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Abstract—A lossy ferrite core/dielectric shell structure effec-
tively miniaturizes an axial-mode helical antenna (AM-HA) with-
out sacrificing the antenna gain in the range of 2.85-3.45 GHz.
Co>Z hexaferrite-glass composite was used as an inner core and
acrylonitrile butadiene styrene as an outer shell. The volume of the
AM-HA was reduced by 29% while maintaining realized gain of
9.0 dBic, compared to air-core AM-HA. The simulation also con-
firmed that further miniaturization of the AM-HA up to 43% is
achievable with a slight decrease in realized gain from 9 to 8.7 dBic.
The designed magnetic core/dielectric shell structure offers a vast
selection of lossy ferrite for miniaturization of the AM-HA.

Index Terms—Axial-mode (AM), circular polarization, helical
antenna (HA), material loading.

|. INTRODUCTION

HE axial-mode helical antennas (AM-HAS) have been at-

tractive candidates for radar, satellite, unmanned aerial ve-
hicle, and mobile systems due to their radiation characteristics
such asendfireradiation and circular polarization[1], [2]. How-
ever, thelarge volume (V) of AM-HAslimitstheir usein various
applications.

Numerous approaches have been proposed to reduce the V
of AM-HA [2]-{8]. One method is based on antenna structure.
Thenumber of turnsand pitch angle of the antennaradiator were
optimized to miniaturize AM-HA [3]. Also, the hemispherical
winding configuration of theradiator |eadsto alow-profilestruc-
ture [4]. Furthermore, shapes of the radiator, such as a periodic
sinusoidal patterned radiator and a double helical structured ra-
diator, were proposed to reduce the V of the AM-HA [5], [6].

The other approach isthe dielectric or magnetic core loading
onto the center of the helical radiators [2], [7], [8]. In [7] and
[8], the AM-HA shows the voltage standing-wave ratio of 2:1,
axial ratio (AR) under 3 dB, and |ower operational frequency by
loading a high-dielectric material, indicating antenna miniatur-
ization. However, the material with a high permittivity reduces
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the 3-dB AR bandwidth (ARsgs_gw) [7]. It wasreported that the
loading of a Z-type Co,Z hexaferrite-glass composite (CoyZ-
HGC) core reduces 82% of the V of AM-HA antenna[2]. TheV
reduction is due to the contribution of both relative permittivity
(e,) and permeability (1) of the ferrite to the miniaturization
factor (n = (&, - u)?°) [2]. However, the realized gain (RG)
of the ferrite core (FC)-loaded AM-HA (FC-AM-HA) signifi-
cantly decreased from 8.8 to 0.5 dBic due to the magnetic loss,
i.e., the magnetic loss tangent (tand,, = 0.08) of the FC. We
have &l so reported that the antenna radiation efficiency (RE) in-
creasesto 77% from 66% with the decrease of tand,, of theferrite
substratefrom 0.11 to 0.05 [9]. The extrapolation of experimen-
tal data suggests that the RE of 86% is achievable at 0.01 of
tand,,. However, a ferrite is magnetically lossy at the ultrahigh
frequency due to the ferromagnetic resonance [10], [11]. A low
tand,, of 0.05 with the y,. of 2.1 at 2.2 GHz was reported [10],
but is still too high to apply to the antenna. Therefore, thereisa
limited selection of ferrites for GHz antenna design.

In this letter, we report a lossy-ferrite-core/dielectric-shell
(LFC-DS) structure that miniaturizes an AM-HA and retains
areasonable antennagain even with ahigh tané,,. Thisstructure
offers avast selection of ferrites for GHz AM-HA design. The
LFC-DS cylinder is composed of an inner Co,Z-HGC core and
outer dielectric shell (DS). Antenna simulation was performed
on four types of AM-HAS, namely air-core (AC)-, FC-, DC-,
and LFC-DS-AM-HA using ANSY SHigh-Frequency Structure
Simulator (HFSSver. 18). To validate the simulated results, AC-
and LFC-DS-AM-HA were fabricated and characterized.

II. ANTENNA DESIGN AND SIMULATION

Four types of the AM-HA were designed and simulated for
antennaperformance. Theradiator of AC-AM-HA washelically
wound counterclockwise with three turns with a uniform con-
ductor diameter (d.) of 0.812 mm. A typical AM-HA has an
impedance of 140 2 [12]. Likewise, our simulation confirmed
that the impedance of the designed AC-AM-HA is about 150 2
beyond 2.8 GHz. Thus, the quarter-wave-like transmission line
(QTL) was designed to match the impedance to 50 2 as shown
in Fig. 1(a). The QTL was printed on an FR4 epoxy substrate
(e, = 4.4, dielectric loss tangent (tand.) = 0.02, thickness =
1.5 mm). The ground planeis located at the bottom of the sub-
strate. The detailed dimensions of the AC-AM-HA aregivenin
Tablel.

Fig. 1(b) shows an FC-AM-HA for the study of the effects
of dynamic properties of the core on antenna performance.
For the antenna performance simulation, the following arbitrary
e, and pu, of the core have been chosen: core 1: ¢, = 1 and
wr=1(n=1); core 2. ¢, =4 and p,, = 1 (n = 2); core 3:
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TABLEI
DETAILED DESIGN PARAMETERS FOR THE HELICAL ANTENNA

rnp wi wz a de i s

S0mm 29mm 1.04mm 57.3° 0812mm 13.4 mm 23 mm

Ferrite-core/
Dielectric-shell

(a) (b) (c)

Ferrite-core

Fig. 1. Dimensions and geometry of (a) an AM-HA (top view) and helical
antennawith (b) ferrite-core and (c) ferrite-core/dielectric-shell.
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Fig.2. Simulated frequency-dependent realized gain (RGpp) and AR at bore-

sight (ARgp) of ahelical antennawith different core material properties.

gr.=2andu.=2(n=2);andcoresd: ¢, =1 and u,. =4 (n
= 2). The tané., tand,, and radius of the core were fixed to
0.01, 0.01, and 12 mm, respectively. Fig. 2 shows the simulated
frequency-dependent RG and the AR at boresight [(0, ¢) = (O,
0)] of AM-HA with the different cores, i.e., different ¢, and p,..
Thefirst crossing frequencies of the AR at boresight (ARo) un-
der 3 dB (faroo=3as) Of the AM-HA with the cores 2, 3, and
4 are lower than the fargo—3qs Of the AM-HA with the core
1, indicating antenna miniaturization. The ARsgs_gw decreases
as the e, increases, and the AM-HA with the core 4 shows the
widest ARzqe gw. Contrarily, the RG at the boresight (RGq)
increases as the p, of the core increases. All cored AM-HA
show a good impedance matching (reflection coefficient (I') <
—10 dB) from 2.5 to 4 GHz (not shown here). Accordingly, an
FC loading can be more effective than a dc loading in AM-HA
miniaturization, while exhibiting a good antenna performance.

For the realistic simulation, the measured dynamic proper-
ties of the Co,Z-HGC core (i, = 2, tané, = 0.1, &, = 7, and
tand. = 0.01) were used. The same helical radiator and feed-
ing structure in Fig. 1(a) with the radius of the FC (ry) of
12 mm were also used. Fig. 3 shows the simulated frequency-
dependent radiation performance of the AC-AM-HA and FC-
AM-HA. Theloading of the FC shiftsthefirst crossing frequency
of the 10 dB return lossto 1.88 from 2.45 GHz (not shown here)
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Fig. 3. Simulated antenna performance of AC- and FC-AM-HA: frequency-
dependent RGgo and ARgo.
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Fig. 4. Simulated frequency-dependent RGyp and ARgo of the FC-AM-HA
with different radius of ferrite-core (r ¢ ).

and fArgo=3qB 10 2.25 from 3.09 GHz, but the maximum RG
(RGpo max) Of the AC-AM-HA decreased from 9.6 to 5.4 dBic,
which is undesired.

Therefore, we have performed a parametric study of ther; to
observeits effect on antenna performance. The results show that
theRGyp_max Of the FC-AM-HA increased from 5.4 t0 9.4 dBic
asther; decreasesfrom 12to 7 mmasshowninFig. 4. Although
the FC-AM-HA with the r ¢ of 7 mm showed similar RGyo_max
tothe AC-AM-HA, the faroo—348 Of FC-AM-HA shifted from
2.25 (ry = 12 mm) to 2.91 GHz (r; = 7 mm). By comparing
with the farR00=348 Of AC-AM-HA, the fAR00=34p Of FC-AM-
HA (r; = 7 mm) shifted toalower frequency by only 180 MHz,
indicating insufficient antenna miniaturization.

Thus, here, we propose a lossy-ferrite-core/dielectric-shell
(LFC-DS) AM-HA inFig. 1(c) tominiaturizeAM-HA withmin-
imal antenna gain loss. The LFC-DS structure consists of inner
C0,Z-HGC coreand outer acrylonitrile butadiene styrene (ABS)
shell. Measured 1, = 2, tand,, = 0.1, ¢, = 7, and tand. = 0.01
of Co,Z-HGC and &’ = 2 andtand. = 0.01 of ABSwereusedin
the simulation. Fig. 5(a) showsthe RGyg and ARy of LFC-DS-
AM-HA with different r, when the outer radius of ABS-shell
(rq) is set to 11 mm. The ratio of ferrite to dielectric material
(aga =77 /r7)is0.40,0.52, and 0.67. Asther; increases from
7 t0 9 mm, the fargo=3qp decreases from 2.84 to 2.68 GHz,
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Fig.5. Simulated frequency-dependent RGyp and ARy of theLFC-DS-AM-
HA with various radius of (a) ferrite () and (b) ABS (r4).

whilethe RGgg_max decreasesfrom 9to 8 dBic. Fig. 5(b) shows
the RGy and AR of LFC-DS-AM-HA with different ; when
ther; is7 mmfor azq of 0.60, 0.40, and 0.34. The faroo—3dB
shifted from 2.89 to 2.8 GHz, while the RGyy max decreases
from 9.2 to 8.7 dBic with an increase of r; from 9 to 12 mm.
The optimal value of r4 and r; for the LFC-DS-AM-HA was
chosen to be 11 and 7 mm, respectively.

To explain the origin of high RGy, by loading the LFC in
contrast with the FC loading, a vector magnetic field distribu-
tion of FC- and LFC-DS-AM-HA is presented in Fig. 6. The
magnetic flux in the light brown region (ferrite region) for FC-
AM-HA islessrotated as compared to magnetic flux in thelight
green region (ABS-shell region) for LFC-AM-HA. Therefore,
the magnetic flux in the FC lags behind the magnetic field gen-
erated by the alternating current on the helical coil. Thislagging
represents the energy loss due to the magnetic loss of the FC
[13]. Accordingly, the ABS-shell mitigates RG, degradation
near the region where the magnetic fields changes dramatically
with high magnitude. That is, the LFC-DS-AM-HA islessvul-
nerable to the magnetic loss of the ferrite.

To quantify the antenna V reduction by LFC-DS loading, the
AC-AM-HA of 55 cm? (r;, = 14.6 mm and s = 27.4 mm) was
designed and simulated for antenna performance. The simu-
lated frequency-dependent RGyy and ARy of AC-AM-HA with
the V of 55 cm® are compared with those of LFC-DS-AM-HA
(rp =13.4mm,s=23mm, rg = 11 mm, and ry = 7mm) in
Fig. 7. For both antennas, the faroo—34p appears at 2.84 GHz,
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Fig. 6. Cross-sectional vector magnetic field distribution for (@) FC-AM-HA
(rq = 11 mm) and (b) LFC-DS-AM-HA (r4 = 11 mmand ry = 7 mm).
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Fig. 7. Simulated frequency-dependent RGoo and AR of the air- (r;, =

14.6 mmands= 27.4mm) and LFC-DS(r;, = 13.4 mm, s= 23 mm) with fer-
rite inner-core (rg = 11 mmand r = 7 mm) and di€lectric (e, = 14) outer-
shell (rgo = 11 mmand r4; = 7 mm) helical antennas.

and the RGyg_max 1S9 dBic. Accordingly, the V of the AM-HA
was reduced by 29% (from 55 to 38.9 cm®) by loading the L FC-
DS with r4 of 11 mmand r; of 7 mm. Further V reduction of
43% is achievable by loading the LFC-DS with r4 and r; of
12 and 7 mm, respectively, with aslight decrease in RGoo_max
of 0.3 dBic (not shown here). To compare the dielectric load-
ing effectivenessin the V reduction with the ferrite loading, the
inner LFC of LFC-DS-AM-HA was replaced with adc with e,
of 14. The simulation results show that a dielectric-core-loaded
AM-HA (DC-AM-HA) showed 0.07 GHz higher fA roo—3ap and
0.1 dBic lower RGgg_max than those of the LFC-DS-AM-HA.
Based on thisresult, it can be concluded that the LFC-DS struc-
ture with the inner LFC helps to decrease the V of the AM-HA
at the minimum expense of RG even with the high tand,, of 0.1
while obtaining broader ARzgs sw than the DC with high ¢,..
Experimentsin Section |11 have confirmed simulation results.

I11. ANTENNA FABRICATION AND MEASURED RESULTS

In order to verify the effectiveness of the LFC loading in the
V reduction and antenna performance, we have fabricated AC-
and LFC-DS-AM-HA according to the parameters used in our
parametric study showninFig. 7. A 20 AWG copper wire (diam-
eter = 0.812 mm) washelically wound in counterclockwise with
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Fig.8.  Simulated and measured frequency-dependent (a) reflection coefficient
and (b) RGop and ARy of the AC- and LFC-DS-AM-HA.

threeturns. The QTL wasformed on adouble-sided copper-clad
laminate FR-4 epoxy substrate with precision milling machines
(LPKF ProtoMat S62). Then, a50 £2 SMA connector was used
to feed antennas. The Co,Z-HGC powder was prepared with the
synthetic processin[14] for theinner LFC. The powder wasthen
pressed into a cylinder and sintered. The radius of the prepared
FC was 7 mm. For dielectric outer-shell preparation, a hollow
cylinder with outer and inner radius of 11 and 7 mm, respec-
tively, was printed with a 3-D printer (HICTOP 3DP-12) and
ABS filament. The filament was extruded and deposited onto
the test platform when the platform and nozzle were heated up
to 110 °C and 240 °C, respectively. Then, the printed ABS-shell
was cooled at room temperature for 10 min. After cooling, the
LFC was inserted into the hollow structured ABS-shell. The
fabricated antenna was characterized with a vector network an-
ayzer (VNA: Agilent N5230) for scattering parameters and an
in-lab anechoic chamber (Raymond EMC QuietBox AV'S 700)
with alinearly dual-polarized horn antennafor antennaradiation
pattern. The AR of the fabricated antennas were cal culated from
the measured data [15].

Fig. 8 shows the measured antenna performance of the fab-
ricated AC- and LFC-DS-AM-HA.. Reasonable agreement be-
tween the measured and simulated results are observed. The
slight discrepancy between results can be attributed to the fab-
rication tolerance and measurement errors. The fargo—3qp Of
AC- and LFC-DS-AM-HA is 2.84 GHz. Asfor ARzg_pw, rea-
sonably good impedance matching was observed from both fab-
ricated AC- and LFC-DS-AM-HA. The RGyy_max Of LFC-DS-
AM-HA within the ARsgs gw is 9.5 dBic, which is 0.5 dBic
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Fig. 9. Simulated and measured NRPs of (a) AC-AM-HA and (b) LFC-DS-
AM-HA.
TABLE Il
COMPARISON ON ANTENNA PERFORMANCE AMONG AM-HA
. Volume  faroo- s AR sw Max. RGoo
Hafe [em?] [GHz] [MHz] [dBic]
AC-AM-HA ) ;
(SinVExp) 55 2.84/2.84 1160/T160 9.0/9.0
FC-AM-HA (Sim) 389 225 690 54
DC-AM-HA (Sim) 389 291 1090 8.9
LEC-DS-AM-HA 389 284284 1160/1160 9.0/9.5
(Sim/Exp)

higher than the RGpo_max 0f AC-AM-HA. The results indicate
that the antenna is miniaturized by loading the LFC-DS struc-
ture without RG degradation. Fig. 9 shows the measured and
simulated far-field normalized radiation patterns (NRPs) at 2.9
GHz for AC-AM-HA and LFC-DS-AM-HA. The measured and
simulated NRPfor copolarization agreewell, but aredlightly dif-
ferent for crosspolarization. Thismight be attributed to the small
size of the chamber, causing some reflections. Both fabricated
antennas showed the directiona radiation pattern along the axis
of the helical radiator. Additionally, both antennas showed the
cross-polarization level of nearly —10 dB at boresight. Antenna
performance and V are given in Table|l. Here, we conclude that
the LFC-DS-AM-HA outperforms the other AM-HAS.

IV. CONCLUSION

A volume reduction of an AM-HA by an LFC-DS, which
consists of inner FC and outer DS, isdemonstrated. The volume
of AM-HA was reduced by 29% while maintaining a good an-
tennarealized gain of 9.0 dBic even with the high magnetic loss
of the FC (magnetic loss tangent of 0.1). Also, further volume
reduction is achievable by increasing the volume of the inner
FC. In general, ferriteisintrinsically lossy above 1 GHz. How-
ever, we have demonstrated that the LFC-DS structure offers a
vast selection of ferrite for the volume reduction of AM-HA by
overcoming thelossy characteristics of ferriteabove 1 GHz. The
LFC-DSstructurewill befurther investigated for itsapplications
at frequencies above 3 GHz and compared with the normal mode
helical antenna.
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