we compared the
magnetic fields of it acquired by FEM simulation and measuring;
basically, these results were matched to each other, although the
measuring magnetic field is not absolute symmetric. In this paper
dumbbell-shape magnet was built by installing 3 cylindrical mag-
nets in series. Imperfect coaxiality of magnets could results in the
error of measuring magnetic field.

In RF coil optimization, only the magnetic field distribution and
AC resistance were considered. However, wire of RF coil, induc-
tance of RF coil and parameters of tuning and matching circuit
would also influence the performance of NMR measuring. In this
work, RF coil was made by litz wire which could effectively reduce
eddy current effect and reduce AC resistance. Under the frequency
of 1.08 MHz, the measured AC resistance of our RF coil is 126 mX.
We also compared the AC resistance between RF coils which are
made by litz wire and normal enamelled wire with both wire
diameters being 1 mm. AC resistance of RF coil made by litz wire
is reduced by 25% than that made by normal enamelled wire. Mea-
sured inductance of RF coil in this work is 0.64 lH, which determi-
nes the capacitor value of tuning and matching circuit with AC
resistance; the tuning capacitor (Ct) is 32.5 pF, and the matching
capacitor (Cm) is 4.17 pF. In general, Ct and Cm is sensitive to the
value of inductance. Small inductance results in large Ct and Cm,
and large inductance results in small Ct and Cm. Unfortunately, both
circumstances would bring trouble in tuning and matching for RF
coil. Small inductance or capacitors could be easily affected by
the measuring environment and that would result in off-
resonance of tuning and matching circuit. So, in RF coil optimiza-
tion, proper limitation of inductance should be considered accord-
ing to NMR measuring environment.

For RF coil optimization, UD was applied as a method to
improve the efficiency. However, compared to analytic method,
all the methods relating to FEM simulation are time-consuming
for RF coil design. In the future, we will study fast computational
method for the RF magnetic filed induced by RF coil, which will
further improve the optimization speed.

Our soil moisture measuring experiment used an intentionally
simple sample, as this choice of sample makes it easy to evaluate
the performance of the NMR measurement. According to the
results, only the signal corresponds to bound water was not distin-
guished with the change of moisture content. On the one hand,
that indicates bound water states were changed very slightly, on
the other hands, that also reveal the limitation of the NMRmeasur-
ing. Objectively, NMRmeasuring was affected by NMR probe, hard-
ware system, measuring parameter settings and measuring
environment. In this paper, we could only evaluate the NMR probe
qualitatively according to the experiment, measuring the moisture
content of sands.
6. Conclusion

In this paper, we proposed a novel structure of inside-out NMR
probe for soil moisture measuring and optimization methods for
the structure of magnet and RF coil of the probe. The function of
NMR probe with an optimized structure was demonstrated by soil
moisture experiment. As this papermainly focused on a novel struc-
ture of inside-out NMR probe and its optimization, further experi-
ments with this NMR sensor are beyond the scope of this paper;
and that would be studied in our future work. Moreover, a larger
probe with same structure in this paper would be built and the
application of the probe would be extended to well logging.
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