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Abstract—In this paper, design and analysis of omnidirectional single
feed circularly polarized, wide axial ratio beamwidth resonant side-fed
bifilar helix antennas that do not require a ground plane is presented.
The simulation and measurement results show that side-fed helix
antennas of various radii gives near perfect circular polarization (CP)
almost over the whole sphere except at and around nulls, at a certain
turn angle by properly proportioning the area of loop (A) with the
product of pitch (ρ) and radianlength (l) of helix. Helix antennas
with smaller radii give axial ratio (AR) close to one at higher values
of turn angle with lower value of resonant input impedances but CP
is less sensitive to inaccuracy in turn angle. However helix antennas
with larger radii results in AR close to one at lower values of turn
angle and provides better values of input resistance but its AR is more
sensitive to variations in turn angle. The simulated results show that
the polarization solid angle beamwidth (for AR ≤ 3 dB) varies from
3.96π to 4π steradian. The gain and 3 dB beamwidth of the antennas
are 2 dBi and 90◦ respectively. The polarization bandwidth varies
from 34% to 65%. The simulated results are verified by experimental
measurements.

1. INTRODUCTION

Omnidirectional antennas are very useful for communication where
relative direction between transmit and receive antenna is not known
or changes continuously and randomly [1–3]. Circularly Polarized (CP)
omnidirectional antennas increase the reliability of communication
system [2, 4–7] because depolarization of electromagnetic (EM) waves
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due to scattering and diffraction does not deteriorate the reception
in circular polarization as adversely as in linear polarization [8, 9].
CP omnidirectional antennas provide better performance in multipath
environment [10–12], because a reflected CP wave changes its sense
of rotation [13]. The impedance of CP antennas because of energy
reflected from metallic objects (e.g., when used as a feed) also does
not change [14]. In free space propagation, a polarization misaligned
CP antenna will give a maximum of 3 dB loss. Most omnidirectional
antennas are linearly polarized or dual linearly polarized [3, 15–18],
of which many configurations require ground plane [9–21]. Similarly
CP omnidirectional antennas are of two categories, one which require
ground plane (slot type or monopole type) [2, 5, 22–25] and other
which do not require ground plane (frequency independent antennas,
Quadrifilar Helix Antenna (QHA) and orthogonally oriented vee
dipoles) [26–29]. CP antennas which do not require ground plane are
attractive for application where proper ground plane is not available,
or ground plane is not suitable for use, such as high speed aerodynamic
surfaces, Unmanned Aerial Vehicles (UAVs), mini UAVs made of
composite material, and small handheld devices which cannot provide
ground plane for monopole operation or devices made of non-metallic
material [6].

In this paper, we present the design and analysis of CP
omnidirectional helix antennas [30] which do not require ground plane
based on the equation described in [31] by Wheeler. The helix antenna
provides AR of nearly unity over the whole 4π steradian solid angle
except at and around nulls, and to the best knowledge of authors
this antenna provides maximum solid angle polarization beamwidth
(for AR ≤ 3 dB) in the class of omnidirectional resonant antennas in
elevation plane at any azimuth angle. The design of various CP helix
antennas is validated by Numerical Electromagnetic Code (NEC) [32]
simulations and measurements. The CP omnidirectional antenna is
a resonant Side-fed Bifilar Helix Antenna (SFBHA) where the feed is
on one of the helical arms of the helix such that the current in both
helical arms is in the same direction like the current in two arms of the
folded dipole antenna. The helix effectively becomes a combination
of a dipole and a loop antenna [Figure 1] [31]. The original field
responsible for radiation in case of dipole is electric field and for the
loop is magnetic field and these two fields are at quadrature in time-
phase so are the two radiated fields. Since the radiated electric fields
from dipole and a loop are also spatially at right angle to each other,
CP is achieved if the radiated electric fields are of same magnitude [14].
The reported SFBHAs, to the best knowledge of authors, are the lowest
profile CP antennas without ground plane with their heights range from
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Figure 1. Basic helix antenna structure.

0.03λ to 0.1λ. The previously reported CP antennas include frequency
independent antennas of height ≥ 2λ [27], orthogonally oriented vee
dipoles of height ≥ 0.5λ [9] and dual polarized omnidirectional antenna
of height 0.87λ [33]. The proposed antennas can be scaled for any
frequency as along as its size remains reasonable. The possible use of
these proposed antennas include various communication applications
developed in ISM band, personal communication handsets, cordless
phones, various applications of short range devices such as Wi-Fi,
bluetooth etc. [6].

2. HELIX ANTENNA AND CIRCULAR POLARIZATION

CP waves can be generated by a helix antenna by properly
proportioning the area (A) of the loop that has a radius r and is formed
when helix is given certain turn angle, with the product of pitch (ρ)
and radianlength (l = λ/2π) of the helix at a specific frequency as
given in [31]

A = ρl (1)

Equation (1) is derived from the fact that the amplitude of electric and
magnetic fields of a loop Em, Hm should equal that of dipole Eo, Ho

for CP [14], i.e.,
Em

Eo
= 1 =

η
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= η

Ho
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= η
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(2)

The ratio Hm/Eo will be proportional to their relative magnetic and
electric fluxes of dipole and loop respectively which in turn equals the
ratio of the magnetic moment of loop and electric moment of the dipole

Bm

Do
=
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εEo
=
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Iρ/jω
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The corresponding electric fields in Equation (3) are in phase
quadrature as indicated by the differential operator jω which results in
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near perfect CP when additionally the magnitudes of the two fields are
equal (Equation (2)) [14, 34, 35]. It can be shown that Equation (1)
can be derived from Equation (3) [31].

Substituting pitch of helical antenna (ρ = l
2) equal to dipole length

and taking its product with radianlength (l = λ/2π) will produce the
CP if the CP conditions are fulfilled by equating it to the area of loop
antenna of radius a.

A = pitch× radianlength =
(

l

2

)(
λ

2π

)
= ρl (4)

a =

√
lλ

2π
(5)

The above expression (1) can also be derived by equating the
amplitudes of electric field components of small dipole and loop
with implicit assumption of same current [14] in both the antennas.
Equating magnitude of electric field of small dipole with that of
loop [36] results

Edipole = Eloop

η
kIole

−jkr

8πr
sin θ =

kAωµIol sin θ

4πr
e−jkr

η
l

2
= Aωµ

With A = πa2, η =
√

µ
ε , above simplifies to the fundamental

expression of (1) [31].
Alternatively, the same expression (A = ρl) can be derived by

equating radiation resistances of loop and dipole antennas [36] for
identical current Io, i.e.,

Rrdipole = Rrloop

20× π2

(
l

λ

)2

= 20× π2

(
C

λ

)4

(6)

Here l is the length of dipole and C the circumference of the loop.
This too reduces to Equation (1).

3. DESIGN OF SIDE-FED BIFILAR HELIX ANTENNA

A SFBHA can be understood from a rectangular loop antenna which
is fed from one of its vertical sides [Figure 2]. If the base (bottom
radial section) of the rectangular loop is held fixed and it is rotated
from the top radial section around its vertical axis, the vertical side
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(a) (b) (c)

Figure 2. Helix antenna (d = 55.2mm, Lhel = 114.65mm) with
various turn angles (a) θt = 0◦, (b) θt = 180◦, (c) θt = 230◦.

of the rectangular loop (its length denoted by Lhel because it forms
a helical path as it is given some turn angle) follows a path around
an imaginary cylindrical surface of diameter d, called diameter of the
helix [Figure 2]. The turn angle is proportional to the amount of
rotation [28], e.g., the rotation through half cycle is equivalent to a
turn angle of 180◦ [Figure 2(b)]. In the form of rectangular loop, the
turn angle is zero while the pitch is infinite, and the axial length (Lax)
equals helical length (Lhel). As the turn angle increases the axial length
and pitch of the helix decreases.

For a smaller d/Lhel ratio, the helix is to be rotated through higher
turn angle to achieve CP, because for a smaller d/Lhel ratio, the area
of loop formed by helix is smaller and to make it equal to the right
hand side of Equation (1), its pitch has to be reduced, hence greater
turn angle for smaller d/Lhel ratio and vice versa.

4. MODELING OF SIDE-FED BIFILAR HELIX
ANTENNA

NEC is used for modeling and simulation of the SFBHAs. The
perimeter length of the loop was chosen such that the helix with
diameter 55.2 mm and 0◦ turn angle resonates around 1 GHz [30]. This
results in total perimeter length of 340mm with helical length equal to
114.65mm [30]. The d/Lhel ratio for this configuration is 0.48 [30]. For
helix with other configurations (different dias), the perimeter length
was fixed, therefore d/Lhel was different for each helix of different
diameter.

Helix antennas with six different diameters (d/Lhel ratios) are
simulated. The radianlength for all was calculated using the
corresponding resonant frequency, i.e., 860 MHz. For each case the
turn angle was increased gradually. As the turn angle increases, axial
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length (Lax) decreases for a radius r according to the formula [30]

Lax =

√
L2

hel −
(

rθtπ

180

)2

(7)

The turn angle increases from 0◦ to its maximum value, ideally
determined by substituting Lax =0 in Equation (7) (for infinitely small
radius of the wire)

θt =
Lhel × 180

rπ
(8)

Practically, the minimum axial length will depend on wire
diameter, number of turns and spacing between the wires. For
increasing turn angle, the pitch (ρ) and axial length (Lax) decreases
and hence the product ρl. For each d/Lhel, this is plotted in Figure 3,
which illustrates the variation in ρl versus turn angle for different helix
radii according to Equation (1). The area of each helix is represented
as horizontal line in the same legend as the product ρl. The turn angle
at which the product ρl intersects the corresponding horizontal line of
the area A, is the value where near perfect CP (maximum value of AR)
is achieved. Turn angle θtCP where maximum value of axial ratio is
obtained is higher for smaller d/Lhel ratio (small helix radius) and is
lower for larger d/Lhel ratio (large helix radius).

5. SIMULATION RESULTS

The simulation of the antenna starts with zero turn angle, i.e., a
rectangular loop antenna which gives almost pure vertical field. As the
turn angle increases the horizontal field starts to become significant.
The vertical field is greater than the horizontal field up to a turn angle
where near CP is achieved. When the turn angle is θtCP , the value of
the horizontal field becomes approximately equal to the vertical field
(as electric dipole moment ×η = magnetic dipole moment, where η is
the intrinsic impedance of the medium) and because the original source
field responsible for radiation is electric and magnetic for dipole and
loop antenna respectively, an almost pure CP is achieved.

In NEC simulation of helix for a particular d/Lhel ratio, if
the frequency of operation is taken as frequency where imaginary
component of input impedance is minimum, then this frequency varies
for each turn angle and deviates from 860MHz as has been assumed
while plotting A = ρl in Figure 3. This resonant frequency where
perfect CP is achieved is shown in Figure 4 for different diameters.
Figure 4 shows that the input impedance of the antenna is proportional
to the change in helix radius. Slight variation in resonance frequency
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Figure 3. Turn angle θt vs. product of ρ× λ
2π (pitch × radianlength).

Figure 4. Resonant frequency
and input impedance variations
with diameter of helices at nearly
perfect CP.

Figure 5. Simulated axial ratio
variations for helices of different
dias in elevation plane at their
respective resonance frequencies.

produces negligible effect on the ρl product of Figure 3 because of minor
variation in radianlength (λ/2π). If frequency of operation is assumed
where imaginary part of the input impedance is minimum, than the
radianlength (λ/2π) becomes different, that changes the product ρl.
This has been simulated in NEC for four cases and graphs have been
shown in Figure 3. It can be inferred that the deviation from theoretical
graphs is larger for lower radius and minor for larger radius probably
because of mutual coupling but the point where near-perfect CP is
achieved, the deviation is negligible.

Figure 5 shows simulated axial ratio for various diameters of
helices and cross dipole. The axial ratio of helices has fewer variations
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for smaller radius and as the radius increases, axial ratio variation
(within impedance bandwidth for VSWR ≤ 2) increases but remains
within 0 dB ≤ AR ≤ 2 dB covering almost whole elevation range except
at and around nulls at any azimuth angle. For comparison in the case
of crossed dipole, the AR ≤ 3 dB only cover 60% of the elevation range.

These antennas provide AR better than 3 dB throughout the 4π
steradian solid angle of the whole sphere except at and around the
nulls (AR ≤ 3 dB over solid angle of 0.04π steradian). Hence the 3 dB
solid angle polarization beamwidth varies from 4π steradian to 3.96π
steradian. These antennas therefore provides the best performance
with respect to polarization solid angle beamwidth in the class of
resonant omnidirectional antennas without ground plane. This is
distinctive feature of SFBHAs in comparison to other CP antennas [37]
where AR normally deteriorates as one moves away from the boresight
(direction of maximum gain). For smaller radius (r = 10mm), the AR
is identical on both sides of the elevation plane and on either side is
constant over the whole elevation angle where as for larger radii (20 mm
and above), the AR is not identical on both sides of the elevation plane
and the difference is proportional to the radius of helix [Figure 5].
Furthermore the AR is also not constant on either side because of
the difference in magnitudes between the vertical and horizontal fields
and phase difference deviation from 90◦. This is because of the path
difference [38] (and hence the phase difference) from the two equivalent
dipoles that give doughnut shaped radiation pattern, is higher for
larger radius and lower for smaller radius.

The polarization bandwidth (AR ≤ 3 dB) of CP helix antenna
varies from 34% (d = 80 mm) to 65% (d = 20 mm). In the azimuth
plan the maximum gain variation is < 0.64 dB, which is proportional to
the radius of helix. The gain and beamwidth of the these helix antennas
is nearly 2 dBi and 90◦ respectively. The computed/measured resonant
frequencies vary from 855/740 MHz to 787/594 MHz respectively. The
impedance bandwidth (for VSWR ≤ 2) referenced to the input
resonant resistance of the antennas varies from 0.8% to 4.2% and it
is directly proportional to the d/Lhel ratios of the antennas [Figure 6].

6. COMPARISON OF SIMULATED AND MEASURED
RESULTS

Helix antenna models are fabricated by grooving the helical paths on
a cylinder equivalent to the diameter of the helix. The antennas are
modeled in Pro-E software and the file of each model, is then converted
into CNC machine readable format for manufacturing. These cylinders
were fabricated from teflon material. Semi rigid coaxial cable (UT-
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Figure 6. Impedance bandwidth
and d/Lhel ratio variations of CP
helix antennas with diameter.

(a) (b)

Figure 7. Photograph of manu-
factured models of CP helix an-
tennas, (a) d = 30 mm, Lax =
15.39 mm, (b) d = 80mm, Lax =
38.89 mm.

47-LL) of radius 1.1mm was used to form the helices of required
turn angle, pitch and radius. An infinite balun type feed (dyson
feed) [30] was used to excite the antennas [Figure 7]. The S-parameter
measurements were carried out using Agilent E8362B vector network
analyzer. The comparison of measured resonant frequencies and input
impedances is shown in Figure 4. The measured and simulated input
resistance values at resonance are in fairly good agreement; however,
the measured resonant frequencies are on average 12% lower than
the simulated one. This is because of the dielectric support used to
maintain the precise geometry of the antennas.

The simulated and measured Return Loss (RL) of both antennas
are depicted in Figure 8. The difference in magnitude of RL between
predicted and measured results of 30 mm dia helix may be attributed to
significant ohmic impedance compared with input radiation resistance
of the antenna and reflection from nearby objects as S parameter
measurement was carried out in the lab. The shift in resonance
frequency between measured and simulated result is because of the
fact that measurements were done using dielectric support structure,
whereas simulations were carried out without support structure. This
has lowered the measured resonant frequency.

The simulated and measured normalized radiation pattern and
phase difference (at resonance frequency) between horizontal and
vertical fields for two different helices (dia = 30 mm and 80mm)
at turn angles where these achieve near perfect CP [Figure 3] have
been shown in Figures 9 and 10. The measurements were carried out
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Figure 8. Measured and simu-
lated return loss of helix antennas.

Figure 9. Measured and simu-
lated relative power plots for d =
30mm helix in azimuth plane.

Figure 10. Measured and
simulated relative power plots for
d = 80mm helix in elevation
plane.

Figure 11. Measured and
simulated axial ratio variations
for d = 30 mm helix in azimuth
plane.

in anechoic chamber using diamond engineering measurement studio
5.999H. Figure 9 shows the radiation pattern in azimuth plane for
helix of dia 30mm while Figure 10 depicts the radiation pattern of
helix of dia 80 mm in elevation plane. As depicted from Figures 9
and 10, measured and simulated radiation pattern and phase difference
(between horizontal and vertical fields) of both antennas within AR ≤
3 dB range are in fairly good agreement in both azimuth and elevation
plane respectively. The simulated phase difference between vertical and
horizontal fields for dia 30mm helix [Figure 9] is around 90◦ where as
measured phase difference varies in the range of 80◦–110◦.

The axial ratio plot of helix with diameter 30 mm is shown
in Figure 11 which depicts that simulated axial ratio as 0 dB and
measured AR ≤ 3 dB throughout the azimuth range. Variation in
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measured AR for dia 30 mm helix is because of the imbalance in phase
[Figure 9] and amplitude of measured signal due to feed discontinuity
and various capacitive and inductive effects. Similarly Figure 12 shows
comparison of predicted and measured axial ratios for d = 80 mm.
The predicted axial ratio of the antenna is less than or equal to 2 dB
throughout the elevation range whereas the measured axial ratio is less
than or equal to 3 dB in 68% of the elevation range. This measured
performance is better than the simulated performance of the cross
dipole.

Figure 12. Measured and simulated axial ratio variations for d =
80mm helix in elevation plane.

7. CONCLUSION

This paper presents the design and analysis of CP omnidirectional
SFBHAs for different d/Lhel ratios. It has been shown that CP
SFBHAs can be designed using the equation A = ρl by Wheeler to
obtain wide axial ratio beamwidth for AR ≤ 3 dB through most of
azimuth and elevation range. These antennas are of lowest profile
(0.03λ to 0.1λ) in the class of CP omnidirectional antennas not
requiring ground plane. The value of turn angle at which near perfect
CP is achieved is inversely proportional to the radius of helix and its
AR is less sensitive to the variation in turn angle.
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