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ABSTRACT This paper proposes a novel miniaturized loop antenna consisting of a multi-turn printed strip
and a ring-shaped ferrite core. The lateral surface of the ferrite core is tightly wrapped by the circular
multi-turn strip, which is printed on a thin, ring-shaped Styrofoam. To verify the feasibility, the proposed
antenna is fabricated, and the antenna factor (AF) levels are measured using the three-antenna method from
the VLF to HF band. The AF levels by measurement, theory, and simulation are 36.14 dB, 34.01 dB,
and 33.6 dB at 30 kHz, respectively. In the VLF band, the antenna has a diameter of 114 mm, which is
miniaturized to less than 60% compared to previous research. In addition, the proposed antenna is employed
in the shielding effectiveness (SE) measurement of a small commercial cabinet to observe its suitability
for SE measurement of small shielding enclosures. The SE values averaged over the frequency range from
10 kHz to 3 MHz are 5.19 dB and 14.14 dB in the horizontal and vertical polarizations.

INDEX TERMS VLF antenna, ferrite loop antenna, multi-turn loop antenna, miniaturization, AF enhance-

ment, SE measurement.

I. INTRODUCTION

Loop antennas are extensively used in the kHz to Tera-
hertz frequency bands in a variety of applications, such as
mobile communications, wireless power transfer, medical
RF devices, and electromagnetic field (EMF) measurement
equipment [1]-[7]. In particular, for very low frequencies
of a few kHz, loop antennas are predominantly chosen as
magnetic probes to measure the shielding effectiveness (SE)
of various types of shielding enclosures. Recently, there has
been a growing demand for small shielding enclosures to
protect just electronic equipment to ensure lower mainte-
nance costs than shielding entire systems. However, in the
very low frequency (VLF) band, where the size and weight
of the loop antenna must be significantly increased, it is
almost impossible to measure the SE of such small shield-
ing enclosures. Thus, many miniaturization techniques of
loop antennas have been carried out to date, including, for
example, using printed circuit boards [8], [9], employing a
ceramic material [10], and adding lumped elements [11].
Although these approaches have been successful in reducing
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physical antenna size to some extent, such techniques gener-
ally require complicated structures or expensive fabrication
processes. In addition, the high antenna factor (AF) of these
miniaturized loop antennas in the VLF band often results in
inaccurate magnetic field measurements. To overcome these
issues, there has been a tremendous effort to improve the
accuracy of magnetic field measurement. Various loop anten-
nas have been introduced, including a shielded conducting
surface [12]-[14], applying two-port excitation [15]-[17],
adding a parasitic loop element [18]-[20], and using a Moe-
bius loop structure [21]-[23]. However, such previous studies
have generally focused on improving measurement accuracy
in the high frequency (HF) band, and an in-depth study on the
miniaturization of loop antennas in the VLF band, which can
maintain low AF levels, has not yet been carried out.

In this paper, we propose a miniaturized circular loop
antenna with a novel design structure consisting of a
multi-turn printed strip and a ring-shaped ferrite core. The
circular multi-turn strip is printed on a thin, ring-shaped Sty-
rofoam to tightly wrap the lateral surface of the ferrite core,
which can maximize the number of strip turns. The center
of the ferrite core is perforated inside and remained empty
in order to considerably reduce the weight of the antenna
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for SE measurements in the VLF band. In the VLF band,
the antenna has a diameter of 114 mm, which is miniatur-
ized to less than 60% compared to previous research with
diameters between 200 mm to 2000 mm [12], [15], [16]. The
proposed design is modeled and simulated using the FEKO
EM simulator [24] to observe the antenna characteristics and
to compare them with the theoretical results. To verify the
results, the proposed antenna is fabricated, and the AF levels
are measured using the three-antenna method [25] from the
VLF to HF band. We then observe the AF levels in accordance
with the variations of the important antenna geometry param-
eters to better understand the operating principle. Finally,
the proposed antenna is employed in the SE measurement of
a small commercial cabinet. The results demonstrate that the
proposed compact antenna with low AF levels is applicable
for measuring the SE of small shielding enclosures in the
VLF band.

Il. ANTENNA GEOMETRY AND THEORY

A. GEOMETRY

Fig. 1 shows the geometry of the proposed antenna that is
composed of a ring shape ferrite core (i, = 1800 less than
100 kHz) and a circular printed multi-turn loop. The ring
shape ferrite core has a diameter d;, and the inner hole of
ferrite has a diameter d» with a height of A to reduce the
weight of the antenna for easier movement of the antenna
position in the SE measurement setup. The circular multi-turn
strip with a diameter d3 is printed on a thin ring-shaped

Styrofoam

d;| d| PFerrite |

Multi-turn
printed loop

Feeding point

N,

FIGURE 1. Geometry of the proposed antenna. (a) Isometric view. (b) Top
view.
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Styrofoam, which can maximize the turn number N;. The strip
has a width w and a pitch p between the adjacent strip. The
ferrite core structure and the multi-turn loop can concentrate
high magnetic flux density at the center of the antenna, and
at the same time, the antenna diameter can be miniaturized
to be less than 0.25 m in order to measure a small shielding
enclosure usually having one side length of 0.75 m. The ends
of the multi-turn strip are directly fed by a single N-type
connector, and the detailed values of the design parameters
are listed in Table 1. Figs. 2(a) to 2(c) present photographs
of a fabricated antenna with a case cover. A Styrofoam is
fabricated to be a ring-shaped structure by drilling the center
of a circular Styrofoam. 5 mm wide multi-turn strips (made
of copper tape) are cut to have a correct pitch spacing (2 mm),
and attached onto the Styrofoam. The Styrofoam with the
copper tape is wrapped around the ferrite core, and the ends of
the copper tape are soldered to provide electrical connection.

TABLE 1. Design parameters of the proposed antenna.

Parameters Values
d, 104 mm
d, 80 mm
ds; 114 mm
p 2 mm
w 5 mm
h 40 mm.
N, 6

To enhance durability, a cylindrical acrylic jig is placed
inside the case cover, which can hold the proposed antenna
in the middle of the case. In addition, an N-type connector
case is placed at the bottom of the case cover to make a direct
feeding connection with the multi-turn loop, which can also
be used as a handle for the SE measurements. This case cover
allows the antenna to be stably fixed with little impact on
antenna performance.

B. AF MEASUREMENT

Fig. 3(a) presents a conceptual figure of the multi-turn wire
loop antenna for the receiving mode, where the antenna has a
loop radius a and a wire radius b. The center of the multi-turn
loop antenna is located at the origin, and the incident electro-
magnetic waves toward the antenna have a tilted angle ¥ in
the plane of incidence and 6 along the z-axis. When the plane
wave impinges upon the loop antenna, an open-circuit voltage
(Voe), as written in the equation (1), is induced between the
output terminals 1 and 2 [24].

Ve = joma*B.N;
= jcu7ra2 (uoH cos ¥ sin0) Ny, (1)
where B, is the incident magnetic flux density, and N; is the
number of turns for the loop antenna. g is the permeability

in free space, and w is the angular velocity of the wave.
To calculate the V,., we assume the parameters H, i, and
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FIGURE 2. Photographs of the fabricated antenna. (a) Antenna parts.
(b) Assembly process. (c) Assembled antenna.

0 setto be 1 A/m,0°, and 90°, respectively. Fig. 3(b) presents
a Thevenin equivalent circuit for the loop antenna with the
open-circuit voltage. Zy, is a load impedance of 50 €2, and Z;;,
is the input impedance of the multi-turn loop antenna. From
the voltage ratio theorem, we can obtain the V; as derived
in (2). Then, we can derive the theoretical AF (AFy;,) of the
receiving loop antenna from the following equation (3) [26].

Zy

Vi = Voeer——,
L ocZi,n+ZL

(@)

54874

:
H
e i
="
% >y
%
(a)
1
Zvin v
Ve A
2

(b)

FIGURE 3. A conceptual figure of the multi-turn wire loop antenna for the
receiving mode. (a) Plane wave incident toward the receiving loop.
(b) Thevenin equivalent circuit model of the receiving loop antenna.

AF, i
"=y 3)

In addition, the AF characteristics of the proposed antenna
are examined using the FEKO full EM software for compari-
son with the theoretical results. To obtain the AF levels for the
proposed antenna, a plane wave source with 1 V/m and a load
impedance Z;, of 50 Q2 are applied to the antenna to examine
the magnetic field strength H and the induced voltage Vi
across Zr. H and V[, are obtained within the frequency range
from 30 kHz to 20 MHz.

In the AF measurement, it is generally difficult to measure
the exact magnetic field intensity, so we alternatively apply
the three-antenna method to examine the AF levels. Fig. 4
illustrates the conceptual figure of the three-antenna method.
In this method, two reference antennas and one test antenna
are utilized to obtain S-parameters between Ant. 1 and Ant. 2
as well as Ant. 1 and Ant. 3 [14]. Then, the AFs for the three
antennas can be defined as follows:

Rpg = \Jd2, +r2+72, )

VIFRRL [ 150,m07 3150
a - . 9
P 2mf won ZoR;, 8R3, 64RS,
(5)
AF; = —Sul%ini i (©6)
SinStittn

where d),, is the distance between two testing antennas, and r,,
and r, are the radii of the loop antennas. k is the wavenumber
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FIGURE 4. A conceptual figure of the three-antenna method for the AF
measurement of the proposed antenna.
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FIGURE 5. AF comparisons of the theory, simulation, and measurement.

in free space, and i, /, and n indicate the number of antenna
indices. S, Sin, and Sj; are the S-parameters among the loop
antennas, and f is the frequency of the measurement. Ant. 1
and Ant. 2 are two reference loop antennas with the same
diameter of 300 mm, and Ant. 3 is the proposed antenna under
the test. Then, the two loop antennas are placed at a distance
dpq of 240 mm. Then, the S12 and S13 are measured at 201 data
points using the HP3753D network analyzer over the 30 kHz
to 20 MHz. AF3 in (6), obtained by this AF measurement
setup, is the AF for the proposed antenna, and this value is
compared with the theoretical and simulated AFs.

Fig. 5 presents the AF comparisons in terms of fre-
quency. The AF levels of theory, simulation, and measure-
ment are 36.14 dB, 34.01 dB, and 33.6 dB at 30 kHz,
respectively. These AF levels are similar to 34 dB of the
commercial loop antenna (SAS-563B from A.H. Systems)
that has an even larger diameter of 30 cm. As the frequency
increases, the AF does not improve after 30 MHz. This is
because the multi-turn shape causes resonance, which rapidly
increases the impedance, resulting in impedance mismatch.
Fig. 6 shows the effect of the ferrite core on the AF. The AF
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FIGURE 6. AF with and without the ferrite core.
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FIGURE 7. AF Comparisons between the simulation and measurement
according to 6.

level with the ferrite core is 4.3 dB lower than without the
ferrite core at 30 kHz. This result demonstrates that the AF
level in the low-end frequency band can be decreased using
the ferrite core. We also compare the properties between the
proposed antenna and four reference commercial loop anten-
nas. In this comparison, we examine the operating frequency,
diameter, weight, and the AF levels at 30 kHz. The detailed
explanations are given in Table 2.

Fig. 7 illustrates the simulation and measurement of the
AFs according to the variation in the incident angle 6 of the
incident plane wave. When the incident plane wave encoun-
ters the proposed antenna at 60°, the simulated and measured
results are 38.3 dB and 37.3 dB. As shown in the results,
the proposed antenna can achieve stable AF levels despite
incident angle variation (—60 < 6 < 60).

IIl. ANTENNA ANALYSIS AND SE MEASUREMENT

A. ANALYSIS

Fig. 8 presents the AF levels at the VLF band (10 kHz) in
accordance with the variation in the antenna parameters N;
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TABLE 2. Antenna property comparisons.

ETS-Lindgren TDK A.H.Systemes P q
(6512) (LP-0930P) (SAS-563B) ropose
Operating frequency 9 kHz~30MHz 9 kHz~30MHz 10 kHz~30MHz 10 kHz~30MHz
Diameter (mm) 598 300 114
Weight (kg) 1.6 14 0.66
AF (dB)
@ 30 kHz 7 16 33.6
70 50 100 25
48 .
60 —~
g o0 20 /5
50 46 g 40f o)
=) > = 20 )
g “ 44 1 g 15 &
~ o
= o "é 0 =)
! Naniey >
30 ] o 10
H 40 v =40 F =
: ™ 60 g
2 | 38 5
| -80 Y
10 . . -100 ; a
2.3 4 5 6 7 8 9 10 -100 -80 -60 -40 -20 0 20 40 60 80 100
N, x- position (mm)
FIGURE 8. at low-end frequency in accordance with the variation of h (a)
and N;.
100
80 22
—_ 20
H it
and h. Lower AF levels can be observed when the turn number ~ 16 :"‘Dﬁ
of the strip and the ferrite core height both gradually increase. g 20 14 o
Herein, although the lowest AF level cannot be achieved, :E 0 12 a
the height A of the ferrite core is restricted to measure the & 20 10 os]
SE in the small shielding enclosure. To reduce the size and o Z
. . . ' -40 8 5
weight of the proposed antenna, we use the ring-shaped ferrite N =
core (PE22 T104 x 20 x80 from TDK). The outer diameter -60 g
of the ferrite is chosen to meet the SE measurement for small -80 : 4
shielding enclosures with one side length less 0.75m as in the -100 . 2

IEEE std 299.1. For the SE measurement of these enclosures,
the outer diameter of the antenna should be less than 250 mm,
and the antenna weight should also be considered. Therefore,
the ring-shaped design with the inner diameter d; less than
250 mm is used. d» of 80 mm is used since it can reduce the
weight from 1.4 kg (d = 0 mm) to 1 kg (d» = 80 mm).
The strip turn number N, is also maximized within the ferrite
core height 4. These parameters are sensitively related to the
AF levels, because N; is relevant to concentrate the magnetic
field, and 4 is related to the induced voltage.
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FIGURE 9. H-field distributions. (a) xy-plane, (b) zx-plane.

Figs. 9(a) and 9(b) illustrate the H-field distributions
around the proposed antenna in the xy- and zx-planes at
30 kHz when an input power of the antenna is 1 W. The
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Received
voltage

FIGURE 10. SE measurement setup using the proposed antenna.

magnetic near-field distributions are obtained in a volume of
—100 mm < x, y, and z < 100 mm with 101 x 121 x 101
sampling points. It can be seen that there are relatively strong
magnetic fields in the center of the proposed antenna due to
the ring-shaped ferrite core and multi-turn loop. Thus, such
the ferrite core structure, as well as the multi-turn loop, allow
to have low AF levels with the miniaturized antenna size in
the VLF band.

B. SE MEASUREMENT

To verify that the proposed antenna is suitable for SE mea-
surements, we carry out SE measurements for a small shield-
ing enclosure from the VLF to the MF band based on IEEE
standard 299.1 [27]. Fig. 10 presents a photograph of the
SE measurement setup using the proposed antenna, includ-
ing both the transmitting and receiving settings. The trans-
mitting antenna (Tx) is connected to a function generator
(DG 2041A from ROGOL) for transmitting a signal with
a voltage of 10 V,,_,, at the selected frequency (10 kHz to
3 MHz). Then, the receiving antenna (Rx) is connected to
the spectrum analyzer (MS2720T from Anritsu) via a power
amplifier with a gain of 18 dB. The Rx and Tx are separated
by 0.3 m from the door of the small shielding enclosure.
From this measurement setup, the SE can be calculated as
follows:

SE - 20 loglo

4l ‘ @)
Vs

where V1 and V> denote received voltages when the receiving
antenna is in free space and in the shielding enclosure, respec-
tively. Fig. 11 shows the SE measurements in terms of the
horizontal and vertical polarizations in the frequency range
of 10 kHz to 3 MHz. The SE levels averaged over the entire
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FIGURE 11. The measured SE in horizontal and vertical polarizations.

frequency range are 5.19 dB and 14.14 dB in the horizontal
and vertical polarizations, respectively.

IV. CONCLUSION

The miniaturized circular loop antenna was proposed with a
novel design approach consisting of the multi-turn printed
strip and a ring-shaped ferrite core. The circular multi-turn
strip was printed on the thin, ring-shaped Styrofoam to tightly
wrap around the lateral surface of the ferrite core. Then, the
proposed antenna was fabricated, and AF levels were mea-
sured from the VLF to the HF band to allow for comparison
with the simulation and theoretical results. The AF levels
of the theory, simulation, and measurement were 36.14 dB,
34.01 dB, and 33.6 dB at 30 kHz, respectively. In addition,
we measured AF levels according to the variation in the
incident angle of the plane wave. The simulated and measured
results were 38.3 dB and 37.3 dB when the incident angle is
60°. Finally, the SE measurements were conducted in terms
of the horizontal and vertical polarizations in the frequency
range from 10 kHz to 3 MHz. The SE values averaged over
the entire frequency range were 5.19 dB and 14.14 dB in the
horizontal and vertical polarizations. These results demon-
strated that the compact proposed antenna could be applicable
in measuring the SE of small shielding enclosures in the VLF
band.
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