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A Miniature Quadrifilar Helix Antenna for Global
Positioning Satellite Reception

Yu-Shin Wang and Shyh-Jong Chung, Senior Member, IEEE

Abstract—The design is described of a very compact quadrifilar
helix antenna. A hollow ceramic rod is used as a dielectric load to
reduce antenna size, which is only 2.7% of an air-loaded quadri-
filar helix antenna. A simple equivalent circuit is established for
the proposed quadrifilar helix antenna to demonstrate impedance
characteristics. A self-phasing method for achieving circular polar-
ization is also proposed. This method is convenient for tuning cir-
cular polarization. Additionally, a compact matching structure is
designed to match the proposed antenna, which only utilizes short
transmission-line sections and one capacitor. For experiments, the
proposed antenna is designed at 1.575 GHz such that it can be uti-
lized for global position system. Measurement and simulation re-
sults agree. A hemispherical pattern with a beamwidth of 150 is
measured. This circular-polarized pattern with a wide beamwidth
is feasible for mobile applications.

Index Terms—Circular polarization, GPS, quadrifilar helix an-
tenna (QHA), self phasing.

I. INTRODUCTION

T HE resonant quadrifilar helix antenna (QHA) can gen-
erate a hemispherical radiation pattern for circular polar-

ization. This radiation pattern with a wide beamwidth can facil-
itate low-elevation reception or a wide angular receiving range.
This antenna is already applied in many spacecraft systems [1].
The advantages of the hemispherical radiation pattern of the
QHA are also attractive for mobile satellite communication and
position-location systems, which typically require circular po-
larization and a wide beamwidth. The conventional resonant
QHA has two resonant bifilar helix antennas (BHAs) oriented
in a mutually orthogonal relationship on a common axis. The
resonant BHA can be treated as a twisted one-wave-length loop
antenna. To achieve circular polarization, these two BHAs are
fed in quadrature phase. The radiation pattern shape of the res-
onant QHA depends on helix dimensions, number of turns and
pitch angle. When four arms are roughly half wavelength with
half turn with axial length equal to a quarter wavelength, the ra-
diation pattern approaches a hemisphere like a cardioidal shape
[2].
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The demand for global positioning systems (GPSs) has re-
cently grown dramatically for portable tracking devices or mo-
bile phones with GPS functions. This need has led to the in-
creased requirement for circular-polarized antennas. The good
radiation property of resonant QHAs has drawn considerable at-
tention. However, the half wavelength of 1.575 GHz (GPS
frequency) for a resonant QHA is too long to be integrated into
handsets without minimizing the QHA.

Several methods for modifying QHAs have been proposed,
including miniaturization. In [3], the inserted open stubs have
been employed to miniaturize a QHA. A QHA printed on flex-
ible substrate increases design flexibility. Many studies have in-
vestigated for printed QHAs. For example, the helical arms can
be shaped easily for bandwidth improvement or miniaturization
[4], [5]. In [6], the meander lines were printed on a flexible di-
electric film to reduce antenna size. Printed QHAs can also be
integrated easily with a hybrid circuit for phase quadrature ex-
citation [7]. Nevertheless, most of printed QHA are not suffi-
ciently small for use in handsets. In [8]–[11], a dielectric-loaded
QHA with balun integration is compact. It has a small antenna
impedance of 2 with radiation efficiency of 25% [10]. How-
ever, use of a low-impedance quarter-wavelength coaxial cable
for matching increases fabrication cost and complexity. In [12],
a miniaturized balun transformer is designed to feed a dielec-
tric-loaded QHA and achieve impedance matching simultane-
ously. This work presents a miniature dielectric-loaded reso-
nant QHA, which is a suitable way of miniaturizing an antenna
without changing its geometry such that the radiation pattern is
degraded. A ceramic rod is used due to its low loss and high
permittivity. The scaled-down size depends on dielectric per-
mittivity. The proposed antenna is only 2.7% of a air-loaded
resonant QHA in volume, and is smaller than the antenna in [8].

II. ANTENNA CONFIGURATION

Fig. 1 presents the geometry of the proposed antenna. The
overall structure contains a hollow ceramic rod with printed
metal strips on the surface and a planar circuit substrate with
a matching structure and feeding lines. The ceramic rod with
a relative permittivity of 40 helps reduce antenna size. Its low
material loss with loss tangent lower than 0.0001 at the fre-
quency under 5 GHz also helps maintain the antenna efficiency.
The hollow structure of the rod is designed for fabrication con-
venience and to retain structure strength. The circuit substrate,
which has a protrusion, can be inserted into the ceramic rod
during assembly. The metal strips on the ceramic rod surface
are silver ensuring good conduction, and are printed by using
the low-cost screen-printing technique. To reduce the procedure
of manufacture, only the rod sidewall and bottom are printed.
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Fig. 1. Antenna structure including the adapted PCB with a SMD capacitor.
The antenna dimension is � � ���� mm and � � � mm.

A metal ring on the top of the sidewall is used to connect the
four helical arms of the resonant QHA. The feeding lines are
a differential line that directly contacts antenna feed points
on the ceramic rod bottom. Feeding lines are printed on the
circuit substrate. The proposed antenna is designed to operate
at 1.575 GHz for GPS applications. The structure is simulated
using the full-wave simulation tool, Ansoft HFSS. Due to the
high permittivity of the ceramic rod, the antenna is very small,
only mm in diameter and mm in height

. The hollow-hole diameter in the ceramic rod is
3 mm. The metal strip width is 1 mm. The helical arms are
roughly half turns with a pitch length of 22 mm. The helical
sense of the antenna affects radiation performance. The helical
arms of the antenna are designed in left hand to optimize the
right-hand circular polarization (RHCP) gain in the upper half
space. This helix sense generates better RHCP gain in the upper
space than a left-handed circular polarization (LHCP) gain in
the lower space [2].

The remainder of this paper is organized as follows.
Section III describes the equivalent circuit and matching net-
work of the proposed QHA. The antenna is matched to 100
by the matching structure. The 100- differential line is then
used to feed the antenna. Both the feeding line and matching
structure are printed on an 0.8-mm-thick FR4 substrate. The
self-phasing method for achieving circular polarization is
discussed in Section IV. Measurement results are given is
Section V. Section VI presents conclusions.

III. EQUIVALENT CIRCUIT AND MATCHING NETWORK

The impedance characteristics of the dielectric-loaded QHA
can be observed from simple equivalent circuits. Fig. 2 presents
both equivalent circuits for the BHA and QHA. Because the
configuration of BHA is constructed as a twisted pair line, the
BHA model consists of a differential transmission line and re-
sistor [Fig. 2(a)]. The characteristic impedance of the transmis-
sion line in the model is approximately 65 . This value is sim-
ilar to the simulated characteristic impedance of the twisted line
in a BHA. The resistor includes the effects of radiation resis-
tance and ohm resistance, whose value equals 1.3 (obtained
by curve fitting compared with full -wave simulation.) The high

Fig. 2. (a) The equivalent circuit of the proposed BHA. (b) The equivalent cir-
cuit of the proposed QHA.

permittivity of the ceramic rod makes the antenna very small as
compared with the wavelength in free space, and decreases ra-
diation resistance dramatically. The small radiation resistance
means that the loss tangent of the ceramic rod becomes very
critical to antenna efficiency.

A resonant QHA can be considered as two resonant BHAs ar-
ranged orthogonally with quadrature-phase excitation. To sim-
plify the feeding network, the phase quadrature is obtained using
the self-phasing method such that only one set of feeding lines
is required. By this method, the two BHAs are fed in parallel
[see Fig. 2(b)], with one BHA slightly larger than the other.
In the proposed design, the electrical lengths and of
the equivalent transmission line of the two BHAs are 180.8
and 179.2 at the QHA resonant frequency, what are induc-
tive and capacitive, respectively, and cancel each other at the
center frequency. The very small difference in length required
to achieve circular polarization is based on the small input re-
sistance of the antenna. To compare the full-wave simulation
result with the equivalent circuit model, the input impedance of
the un-matched antenna was de-embedded to eliminate parasitic
inductance from feeding lines. Fig. 3 plots the calculated input
impedances of the BHA and QHA from equivalent circuits, and
the input impedance of QHA from full-wave simulation, where
the reference plane is set as reference plane 1 (Fig. 1). The cal-
culated result for the circuit model agrees with the full-wave
simulation, and the impedance of the QHA equals that of the
two BHAs connected in parallel. Near the center frequency of
the QHA, the impedance curve of an imaginary part becomes
flat and the curve of the real part reaches a maximum. The cor-
responding Smith chart has a tip on the impedance curve around
center frequency, as is observed later.

The small input resistance is a critical problem when feeding
the proposed antenna. To transform a very small resistance to
100 , the efficiency of the matching circuit should be consid-
ered. Furthermore, the matching circuit should also be small
such that the entire antenna is compact. Fig. 4 shows the pro-
posed matching circuit, in which two inductors and a capacitor
are used to match antenna resistance of 1.3 at the center
frequency. To transform the small resistance to 100 , the re-
quired value of the inductors and capacitor are and
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Fig. 3. Impedances from full-wave simulation and equivalent circuit simula-
tion. Noticed that the imaginary parts of the two BHAs are separate, showing
different resonant frequencies, and the corresponding real parts coincide with
each other with a small resistance of 1.3 �.

Fig. 4. Schematic diagram of the matching circuit � � ��� �� and � �

��� 	
.

, respectively. Notably, a small inductor is utilized,
which helps reduce loss and thereby increase the efficiency of
the matching network. In practice, the two small inductors are
implemented using two parasitic short sections of transmission
lines. The large capacitor used is a surface mount device (SMD)
component. The capacitor is shunted with feeding lines. Fig. 1
presents the layout of the proposed matching configuration. The
circuit size is very small and only one SMD component is used.
By appropriately positioning the capacitor, the required length
of the short matching transmission-line sections and, thus, the
matching inductance can be obtained.

Fig. 5 shows the simulated input impedances of the antenna,
with and without the matching capacitor, at reference plane 2
(Fig. 1). Without the matching capacitor, the input impedance is
near 1.3 with a small inductive reactance provided by the short
transmission line sections from reference plan 1 to 2 (Fig. 1).
After adding the capacitor, the impedance can be matched to
100 at the center frequency.

Matching circuit efficiency depends on the loss of compo-
nents. Since the loss of a short transmission line section is quite
low, it can be ignored. The parasitic resistor of the SMD ca-
pacitor is of greatest concern. According to the capacitor model
from the Murata library [13], the parasitic resistance associated
with an 8.5 pF capacitor is 0.33 . The matching efficiency is at
least 80%. To increase efficiency further, the single 8.5 pF ca-
pacitor can be replaced by two shunt 4.25 pF capacitors.

Fig. 5. The simulated input impedance of the antenna at reference plane 2.
The solid line represents the antenna without the capacitor. The dashed line
represents the antenna matched by adding the capacitor, � � ��� ��.

Fig. 6. Bottom view of the QHA of Fig. 1 showing the differential feed points
with rotation angle �, which is adjusted to obtain circular polarization.

IV. SELF-PHASING METHOD

In this work, a good RHCP pattern in the upper half space is
designed. Fig. 6 presents the method used to attain self-phased
quadrature excitation for RHCP. Two feed points are connected
to the feeding lines on a circuit substrate for a differential input
signal. The circuit substrate is rotated by a small degree, , rel-
ative to the symmetric plane. After rotation, the lengths of two
BHAs become different; this difference proportional to the ro-
tational angle (Fig. 6). However, average length of two BHAs
remains the same, implying that resonant frequency will not
change because the resonant frequency of a QHA depends on
average length of the two BHAs. Rotation makes the length of
one BHA longer than the average length and the other shorter.
The longer BHA exhibits an inductive impedance at the center
frequency and the shorter BHA shows capacitive impedance,
which provides the required quadrature-phase excitation for cir-
cular polarization. To obtain the RHCP in the upper half space,

should be positive; otherwise, a negative causes LHCP in
the upper half space and RHCP in the lower half space.

A set of simulations for different rotational angles was con-
ducted to identify a suitable for good circular polarization.
Fig. 7 presents simulation results; the frequency responses of
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Fig. 7. The simulated axial ratio compared with different rotational angles.

Fig. 8. The simulated impedances with different rotational angles.

the axial ratio for from 1–8 are shown. The circular po-
larization improves when the rotational angle approaches 5 ,
and then worsens as the angle is increased further. Although
not shown, the simulated axial ratios for are large
(30–40 dB), meaning that the radiation field is primarily linearly
polarized. Notably, the 3-dB axial ratio bandwidth when
is wider than that when ; however, has the best
axial ratio at the center frequency. Fig. 8 shows the variation of
impedance for different rotational angles. Since the impedance
before matching is quite small, the simulations include the effect
of the matching circuit on the substrate for enhanced observa-
tion. When is around 5 , the minimum axial ratio is achieved,
and the circular polarization occurs at the tip (1.572 GHz) of the
Smith chart. When exceeds 5 , a circle instead of a tip occurs
on the impedance curve. The formation of the tip is observed
when checking the self-phasing state.

The input impedance bandwidth of the proposed antenna is
determined by the matching structure. By using the matching
circuit, the simulated 10-dB return-loss bandwidth for is
12 MHz, which is wider than the corresponding 3-dB axial-ratio

Fig. 9. The simulated radiation pattern when rotational angle is 5 .

bandwidth (7 MHz). Both the small impedance and axial-ratio
bandwidths result from the small antenna resistance. Neverthe-
less, both the bandwidths are sufficient for application on the
GPS L1 band. Fig. 9 shows the normalized simulation radia-
tion pattern at the center frequency. The directivity of RHCP
is calculated as 2.7 dBic. A good hemispherical circular polar-
ized pattern is obtained, which has a 3-dB beamwidth as wide as
130 . The good cardioid-shaped radiation pattern demonstrates
that the overlapping region of two BHAs with a top metal ring
does not influence radiation performance. The proposed struc-
ture has a radiation pattern similar to that of the conventional
resonant QHA. Additionally, Fig. 9 shows both the RHCP pat-
tern and LHCP pattern. The RHCP gain in the upper space is
4 dB higher than the LHCP gain in the lower space, due to the
helix design of left-handed sense [2]. Although this front-to-
back gain ratio can be further increased by optimizing the he-
lical arms, it suffers from the tradeoff with good hemispherical
radiation pattern.

Fig. 10 plots the simulated current distribution of the QHA at
1.572 GHz. The current distribution of each BHA is one-wave-
length resonance, just like a loop antenna. At the center fre-
quency, where circular polarization occurs, the two BHAs res-
onate in phase quadrature as predicted. The closed loop reso-
nance for each BHA is accomplished using the top metal ring.

V. EXPERIMENTAL RESULTS

The proposed antenna was fabricated for experimental in-
vestigation. The antenna is fixed to the circuit board via the
protrusion. A microstrip balun with 2:1 impedance transforma-
tion provides the differential signal. The SMD capacitor used
for impedance matching is a Murata GRM1885C1H6R8DZ01.
As mentioned, the impedance-matching inductors are realized
by two short microstrip-line sections, whose lengths are deter-
mined by the shunt capacitor location. By properly tuning the
capacitor position, the return loss of the antenna matched better
than 10 dB at the center frequency.

Fig. 11 presents the measured input impedances with rota-
tional angles of 0 , 4 , and 8 . The condition of in-
dicates that the two BHAs are the same length and the corre-
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Fig. 10. The current distribution of the proposed antenna with input phases of
(a) 0 and (b) 90 .

Fig. 11. The measured impedances with different rotational angles.

sponding impedance curve changes monotonously, as predicted
in the simulation (Fig. 8). The antenna with the best circular
polarization, where the axial ratio is 0.8 dB, is measured when
the rotational angle is 4 , where a tip at the center frequency
of 1.592 GHz forms in the impedance curve. The shift of reso-
nant frequency and the required rotational angle is mainly due
to manufacturing tolerance of ceramic permittivity and metal
printing. When the rotational angle is increased to 8 , a circle
rather than a tip occurs in the curve near the center frequency.
Under this condition, the impedance bandwidth widens at the
expense of degraded circular polarization; this is tradeoff be-
tween circular polarization quality and impedance bandwidth.
Additionally, the center frequency remains the same with dif-
ferent rotating angles (Fig. 11). The self-phasing method used
is convenient for tuning circular polarization without changing
the center frequency.

Fig. 12(a) presents a photograph of the finished antenna, and
Fig. 12(b) depicts the measured radiation pattern at 1.592 GHz
with a 4 rotational angle. The radiation pattern is measured
using an RHCP standard antenna. The hemispherical pattern is

Fig. 12. (a) Photograph of the realized antenna. (b) Measured and simulated
radiation patterns with normalized plots. The directivity of the realized antenna
is about 2.3 dBic.

omni-directional in the horizontal plane and agrees with that
simulated. The 3-dB axial ratio bandwidth is 8 MHz. The mea-
sured peak gain is including the loss of the matching
network and balun, and the measured directivity is estimated
as 2.3 dBic, a little lower than the simulated one (2.7 dBic),
by considering the similar and wider radiation pattern as com-
pared to the simulated pattern. The total antenna efficiency is
thus about 22%. The measured 3-dB beamwidth is 150 , which
performs like a hemisphere and is sufficiently wide for practical
applications.

VI. CONCLUSION

This work presents and demonstrates the feasibility of a
novel miniaturized QHA. A hemispherical circular-polarized
radiation pattern and reasonable gain were achieved. The pro-
posed self-phasing method for achieving circular polarization
was flexible when tuning the axial ratio while retaining the
same resonant frequency. Experimental results agree well with
simulation results. The differential signal for antenna feeding
can be provided by a LC balun or a differential amplifier.
The small input resistance of the miniaturized QHA has been
matched successfully via a simple structure without occupying
additional area. Both the feeding and matching structures are
quite small, low cost and simple to manufacture, and easily
integrated into circuit boards. The proposed compact antenna
is appropriate for mobile applications.
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