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Abstract—Magnetic field focusing in longitudinal direction has
been a missing link for three-dimensional synthesized magnetic
focusing (3-D SMF). Deep magnetic focusing (DMF) by multiple
coaxial coils, a sort of 3-D SMF, is firstly proposed in this paper,
where magnetic field becomes maximum at the focal range in
longitudinal direction. DMF is requisite for transcranial magnetic
stimulation (TMS) and wireless power transfer (WPT). As the
simplest DMF, a set of differential coils with opposite current
direction is implemented. Optimum coil currents, coil radii, and
coil distance are designed to provide with zero magnetic field at
zero range and maximum magnetic field at a focal range. This
DMF performance is found to be achieved with a penalty of peak
magnetic field reduction. Experiments for the differential coils of
diameters 10 cm and 5 cm with 3 cm gap showed 4 cm depth DMF
within 6 cm diameter. Specific numbers of turns make the DMF
be driven by only a single voltage source, which is firstly adopted
in SMF. The frequency versatile DMF characteristic is
experimentally verified for 60 Hz and 40 kHz, where 27TmW is
delivered to a focal point that is a demonstration for safer WPT of
implantable devices.

Index Terms— deep magnetic focusing (DMF), differential coils,
synthesized magnetic focusing (SMF), transcranial magnetic
stimulation (TMS), wireless power transfer (WPT).

I. INTRODUCTION

AGNETIC focusing plays a pivotal role in diverse

systems, from neuro-stimulation technologies like
transcranial magnetic stimulation (TMS) [1]-[2] to emerging
applications like magnetic field-based wireless power transfer
(WPT) [3]-[5]. It leverages magnetic fields to control and
concentrate charged particle beams, enabling targeted
interventions and efficient energy transfer. This is why
researchers have been struggling to develop techniques and
systems to control, steer, and focus the magnetic field for a
variety of applications. One of successful cases is the magnetic
stimulation system developed for brain activation by
asymmetric current pulses to generate desired magnetic fields
[1]. A microcontroller-based equipment for TMS application
was proposed to activate selected brain areas; however, the
system lacks the capability of magnetic field focusing [2].
Nonetheless, current TMS systems have several problems
including unfocused magnetic field focusing, unintended
stimulation of unwanted brain areas, and lack of precision.
Similarly, in WPT applications, the growing demand of smart
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Fig. 1. General multiple coaxial coils for deep magnetic
focusing (DMF).

devices at any point in space have necessitated the development
of innovative WPT systems capable of controlling and steering
the magnetic field towards desired WPT receivers. Moreover,
some sensitive implantable devices of a human body require
precise magnetic field to specific areas for increased safety.
Synthesized magnetic focusing (SMF) is an effective and
systematic method for concentrating magnetic field over a
restricted area of space [6]-[13]. SMF was first proposed for
one-dimensional (1-D) coil arrays to focus the magnetic field in
one direction, where magnetic field width was found to be a
fourth of the unfocused coil [6], [7]. To steer the magnetic field
in two-dimensional (2-D) axis, a 2-D SMF was also proposed
for several applications including energy-efficient WPT
applications [8] and high-resolution non-destructive testing
(NDT) [9]. Moreover, SMF was also used for radio frequency
identification (RFID) [10] as an alternative identification
technology. In addition to the focused magnetic field, the SMF
inevitably generates side lobes whose intensity should be much
lower than the main lobe. The side lobe of SMF was effectively
reduced by appropriate control of synthesized coil currents [11].
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Fig. 2. Configuration of the proposed differential coils (n = 2).

It is noteworthy that the SMF theory is based on the general
electromagnetic inverse problems [12]-[16], where TMS [17]-
[19] are also based on. For the safety of patients, the detection
of magnetic field is necessary [20],[21],[22].

For magnetic focusing applications of WPT, NDT, RFID,
and TMS, high resolution of three-dimensional (3-D) SMF is
mostly desirable. It is found from the 1-D SMF [6], [7] and 2-
D SMF [8] that lateral direction magnetic focusing with respect
to coil plane is relatively easy to get implemented; however,
longitudinal direction magnetic focusing has not yet been
reported, which is crucial for the 3-D SMF. Because of the
nature of a coil, magnetic flux density at proximity is high and
becomes low as distance increases. Deep magnetic focusing
(DMF), a sort of longitudinal 3-D SMF, is highly needed in
TMS and WPT, where magnetic field density is zero at
proximity and becomes its peak at a focal range. Several
techniques are used in the literature to generate the desired
magnetic field, such as asymmetrical coils [21], magnetic field
coupling model [23], biplanar coils [24], [25], and magnetic
field suppression [26]. They can enhance the precision of
magnetic sensors but the DMF which focuses magnetic field at
a distant focal point only is quite challenging and has never
been successful so far.

Note that the concept of using multiple coils to shape the
magnetic field pattern has been explored in prior works.
However, this study introduces a unique method for achieving
precise deep-focused B-field, with control over multiple
parameters such as coil currents, coil radii, distances between
coils, and distances between the coils and the focusing point.
This level of parameter control is critical in applications where
precision and safety are key, such as in TMS and WPT.

The core contribution of this paper is the introduction of
design rules that guide the procedure for developing multiple
circular coil systems specifically for deep B-field focusing. This
is not merely an exploration of a general concept; we aim to
provide a practical framework for achieving targeted magnetic
field patterns with a high degree of accuracy. The use of
multiple coaxial coils with varying parameters allows for a
more customized magnetic field distribution, which is not

Fig. 3. Principle of differential coils at the centerline (r = 0).
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Fig. 4. Centerline magnetic flux density (r = 0) of differential
coilsforBp=1T,a=1.4,b=1.0,and c=2.6.

commonly seen in existing studies. In this paper, a general
multiple coaxial-coil based DMF, as shown in Fig. 1, is firstly
proposed and its simplest form of differential coils is
implemented to demonstrate the idea. The principle of DMF is
explained for the center of axis of two coils first. Then the
design of coil currents, coil radii, and coil distance of the
differential coils is suggested through equation-based
simulation. Finally, an optimally designed DMF of differential
coils is verified by FEM simulations and experiments.

Il.  DESIGN OF THE PROPOSED DMF

A. Proposed Multiple Coaxial Coils for DMF

One of systematic ways of implementation of 3-D SMF is to
stack 2-D coils in series with same distance. Locating coils
systematically, i.e., size, configuration, spacing, and positions
of coils is highly appropriate for the systematic design rule and
performance [6]-[11]. So, same configuration of 2-D coils
having equal spacing between each plane is desirable. For
simplicity of design and isotropic magnetic field distribution
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Fig. 5. Simulated centerline magnetic flux density (r = 0) of differential coils for various a and z > 0.

with respect to z-axis, the circular type coil is chosen rather than
a rectangular or other complex structures for the
implementation of DMF. Fig. 1 shows the general multiple coils
DMF system with coils placed in different z-planes. Variation
to this 3-D SMF configuration can then be made to improve
specific performances such as side lobes [11].

As shown in Fig. 1, the k-th coil current I, (k = 1,2, ..., n),
where n is the number of coils, represents the total coil currents
usually composed of multi-turns. The radius of the k-th coil
Ry (k = 1,2, ...,n) isarbitrary and an optimum value should be
determined to provide in-depth SMF performance in the
subsequent section. The magnetic flux density of the proposed
DMF is the sum of each circular coil as follows:

Bs = Bs(vavZ) :Z}::l Bkzz;cl:l(Bk,x-’? + Bk,yj; + Bk,zZ)

= Y"_,(By,7 + By,7) = B, + B,Z = By(r, 2), (1a)
'-' Bk,?"? = Bk.xf + Bk,y)_;! k = 1,2, e, ny
B‘r = 1]::1 Bk,'rr BZ = Z:l Bk,z (lb)

where X, y, Z are unit vectors of x, y, z coordinate and By ,, By ,
can be found from [27]-[29].

_ _Holgy 1+a®+p? _
Biy= st [E(p) e h F(p)], k=12 .,n ()
_ _MKolg 1-a?-p? _
By.,= ruke [E(p) e F(p)], k=12..,n (2b)
o= [~ 2 2 =" p_Zz2,_Z
s p = G,G—(1+a) + B ,a—Rk,B—Rk,y—r
k=12,..,n (2¢c)
 Tae [@-DIE 4
F(p) =3 X0 [y ] : (2d)
@ o [@i-1)112 p2
E(p) = 5{1 ~ X4 [T ] 21—1} (2€)

.

Note from (2b) that 7 vector is on x-y plane and
perpendicular to z axis, as shown in Fig. 1. Because the
magnetic flux density B, is symmetrical with respect to z axis,
only two vector components is needed to represent it as shown
in (2a) and (2b). Equations (2d) and (2e) are the complete
elliptic integral function, of the first kind and the second kind,
respectively and they can be calculated for given r, z points.
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Fig. 6. Simulated offline magnetic flux distribution (r # 0) of
differential coils fora=1.0,b=0.8,and c =2.1.

B. Design of Differential Coils for Centerline Performance

Instead of finding a general solution of I, (k = 1,2, ...,n)
for a general DMF, a two-coil case, i.e., n = 2 is specifically
examined in this paper. As shown in Fig. 2, it is called
‘differential coils’ because the current direction and their
associated B-fields of the two coils are in opposite each other.
More general DMF could be designed based on the results of
this research.

Unfortunately, neither physical property nor design rule is
available from direct calculation of SMF equations [6]-[11].
So, to seek for underlying physics for a DMF is one of the
purposes of studying this differential coil. For simplicity, the
centerline behavior, i.e., z-axis, is examined, as shown in Fig.
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Fig. 7. Simulated offline magnetic flux distribution (r # 0) of
differential coils fora=10.5,b =0.3, and ¢ = 0.793.

3. The magnetic flux density at r = 0 is found in a very simple
form from (2) as follows:

B, (r=0,2)=0, k=12 (3a)
B, (r=0z)=—"%— k=12. (3b)
2Rk[1+(R—kk> 115

Note from (3b) that the magnetic flux is a function of current,
radius, and position of a coil; therefore, there is a room for
manipulating the curve with these three variables. From (3b),
the synthesized magnetic field of the differential coils B, can be
found as follows:
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BZ(O, Z) = Bl,z(O:Z) - BZ,Z(O'Z)
Moly _ Mol (4)

N 2R1[1+(RZ—1)2]1-5 2R, [1+(% 22)2] 15’

As shown in Fig. 3, B, may have a peak B,,,, with two null
points by appropriate selection of the variables. The null points
may move arbitrarily, so the wanted longitudinal magnetic field
distribution could be obtained. The underlying principle is that
the magnetic field of the second coil cancels out that of the first
coil at distance in a different fashion of magnetic field
distribution. In order to see the detail behaviors, equation (4) is
normalized and further simplified as follows:

Iz
B,(0,2) = Koly ! - 1 =
2B \[1+(2) 15 Rosma1+(5522) oS

1 c .
Bo ([1+zz]1 a a1+ (z+b) ) = 5,(0,2). (52)
o = ,u()_ = _2 __2 = 1_2 ; =2
'BO_ZRl’ TR b= R ST AT R (5b)

For in-depth magnetic focusing, it is appropriate to make a
null point of B, be near z = 0. It is deemed to use the DMF z >
0 only. Under this condition, a design condition is derived from

(5a) as follows:
) =0 (6a)

B, (0, Zpyy) = ([1+z
2
(2) 75f0r Zyu=0 (6b)

1 _ c
(Coutt*2Y’15

] 1.5
null a[1+

a[1+ inu{il”’ 2]1.5
= ﬁ = a[l +
By appropriate selection of coil current ¢ for any given a and
b, the null point z,,,;; always exists as identified from (6b).
Espemally, Znun= 0 is one of preferences because it makes
B POINt as close as possible so that B,,,,, can be maximized.
Negative z,,,;; is not prohibited in theory; however, inside the
coil is deemed to be unused in this paper.

Fig. 4 is a simulation result for the normalized case of By=1
T with a = 1.4, b = 1.0, ¢ = 2.6 example, which has two null
points at Z = 0 and z = 1.0. Note the normalized B, = 0.2 T,
which is much less than the original magnetic flux density of
the first coil of 1.0 T. This reduced magnitude of magnetic flux
density of the DMF is the result of subtraction to get the
longitudinal magnetic focusing.

To maximize B,,q, With small z,,,,;; is the design goal of the
proposed differential coils; therefore, normalized B, of (5) with
B,= 1T is plotted for various a and b under (6) condition, as
shown in Fig. 5.

For b = 0.0, a large B, is achieved, however, there is no
Znau- The negative values of B, for a > 1 is not a problem for
practical applications though.

For b = 0.5, z,,,;; exists and a trade-off between B,,,, and
Zypuu 18 possible. For example, B,,,,= 0.15 T at Z = 0.35 and
Zpun=1.45fora=1.2and c = 1.53.

Forb=1.0, z,,,,;; exists for many a’s and a trade-off between

Bnax and z,,,,;; is possible. For example, B,,4,= 025 T at z =
0.40 and z,,,,;=2.0 fora=1.0and c = 2.83.

Forb=1.5, z,,,;; exists for many a’s and a trade-off between
Bpnar and z,,,;; is also possible. For example, B,,,,,= 0.27 T at
z=0.35and z,,,;;= 1.9 fora=0.6 and ¢ = 11.71. For this case,
the second coil current is very large, so this solution might not
be a good choice.

From the above discussions, it is found that 0.3 < b < 1.0
would be an appropriate range and that B,,,, existsaround z =
0.40. Note that to finalize the design of the proposed differential
coils is too early because the above discussions so far is about
for the centerline behavior only. The performance of other areas
should be explored, which is given in the subsequent section.

C. Design of Differential Coils for Offline Performances

As shown in Fig. 1, the proposed differential coils have §S(r,
z) of r component as well as z component of (1) and (2). Bearing
the conceptual design results of previous section in mind, let’s
look at the offline (r # 0) performances as well. The
synthesized magnetic flux distribution of the differential coils
is the vector sum of two coils, i.e., B,=B,+E,. In order to get
zero magnetic flux at z = z,,,;;, notonly B, but also B, must be
zero, which is never easy to get. The selection of parameters a,
b, and c under (6) is tried for different z plane, as shown in Fig.
6. For this simulation, it is assumed that R;= 10.0 cm and B,=
1T.

Large non-zero values are observed around » =10 cmand in-
depth magnetic focusing of (6) is restricted to » < 3 cm for this
example. So, the usable area, as defined in Fig. 2,is0 < z, <
Zpuu, ¥ < 3 cm. The magnitude of synthesized magnetic field
density is found from (1) as foIIows:

1Bl = |Z(Bkrr+Bkzz*>|
v B? + BZ. (7

Focusing attention to the usable area, extensive search for
optimum parameters of a, b, and ¢ under (6) is made and one of
optimum cases is shown in Fig. 7.

Comparing B;(r =3,z=0)= 0.499 with B,(r =0,z =
4)= 0.489, the maximum usable area of the example of Fig. 7
isfoundtobe 0 < z, < z,,,;;, ¥ < 3cm. B4, iSachieved at the
focal length z = z¢. Note that B, for z =0 should be at its
minimum and less than the maximum B, of the usable area for
in-depth magnetic focusing applications.

By

= |BT7“'+B 2|

I1l. FEM-BASED MAXWELL SIMULATIONS

A.Simulation Setup

In order to validate the proposed DMF calculations, FEM-
based simulations are performed in Ansys Maxwell for a = 0.5,
b=0.3,and ¢ =0.79, where R, =10 cmand R, = 5 cm. The
procedure included modeling of the DMF coils, setting up the
simulation parameters, and analyzing the results in the
Magnetostatic solver. For the DMF coils, copper wire was used.
Each coil of the DMF system was excited through the current
source. Fine meshing was assigned to each coil for accurate
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Fig. 8. Simulated §5 fora=0.5,b=0.3,and c = 0.79 to verify basic performance of deep magnetic focusing.

representation of physical system in simulation domain. The B. Simulation Results

DMF coils and receiver planes were encapsulated by a vacuum
box to represent open boundary conditions.

As shown in Fig. 8, the simulated 3D-surface plots of the
magnetic field for various z planes are well matched with the
calculations and experiments of Fig. 10. It can be clearly
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Fig. 9. Experiment kit fora=0.5,b=0.3, and ¢ = 0.79 to verify
basic performance of deep magnetic focusing at 60 Hz.

visualized that the useable area is within r < 3 cm. It is worthy
to note that it is not possible to obtain exactly zero B field, but
near-zero can be achieved. Due to the circular symmetry of the
coils, the magnetic field is symmetric throughout the x-y plane.

IV. EXPERIMENTAL VERIFICATIONS

A. Experiments for Basic DMF at 60 Hz

As shown in Fig. 9, an experimental kit was fabricated for
the proposed DMF of a=0.5,b=0.3,and ¢ =0.79, where R, =
10 cm and R, = 5 ¢m. The two coils are connected in series;
therefore, a single voltage source can actuate the system instead
of two independent sources, which is the case of conventional
SMF. The numbers of turns for each coil are set to N; = 100
and N, = 79 to cope with the theoretically calculated currents.
For experimental verification, I, = 11.4 mA and I, = 9.0 mA
is used. Note that +0.2 % quantized error due to the integer
number of turns is inevitable for the experiment kit because ¢ =
0.790 for experiment has been slightly changed from the
theoretical value 0.793. The resistance and inductance of the
coils are measured as 9.5 Q and 5.1 mH, respectively. The self-
resonant frequency of the two-coils DMF system due to
parasitic capacitance is experimentally measured as 136 kHz,
where the parasitic capacitance is found to be 269 pF.

For precise experimental verification of the proposed DMF
system, the measurement frequency is selected as 60 Hz
because the SMF performance should be ideally independent of
frequency. A function generator MFG-2260MRA was used as
the voltage source and an EMF meter, TENMARS was used for
the measurement of magnetic field, as shown in Fig. 9.
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Fig. 10. Calculated, simulated, and measured §s(r, 2)a=0.5,
b=0.3,and ¢ =0.79 at 60 Hz.

As shown in Fig. 10, the measured magnetic field shows high
agreement with simulation. Proximity of coils was not
measured. As noted from Figs. 10 (b) and (c), the measured
magnetic field B, and B, increase as z increases up to 4 cm,
which is the peak within the range of r < 3 cm. As shown in Fig.
10 (a), the measured B, becomes large especially r > 4 cm,
which is why the useable area becomes (z,7) < (4 cm, 3 cm).
Note that the experimental data points for r > 8 cm could not
been measured due to the width of the Tesla meter, which could
effectively measure up to 8 cm forz=0cmand z = 1 cm.
Nonetheless, the performance of the DMF system is consistent
in most cases. Considering the size of the main coil of R; =
10 cm in the proposed design, the useable area of the proposed



> REPLACE THIS LINE WITH YOUR MANUSCRIPT ID NUMBER (DOUBLE-CLICK HERE TO EDIT) <

-

Ferrite core

Fig. 11. The overall circuit configuration of the proposed
DMF for the WPT experiment at 40 kHz. C; = 2.84 nF,C, =
694 nF,l = 15.5mm,d, = 12.1mm, d; = 7.3 mm.
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Fig. 12. Experiment kit for a = 0.5, b = 0.3, and ¢ = 0.79 to
verify DMF-based WPT system at 40 kHz.

differential coil-based DMF becomes of 40 % of R, in
longitudinal direction and 30 % of R, in radial direction.

B. Experiments for WPT of DMF at 40 kHz

To show the efficacy of the proposed DMF system for
WPT applications on small receivers (Rx) of implantable
devices, the experimental kit was modified to include a small
Rx at some distance from the DMF transmitting coil (Tx) and
an inverter. Fig 11 shows the configuration of the proposed
DMF-based WPT system, operating at 40 kHz, which is
sufficiently lower than the aforementioned parasitic resonance
frequency of 136 kHz. The DMF Tx is connected with a series
capacitor C; of 2.84 nF, which is used to tune the DMF Tx to
operate at the resonant frequency of 40 kHz. Note that all other
design specifications of the DMF system for this experiment
were kept the same as those described in the previous section.
The Rx is composed of a coil with 20 turns wound around a
cylindrical ferrite core. A series resonant capacitor
C, of 694 nF is used with the Rx inductance L, of 22.8 uH for
maximum power delivery to the load R;. The total currents of
coils are I, =41.2 A and I, = 32.6 A, respectively. Fig. 12
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Fig. 13. Measured B, from the load voltage (V) along (a)
radial axis for different z and (b) measured V, for central axis
with respect to z at 40 kHz.

shows the measurement setup to demonstrate the WPT
operation at 40 kHz.

The induced voltage at the Rx for R, of 30.0 Q2 is
measured for different radial positionsat z =1 cm, z = 4 cm,
and z = 7 cm, and the experimental B-field is determined, as
shown in Fig. 13(a). Due to the parasitic capacitance of the
DMF coil, switching harmonics at the parallel resonance
frequency was observed in the received voltage signal. So, FFT
was taken for the measured voltage v, and the fundamental
component only was recorded. The simulated and measured
B;’s at 40 kHz forz =1cm,z=4cm, and z = 7 cm are in
fairly good agreement with each other. The presence of slight
differences may be attributed to the erroneous rotation of the
Rx coil to capture the rotating B-field. Overall, the experimental
results of Fig. 13(a) for 40 kHz shows high correlation with the
measured B, of Fig. 10(c) for 60 Hz, which ensures the most
important feature of the DMF that the focusing behavior is
independent of the operating frequency.

Moreover, the induced voltage at the central axis with respect
to z were also measured to demonstrate the focusing behavior
of the proposed DMF system, as shown in Fig. 13(b). The
measured V; increases as z increases at first, which is contrary
to conventional WPT systems that is typically decreasing. Then
it becomes maximum at z; = 4 cm, where the receiving power

P, reaches to 27 mW and V, is 231mV for a load R;,= 2.0 Q.
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Further increase in z results in the load voltage drop gradually.
Therefore, this characteristic of DMF should be beneficial for
the WPT of implantable devices where magnetic field is safely
mitigated for other areas than the focused point.

V. CONCLUSIONS

A new longitudinal magnetic focusing technique of DMF
has been demonstrated. An optimum differential coil set as the
simplest example of the proposed DMF is designed. It is found
that the DMF gets longitudinal focusing capability with a
penalty of reduced peak magnetic field. Longitudinally 4 cm in-
depth DMF within 6 cm diameter is achieved for the differential
coils of diameters of 10 cm and 5 cm with separation distance
of 3 cm. The frequency independent DMF operation is verified
by experiments for both 60 Hz and 40 kHz, which shows the
possibility of safer WPT applications for implant devices.

By appropriate selection of turn-ratios of each coil and
connection of coils in series, the proposed DMF could be driven
by only a voltage source instead of multiple voltage sources of
conventional SMF cases. This is an innovation in SMF drivers
and can be used in general for other SMF drivers. Minimizing
quantization errors due to integer number of turns of each coil
is an open design issue for future SMF drivers.

More generalized DMF with multiple coaxial coils of n > 2
may have better longitudinal magnetic focusing characteristics
with less sidelobe, which is left for future work. Moreover,
TMS-based technical aspects are to be analyzed and validated
in the future study.
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