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ABSTRACT This paper proposes an electrically small and frequency selective loop (FSL) antenna for
shielding effectiveness (SE) measurement in low frequency (10 kHz — 30 MHz) magnetic fields. The
proposed antenna consists of an outer loop and an inner loop. A low-pass filter is placed between outer
and inner loop to improve the antenna factor (AF) in the upper frequency band as the number of loop
turns increases. The size of the designed antenna is 220 mm x 220 mm, which achieves 46 % reduction
of the antenna area compared to conventional 300 mm loop antennas and the proposed antenna preserves
the AF characteristic over the entire frequency range (10 kHz — 30 MHz). In addition, the loop of the
designed antenna is printed using microstrip techniques, which reduces the cost and complexity of the
antenna fabrication. The results demonstrate that the proposed antenna is suitable for SE measurements
of small enclosures (all dimensions between 0.75 m and 2 m).

INDEX TERMS Electrically small loop antenna, frequency selective antenna, SE measurement small

enclosures.

I. INTRODUCTION

In the fields of high power electro-magnetic (HPEM) and
electromagnetic compatibility (EMC), it is important to accu-
rately evaluate the performance of a shielding effectiveness
(SE). In particular, it is difficult to measure the SE of small
enclosures with all dimensions from 0.75 m to 2 m in the low
frequency (10 kHz to 30 MHz) band. The SE measurement of
small enclosures in low frequency band cannot be conducted
according to the actual standards in [1] and [2], since the
required loop antennas [3] are too large for the small-size
enclosures under test [4].

Several loop antennas for SE measurement have been
developed [5]-[12]. Moebious loop structures [5]-[7], loop
with a parasitic element [8], [9], and a shielded conducting
surface structures [10]-[12] are reported. However, these
antennas are not applicable to the small enclosures due to
large volume.

In [13] and [14], 1-turn small shielded loop antenna for
SE measurement is used, but the small diameter (50 mm
to 60 mm) has a disadvantage of having a high antenna
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factor (AF) values (53.4 dB @ 10 kHz). In [15], a loop
antenna with an inverted-L matching circuit is proposed, but
the frequency bandwidth is narrow. In [16], the spherical
dipole antenna is not suitable for magnetic field SE measure-
ments, and loops in [17]-[19] are also too large for small
enclosures. In addition, the antenna efficiency decrease by the
near-ground effect of the enclosure [15].

To overcome the size problem of loop antennas, various
miniaturization techniques of loop antennas have been stud-
ied, such as employing printed structure [20], adding lumped
elements [21], using ceramic material [22] and using multi-
turn loop [23]. These techniques can reduce the physical size
of loop antennas, but have limitations in complex fabrication
and reduced radiation efficiency.

The ohmic resistance of small loops is in general much
larger than the radiation resistance, and thus radiation effi-
ciencies and antenna gain are low and greatly dependent
on the ohmic resistance [18]. In an effort to increase the
radiation efficiency and reduce the size of the loop, multi-turn
structures or ferrite cores are typically employed.

Increasing the number of loop turns improves antenna
factor (AF) characteristics in the lower frequency band, but
the antenna inductance increases in the upper frequency band,
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FIGURE 1. The conceptual figure of rectangular multi-turn loop antenna.
(a) Plane wave incident on a receiving loop. (b) Thevnin equivalent circuit
model.

which results in worse AF characteristics than a single-
turn loop [24]. The ferrite core can improve the radiation
efficiency, but has limitations in reducing the size of loop
antenna [25]-[27].

In this paper, a novel design of a compact frequency selec-
tive loop (FSL) antenna is presented. The designed antenna
has a rectangular spiral structure (1-turn outer loop, 2-turns
inner loop). A low-pass filter (a parallel capacitor) is placed
between the outer and the inner loops to improve the AF char-
acteristic by reducing the inductance of the loop in the upper
frequency band. Therefore, the proposed antenna is suitable
for SE measurements of small-sized enclosures, where the
standard such as IEEE Std. 299.1 are not applicable. Numeri-
cal and experimental results of this antenna will be presented
and discussed in the following sections.

Il. ANTENNA DESIGN

A. MULTI-TURN LOOP ANTENNA CHARACTERISTICS

Fig. 1(a) presents a geometry of the rectangular multi-turn
loop antenna in a receiving mode with a side length a and N
turns. The center of the multi-turn loop antenna is located at
the origin, and the incident electromagnetic waves toward the
antenna have a tilted angle v in the plane of incidence and 6
along the z-axis. The receiving loop antenna can be described
by a Thevenin equivalent circuit [28] as shown in Fig. 1(b).
The open circuit voltage (Voc), as written in (1), is induced
between the output terminals 1 and 2.

Voc = jwa*woH sin6 cos yN 1)

where w is the angular velocity of the wave, g is the per-
meability in free space, and H is the magnetic field intensity.
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The load voltage Vi, can be calculated by the voltage ratio of
the input and load impedances as expressed in (2). Then, the
AF of the loop antenna is derived from the

ratio between the magnetic field intensity and the load
voltage as noted in (3).

Vi = Voet— — 1,7 )
L = OCZi/n_I_ZL =17
H
AF(magnetic) =20 ]0g10 ]_L
9.73
= 2010 — ) =515 3
E10 (M/G(num)) ©)

where A is the wavelength, G is the antenna gain.

The radiation resistance and efficiency of the small loop
can be further increased by winding multi-turn loops or
adding a ferrite core with high permeability. The radiation
resistance (R, ) of the small loop becomes [24]

AN\2
R, ~ 3207* > N? <—) )
22

where u is the effective relative permeability of the ferrite
core, N is the number of loop turns, A is loop’s area, and
A is wavelength. The compact size of the loop antenna is to
decrease the radiation resistance (R, ) because the area (A) of
the loop antenna is also reduced.

In order to compensate for this, it is necessary to increase
the N. The reactance and magnetic AF with different N are
simulated and shown in Fig. 2. The FR-4 is used as the
substrate, and its dimensions are 220 mm x 220 mm. The
width and the gap of the line are 1.5 mm and 2 mm in
Fig. 2(a), respectively. In Fig. 2(b), the inductance of the loop
rises rapidly above 1 MHz as N increases. In Fig. 2(c), as a
reference, the AF of a commercial loop antenna [3] with
diameter of 300 mm is shown (dashed line). As N increases,
the AF is improved below 1 MHz, while the AF level above
1 MHz increases. As described before, this is caused by the
increased inductance of the loop.

B. FREQUENCY SELECTIVE LOOP ANTENNA DESIGN

To maintain the AF improvement effect in lower frequency
band (below 1 MHz) and compensate for the AF performance
degradation in the upper frequency band (above 1 MHz) as
the N increases, we propose the frequency selective loop
antenna as shown in Fig. 3. The size of the proposed antenna
is 220 mm x 220 mm and it has printed structure using the
FR-4 (¢; = 4.6, thickness = 1.6 mm) substrate. The designed
antenna in Fig. 3(a) consists of one turn outer loop and two
turns inner loop. The outer and inner loops are apart by G
to minimize the coupling between loops. The low-pass filter
(a parallel chip capacitor) is located between the outer and
inner loop. A parallel chip resistor is connected with the inner
loop on the bottom side in Fig. 3(b). A detailed view of the
feeding part is shown in Fig. 3(c). Vias with a diameter of
1 mm are used to connect front and rear lines of the antenna.
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FIGURE 2. Multi-turn loop antenna characteristic with different N.
(a) Structures of the multi-turn loop. (b) Reactance of the multi-turn loop.
(c) AF of the multi-turn loop.

Fig. 4 shows the equivalent circuit of the proposed antenna.
The parallel capacitor (1st order low-pass filter) is located
between the outer loop and the inner loop.

In the lower band, the current passes through both the outer
and inner loops, so the AF characteristic is improved due to
the multi-turn loop. A resistor connected in parallel with the
inner loop has a higher resistance value than the inner loop
line and does not operate in the lower band (the current does
not pass through the resistor).

In upper band, due to the low-pass filter, only outer loop
operates as the antenna. The coupled current with the outer
loop flows in the inner loop where the current is cut off.
Thereafter the coupled current of the inner loop is attenuated
by the parallel resistor.

If the value of the distance G (between the outer and inner
loop) increases, the coupling current decreases at upper band.
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FIGURE 3. Configuration of the designed antenna. (a) Top view.
(b) Bottom view. (c) Detail view of feeding part.

Therefore, G is optimized to 45 mm considering the AF
since the total length of the inner loop decreases. To further
improve the AF characteristic, the circuit element values of
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FIGURE 4. The equivalent circuit of the proposed antenna.

the proposed antenna are optimized using the full-wave EM
simulation software of Microwave Studio (MWS) [29]. The
optimal antenna geometric parameters are summarized in
Table 1.

TABLE 1. The optimal geometric parameters of the designed antenna.

Parameters Symbol Value
Between the outer and inner loops G 45 mm
Capacitance of the low-pass filter C 820 pF
Resistance of the attenuation resistor R 24Q

The mutual inductance between outer and inner loops
is small enough to be ignored in the lower band with the
same current direction. In upper band, the operation of
the low-pass filter cuts off the current on inner loop, and
the induced voltage causes a current to flow in the inner
loop.

The mutual inductance between outer and inner loop can
be obtained as shown in (5).

Ln =L+ Lo —LgsL (5)

where Ly, is the mutual inductance between outer loop and
inner loop, Ly is inductance of the inner loop, Lo is inductance
of outer loop, and Lggy. is inductance of frequency selective
loop without low-pass filter (a parallel capacitor).

Fig. 5 shows the simulated mutual inductance. The mutual
inductance increases from the 1 MHz where the inner loop is
blocked by the operation of the low-pass filter. The maximum
value of mutual inductance is 1.9 uH in operating frequency
bands.

I1l. SIMULATED AND MEASURED RESULTS

The photograph of the fabricated antenna is shown in Fig. 6.
Input port has a 50 2 SMA connector for feeding. Fig. 7
shows the test setup for the AF measurement and simulation
of the proposed antenna. In this paper, we measure the AF
using the Sp; method [30]. The transmit loop (A. H. Sys-
tems, SAS-564, 1 kHz — 30 MHz) and fabricated antenna are
connected to vector network analyzer (KEYSIGHT, N5222B,
900 Hz - 26.5 GHz) port 1 and port 2, respectively. And then,
the AF is calculated from the measured Sj;.

VOLUME 9, 2021

Inductance (uH)
S}

VY VY W ¢

[()] - —N

0.01 0.1 1 10
Frequency (MHz)

FIGURE 5. Mutual inductance of the designed antenna.

i
(a)

SMA connector

SMA connector

FIGURE 6. The fabricated antenna. (a) Top view. (b) Bottom view.

Fig. 8 shows a comparison of the theoretical AF (N = 3)
in (3), the frequency selective loop (Outer N = 3,
Inner N = 2) AF, and the 3-turns planer loop AF in Fig. 2(c).
The total line length is FSL (3,459 mm), theory (2,638 mm),
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FIGURE 7. AF of the proposed antenna measurement and simulation
environment. (a) Measurement. (b) Simulation.
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FIGURE 8. AF comparisons of the theoretical results, the FSL
(Outer N = 3, Inner N = 2), and the planar multi-turn loop (N = 3).

and planar multi-turn loop (2,547 mm), respectively. It is
shown that the AF of FSL in the lower frequency band
(10kHz - 1 MHz) is more improved than the AF of the 3-turns
planar loop (Max 6.6 dB @ 10 kHz, Min 0.1 dB @ 1 MHz).

In upper frequency band, the AF level of FSL with the
low-pass filter is similar to the multi-turn loop. There-
fore, the antenna can be freely designed to meet the target
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FIGURE 9. AF of the fabricated antenna (220 mm x 220 mm).

AF level by adjusting the number of outer and inner loop
turns.

The goal of this paper is to miniaturize a one-turn 300 mm
loop antenna and improve the antenna performance at more
than 10 MHz. Thus the proposed antenna is optimized to
the outer 1-turn and inner 2-turns loop configuration. Fig. 9
shows a comparison of the simulated and measured AF.
A good agreement is observed between the simulation and
measurement. To verify the characteristic of the proposed
antenna, the measured AF is compared with the 300 mm
reference loop [3] and the AF of the proposed loop without
the low-pass filter. The AF of the fabricated antenna is divided
into three regions.

Region ‘I’ shows the same AF level as the 300 mm
reference loop’s level although the size is reduced to
220 mm x 220 mm because the outer and inner loops are
connected. Region ‘I’ is the transient region. The AF level
rises up to 5.5 dB above the 300 mm reference loop’s level
due to the skirt characteristic of the 1st-order low-pass filter.
Increasing the order of the low-pass filter reduces the AF
level in the transient region, but due to the influence of the
reactance used in the low-pass filter, the Q value of the loop
increases in this region. Thus, this results in very high AF
levels at certain frequency. In Region ‘III’, only the outer
lop operates and the AF level is lower than reference loop
antenna. Without the low-pass filter, the inductance of the line
increases rapidly at more than 10 MHz as shown in Fig. 10.

AFs with different capacitance of low-pass filter and resis-
tance of attenuation resistor are simulated and shown in
Fig. 11 and Fig. 12, respectively. Fig. 11 shows that resonant
frequency decreases as the C value of the low-pass filter
increases. In Fig. 12, there is no current flowing to the inner
loop at low R value, so the AF level increases in entire band.
In contrast, if the R value is significantly greater than the inner
loop, the AF level increases at specific frequency. Based on
the above analysis, we have a clear method for controlling
the resonant frequency and attenuating the undesired coupled
current.
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TABLE 2. The loop antenna for SE measurement property comparisons.

Ref. [3] Ref. [13] Ref. [26] Ref. [27] Proposed FSL
Operating Frequency 9 kHz — 30 MHz 9 kHz — 400 MHz 10 kHz — 30 MHz 10 kHz — 30 MHz 10 kHz — 30 MHz
Dimension (mm?®) 300 X 300 X 1 50 X 50 X 10 114 X 114 X 40 100 X 100 X 21 220 X 220 X 1.6
Loop structure 1-turn loop Shielded loop ( tI.\e/I rlrliltti_zl:)rrré) ( tI’ZI rlrliltté_zl:)rrré) Planar multi-turn
AF (dB) @ 10 kHz 45 53.5 34 40.5 43.6
AF (dB) @ 10MHz -10 23.6 7 -3 -8

2000 T T
|| —®— Proposed antenna
—@— Proposed antenna without LPF

1500
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Reactance (Ohm)
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FIGURE 10. Reactance comparisons of the proposed antenna with and
without the low-pass filter.
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FIGURE 11. Simulated AFs of the proposed antenna by changing of C.

Table 2 compares the operating frequency bands, dimen-
sions, the structure types, and AF levels between the four
reference loops and proposed FSL. Although the size of
proposed antenna has been reduced to 220 mm x 220 mm,
it has equivalent performance to the commercial 300 mm x
300 mm loop. In addition, the planar structure printed on the
substrate has advantages that are easier to fabricate than the
shielded loop and multi-turn structures.

Fig. 13 shows the current distribution of the proposed
antenna at the selected frequencies (10 kHz, 5 MHz,
20 MHz). In Fig. 13(a), the outer loop and the inner loop are
connected so that the current direction is the same. Fig. 13(b)
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FIGURE 12. Simulated AFs of the proposed antenna by changing of R.

shows the current distribution at 5 MHz, the transition region,
indicating that some current also flows through the inner
loop. In Fig. 13(c), the current exists in the outer loop, while
coupled current flows in the opposite direction on the inner
loop with small level. This implies that the coupled current is
attenuated sufficiently.

IV. SE MEASUREMENT

SE measurement have been performed to ensure that the
proposed FSL is suitable for SE measurement of the small
shielding enclosure (size: 600 mm x 600 mm x 650 mm).
The SE measurement was followed by the IEEE standard
299.1 [1] in the 10 kHz to 20 MHz bands.

SE measurement setup is shown in Fig. 14. The trans-
mitting loop (A.H.Systems, SAS-564) is connected to a sig-
nal generator (KEYSIGHT, N5171B, 9 kHz — 1 GHz) and
power amplifier (AR, 10WD1000, 10 W). The receiving
loop (proposed FSL) is connected to the spectrum analyzer
(KEYSIGHT, N9918A) and the preamplifier (A.H. systems,
PAM-5K300).

The distance between the transmitting and receiving loop
is 0.6 m, with the door of the small shielding enclosure at the
center of the two loops.

The SE of the small shielding enclosure from experiment
setup, as written in (6), is calculated [1].

%
SE = 20log, 71 (6)
2
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where V| and V; are receiving voltages of FSL in free space
and in the shielding enclosure, respectively. Fig. 15 shows
the SE measurements of vertical and horizontal polarization
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FIGURE 14. The experiment setup of SE using proposed FSL.
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FIGURE 15. The measured SE of small shielding enclosure.

at selected frequencies in the 10 kHz to 20 MHz band. The
measured SE average level are 21.1 dB and 19.4 dB in the
vertical and horizontal polarizations, respectively.

V. CONCLUSION

An electrically small and frequency selective loop antenna for
shielding effectiveness (SE) measurement in low frequency
(10 kHz — 30 MHz) band is proposed in this paper. The
low-pass filter is placed between outer and inner loops to
improve the antenna factor (AF) of the upper frequency
band as the number of loop turns increases. The size of the
designed antenna is 220 mm x 220 mm, which achieves
46 % reduction of antenna area compared to the conventional
300 mm loop antennas and the antenna preserves the better
AF characteristics. From the above results, we conclude that
the proposed antenna is suitable for SE measurements of
small enclosures.
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