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ABSTRACT Parasitic currents on the sheaths of the coaxial cables will deteriorate the performance of the
antenna, so the choke structures are needed. While a-quarter-wavelength choke sheaths at VHF and UHF are
very long, miniaturized ferrite-EBG composited choke structures are proposed. The ferrite refers to ferrite
magnetic beads. Electromagnetic bandgap (EBG) element is consisted of multi-section metal tubes with
length relatively shorter than a-quarter-wavelength. The integrated structures are formed by arranging EBG
elements and beads alternately along the coaxial line. The proposed choke structures combine the wideband
choke performance of the ferrite beads and the high efficiency of the EBG structures. Furthermore, due to
the difficulty of the quantitative measurement of the choke structures in an open space, a measuring setup
designed in a transmission line model is devised. The choking effects of the proposed structures can be
characterized by the |S;1| parameter of the measuring device, as the direction of the currents flowing on
the sheaths of feeding cables are the same as that of the currents on the inner conductor of the measuring
device. Meanwhile, choking bandwidth, efficiency and size of the ferrite-EBG composited choke structures
are compared with that of EBG structures and beads. The influence of different numbers of the proposed
structures is studied. A prototype is fabricated and measured. The overall size of the ferrite-EBG composited
choke structures is 0.25 Ap, x 0.024 Ay, x 0.024 Ap (415 mm x 40 mm x 40 mm) (Ap is the wavelength
of the lower end of the operating frequency band). The measured choking band (|S2;| < —10 dB) is in the

region of 181-343 MHz.

INDEX TERMS Balun, beads, choke, EBG, monopole, VHF, UHF.

I. INTRODUCTION

Flowing parasitic currents on the sheaths of the feeding
coaxial lines that are caused by unbalanced feed will dete-
riorate the performance of the antennas, such as making
the input impedance unmatched, deforming the radiation
patterns, and lowering the gain. Furthermore, the unwanted
currents will lower the efficiency of the whole communi-
cation system. Choke structures are applied to address this
problem, [1], [2], [4] and [9].

For vehicle-mounted monopole or dipole antennas at
very high frequency (VHF) band and ultrahigh frequency
(UHF) band, common choke structures, such as a-quarter-
wavelength choke sheaths, are of long length. Take 30 MHz
for instance, the choke sheath is 2.5 meters long at this
frequency that is not suitable for the vehicle application. The
miniaturization of the choke structures is a crucial problem.
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But relevant research and documents at this frequency region
are rare and not up-to-date, for example [1], [4] and [9].

Choke structures can be generally classified into two types
in terms of the designing process: one is designed with
antenna together that serves the specific antenna, and the
other is designed separately with antennas, which can be gen-
erally used in different antennas [1]-[3]. This paper belongs
to the latter.

Choke structures have been applied in following situa-
tions: suppressing the currents flowing along the feeding
lines in [1]-[13], reducing the mutual coupling between two
adjacent antennas by attenuating the currents flowing on
the sharing ground in [1], [10], and [14], realizing effective
utilization of the antenna aperture, and mitigating the low-
angle multipath electromagnetic interference in the position-
ing antenna in [20]-[24]. Choke structures of several types for
different antennas, such as whip antennas and patch antennas,
are reported by researchers in many papers. Choke structures
are generally summarized in three categories: ferrite beads,
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a-quarter-wavelength choke sleeves, and LC resonating cir-
cuits with lumped elements, distributed structures, or the
composition of them.

Ferrite beads are the common and very effective method
used on coaxial lines [4] and in actual antennas [5] to choke
the parasitic currents, which have good choking performance
and relatively broad choke band from several MHz to several
hundred MHz. However, the efficiency of the ferrite beads
is usually low. With frequency increasing, the permeability
of the ferrite material drops dramatically, so the parasitic
currents on the cables are not blocked based on the principle
of magnetic fields effect, but turn into heat on the beads,
which brings a problem of heat dissipation [25].

A-quarter-wavelength choke sleeves are mostly used as
choke structures due to their excellent choking performance
and can be used in different operating frequency without the
restriction as ferrite beads. Many papers report this struc-
tures, such as a-quarter-wavelength choke sleeves in tube
antennas or cable sheaths in [6]—[8], and [17], a-quarter-
wavelength slot in [11], [12], [16], and [18] or meandered
lines in patch antennas in [13], or a set of concentric a-quarter-
wavelength-deep choke rings in [20]-[24]. But they can only
operate at a relatively narrow frequency band. To widen the
bandwidth, a novel structure, composed by arranging several
a-quarter-wavelength sleeves which operate at different fre-
quency points along the feeding line to realize a wide choking
band, is proposed in [1], but the length is too long (710 mm).

LC resonating circuits, just acting as band-stop filters
that operate at the frequency of the parasitic currents, are
the new methods to solve the problem, which are usually
composed of lumped or distributed inductors and capacitors.
Metal poles and rings are exploited in [2] to form a resonat-
ing circuit for blocking currents. Designed on the coaxial
lines in [3] and [9], the choke structures are formed with
several series of resonating circuits. Resonating circuits are
composed of slots or metal lines on printed circuit boards
in [10], [14] and [15] to choke the unwanted currents. Elec-
tromagnetic bandgap (EBG) structures in [19] can be inter-
preted to periodic series of distributed LC resonating circuits
in essence, employing the periodicity of metal structures to
suppress the parasitic currents propagating along the metal
structure.

Miniaturized ferrite-EBG composited choke structures,
composed of EBG structures and ferrite magnetic beads, are
proposed in this paper, seen as Fig. 1. The ferrite refers to
the ferrite magnetic beads. The EBG structures are consisted
of multi-section aluminum tubes, and the length of the EBG
element is relatively shorter than a quarter wavelength. With
beads inside the EBG structures, the integrated structures are
formed by arranging EBG elements and beads alternately
along the sheath of the feeding coaxial line. The beads used
in this design are to improve the equivalent inductance of the
choke structures, instead of utilizing the loss of the beads
to choke currents. Meanwhile, the EBG structures serve as
the cooling shells for the beads which solve the heat dissi-
pation of the beads at high frequencies [25]. The proposed
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FIGURE 1. The design concept of the ferrite-EBG choke structures.
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FIGURE 2. The assembly of the ferrite-EBG choke structures.

model combines the merits of both the wideband choking
performance of the ferrite beads and the high efficiency of the
EBG structures. This paper is organized as follows: Section II
presents the design details of the ferrite-EBG composited
choke structures and the operating principle. The measuring
device is introduced in Section III. Section IV shows the
performance and the investigation of the ferrite-EBG choke
structures. The fabricated prototype and the measuring results
are presented in Section V. Finally, section VI gives a concise
conclusion.

Il. CHOKE STRUCTURES AND OPERATING PRINCIPLE

A. THE DESIGN DETAILS OF THE CHOKE STRUCTURES

As shown in Fig. 1, the design concept is compositing the
EBG structures and the beads together, and combines the
advantages of the both structures, which provides a compro-
mise choice between the bandwidth and the efficiency. For
easy installation, the ferrite-EBG composited choke struc-
tures are designed in separated components, with the explo-
sive assembly view shown in Fig. 2. The EBG element has
two aluminum tubes (shown in Fig. 3 (a)) connected by an
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FIGURE 3. Three views and specific dimensions of the elements of the
ferrite-EBG structures. (a) Aluminum tube. (b) Aluminum connector.
(c) Nylon connector. (d) Bead.

TABLE 1. Parameters of the beads.

Parameters Value
material Ni-Zn
initial permeability 16£3.2
ratio loss coefficient 32000(700 MHz)
temperature coefficient 3000(+25°C~+85°C)
resistivity 10°Qm
maximum operating frequency 700 MHz

22 mmx11 mm
x10 mm

external diameter % internal diameter
x height

TABLE 2. Parameters of the Ferrite-EBG structures (Unit: mm).

Variables Value Variables Value

r 5 hy 2

r; 5.5 hy 18
3 11 h3 22
ry 20 hy 70
d 1 hs 100
d; 2 hs 8
d; 4 h; 2
g 5

aluminum connector (shown in Fig. 3 (b)), and the EBG
element is connected with the outer conductor of the coaxial
line through the middle hole. The nylon connector, shown
in Fig. 3 (c), is designed to keep the fixed distance between
two EBG elements. The bead element is shown in Fig. 3 (d),
and the detail information is shown in Table 1. The spe-
cific dimensions are marked with variables in Fig. 3, and
the variables are listed in Table 2. Four important variables
(g2, h4, hs, and r7) are studied in the section I'V.
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FIGURE 4. Equivalent circuit of the ferrite-EBG choke structures.

B. OPERATING PRINCIPLE

The operating principle of the ferrite-EBG composited choke
structures can be explained by the equivalent resonating cir-
cuit shown in Fig. 4. The tubes of the external sides of the
side elements are equivalent to inductances L due to the
transmission line theory. The tubes with beads are equivalent
to resistance R; and inductance L, that is far greater than
L1 due to the beads. The gaps between two EBG elements
are equivalent to capacitances Cg. This equivalent resonating
circuit acts as a band-stop filter to suppress the parasitic
currents. The values of the resistor Ry, inductor L;, L, and
capacitor C, are 10 2, 2 nH, 31 nH and 9 pF respectively.
Results of |S,;| of the HFSS simulation and the equivalent
circuit are shown in Fig. 5. The result of the circuit simulation
is generally follow the trends of that in HFSS full-wave sim-
ulation. Some discrepancies occurs because the equivalent
inductance, capacitance and resistance of the proposed choke
structures are changed with the frequency, while in the circuit
the values are stable that cannot simulate the changing char-
acteristics. But the similar trends of the two curves in Fig. 5
indicate that the equivalent circuit can explain the operating
principle of the proposed choke structures and give us some
guidance in designing the structures.

Ill. MEASURING DEVICE

The quantitative measurement of the choke structures is diffi-
cult, because the choke structures are the part of the antenna
system and the measurement is an open space problem. To
turn the open space problem to a closed one, a measuring
setup designed in a transmission line model is devised. As
the direction of the currents flowing on the feeding cables
are the same as that of the currents on the inner conductor
of the measuring device, the choking effects of the proposed
structures can be characterized by the |S;;| parameter of the
measuring device.

The device is designed in a transmission line model, similar
to a coaxial line, which is composed of an inner conduc-
tor, outer conductors and two ports with impedance trans-
former circuits. The diagram of the design details is shown
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FIGURE 5. |Sy1| results of HFSS simulation and equivalent circuit.

Vector Network

Analyzer
Port 1 Port 2
Ot

30 Ohm cable

50 Ohm cable

Supporting
Outer conductor Acrylic Sheets
|

50-140 Ohm
converter

50cm)| lem,

T 10cm

S50cm— «

50-140 Ohm 100cm

converter

Inner conductor som

(@)

(b)

FIGURE 6. Measuring device. (a) The diagram of the design details and
the connection. (b) The simulated model in HFSS. (C) The practical model.

in Fig. 6 (a). The simulated model and practical model are
shown in Fig. 6 (b) and Fig. 6 (c) respectively.

The measuring device is designed in a fusiform shape, to
have enough volume to accommodate the choke structures
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FIGURE 7. The details of the feeding ports of the measuring setup: (a) and
(b) are the inner and the outer sections of the practical measuring model
setup respectively, (c) and (d) are the simulated model of the inner and
the outer sections of the measuring setup in HFSS software respectively.
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FIGURE 8. Specific circuit and values of capacitors and inductors of the
50-to-140 Ohm converter.

in the middle section of the measuring setup, and to keep
enough distance between the choke structures and the outer
conductor of the measuring setup, aiming to eliminate the
impacts of reflecting waves from the outer metal on the
operation of the choke structures. The inner conductor sim-
ulates the outer metal wrap of the coaxial feeding lines of
the antenna. The inner conductor of the measuring setup
gradually gets thin to its two ends, and connects to the
signal paths of the 50-to140 Ohm converter circuits nearby,
as shown in Fig. 7. The specific circuit and values of the
elements are shown in Fig. 8. The simulated |S11| of the
converter is shown in Fig. 9.

The choking performance of the ferrite-EBG choke struc-
tures can be measured with the measurement device. When
no choke structures are added to the inner conductor, the
amplitude of the transmission coefficient (|Sz1|) is close
to 0 dB, and the amplitude of the reflection coefficient (|Sy1])
is below —10 dB in the operating frequency band at the
same time, showing that current can flow freely on the inner
conductor, i.e. the measuring model is an effective trans-
mission line model. When choke structures are added to the
inner conductor, the |Sy1| is below —10 dB in the operating
frequency band, showing that current cannot flow on the inner
conductor, proving the choking performance of the choke
structures.

The simulated and measured results of the measuring
device are shown in Fig. 10. Fig. 10 (a) and Fig. 10 (b)
show the measured band range of |S1;] < —10 dB and
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FIGURE 9. |Sq| result of the 50-to-140 Ohm converter.

of [S21] < —1.5dB are 131-455 MHz and 130-465 MHz
respectively. [S11| < —10 dB indicates that the model is a
good transmission line model. Meanwhile, |S»| near O dB
indicates that the model is of less loss and is a good transmis-
sion line model. Although the correlation between two curves
in Fig. 10 (a) is not good, in practical projects, the frequency
region of |Sy1| < —10 dB is of our interest, and can be usually
represented in VSWR < 2:1 that the discrepancy between the
simulated and measured VSWR curves is relatively slight and
is acceptable. In the frequency region from 131 to 455 MHz,
measured |S1;] < —10 dB (shown in Fig. 10 (a)) and
VSWR < 2:1 (shown in Fig. 10 (c)), showing this measuring
setup is a relatively good transmission line model within this
band range and can be used to test the performance of the
choke structures.

IV. PERFORMANCE AND INVESTIGATION

A. PERFORMANCE COMPARISON AMONG FERRITE-EBG,
EBG AND BEADS

To investigate the merits of the ferrite-EBG choke structures
that combined both advantages of EBG structures and beads,
the performance of the proposed choke structures with EBG
structures and beads are compared. The lengths of the three
structures are shown in Fig. 11. The other dimensions of the
EBG structures are the same as the ferrite-EBG structures
except the variable go, the gap between the EBG elements,
which is changed from 5 mm to 0.2 mm to make it possible to
compare the choke performance in the same frequency bands.
Both the inner and outer diameters of the beads are the same
as the ferrite-EBG choke structures.

The length of the bead with 700 mm is selected for the same
reason of the variable g;.

Fig. 12 shows the simulated |Sy| curves of the three
structures. The choking bandwidth (|S»;| <-10 dB) of ferrite-
EBG, EBG and beads are 220 MHz (from 180 to 400 MHz),
65 MHz (from 375 to 440 MHz), and 300 MHz (from 200
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FIGURE 10. The simulated and measured results of the measuring device.
(a) 1S111. (b) 1S21 1, and (c) VSWR.

to 500 MHz) respectively. The ferrite-EBG structures has
a much wider band than the EBG structures, and achieve
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FIGURE 11. The dimensions of the ferrite-EBG, EBG, and beads.
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FIGURE 12. The simulated |S,; | of ferrite-EBG, EBG, and beads.
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FIGURE 13. The simulated efficiency of ferrite-EBG, EBG, and beads.

two-thirds the bandwidth of beads. The efficiency of the three
structures are shown in Fig. 13. The efficiency of the ferrite-
EBG structures is between 0.3 and 0.6, higher than that of
beads at every frequency point. The efficiency of EBG is
almost close to one, showing that pure metal structures has
little energy loss. With more than three times the bandwidth of
the ferrite-EBG choke structures against the EBG structures,
some loss in efficiency is acceptable. Therefore, the ferrite-
EBG choke structures are chosen.
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FIGURE 14. Simulated |S,; |, influence of the gap between the EBG
elements (g,) on choking bandwidth, with other variables unchanged.

B. PARAMETER ANALYSIS

This section presents the parameter analysis of four key vari-
ables of the ferrite-EBG structures, to show the influences of
variables on the choke performance.

The parameters that influence the choke performance in
essence influence the equivalent inductance, capacitance and
resistance of the choke structures shown in Fig. 4.

The equivalent inductance is related to the lengths and
the diameters of both the metal tubes and the ferrite beads.
So the length As and the radius 77 of the metal tube are of
our interest. The inner and outer radius of the ferrite beads
are out of consideration because the beads provided by the
manufacturer only have less choices in size. So only the
length A4 of the beads which can be changed by stacking
different numbers of the beads is of our interest.

The equivalent capacitance is changed with the opposite
area of the capacitor plates and the gap between the two
plates, which in this design are composed of the opposite
area of the metal tubes and the gap between the two tubes.
The opposite area of the metal tubes relates to the thickness
and the radius r7 of the metal tubes. Considering the opposite
area is relatively small, the thickness is not studied. The
gap gl between two tubes strongly influence the equivalent
capacitance, so this parameter is in our consideration.

The equivalent resistance is mainly caused by the ohmic
dissipation of the ferrite beads, and the bigger the size of the
beads, the bigger the ohmic loss. The radius of the beads is
out of consideration explained as before, so the length A4 of
the beads is the important influencing factor.

In summary, the length of the metal tube %5, the radius of
the metal tube r7, the gap between two tube g1 and the length
of the beads h4 are four important parameters for us to study
the performance of the proposed choke structures.

Fig. 14 shows that the frequency point at the minima of
|So1] shifts from 272 MHz to 210 MHz, and the choking
band (|S21] < —10 dB) changes from (193 to 456 MHz) to
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FIGURE 15. Simulated |S,; |, influence of the length of the bead element
(hg) on choking bandwidth, with other variables unchanged.
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FIGURE 16. Simulated |S,; |, influence of the length of the EBG element
(hs) on choking bandwidth, with other variables unchanged.

(158 to 355 MHz), with the gap between EBG elements
(g2) narrowing and other variables unchanged. This can be
explained that the narrower the gap between the EBG ele-
ments, the greater the capacitance Cy (shown in Fig. 4)
between two EBG elements, which will increase the mutual
effect of two adjacent EBG elements and make the resonating
frequency shift to the lower frequency region. The value
of variable g, is selected based on the needed operating
frequency band.

Fig. 15 shows the influence of the length of the bead (h4)
on the choking performance. The deepest point at the |Sy;|
curve moves from 348 MHz to 230 MHz, and the choking
band (|S21] < —10 dB) changes from (275 to 484 MHz)
to (159 to 390 MHz), with the A4 increasing from 3 cm to
9 cm and other variables unchanged. This can be interpreted
as the longer the bead, the greater the inductance L, (shown
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FIGURE 17. Simulated |S,; |, influence of the radius of the EBG element
(r7) on choking bandwidth, with other variables unchanged.
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FIGURE 18. Simulated |S,; | of different numbers of ferrite-EBG
structures.

in Fig. 4) involved in the resonating circuit, which resulting
in the lower resonating frequency.

Fig. 16 shows the resonating frequency point slightly
moves from 260 to 240 MHz with the length of the EBG
structures lengthening from 7 to 15 cm, which shows that
the increment of the length of the EBG structures (45) brings
relatively slight effect on the resonating frequency, and that
the longer length bring a larger inductance L and L in the
equivalent resonating circuit.

Fig. 17 shows the concave vertex of the |S;;| curve moves
from 310 to 200 MHz, and the choke bandwidth shifts from
(226 to 458 MHz) to (149 to 377 MHz), with the radius
of the EBG element (r7) widening from 12 to 30 mm and
other variables unchanged. This is due to the capacitance C,
(shown in Fig. 4) getting greater with the facing area of two
adjacent EBG elements increasing, and the inductance L and
L, (shown in Fig. 4) getting greater with the volume of the
EBG element increasing. So the resonating frequency move
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FIGURE 19. The electric fields distribution of different numbers of ferrite-EBG structures at 200, 300, and 400MHz.

to the lower region. The value of the variable 77 is chosen
based on both the choking performance and the volume.

The results of the parameter analysis show that the choking
bandwidth gets wider with longer EBG, shifts to the lower
bandwidth with thicker EBG, tighter EBG, and longer beads.

Considering the overall volume and the choking perfor-
mance, we set go = 5 mm, iy = 7 cm, hs = 10 cm, and
r7 = 20 mm.

C. THE NUMBER OF THE FERRITE-EBG STRUCTURES

The influence of the number of the ferrite-EBG structures on
the choking performance is studied. Ferrite-EBG structures
with one, two, and three is simulated. The |Sy;| curves of
the three models are shown in Fig. 18, the choking band-
width (|S21| < —10 dB) of the three structures is (0 MHz),
(180-300 MHz), and (160-355 MHz) respectively. So ferrite-
EBG structures with three are chosen in terms of the choking
performance and the volume. More elements have better
choking performance, while the volume is considered as
small as possible.

The electric fields distribution at 200, 300, and 400 MHz
of the three models are shown in Fig. 19. For ferrite-EBG
structures with three, the electric fields distribution near the
inner conductor at 200, 300, and 400 MHz, is weaken when
across the three choke, which turns from red to blue. For one
choke, the electric field is not blocked at 200 and 400 MHz.
For two choke, the electric field is not blocked at 400 MHz.
So ferrite-EBG choke structures with three is enough for
choking at the desired frequency region. Weighing the choke
performance and the overall size, three is selected.

V. PROTOTYPE AND THE RESULTS
The prototype of the fabricated ferrite-EBG choke struc-
tures is shown in Fig. 20. The simulated and mea-
sured |Sp1| is shown in Fig. 21, with the simulated
choking bands 160-350 MHz, and the measured choking
bands 181-343 MHz.

The discrepancies between the simulated and measured
results may be caused by three reasons.

First and the most important reason is that the inductance
values of the inductors used in the 50-to-140 ohm transformer
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FIGURE 21. The simulated and measured |S,; | of the ferrite-EBG choke
structures.

circuit change with frequency, making the circuit not perform
identically as its simulation. The inductance values of the
inductors are relatively small at lower frequency and are
relatively big at higher frequency, for example, an inductor
is 62 nH at 120 MHz and 93 nH at 500 MHz.
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FIGURE 23. The measured efficiency and |S; | of the three ferrite-EBG
choke structures and 50 cm long beads.

The second reason is that the actual values of the relative
permeability and the magnetic loss tangent at every frequency
point of the ferrite beads used in the choke structures are
hard to precisely measured, and the values of the relative
permeability will decrease and the magnetic loss tangent will
increase with the increasement of the frequency which will
degrade the choke performance of the proposed choke struc-
tures. In the simulated model we set the relative permeability
value as 16 and the magnetic loss tangent as 0.512 which are
given by the bead manufacturer of Beijing Seven Star Flight
Electronic CO., LTD.

Last is the manufacturing errors. That the precision of the
manual processing is limited.

The tendencies of the two curves are basically similar that
indicates the experiment well validates the simulation.

VOLUME 9, 2021

TABLE 3. The comparison of this work with references.

operating
Work | overall size (S;é]lr:_i] 0 advantages disadvantages
dB)
dielectric-
0.62), % 260-420 .
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0.009 A, (47.1%) o Narrow ban
miniaturization
0.098 % | ° fﬁvﬂHZ left-handed °€ﬁra“irr‘1g la‘
2] 0.05 X9 x fres uegnf:: material for (;reylfen% ¢
0.05 ho dUENCY | iniaturization quency
point) point
inductors and
Lo capacitors
bringing in
[9] 0%2893);;2 Y inductors and matyh?lfilg)ear
capacitors for
0.083 M (46.2%) miniaturization power,
relatively
narrow band
s | 0257 | 100 |
0.024 Ay x MHz . ? no
work o 004 | (74.5%) simple
manufacturing

Fig. 22 shows the measured |S;1| of different numbers of
the ferrite-EBG choke structures. The ferrite-EBG compos-
ited choke structures with three is of the widest bandwidth
which satisfy our expectance.

Fig. 23 shows the measured efficiency and |Sy;| of the
ferrite-EBG composited choke structures versus that of the
50 cm long beads. With the choke performance of the pro-
posed and the 50 cm long beads comparable, the efficiency
of the proposed structures is higher at most frequency region
than that of the beads.

Table 3 shows the comparison of this work with references.
That our work is of relatively small size and wideband band.

VI. CONCLUSION

This paper proposes miniaturized ferrite-EBG composited
choke structures, which combine the wideband choke per-
formance of beads and the high efficiency of EBG struc-
tures. This design provides a compromise choice between
choke bandwidth and efficiency. If considering the wideband
choke structures, beads are the best. If considering the high-
efficiency choke structures, EBG structures are the best. If
considering relatively wideband and high efficiency simul-
taneously, the proposed design can be a candidate. We will
apply these structures to the 225-400 MHz antenna to realize
a miniaturized antenna in the future work.
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